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Abstract
Purpose Glucosidase II plays a major role in regulating the
post-translational modification of N-linked glycoproteins.
Previously, we found that the beta subunit of glucosidase II
(GluIIβ) levels are significantly increased in lung carcinoma
tissues, indicating a potential role in lung tumorigenesis. Here,
we investigated the role of GluIIβ in the regulation of autoph-
agy and apoptosis in lung carcinoma- and immortalized
human bronchial epithelial-derived cells.
Methods A selective glucosidase II inhibitor, bromoconduritol,
was used to inhibit GluII enzyme activity and a siRNA-based
technology was used to suppress the expression of the GluIIβ
encoding gene PRKCSH in lung carcinoma cells differing in
p53 status. Cell viability was assessed using a MTT assay, cell
cycle progression was assessed using flow cytometry, autoph-
agy was assessed using Western blotting and apoptosis was
assessed using an annexin V-FITC/PI double labeling method.
Results We found that GluIIβ inhibition resulted in the induc-
tion of autophagy in all cell lines tested, but apoptosis in only
wild-type p53 cells. We also found that GluIIβ inhibition
dose-dependently decreased activation of the EGFR/RTK

and PI3K/AKT signaling pathways. Although the apoptosis
inducing effect of GluIIβ inhibition appeared to be p53-
dependent, we found that a combined treatment with lysosom-
al inhibitors to block autophagy enhanced the apoptotic effect
of GluIIβ inhibition in both wild-type p53 and p53-null cells.
Conclusions Our data indicate that GluIIβ inhibition results
in autophagy and apoptosis in lung carcinoma-derived cells,
supporting the hypothesis that this enzyme may play a role in
blocking these two tumor suppressive processes. Since
blocking autophagy by lysosomal inhibitors enhanced the
apoptosis-inducing effect of bromoconduritol, independent
of p53 status, their combined use may hold promise for the
treatment of cancer, particularly lung cancer.

Keywords Apoptosis . Autophagy . Glucosidase II beta
subunit (GluIIβ) . PRKCSH gene . p53

1 Introduction

Previously, we detected high concentrations of the endoplas-
mic reticulum (ER)-resident protein glucosidase II beta sub-
unit (GlluIIß) in a high proportion of lung carcinoma tissues,
indicating a role in tumorigenesis [1]. This protein and/or its
encoding gene are also known as PRKCSH, 80K-H,
hepatocystin, PCLD, PLD1, G19P1 or AGE-R2. GluIIβ is a
beta subunit of glucosidase II (GluII), which is involved in the
quality control of N-linked glycoprotein folding. The hetero-
dimeric GluII complex, consisting of a catalytic alpha subunit
and a regulatory beta subunit, is responsible for the removal of
the two innermost glucose residues from N-linked oligosac-
charides on newly synthesized glycoproteins. Protein folding
is an error-prone process and, therefore, a quality control
process is in place in the ER to evaluate the structural integrity
of maturing proteins. Properly folded proteins are permitted to
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leave the ER and to traffic to various locations within the cell
to perform their activities, whereas misfolded proteins are
targeted for retention and subsequent degradation. GluII is
responsible for the release of N-linked glycoproteins from
the ER, whereas the quality control gatekeeper UDP-
glucose:glycoprotein glucosyltransferase 1 (UGT1) promotes
their retention [2]. A balance between GluII and UGT1
activity is thus crucial for a proper quality control of proteins
in the ER.

Mutations in the GluIIβ encoding gene have been associ-
ated with autosomal dominant polycystic liver disease
(ADPLD) [3] and alternatively spliced transcripts encoding
distinct isoforms have been reported [4]. Although a role of
GluIIβ in oncogenesis has not been reported before, a number
of studies have reported the occurrence of gene mutations [5]
and increased protein expression levels in human cancers [6],
as well as alterations in cellular localization and phosphoryla-
tion status in response to growth factor stimulation [6, 7].
Suppression of GluIIβ expression has been reported to cause
autophagy through the mammalian target of rapamycin
(mTOR) pathway [8] and a recent study has shown that
GluIIβ may also be involved in the initiation of apoptosis in
plant cells [9].

