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1  | INTRODUC TION

Intracellular nutrient metabolism is accelerated in cancer cells because 
of the rapid cell proliferation and high requirement of substrate for anab-
olism. Macroautophagy (termed autophagy) refers to the adaptation 

of metabolic requirements in eukaryotic cells, including cancer cells.1,2 
The important roles of autophagy for proliferation, invasion, metastasis, 
and resistance to chemotherapy were recently demonstrated in sev-
eral types of cancer cells.2,3 Modulation of autophagy by RNA interfer-
ence or small molecules (including chloroquine) enhances sensitivity to 
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Abstract
Lysosomal degradation plays a crucial role in the metabolism of biological macromol-
ecules supplied by autophagy. The regulation of the autophagy-lysosome system, 
which contributes to intracellular homeostasis, chemoresistance, and tumor progres-
sion, has recently been revealed as a promising therapeutic approach for pancreatic 
cancer (PC). However, the details of lysosomal catabolic function in PC cells have 
not been fully elucidated. In this study, we show evidence that suppression of acid 
alpha-glucosidase (GAA), one of the lysosomal enzymes, improves chemosensitivity 
and exerts apoptotic effects on PC cells through the disturbance of expression of the 
transcription factor EB. The levels of lysosomal enzyme were elevated by gemcitabine 
in PC cells. In particular, the levels of GAA were responsive to gemcitabine in a dose–
dependent and time–dependent manner. Small interfering RNA against the GAA gene 
(siGAA) suppressed cell proliferation and promoted apoptosis in gemcitabine-treated 
PC cells. In untreated PC cells, we observed accumulation of depolarized mitochon-
dria. Gene therapy using adenoviral vectors carrying shRNA against the GAA gene 
increased the number of apoptotic cells and decreased the tumor growth in xenograft 
model mice. These results indicate that GAA is one of the key targets to improve the 
efficacy of gemcitabine and develop novel therapies for PC.
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chemotherapeutic drugs in several cancers, including pancreatic cancer 
(PC).4-7 In addition, in PC cells, transcriptional control of the high ex-
pression levels of microphthalmia/transcription factor E family proteins, 
including transcription factor EB (TFEB) (an initiator of autophagy), reg-
ulates cancer progression and inhibition of tumor growth.4 Therefore, 
regulation of autophagy is a promising approach for the development 
of novel therapies for PC. However, because autophagy is essential for 
maintaining intracellular homeostasis in human cells, its complete inhibi-
tion appears to be cytotoxic in cancer cells as well as normal cells.8

Autophagy is the lysosome-dependent degradation machinery 
for cytoplasmic components, completed by the formation of autol-
ysosomes that are composed of autophagosomes with lysosomes. 
Clearance of autophagosomes is dependent on the function of ly-
sosomal enzymes, which include more than 50 acidic hydrolases 
(eg, glycosidases, proteases, and sulfatases).9 Each lysosomal en-
zyme has unique substrate specificity and activity. Genetic defects 
related to the synthesis of the enzymes induce different types of 
lysosomal storage diseases accompanied by accumulation of auto-
phagosomes.10 Although lysosomal enzymes appear to be promising 
targets for the modulation of autophagy, the detailed role of each 
enzyme in homeostasis in cancer cells remains unclear.

Recently, the quality control of mitochondria by autophagy, termed 
mitophagy, has attracted attention as one of the homeostatic roles of 
autophagy. Because mitochondrial function is involved in energy pro-
duction and is a key factor for the control of cell apoptosis and auto-
phagy via the BCL2 family,11 mitophagy affects the survival of cancer 
cells.12 Indeed, in cancer, mitophagy is triggered by the accumulation 
of damaged mitochondria and several stresses, such as the generation 
of reactive oxygen species (ROS), as an escape mechanism from apop-
tosis.12,13 Accumulation of malfunctional mitochondria appears to be a 
key component of the anticancer effect of autophagic inhibition.

Lysosomal acid alpha-glucosidase (GAA), which is the causative 
gene of glycogen storage disease type II, catalyzes the production 
of glucose from glycogen in lysosomes.14 Genetic downregulation 
of GAA induces storage of glycogen and accumulation of autophagic 
vacuoles, as well as mitochondria in skeletal muscle fiber of humans 
and mice.15 Therefore, modulation of lysosomal GAA may affect cell 
damage and chemoresistance in PC through the accumulation of 
malfunctional mitochondria and autophagic dysfunction.

In this study, we aim to investigate the potential of lysosome and 
their enzymes in PC cells to chemosensitivity and to clarify the mech-
anism of the multifunctional anticancer effect of GAA suppression on 
PC cell lines. We also demonstrate that gene therapy using adenovi-
rus vector (AdV) carrying shRNA (shRNA) for GAA (shGAA) is a novel 
promising method for the inhibition of tumor growth for PC.

2  | MATERIAL S AND METHODS

2.1 | Cell lines

The human PC cell lines PANC-1 and MIA PaCa-2 were purchased 
from the Cell Resource Center for Biomedical Research, Institute 

of Development, Aging and Cancer, Tohoku University (Sendai, 
Japan). BxPC-3 and AsPC-1 were purchased from the American Type 
Culture Collection. PANC-1 and MIA PaCa-2 were maintained in 
DMEM (FUJIFILM Wako Pure Chemical) containing 10% FBS (Gibco) 
and 1% penicillin/streptomycin (Gibco). AsPc-1 and BxPC-3 were 
maintained in RPMI 1640 with L-glutamine (FUJIFILM Wako Pure 
Chemical) containing 10% FBS and 1% penicillin/streptomycin. All 
cell lines were cultured at 37°C with 5% CO2.