Both apoptosis and autophagy play important roles in can-
cer. Apoptosis is established as the major mechanism of pro-
grammed cell death and is estimated to eliminate approxi-
mately 60 billion cells per day in order to maintain normal
tissue homeostasis [10]. Deregulation of apoptosis leads to the
accumulation of abnormal cells and, ultimately, cancer devel-
opment. Autophagy is a process aimed at degrading damaged
intracellular macromolecules in order to provide cells with
energy under nutrient-starved conditions. Autophagy has been
reported to play both positive and negative roles in cancer
development. On one hand, autophagy suppresses tumor for-
mation by removing damaged organelles/proteins and limiting
cell growth and genomic instability. When disrupted, it can
promote and accelerate tumorigenesis [11–13]. Autophagy
may be inhibited by multiple oncogenic products, such as
PI3K, AKT, BCL-2 and mutant p53, and, therefore, inhibition
of autophagy may be considered as a potential oncogenic
event [14]. On the other hand, due to inherent deficiencies in
their microenvironment and the increased metabolic and bio-
synthetic demands imposed by deregulated proliferation, can-
cer cells rely on autophagy for their survival more than normal
cells [15].

Lung cancer is the leading cause of cancer-related deaths
worldwide. Non-small cell lung cancer (NSCLC) comprises
80–85% of all lung cancers, [16] and most patients present
with metastasis [17, 18]. A major barrier to curative therapy in
lung cancer is the deregulation of cell death signaling process-
es [19, 20]. Of these processes, apoptosis has so far been the
most extensively studied. Multiple studies have shown that
deficits in the apoptotic machinery can lead, not only to

abnormal proliferation, but also to insensitivity to cytotoxic
drugs [21]. Exploitation of autophagy may lead to improved
therapeutic options beyond current therapies. It is generally
accepted now that the tumor suppressor protein p53 plays a
major role in the radio-sensitivity of lung cancer cells [22].
Here, we aimed to investigate the role of GluIIβ in autophagic
and apoptotic cell death of lung carcinoma-derived cells dif-
fering in p53 status.

2 Material and methods

2.1 Chemicals

The selective glucosidase II inhibitor bromoconduritol [23]
and antibodies directed against GluIIβ, human p53 and LC3
were obtained from Santa Cruz Biotechnology, Inc. (Texas,
USA). Horseradish peroxidase-conjugated anti-rabbit, goat or
mouse immunoglobulins (IgGs) were purchased from
DakoCytomation (Denmark). Clarity™ ECLWestern blotting
substrate was obtained from Bio-Rad Laboratories
(California, USA). Peptastatin A and E64d were purchased
from AMRESCO Life Science (Ohio, USA).

2.2 Cell lines and culture conditions

A549, BEAS-2B and H1299 cells were obtained from the
American Tissue Culture Collection (ATCC). A549 human
lung carcinoma cells were maintained in DMEM medium,
whereas p53-deficient H1299 human lung carcinoma cells
were maintained in RPMI-1640 medium. Both DMEM and
RPMI-1640 were supplemented with 10% fetal bovine serum
(FBS) (v/v), 100 units/ml penicillin and 100 μg/ml streptomy-
cin (Gibco-Thermo Fisher Scientific, Massachusetts, USA).
Primary immortalized human bronchial epithelial BEAS-2B
cells were maintained in LCH-9 medium (Gibco-Thermo
Fisher Scientific, Massachusetts, USA).

2.3 Cell viability assay

Cells (approximately 1 × 104 cells/well) seeded in 96-well
plates were grown overnight and subsequently treated with
various concentrations of bromoconduritol (0–500 μg/ml) in
200 μl medium per well at 37 °C and 5% CO2. After 72 h,
20 μl 3-4,5 dimethyl thiazol 2,5 diphenyl tetrazolium bromide
(MTT) solution (5 mg/ml) was added to each well and incu-
bated for 4 h. The resulting violet formazan precipitate was
solubilized by the addition of 100 μl dimethyl sulfoxide
(DMSO) after which the absorption was measured at
595 nm (Emax Plus microplate reader, Molecular Devices,
California, USA).
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2.4 RNAi treatment