2.2 | Reagents

Gemcitabine was purchased from Eli Lilly Japan (Kobe, Japan), dis-
solved in distilled water, and stored at −20°C until use. Bafilomycin 
A1 (B1793), 4-Methylumbelliferyl α-D-glucopyranoside (M9766) 
were purchased from Sigma–Aldrich.

2.3 | Antibodies

The following primary antibodies were used for western blotting. Anti–
cleaved caspase 3 (CASP3; #9664), cleaved CASP8 (#9496), cleaved 
poly-ADP-ribose polymerase (PARP) (#9546), TFEB (#4240), lamin 
(#2032), and glyceraldehyde-3-phosphate dehydrogenase (#2118) 
were purchased from Cell Signaling Technology. GAA (ab137068), 
lysosomal associated membrane protein 2 (LAMP2; ab25631), and 
sequestosome 1 (SQSTM1)/p62 (ab56416) were purchased from 
Abcam. Light chain 3 (LC3; NB110-57180) was purchased from Novus 
Biologicals. Anti–Ki-67 antibody (MIB-1) was purchased from Dako.

2.4 | Animals

Five-week-old male nude mice (BALBc nu/nu) were purchased 
from CLEA Japan and housed under specific pathogen-free condi-
tions in a biological cabinet at the Laboratory Animal Facility of the 
Jikei University School of Medicine. The protocol for the animal ex-
periments was approved by the Institutional Animal Care and Use 
Committee of Jikei University (No. 2017-082). The studies were per-
formed in accordance with the Guidelines for the Proper Conduct of 
Animal Experiments of the Science Council of Japan.

2.5 | Transmission electron microscopy

For electron microscopic observation, the cells were fixed with 
2% glutaraldehyde in 0.1 M phosphate buffer overnight at 4°C and 
post–fixed with 1% osmium tetroxide in the same buffer at 4°C 
for 2 h. Dehydration was performed using a graded series of etha-
nol. The specimens were placed in propylene oxide in vivo and 
were subsequently embedded in Epok 812 (Oken). Ultrathin sec-
tions were prepared with a diamond knife, stained with uranium 
acetate and lead citrate, and observed using a H-7500 (Hitachi, 
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Tokyo, Japan) electron microscope at 80  kV. These processes 
were performed at the Core Research Facilities of Basic Science, 
Research Center for Medical Science, Jikei University School of 
Medicine.

2.6 | Immunofluorescent microscopy

The cells were seeded on coverslips and treated with 100  nM 
LysoTracker Red DND-99 (Thermo Fisher Scientific) at 37°C for 
1  h followed by washing with PBS. Subsequently, the cells were 
incubated with 100  nM MitoTracker (Thermo Fisher Scientific) 
at 37°C for 30 min followed by washing with PBS. The cells were 
fixed using 4% paraformaldehyde (FUJIFILM Wako Pure Chemical) 
for 15  min at room temperature and counterstained with 4 ,́6-
diamidino-2-phenylindole at room temperature for 5 min. Images 
were captured using the EVOS FL Auto 2 Imaging System (Thermo 
Fisher Scientific).

2.7 | Quantification of mitochondria

The fluorescence intensity was measured by flow cytometry. 
The cells were stained with MitoTracker at 37°C for 30 min and 
analyzed with an Attune NxT Flow Cytometer (Thermo Fisher 
Scientific).

2.8 | Microarray analysis

Total RNA was extracted from PANC-1 cells treated with gemcitabine 
(1  µM) for 24  h and analyzed using the Agilent 2200 TapeStation 
(Agilent Technology) for quality control. The expression profile of 
mRNA was determined using a SurePrint G3 Human GE Microarray 
(8×60K v3) (Agilent Technology). The experiment was performed by 
Cell Innovator. All microarray data have been deposited in the Gene 
Expression Omnibus database, with accession number GSE153460 
(https://www.ncbi.nlm.nih.gov/geo/query/​acc.cgi?acc=GSE15​
3460).

2.9 | Enzyme activity

Acid alpha-glucosidase enzyme activity was assayed by 4MU α-D-
glucopyranoside (Sigma–Aldrich) as previously described.16 Protein 
concentration was measured using a BCA protein assay kit (Thermo 
Scientific). Briefly, cells were extracted with distilled water. Cell 
lysates were diluted with .2  mol/L phosphate-citrate buffer (pH 
4.3) and incubated with 6  mmol/L 4MU α-D-glucopyranoside and 
100 µmol/L acarbose (Sigma–Aldrich) at 37°C for 30 min followed 
by the addition of .15  mol/L glycine carbonate buffer (pH 10.4). 
Fluorescence intensity in samples was measured using a fluorometer 

RF-XXX (Shimadzu Corporation). Enzyme activity was expressed as 
nmol/mg protein/h.