siRNA transfections were conducted accordingly to the Santa
Cruz siRNA transfection protocol. Approximately 2 × 105

cells/well were seeded and cultured in a 6-well tissue culture
plate overnight. Next, 100 μl siRNA duplex solution (sc-
29598, Santa Cruz Biotechnology, Texas, USA) was mixed
with 100 μl transfection reagent (sc-29528, Santa Cruz
Biotechnology, Texas, USA) and incubated for 45 min at
room temperature. The resulting mixture was mixed gently
with 800 μl incomplete medium (DMEM for A549 and
RPMI-1640 for H1299), added to the cells and incubated for
5 h at 37 °C in a CO2 incubator. Next, 1 ml normal growth
medium containing 20% FBS (v/v) and antibiotics (200 units/
ml penicillin and 200 μg/ml streptomycin) was added to the
transfected cells without removing the transfection mixture
and incubated for an additional 18–24 h. Next, the culture
medium was replaced with fresh medium (DMEM for A549
and RPMI-1640 for H1299) containing 10% FBS (v/v),
100 units/ml penicillin and 100 μg/ml streptomycin, after
which the transfected cells were cultured for another 24 h
before subjecting to further tests.

2.5 Western blot analysis

Treated cells were lysed in sodium dodecyl sulfate (SDS)
lysis buffer [0.5 M Tris-HCl pH 6.8, 2% SDS (w/v) and
10% glycerol (v/v)] and heated at 95 °C for 10 min. The
resulting cell lysates were centrifuged at 10,000×g for
15 min at 4 °C, after which the supernatants were collected
and their protein content was determined using a BCA
protein assay kit (Pierce Biotechnology, Illinois, USA).
Protein lysates (25 μg) from each treatment condition were
resolved in SDS polyacrylamide gels under reducing con-
ditions and electro-transferred to PVDF membranes (Pall
Corporation, New York, USA). After blocking with 5%
non-fat milk in Tris buffered saline (TBS) containing
0.05% Tween-20 (TBS-T), the membranes were incubated
with primary antibodies for 1 h at room temperature. The
bound antibodies were detected using horseradish peroxi-
dase (HRP)-conjugated goat anti-mouse or goat or rabbit
IgGs for 1 h. After extensive washing, immunoreactive
proteins were visualized using a chemiluminescence-
based procedure in conjunction with a Clarity ECL detec-
tion kit (Biorad Laboratories, California, USA) and X-ray
films (Kodak, New York, USA). The detected bands were
quantified using ImageJ software [24]. Next, the mem-
branes were stained with 0.1% Coomassie Blue R250 in
10% acetic acid, 40% methanol and 50% H2O for 1 h in
order to assess the total amount of protein loaded into each
lane. The membranes were de-stained in tap water (7 times,
10 min each) until the background was clear.

2.6 Cell cycle analysis

Cells were cultured with various concentrations of
bromoconduritol (0, 1, 5, 10 μg/ml) for 24 h and, subsequent-
ly, subjected to cell cycle analysis using a Muse™ flow
cytometer, according to the Muse™ Cell Cycle Kit users
guide (Merck-Millipore, Massachusetts, USA). The Muse™
Cell Cycle Assay Kit encompasses a premixed reagent which
includes propidium iodide (PI) to discriminate cells at differ-
ent stages of the cell cycle, based on differential DNA content
in the presence of RNAse to increase the specificity of DNA
staining.

2.7 Apoptosis assay

Approximately 4 × 104 cells/well were seeded in a 96-well
plate and grown overnight to reach 70–80% confluence and,
subsequently, treated with different concentrations of
bromoconduritol for 24 h. Treated cells from triplicated wells
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Fig. 1 Viability of A549 (a), H1299 (b) and BEAS-2B (c) cells after
treatment with various concentrations of bromoconduritol for 72 h
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were pooled and analyzed using a Muse™ Cell Analyzer
(Merck-Millipore, Massachusetts, USA) according to the