2.10 | Western blotting

Western blotting analysis was performed as previously described16 
with minor modifications. Briefly, whole proteins from cells and tu-
mors were extracted using 50 mM Tris-HCl pH 7.5 containing 2% so-
dium dodecyl sulfate, protease inhibitor cocktail, and phosphatase 
inhibitor cocktail (Roche). Extracted proteins were electrophoresed 
on 4-20% acrylamide gradient gels (Bio-Rad) in Tris-glycine buffer 
and transferred onto a polyvinylidene difluoride membrane using the 
Trans-Blot Turbo System (Bio-Rad). After blocking, the membranes 
were incubated with each primary antibody overnight followed by 
incubation with HRP-labeled secondary antibody (1:10 000 dilution, 
Histofine, Nichirei) for 2 h. The membranes were incubated with a 
luminol enhancer and peroxide solution, Clarity Max (Bio-Rad) and 
analyzed using a Chemi Doc XRS+ System and the Image Lab soft-
ware (Bio-Rad).

2.11 | RNA interference

Gene silencing for in vitro experiments were performed using GAA-
specific siRNA (siGAA). siGAA were obtained as siGENOME SMART 
pool (M-008881-2-0005) from GE Healthcare Dharmacon. The 
non–targeting siRNA control (siScr) was also obtained as siGENOME 
Non–Targeting siRNA Pool #1 (D-001206-13-20). The cells were 
transfected with siRNA using Lipofectamine RNAiMAX Reagent 
(Invitrogen) according to the instructions provided by the manufac-
turer. The knockdown effects of GAA were confirmed by western 
blotting analysis and enzymatic activity assay after transfection of 
siRNA for 72 h.

2.12 | Cell proliferation assay

The cells were seeded into 96-well plates (PANC-1, BxPC-3, AsPC-
1:2 × 103 cells/well; MIA Paca-2; 1 × 103 cells/well). At 24 h after 
transfection with siRNA, cell proliferation was measured using the 
Cell Counting Kit-8 assay (Dojindo) according to the instructions 
provided by the manufacturer.

2.13 | Quantitative analysis of apoptosis

Cells (5 × 106 cells) were transfected with siRNA and treated with 
gemcitabine for 72 h. Subsequently, they were washed with PBS and 
incubated with annexin V/fluorescein isothiocyanate and propidium 
iodide (PI) (Annexin V/FITC Kit; MBL International) for 15 min in the 
dark at room temperature according to the instructions provided by 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE153460
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE153460
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the manufacturer. The stained cells were analyzed using an Attune 
NxT Flow Cytometer (Thermo Fisher Scientific).

2.14 | Mitochondrial membrane potential analysis 
by JC-1 staining

The mitochondrial membrane potential of PC cells was measured 
with the JC-1 MitoMP Detection Kit (Dojindo) according to the 
instructions provided by the manufacturer. Briefly, the cells trans-
fected with siRNA for 72 h were stained with 2 μM JC-1 at 37°C for 
30 min in the dark. The cells were washed with Hanks’ balanced salt 
solution and analyzed with an Attune NxT Flow Cytometer (Thermo 
Fisher Scientific). Positive control cells were treated with carbonyl 
cyanide m-chlorophenylhydrazone (100 µM, for 90 min) prior to JC-1 
staining.

2.15 | Adenovirus vector construction

We generated AdV-shGAA for the gene silencing of GAA in in vivo 
experiments. Two siRNA (siGAA-#1 CCAGAAAUCCUGCAGUUUA 
and siGAA-#3 AACCUGAGCUCCUCUGAAA) were selected from 
the four siRNAs against GAA (MU008881-02-0002) (GE Healthcare 
Dharmacon) to construct the AdV-expressing shRNA against GAA. 
The shRNA expression units having shGAA-1 coding siGAA-1 
with the human U6 promoter and shGAA-3 coding siGAA-3 with 
the human U6 promoter were artificially synthesized (Eurofins 
Genomics, Tokyo, Japan). The AdV was constructed using the cos-
mid cassette pAxcwit2 containing the full-length AdV genome. The 
expression unit of shRNA inserted into the SnaBI cloning site located 
in the E4 region at 165-nt downstream from the end of the Ad5 ge-
nome.17 The methods of preparation and purification of AdV have 
been previously described.18,19 The negative control AdV-shScr has 
already been reported.20 AdV were titrated using the method de-
scribed by Pei et al.21 All AdV was generated at the Core Research 
Facilities of Basic Science, Research Center for Medical Science 
(Jikei University School of Medicine). These generated protocols and 
experiments were approved by the Recombinant Gene Research 
Safety Committee of Jikei University (No. 29-58) and the Jikei 
University Committee for Laboratory Biosafety (No II-30-3).

2.16 | Mouse xenograft model and treatment with 
adenovirus vector

Mice were subcutaneously injected on one side with PANC-1 cells 
(5 × 106 cells per mouse). At 4 weeks after injection, mice with ex-
cessively large or small tumors were excluded. The remaining mice 
were randomly divided into two groups: AdV-shScr and AdV-shGAA 
groups. In each group, the mice received multisite intratumor injec-
tions of the corresponding recombinant virus at 1  ×  109 plaque-
forming units (pfu) per mouse through a single injection. Mice with 

tumors reaching a diameter of 20  mm and those with ulcerated 
tumors were killed. The tumor growth was evaluated based on the 
tumor size.

2.17 | Histological staining

Tumor samples were evaluated by H&E staining, anti–Ki-67, and 
TUNEL. Paraffin sections of tumor tissues were stained immunohis-
tochemically using anti–Ki-67 as the primary antibody and DAKO 
Envision Kit/HRP as the secondary antibody (DAKO). The TUNEL 
assay was performed using an In Situ Cell Death Detection Kit with 
fluorescein (Roche Diagnostics, Basel, Switzerland) according to the 
instructions provided by the manufacturer. The number of Ki-67-
positive cells and TUNEL-positive cells were counted in three ran-
dom fields (×400 respectively) in three tumors.

2.18 | Statistical analysis

All statistical analyses were performed using the IBM SPSS statis-
tics 25 version software (IBM). The log-rank test was performed to 
compare the survival. Repeated measures analysis of variance was 
performed to compare time-dependent tumor growth. Each in vitro 
sample was analyzed in triplicate. P-values <.05 indicated statistical 
significance.

3  | RESULTS

3.1 | Gemcitabine increases the levels of lysosomes 
and mitochondria

We performed microarray analysis of total RNA from PANC-1 cells 
treated with 1 µM gemcitabine to identify the key responsive gene 
involved in chemoresistance to this agent. Although decreased ex-
pression of approximately 70 genes was observed in gemcitabine-
treated PANC-1 cells compared with control, the expression of 
approximately 100 genes was significantly upregulated (Figure 1A). 
Among the responsive genes, some lysosomal genes (LAMP2 and 
LAMP3), an autophagy-related gene (microtubule-associated pro-
tein 1 light chain 3 beta [MAP1LC3B]), and a mitochondrial gene 
(mitofusin 2 [MFN2]) were upregulated (Figure  1B). We analyzed 
the PANC-1 and MIA PaCa-2 cells following 48 h of incubation with 
gemcitabine (PANC-1:1 µM; MIA PaCa-2:.5 µM) by electron micros-
copy to confirm the effect of gemcitabine on those organelles in 
PC cells. TEM analysis revealed the presence of electron-dense lys-
osomes and slightly swelled mitochondria in gemcitabine-treated PC 
cells (Figure 1C). Enhanced fluorescence intensities of LysoTracker 
(red) and MitoTracker (green) were also observed in PANC-1 and MIA 
PaCa-2 cells treated with gemcitabine (Figure 1D). Indeed, flow cy-
tometric analysis showed that the mean fluorescence intensity of 
MitoTracker was significantly increased in gemcitabine-treated PC 
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F I G U R E  1   Gemcitabine increases levels of the lysosomes and mitochondria in pancreatic cancer cells. (A,B) RNA-Seq data analysis of 
PANC-1 cells after treatment with or without GEM 24 h. (A) A total of 100 genes were significantly upregulated in response to treatment 
with GEM. (B) Autophagy–lysosome associated genes were upregulated. (C) TEM images revealed ultrastructure of PANC-1 and MIA PaCa-2 
cells treated with or without GEM (PANC-1; 1 µM, MIA PaCa-2; 0.5 µM) for 48 h. L, lysosome; M, mitochondria; N, nucleus. Scale bar: 2 µm. 
(D) Fluorescent microscopy images of PANC-1 and MIA PaCa-2 cells treated with or without GEM (PANC-1; 1 µM, MIA PaCa-2; 0.5 µM) for 
48 h. Cells were stained with LysoTracker (red) and MitoTracker (green). Nuclei were counterstained with DAPI (blue). Quantification of the 
expression of mitochondria with or without GEM treatment by FCM
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cells compared with non–treated cells (Figure 1D). These results in-
dicated that chemoresistance-inducible sublethal concentration of 
gemcitabine increases the amounts of lysosomes and mitochondria 
in PC cells.

3.2 | Gemcitabine enhances acid alpha-glucosidase 
expression and enzymatic activity

We analyzed the 52 typical lysosomal genes in the RNA microarray 
data of gemcitabine-treated PANC-1 cells to investigate whether lyso-
somal function is involved in chemoresistance to this agent. The rela-
tive mRNA expression levels of 33 of 52 genes increased in PANC-1 
cells 24 h after treatment with gemcitabine (Figure 2A). In particular, 
glycosidases, such as GAA and α-galactosidase A, were included in 
the top five genes of the upregulated 33 genes. In this study, we fo-
cused on the GAA, which is a key enzyme for glycogen metabolism. 
Furthermore, basic GAA enzyme activity and basic expression levels 
of autophagy-related proteins, such as LC3 and SQSTM1/p62, were 
found to differ between cell lines (Figure  S1A and B). We analyzed 
the enzymatic activity of GAA in the gemcitabine-treated PC cells, 
including PANC-1 and MIA PaCa-2 cells, to confirm the effect of the 
treatment on GAA. The enzymatic activity of GAA was significantly 
enhanced in PC cells after treatment with gemcitabine in a dose–
dependent and time–dependent manner (Figure 2B and D Figure S1C 
and D). Corresponding to the enzymatic activity, increased levels of 
GAA proteins were also observed in gemcitabine-treated PC cells 
(Figure 2D,E; Figure S1E). These results indicated that treatment with 
gemcitabine increases the expression of GAA in PC cells. In addition, 
western blotting analysis revealed that increased levels of LC3-II and 
decreased levels of SQSTM1/p62 were observed in PC cells. This find-
ing suggested that gemcitabine-enhanced lysosomal function pro-
motes autophagic flux in PC cells (Figure 2C,E; Figure S1E).