manufacturer’s instructions using Muse™ Annexin-V
and Dead Cell reagent, respectively (Merck-Millipore,
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Fig. 2 Autophagy induction after treatment with bromoconduritol in
A549 (a), H1299 (b) and BEAS-2B (c) cells and after siRNA-mediated
suppression of PRKCSH gene expression in A549 (d) and H1299 (f)
cells. Bar graphs represent intensities of LC3-II bands relative to control
cells quantified by ImageJ fromA549 (e) and H1299 (g) transfected cells.
Cells were treated with bromoconduritol at concentration of 0, 1, 5 and
10 μg/ml for 24 h or transfected with siPRKCSH for 48 h in the presence

or absence of the lysosomal inhibitors E-64d (10 μg/ml) and pepstatin A
(10 μg/ml), which were added to the culture media 4 h before cell
harvesting. Western blots were probed with anti-LC3-I and anti-LC3-II
antibodies after which the PVDF membranes were subjected to
Coomassie blue staining to verify the amount of protein loaded into
each lane as internal control

Table 1 Cell cycle distribution
after treatment with
bromoconduritol for 24 h

Cells Bromoconduritol
concentration (μg/ml)

Cell cycle distribution) (%)

G0/G1 S G2/M

A549 0 59.3 ± 2.26 19.6 ± 5.51 20.9 ± 2.20

1 53.5 ± 1.21 20.3 ± 3.46 26.1 ± 4.21

5 54.1 ± 3.29 24.9 ± 2.27 20.8 ± 1.21

10 49.8 ± 6.22 29.2 ± 2.86 21.0 ± 4.26

H1299 0 55.4 ± 3.23 22.1 ± 2.46 22.4 ± 1.29

1 60.6 ± 8.21 19.2 ± 5.23 20.1 ± 3.21

5 55.3 ± 4.16 21.3 ± 2.96 23.4 ± 4.21

10 61.1 ± 9.27 18.1 ± 6.23 20.4 ± 3.29
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Massachusetts, USA). Cells treated with 5 μM Apoptosis
Activator 2 (sc-202956, Santa Cruz Biotechnology, Texas,
USA) were used as a positive control for apoptosis induction.

2.8 Cell signaling pathway analysis

After 24 h of treatment with various concentrations of
bromoconduritol (0, 1, 5, 10 μg/ml), approximately
7.5 × 104 treated and untreated cells were centrifuged and
re-suspended in a mixture of Assay Buffer and Fixation
Buffer (1:1), and incubated for 5 min on ice. Next, the cells
were centrifuged and re-suspended in Assay Buffer and sub-
jected to incubation with antibodies for 30 min in the dark at
room temperature. The Muse EGFR-RTK Activation Dual
Detection Kit (Merck Millipore, Massachusetts, USA) used
includes two directly conjugated antibodies, a phospho-
specific anti-phospho-EGFR (Tyr1173)-Alexa Fluor®555
and an anti-EGFR-PECy5 conjugated antibody to measure
phosphorylated and total levels of EGFR expression,

respectively. The Muse PI3K Activation Dual Detection
Kit (Merck Millipore) includes a phospho-specific anti-
phospho-Akt (Ser473)-Alexa Fluor®555 and an anti-Akt,
PECy5 conjugated antibody to measure phosphorylated
and total levels of AKT, respectively. These two-color kits
are designed tomeasure the extent of EGFRphosphorylation
relative to the total EGFR expression and of AKT phosphor-
ylation relative to the total AKTexpression in any given cell
population. After antibody staining, the cells were
suspended in Assay Buffer and transferred to the Muse Cell
Analyzer (Merck Millipore, Massachusetts, USA).

2.9 Statistical analysis

Statistical analyses were performed using SPSS software ver-
sion 15 (SPSS, Inc., Chicago, IL, USA). Comparison of dif-
ferent groups was performed using the Mann-Whitney U test,
with p < 0.05 considered to be significant.