3.3 | Knockdown of acid alpha-glucosidase 
improves the antitumor effect of gemcitabine

We analyzed the cell proliferation and induction of apoptosis in 
gemcitabine-treated PANC-1 and MiaPaCa-2 cells transfected with 
siRNA against GAA gene (siGAA) to evaluate the effect of GAA modu-
lation on the sensitivity of PC cells to gemcitabine. Although cell vi-
ability in both control and GAA-knockdown cells was suppressed by 
treatment with gemcitabine in a dose–dependent manner (Figure 3A; 
Figure S2A), GAA-knockdown cells showed higher sensitivity to a low 
dose of gemcitabine (range: 0-1  µM) than control cells. In addition, 

the combination of GAA knockdown and treatment with gemcitabine 
suppressed the proliferation rate of PC cells compared to treatment 
with gemcitabine alone (Figure  3B; Figure  S2B). Subsequently, we 
performed western blotting analysis of cleaved CASP8, CASP3, and 
cleaved PARP to investigate whether GAA knockdown affects apop-
totic signals in PC cells. Suppression of GAA expression increased the 
levels of these apoptotic signals in PC cells 72 h after treatment with 
sublethal concentrations of gemcitabine (PANC-1:1 µM; MIA PaCa2: 
0.5 µM) (Figure 3C; Figure S2C and D). Moreover, the annexin V assay 
revealed that knockdown of GAA increased the number of apoptotic 
cells in PC cells 72  h after treatment with gemcitabine (Figure  3D; 
Figure S2E), indicating that induction of the apoptotic cascade is one 
of the main inhibitory effects of GAA modulation on the proliferation 
of PC cells. Altogether, knockdown of GAA improved the sensitivity of 
PC cells to sublethal concentrations of gemcitabine.

We also found that knockdown of GAA decreased cell viability 
in gemcitabine-treated PC cells and untreated cells (Figure  3A,B). 
Following the suppression of GAA expression in PC cells, we ob-
served a time-dependent inhibitory effect of GAA knockdown on 
cell proliferation, corresponding to a reduction in the enzymatic ac-
tivity and protein levels of GAA (Figure S3A–C). Because antiprolifer-
ative effects were observed when several types of siRNA were used 
(Figure S3D), these effects did not seem to be off–target effects. In 
addition, knockdown of GAA increased the levels of cleaved PARP 
and several caspases, and both ratios of early and late apoptosis in 
PC cells (annexin V+/PI− and annexin V+/PI+) (Figure 3C,D). These 
results suggested that GAA is a promising target for improving che-
mosensitivity and developing novel therapies against PC cells.

3.4 | Suppression of acid alpha-glucosidase 
accumulates depolarized mitochondria

Using TEM, we analyzed the morphological changes of intracellular 
organelles in PANC-1 and MiaPaCa-2 cells transfected with siGAA to 
further investigate the effect of GAA knockdown on PC cells. Although 
there was no obvious accumulation of autophagosomes observed, 
the levels of enlarged lysosomes and abnormal morphological mito-
chondria were increased in PANC-1 cells (Figure 4A). Lysosomal and 
mitochondrial changes in GAA-knockdown MiaPaCa-2 cells were rela-
tively less pronounced than those noted in GAA-knockdown PANC-1 
cells (Figure 4A; Figure S4A), corresponding to the levels of GAA pro-
teins and their activity (Figure S1A,B). Following the staining of GAA-
knockdown PC cells with pH-responsive Dye LysoTracker, we observed 
decreased fluorescence intensity (Figure 4B; Figure S4B), suggesting 
that GAA knockdown affects the pH level of lysosomes in PC cells.

F I G U R E  2   Gemcitabine enhances acid alpha-glucosidase (GAA) expression and enzymatic activity. (A) Relative expression levels of 
lysosomal enzyme with treatment of GEM. Thirty-three lysosomal enzyme genes were upregulated with GEM treatment. (B) Pancreatic 
cancer (PC) cells were treated with 0-20 µM GEM for 48 h. GAA enzyme activities were enhanced in a dose–dependent manner in both cells. 
(C) The expression levels of GAA, LC3, and p62 were assessed by western blotting after 72 h of GEM treatment. (D) Enzyme activities of 
GAA were measured with GEM (PANC-1, 1 µM; MIA PaCa-2, 0.5 µM) for 24, 48, and 72 h. (E) The expression levels of GAA, LC3, and p62 
were assessed by western blotting after 24, 48, and 72 h of GEM treatment. Data were mean values of three independent experiments. 
Values are expressed as the mean ± SD (*P < .05; †P < .01, vs untreated)
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In contrast, MitoTracker staining revealed the significantly in-
creased mean fluorescence intensity in GAA-knockdown cells versus 
control cells (Figure 4B,C), indicating that GAA knockdown accumulates 
mitochondria in PC cells. We analyzed the membrane potential of mito-
chondria in GAA-knockdown PC cells using the fluorescent dye JC-1 to 
evaluate the mitochondrial function. This dye is capable of selectively 
entering into mitochondria and changing from a red to green signal with 
depolarization of the mitochondrial membrane potential. Fluorescence 
microscopic and flow cytometric analyses showed that the level of green 
signal was significantly increased in PC cells treated with siGAA and the 
depolarization inducer carbonyl cyanide m-chlorophenylhydrazone 
(Figure  4D,E), indicating that accumulated mitochondria in PC cells 
treated with siGAA are depolarized. These results suggested that GAA 
knockdown accumulates dysfunctional mitochondria in PC cells.