A549

GluII

LC3-I

LC3-II

Inhibitors - - +       - +     
(E64d and pepstatin A) 

Coomassie

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

non-treated non-targeted siRNA siPRKCSH

R
el

at
iv

e 
L

C
3-

II
 b

an
d 

in
te

ns
it

y

A549

w/o lysosomal inhibitors with lysosomal inhibitors

GluII

LC3-I
LC3-II

Inhibitors - - +                         - +
(E64d and pepstatin A) 

Coomassie

H1299

0

0.5

1

1.5

2

2.5

non-treated non-targeted
siRNA

 siPRKCSHR
el

at
iv

e 
L

C
3-

II
 b

an
d 

in
te

ns
it

y

H1299

w/o lysosomal inhibitors with lysosomal inhibitors

d

e

f

g

Fig. 2 (continued)
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Fig. 3 Apoptosis induction after
treatment with bromoconduritol
for 24 h. a Mean and standard
deviation (SD) of total apoptosis
as percent from three independent
experiments each. A p value of
< 0.05 (*) was considered
significant relative to the non-
treated cells using the Mann
Whitney U test. b–d
Representative flow cytometry
plots showing annexin Vand
propidium iodide (PI) staining in
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cells, respectively
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3 Results

3.1 GluIIβ inhibition does not affect cell viability or cell
cycle distribution

In order to test whether inhibition ofGluIIβ by bromoconduritol
would exert any effect on cell viability or cell cycle distribution,
normal human bronchial epithelial-derived BEAS-2B cells and
the human lung carcinoma-derived cell lines A549 and H1299
with different p53 statuses were treated with various concentra-
tions of bromoconduritol for 72 h. By doing so, we found that
treatment with bromoconduritol at concentrations between 7.8
and 500 μg/ml did not significantly affect the cell viability
(Fig. 1a–c) and/or cell cycle distribution of any of the cell types
tested (Table 1).

3.2 GluII enzyme suppression and GluIIβ gene silencing
induce autophagy

To test the contribution of GluIIβ to autophagy, cells were
treated with various concentrations of bromoconduritol (1, 5
and 10 μg/ml) in the presence or absence of E64d and pepstatin
A. E64d and pepstatin A are two autophagy inhibitors that act
by suppressing lysosomal proteases. During autophagy, soluble
LC3-I is converted to lipid bound LC3-II, which is associated
with the formation of autophagosomes. Autophagosomes fuse
with lysosomes to form autolysosomes, after which intra-
autophagosomal components are degraded by lysosomal en-
zymes. Thus, lysosomal turnover of the autophagosomal mark-
er LC3-II reflects autophagic activity [25]. By comparing levels
of LC3-II between treatments in the presence and absence of
E64d and pepstatin A, the magnitude of autophagic flux can be
estimated [26]. Using Western blotting, we found that the ac-
cumulation of LC3-II in all cell lines tested (Fig. 2a–c) was
significantly increased in the presence of E64d and pepstatin
A following bromoconduritol treatment compared to control
cells, thus indicating their autophagic induction. Although, the
viability of the siPRKCSH transfected cells was not significant-
ly different from that of the vehicle control transfected cells (as
observed microscopically, data not shown), we conclude that
knockdown of the PRKCSH gene, which encodes beta subunit
of the enzyme (GluIIβ), caused a conversion from LC3-I to
LC3-II. The bar graphs in Fig. 2 represent intensities of LC3-
II bands from A549 (2e) and H1299 (2g) transfected cells rel-
ative to control cells quantified by ImageJ. The results indicate
that blocking of lysosomal enzymes by E64d and pepstatin A
causes a substantial accumulation of LC3-II in both A549 (Fig.
2d, e) and H1299 (Fig. 2f, g) cells, which is an indication of
autophagy induction. Taken together, we found that either sup-
pression of GluII enzyme activity by bromoconduritol or sup-
pression of GluIIβ gene expression by siRNA can induce au-
tophagy in lung carcinoma-derived cells.

3.3 GluIIβ suppression by bromoconduritol induces
apoptosis in p53 wild-type cells, but not in p53-null cells

In order to investigate the effect of GluIIβ suppression on
apoptosis, cells treated with various concentrations of
bromoconduritol were assessed for apoptotic cell death using
a Muse™ Annexin V & Dead Cell Kit. We found that sup-
pression of GluIIβ activity by bromoconduritol caused an
increase in apoptotic cell death in A549 and BEAS-2B cells,
both carrying wild-type p53, in a dose-dependent manner
(Fig. 3a). Conversely, no significant change in apoptotic cell
death was observed in p53-null H1299 cells. Representative
flow cytometry plots based on annexin V and propidium io-
dide (PI) staining of A549, H1299 and BEAS-2B cells treated
with various concentrations of bromoconduritol are shown in
Fig. 3b–d, respectively. Cells treated with 5 μM of Apoptosis
Activator 2, which is a cell-permeable indoledione compound
that activates caspases, were used as positive controls for ap-
optosis induction. From the results obtained we conclude that
suppression of GluIIβ results in apoptosis in wild-type p53
cells (A549, BEAS-2B), but not in p53-null cells (H1299).

3.4 GluIIβ suppression causes decreased activation
of the PI3K and EGFR pathways

Since the epidermal growth factor receptor (EGFR) has fre-
quently been found to be deregulated in lung carcinomas [27,
28] and since the PI3K/AKT pathway is one of the most im-
portant EGFR downstream signaling pathways, the ability of
bromoconduritol to modulate the EGFR-PI3K/AKT pathway
was investigated. Cells treated for 24 h with various concen-
tration of bromoconduritol were stained with both anti-
phospho-EGFR (Tyr1173) and anti-EGFR antibodies, or anti-
phospho-Akt (Ser473) and anti-Akt antibodies in a multiplex
reaction. Stained cells were analyzed using a Muse Cell
Analyzer and through statistical value calculations, cells were
classified as relative percentage of each population (inactive,
active and not-expressing), compared to the total cell popula-
tion. We found that treatment with bromoconduritol caused a
significant decrease in activation of the EGFR and PI3K/AKT
pathways (Figs. 4a and 5a). Representative flow cytometry
plots showing EGFR phosphorylation and AKT phosphoryla-
tion in A549 and H1299 cells treated with various concentra-
tions of bromoconduritol are depicted in Figs. 4b–c and 5b–c,
respectively.

3.5 Autophagic flux inhibition enhances apoptosis
induction by bromoconduritol

To test whether blocking of the autophagic flux may have any
effect on the apoptosis inducing efficacy of bromoconduritol,
cellsweretreatedwithvariousconcentrationsofbromoconduritol
in thepresenceor absenceof the lysosomal inhibitors pepstatinA
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andE64d(10μg/mleach).Bydoingso,wefoundthatacombined
treatment with lysosomal inhibitors efficiently enhanced the ap-
optosis inducingeffectofbromoconduritol inbothA549(Fig.6a)
and H1299 (Fig. 6b) cells. Representative flow cytometry plots
showing annexin V and PI staining of A549 and H1299 cells
treated with bromoconduritol and lysosomal inhibitors are
depicted in Fig. 6c–d, respectively.

4 Discussion

We found that treatment of the wild-type p53 cells and p53-
null cells with the selective GluII inhibitor bromoconduritol
dose-dependently increased the turnover rate of LC3-II when
lysosomal enzymes were inhibited by E64d and pepstatin A.
siRNA-mediated silencing of the PRKCSH gene, which
encodes GluIIß, induced a similar response. Since glucosidase
II comprises 2 subunits, i.e., the alpha catalytic subunit
(GluIIα) and the beta regulatory subunit (GluIIβ), our results
suggest that suppression of GluIIβ activity/expression alone is
sufficient to inhibit its total enzyme activity. Our results
indicate that inhibition of glucosidase II activity, either by
selective GluII inhibition or by suppression of PRKCSH gene
expression, resulted in initiation of autophagy in both
wild-type p53 cells and p53-null cells. However, suppression
of GluIIβ only triggered apoptosis in wild-type p53 cells.
Since only one p53-null cell line was used in this study, it
remains to be established whether other types of p53 defective
cells will show a similar response. Autophagy induction in
response to GluIIβ inhibition has previously been reported
[8], but to our knowledge this is the first report showing
apoptosis induction in response to GluIIβ inhibition in lung
carcinoma-derived cell lines.