3.5 | Suppression of acid alpha-glucosidase 
inhibited autophagy flux by regulation of transcription 
factor EB

Accumulated dysfunctional mitochondria are generally degraded by 
mitophagy, a process termed mitochondrial selective autophagy.22,23 
We compared the expression levels of autophagy-related protein 
with bafilomycin A1 (an autophagy inhibitor)-treated PC cells to in-
vestigate whether GAA knockdown accumulates mitochondria due 
to blocked autophagy or suppressed autophagy flux. Bafilomycin A1 
has been previously used in the analysis of autophagy as an inhibi-
tor of fusion between autophagosomes and lysosomes. As expected, 
the accumulation of LC3II and SQSTM1/p62 was observed in bafilo-
mycin A1-treated PC cells (Figure 5A,B and Figure S5A). In contrast, 

F I G U R E  3   Knockdown of acid 
alpha-glucosidase (GAA) improves the 
antitumor effect of GEM. (A) Pancreatic 
cancer cell lines were transfected with 
siRNA and treated with a range of GEM 
concentrations (PANC-1, MIA PaCa-2; 
GEM, 0-20 μM) for 72 h. The cell 
proliferation of each cell was suppressed 
by GEM in a dose–dependent manner. 
(B) Cell viabilities of PANC-1 and MIA 
PaCa-2 at 24, 48, and 72 h after treatment 
with GEM (PANC-1; 1µM, MIA PaCa-2; 
0.5 µM) were shown as the fold change. 
In the cell proliferation assay, KD of GAA 
enhanced the anti–proliferation effects 
of GEM in PANC-1 and MIA PaCa-2 cells. 
(C) Western blot analysis demonstrated 
the expression levels of apoptosis-related 
proteins. The levels of cleaved caspase-3 
and −8 as well as cleaved PARP were 
greater than those in GEM alone. (D) 
The quantification of apoptotic cells 
was analyzed by annexin V/PI assay 
at 72 hours after GEM treatment. The 
number of apoptotic cells in combination 
of GAA KD and GEM were greater than 
those in GEM alone group. Data are 
presented as the mean ± SD from three 
independent experiments (*P < .05)
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despite the accumulation of mitochondria, accumulation of LC3II 
and SQSTM1/p62 was not observed in GAA-knockdown cells. In ad-
dition, the expression level of LAMP2, a membrane protein of lyso-
some, was increased in GAA-knockdown cells. Knockdown of GAA 
affects the pH of the lysosome and inactivates the accumulation of 
LAMP2 but not that of LC3II and SQSTM1/p62; this suggested that 
impaired lysosomes could fuse with the autophagosome, but the 
ability for degradation was decreased.

Furthermore, the nuclear translocation of TFEB in GAA-
knockdown PC cells was evaluated to determine the initiation of 
autophagy in these cells. In PANC-1 cells, the nuclear translocation 
of TFEB was decreased and the cytoplasmic levels of TFEB were 
suppressed (Figure 5C; Figure S5B). Furthermore, the translocation 
of TFEB was activated within 24 h and its total expression was dees-
calated in a time-dependent manner (Figure S5C). Considering the 
poor effect of autophagy inhibition and suppression of TFEB regula-
tion, knockdown of GAA accumulated the malfunctioning mitochon-
dria and inhibited the autophagy flux.

3.6 | Adenovirus vector with shGAA exerts an 
oncolytic effect on pancreatic cancer tumors in vivo

We generated an Adv-shGAA vector to investigate the oncolytic 
effects of GAA knockdown in vivo. From the four siRNAs against 
GAA, those with the highest efficiency for the suppression of GAA 
expression were selected (Figure  S3D) and the AdV for shGAA 
was constructed (Figure S5D). The effect of AdV was confirmed by 
western blotting analysis (Figure S5E) in vitro. This was followed by 
direct injection (1 × 109 pfu) into the tumors formed by subcutane-
ous transplantation of PANC-1 cells in nude mice. At 4 weeks after 
injection, the tumor size in the Adv-shGAA group was significantly 
smaller than that recorded in the Adv-shScr group (Figure  6A). 
Although there was no significant difference in body weight be-
tween the Adv-shGAA and Adv-shScr groups, prolonged survival 
rates were noted in the former group (Figure  6B,E). Adv-shGAA 
decreased GAA enzymatic activity and proteins and increased the 
levels of cleaved CASP3 in PC tumors (Figure 6C,D). Histological 

F I G U R E  4   Suppression of acid 
alpha-glucosidase (GAA) accumulates 
the depolarized mitochondria. (A) 
The effects of siGAA transfection for 
intracellar organelles were observed with 
TEM for 72 h after siRNA transfection. 
Mitochondrial changes were particularly 
prominent in PANC-1 cells. L, lysosome; 
M, mitochondria; N, nucleus. Scale bar: 
2 μm. (B) Fluorescence microscopy of 
LysoTracker red was reduced in PANC-1 
and MIA PaCa-2 cells with KD of GAA. 
Scale bar: 100 µm. (C) FCM showed the 
increase of mitochondria in pancreatic 
cancer (PC) cells (PANC-1, P = .044, MIA 
PaCa-2, P = .01). (D) Cells were stained 
with JC1 probe, and immunostaining 
showed the red to green change of 
JC1 with siGAA. (E) FCM showed 
the downregulation of the red/green 
fluorescence ratio (PANC-1, P < .001; MIA 
PaCa-2, P = .012, retrospectively)
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analysis revealed decreased numbers of Ki67-positive cells and in-
creased numbers of TUNEL-positive cells in Adv-shGAA-injected 
tumors (Figure  6F). Furthermore, obvious accumulation of mito-
chondria in the tumors derived from the Adv-shGAA group, similar 
to that observed in PANC-1 cells in vitro (Figure 6G). These results 
indicated that Adv-shGAA is a promising vector for oncolytic gene 
therapy against PC.