The observation that suppression of GluIIβ resulted in the
induction of autophagy and apoptosis led us to hypothesize
that GluIIβmay play a role in suppression of these two critical
tumor-associated processes. It may be envisioned that activa-
tion of GluIIβ expression helps tumor cells to escape from
autophagy and apoptosis and, thus, to advance their progres-
sion. Indeed, this may be the reason why in previous reports
an increased level of GluIIβ was observed in various tumor
tissues [1, 6]. The beta regulatory subunit of glucosidase II,
GluIIβ, is involved in the quality control of the folding and
maturation of N-linked glycoproteins. This group of proteins
encompasses receptor tyrosine kinases (RTK), such as ErbB2
and EGFR [29], which can initiate a number of downstream

0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

16.0

18.0

9921H945A

E
G

F
R

/R
T

K
 a

ct
iv

at
io

n 
(%

)

0 ug/mL 1 ug/mL 5ug/mL 10 ug/mL

*

*

*

*

*
*

Bromoconduritol concentration

untreated A549 cells 1 g/mL bromoconduritol

5 g/mL bromoconduritol 10 g/mL bromoconduritol

untreated H1299 cells 1 g/mL bromoconduritol

5 g/mL bromoconduritol 10 g/mL bromoconduritol

a

b

c

�Fig. 4 Significant decrease in activation of the EGFR/RTK signalling
pathway after treatment with bromoconduritol for 24 h. a Mean and
standard deviation (SD) of EGFR phosphorylation from three
independent experiments. A p value of < 0.05 (*) was considered
significant relative to the non-treated cells using the Mann Whitney U
test. b-c Representative flow cytometry plots showing EGFR expression
and phosohorylation in A549 and H1299 cells, respectively

586 W. Khaodee et al.



signaling cascades resulting in both anti-apoptotic [30] and
anti-autophagic [31] cellular programs. Inhibition of N-
linked glycosylation has been shown to prevent both ligand-
induced activation of EGFR as well as constitutive EGFR-
VIII signaling [32]. More recently, it has been shown that
EGFR activity may be regulated by specific glycosylation side
chain modifications [33, 34] and may require glycosylation as
part of the transitional state conformation required for signal-
ing [35]. Therefore, we hypothesize that tumor cells with an
abnormal high level of GluIIβ activity may aberrantly
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promote N-linked glycosylation and, thus, overactivation of
the EGFR signaling pathway and, consequently, apoptosis
and autophagy inhibition. In agreement with this hypothesis,
we found that GluIIβ activity suppression caused a significant
reduction in EGFR and its downstream PI3K/AKT pathway
activation in both A549 and H1299 cells in a dose-dependent
manner. These results substantiate the notion that GluIIß over-
expression in tumor cells may promote tumor growth by sup-
pressing apoptosis and autophagy through activation of the
EGFR/RTK and PI3K/AKT pathways. Correspondingly, it
has been demonstrated that silencing of the PRKCSH gene

enhanced the apoptosis inducing effect of gefitinib, a tyrosine
kinase inhibitor, in a gefitinib-resistant NSCLC cell line [36].

Bromoconduritol (6-bromo-3,4,5-trihydroxycyclohex-1-
ene) is an active site-directed irreversible inhibitor of glucosi-
dases II with an IC50 of 41 μM (approximately 8.6 μg/ml)
[23]. An analysis of L6 myoblasts has shown that
bromoconduritol at a concentration of 50 μg/ml can signifi-
cantly inhibit myoblast fusion, a process that is required for
the formation of skeletal muscles, whereas no inhibition of
cell growth was observed up to a concentration of 250 μg/
ml [37]. Also, it has been reported that 200 μg/ml

Control A549 Control A549 + lysosomal inhibitor

Bromoconduritol 10 g/mL Bromoconduritol 10 g/mL + lysosomal inhibitor

Bromoconduritol 10 g/mL Bromoconduritol 10 g/mL + lysosomal inhibitor
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c

d

Fig. 6 (continued)
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bromoconduritol is able to delay intracellular transport of se-
cretory glycoproteins in human hepatoma cell cultures [38].
Interestingly, it has been found that treatment of murine sar-
coma L-1 cells with bromoconduritol at a concentration below
its IC50 (0.5 and 2 μg/ml) for 20–24 h significantly inhibits
their ability to colonize in the lung of Balb/c-mice after intra-
venous injection [39]. We found that bromoconduritol at a
concentration of 1–10 μg/ml was able to induce autophagy
and apoptosis. However, no significant impact on cell viability
was seen when assessed by MTT assay at a concentration of
up to 500 μg/ml. As a double-edged sword, autophagy plays a
dual role in many diseases including cancer. It has been found
that autophagy can act both as a tumor suppressor and as a
promotor of cancer cell survival [40]. We hypothesized that
autophagy may help the survival of cells in response to
bromoconduritol treatment, and tested this hypothesis by in-
vestigating the impact of autophagy inhibition on cell survival
and apoptosis. We found that blocking the autophagic flux by
the lysosomal inhibitors E64d and pepstatin A reduced cell
survival by enhancing the apoptosis-inducing effect of
bromoconduritol.

During autophagy, autophagosomes fuse with lyso-
somes after which the content is degraded and recycled.
Lysosomes contain various types of enzymes such as pep-
tidases, phosphatases and proteases. Among these en-
zymes, cathepsins constitute a major class of lysosomal
proteases which are cleaved from pro-cathepsins and are
activated in the lysosomes [41]. E64d and pepstatin A are
two autophagy inhibitors that function by suppressing ly-
sosomal proteases. E64d is a membrane-permeable inhib-
itor of cathepsins B, H and L, whereas pepstatin A is an
inhibitor of cathepsins D and E [42]. The impairment of
autophagy by inhibition of cathepsins B and L has been
reported to induce cell death through lysosomal dysfunc-
tion [26]. Our observation that the blocking of autophagy
by E64d and pepstatin A enhances the apoptosis-inducing
effect of bromoconduritol by up to 100% (at concentra-
tions that otherwise showed no effect on cell viability) in
both wild-type p53 cells and p53-null cells indicates that
these compounds may be used in cancer treatment. It still
r ema in s t o be de t e rm ined , howeve r , whe th e r
bromoconduritol combined with lysosomal enzyme inhib-
itors has any toxic side-effects on normal cells.

p53 is the most commonly inactivated gene in human
cancers, although some cancers remain wild-type p53
[43]. It functions as a signal transduction integrator that
is activated by various stressors as diverse as DNA dam-
age, ischaemia-reperfusion and nutritional stress. Both the
extrinsic and intrinsic apoptotic pathways have been
shown to be activated by p53. In contrast to apoptosis
upregulation by p53, cytoplasmic and nuclear p53 play
contradictory roles in regulating autophagy. Cytoplasmic
p53 inhibits autophagy through activation of mTOR

signaling via the inactivation of AMP kinase [44], while
nuclear p53 activates autophagy by transcriptional activa-
tion of DRAM (damage-regulated autophagy modulator),
which promotes the formation of autophago-lysosomes
[45]. The complicated role of p53 in regulating autophagy
and apoptosis turns it into an important but complex tar-
get for cancer therapy [46]. Our present work indicates
that inhibition of GluIIβ activity results in apoptosis in-
duction in only wild-type p53 cells, and in autophagy in
both wild-type p53 cells and p53-null cells. Although
mTOR inhibition has been reported to constitute a defin-
itive step in the induction of autophagy by GluIIβ defi-
ciency [8], its mediation does not seem to be p53
dependent.

In conclusion, we found that inhibition of GluIIβ ac-
tivity results in the initiation of autophagy and apoptosis,
which in part, may be brought about through reduction of
the EGFR/RTK and PI3K/AKT signaling pathways. This
observation suggests that GluIIβ may facilitate tumor
growth through a positive regulation of these two signal-
ing pathways during tumor development. Although the
apoptosis-inducing effect of GluIIβ inhibition appears to
be p53-dependent, we found that blocking of the autoph-
agy flux by lysosomal inhibitors enhanced the apoptotic
effect of bromoconduritol independent of p53 status, thus
indicating their potential combined use for cancer
treatment.
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