4  | DISCUSSION

In this study, through microscopic analysis and molecular biological 
analysis (including RNA microarray and western blotting), we found 
that treatment with gemcitabine increases the lysosomes in PC cells 
(Figures 1 and 2). We also demonstrated that the lysosomal enzyme 
GAA is a one of the genes responsive to treatment with gemcitabine 

F I G U R E  5   Suppression of acid alpha-glucosidase (GAA) inhibited transcription factor EB (TFEB) nuclear migration and suppressed 
autophagy flux. (A) Western blot analysis demonstrated the expression of autophagy-related proteins. The expression levels of LC3 I and II 
were not upregulated in siGAA cells compared with Bafilomycin A1 (100 nM). (B) The expression levels of LAMP2 were increased in siGAA 
cells, and those of LC3 II and SQSTM1/p62 were less than those in the Bafilomycin A1 group, respectively (P < .05 each). (C) Western blot 
analysis demonstrated that the suppression of TFEB nuclear migration and LAMP2 expression was accumulated in GAA KD cell. Data are 
presented as the mean ± SD from three independent experiments (*P < .05)

F I G U R E  6   Adenovirus vector with shGAA has an oncolytic effect on pancreatic cancer (PC) tumors in vivo. (A) Tumor growth curves 
were plotted. The tumor growth was suppressed (P = .04) in the Adv-shGAA group. (B) Kaplan-Meyer curve of mice after AdV injection. 
Tumor-rerated survival was prolonged (P = .034) in the Adv-shGAA group. Median tumor diameter and tumor-related survival were recorded 
twice a week. (C) GAA enzyme activity was suppressed in the Adv-shGAA group. (D) The expression of GAA protein was suppressed, and 
cleaved caspase-3 was overexpressed in the Adv-shGAA group. (E) Body weight change during the experiment. There was no difference 
between Adv-shScr and Adv-shGAA groups. (F) Enucleated tumors were stained with H&E and anti–Ki-67. The ratio of Ki-67 positive cells 
(arrowheads) was reduced in the tumor of the Adv-shGAA group. (G) TEM observed the defective mitochondria in the tumor of the Adv-
shGAA group. L, lysosome; M, mitochondria; N, nucleus. Scale bar: 50 nm
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in PC cells (Figures 1 and 2). Autophagy has attracted attention as a 
factor of poor prognosis and as a therapeutic target for some cancer 
cells.24 In PC cells, upregulation of TFEB is required for tumor exten-
sion. Because complete inhibition of autophagy suppresses tumor 
progression in several carcinomas,25-29 studies have been attempting 
to regulate autophagy using several small molecules, such as chloro-
quine and bafilomycin A1.30-32 In addition, several clinical trials have 
demonstrated the efficacy of treatment with autophagy inhibitor 
alone or a combination of chemotherapeutic agents through the im-
provement of chemosensitivity.33 In contrast, although autophagy 
involves autophagosomes and lysosomes, lysosomal regulation has 
received minimal attention as a therapeutic target for cancer. Our 
results demonstrated that suppression of GAA improves the sen-
sitivity to gemcitabine in PC cells and induces apoptosis in tumors 
by modulation of TFEB translocation (Figures  3-5). These findings 
indicated that GAA is a promising target for the development of 
novel therapies against PC. To the best of our knowledge, the pre-
sent study is the first to report that suppression of mono–lysosomal 
enzyme exerts an anticancer effect on PC cells.

Lysosomal degradation plays a crucial role in biological macromol-
ecule metabolism, cell growth, cell division, and cell differentiation in 
cancer and normal cells34 For example, the enhanced lysosomal deg-
radation is observed in several types of cancer cells, and is involved 
in angiogenesis and their ability to metastasize.35 However, the role 
of lysosomal degradation in response to chemotherapy has not been 
fully elucidated. In our study, we found that increased levels of ly-
sosomes are observed in PC cells after treatment with gemcitabine 
(Figure 2). In addition, gemcitabine increased the relative mRNA ex-
pression levels of 33 of 52 genes in PC cells (Figure 2A). Among the 
33 upregulated genes, the top five genes consisted of glycosidases 
(GAA and α-galactosidase A), proteases (cathepsin V and cathepsin 
F), and an ATPase (ATP13A2) (Figure 2A). Western blotting analysis 
detected increased levels of LC3-II and decreased levels of p62 in 
gemcitabine-treated PC cells. However, TEM analysis did not show 
obvious accumulation of typical autophagosomes in these cells, de-
spite increased levels of lysosomes (Figures 1 and 2). In addition, the 
enzymatic activity of GAA is increased by gemcitabine. GAA is the 
most efficient lysosomal enzyme for glycolysis as it breaks down glu-
cose bonds. Cancer cell metabolism is dependent on a phenomenon 
known as the Warburg effect, which favors a high rate of glycolysis 
followed by lactate fermentation. The cytotoxic effects of gemcit-
abine activate the glycolytic system, which is believed to enhance 
the activity of GAA. These findings suggested that enhanced lyso-
somal degradation promotes autophagic flux in gemcitabine-treated 
PC cells. Therefore, it appears that lysosomal degradation abilities, 
which originate from glycosidases and proteases, are involved in the 
key resistance mechanism to cytotoxicity in PC cells after treatment 
with gemcitabine. This notion is supported by previous evidence 
stating that chloroquine, a global lysosomal enzyme inhibitor in-
creasing the pH in lysosomes, enhances gemcitabine-induced apop-
tosis through the production of ROS in PC cells.30-32

Suppression of lysosomal activity is a promising therapeu-
tic approach for PC. However, complete inhibition of lysosomal 

degradation affects various intracellular phenomena, including cy-
toprotective autophagy, in normal cells. Indeed, although treatment 
with chloroquine exerted a tumor-suppressive effect in a rat model 
of chemically-induced hepatocarcinoma, the agent accelerates he-
patocarcinogenesis in the dysplastic stage.36 Therefore, selective 
and regulatable inhibition of lysosomal function is key for the dis-
covery of novel therapies against cancer. In this study, we showed 
the therapeutic effectiveness of GAA modulation in PC cells using 
siGAA and AdV-shGAA (Figures 3-6). GAA is one of the lysosomal 
hydrolases and catalyzes the degradation of intracellular glycogen 
to glucose in lysosomes. Genetic deficiency of GAA results in gly-
cogen storage disease type II, which is characterized by massive de-
posits of glycogen accompanied by autophagosomal accumulation.37 
Mitochondrial accumulation is also observed in skeletal muscle from 
GAA-deficient mice or humans with multiple mitochondrial defects, 
such as a decrease in membrane potential and an increase in ROS.37 
We found that suppression of GAA accumulated malfunctioning mi-
tochondria in PC cells (Figure 4). In addition, residual GAA activity 
was observed in GAA-knockdown PC cells (Figure S4E), suggesting 
that those cells mimic a milder phenotype of glycogen storage dis-
ease type II.

Our result showed that knockdown of GAA decreases cell prolif-
eration and increases the apoptotic signals in PC cells accompanied by 
accumulation of dysfunctional mitochondria (Figure 5). Furthermore, 
we found that mitochondrial accumulation in GAA-knockdown PC 
cells is caused by the suppression of TFEB. Because the basal me-
tabolism by autophagy is enhanced in PC due to increased TFEB, in-
hibition of TFEB expression regulates autophagy flux and causes the 
accumulation of intracellular organelles, including mitochondria. As a 
key mediator of chemoresistance and apoptosis, mitochondria have 
been identified as signaling molecules in various intracellular path-
ways that regulate both cell survival and cell death.12,38 In particular, 
because mitochondria release ROS and cytochrome C, accumulated 
dysfunctional mitochondria can contribute to the induction of cell 
apoptosis. We found that treatment with gemcitabine or siGAA 
alone increases the amounts of mitochondria in PC cells (Figures 1C 
and 5C). Combination treatment with gemcitabine and siGAA also 
increases the levels of apoptotic-signaling proteins in PC cells ver-
sus those recorded in cells treated with gemcitabine or siGAA alone 
(Figure 4A). There could be two reasons for this improvement in the 
antitumor effect of gemcitabine following the knockdown of GAA: 
(a) dysfunctional lysosomes impaired the degeneration in autopha-
gosomes, resulting in the accumulation of defective mitochondria; 
and (b) lysosomal dysfunction suppressed the master regulator TFEB 
and suppressed the autophagy flux. Therefore, the accumulation of 
mitochondria and regulation of TFEB is one of the key factors for the 
anticancer effects induced by GAA knockdown.

In this study, we demonstrated the promising effect of treat-
ment with Adv-shGAA on tumors using a xenograft mouse model 
(Figure 6). ​Gene therapy has attracted interest as an emerging treat-
ment option for cancer in the clinical setting.39-42 For example, tumor-
specific oncolytic viral vectors, such as talimogene laherparepvec, are 
approved by the United States Food and Drug Administration and 
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the European Medicines Agency. AdV are frequently used vectors 
in oncolytic viruses.43-45 AdV do not integrate their genes into the 
host genome, and some of them avoid the host immune response and 
suppress liver damage.42 Because integration of the viral gene into 
the genome of host cells is not caused by transfection of AdV, this 
vector may be safe and suitable for gene therapy in the treatment of 
cancer.39 Importantly, a single administration of Adv-shGAA, which 
consists of human U6 promoter-driven shGAA, exhibited antitumor 
effects without inducing obvious side effects. Therefore, downreg-
ulation of GAA by AdV may be a promising oncolytic gene therapy.

In summary, enhancement of lysosomal activity was involved in 
resistance to treatment with gemcitabine in PC cells. Knockdown of 
the GAA gene disturbs the quality control of damaged mitochondria 
in PC cells through impairment of lysosomal function. Moreover, 
knockdown of GAA enhances the antitumor effect of treatment with 
gemcitabine in PC cells. Gene therapy with AdV-shGAA may be a 
new strategy for the treatment of PC.
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