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Cisplatin is a widely used anti-cancer drug which targets DNA in replicating cells. In the present study,
we found that NAPA—a protein found in the endoplasmic reticulum (ER) and implicated in protein
trafficking—protects cells against cisplatin. Accordingly, knockdown of NAPA using lentivirus-encoded
shRNA (shNAPA) induced ER stress similar to cisplatin treatment in HEK293 cells. A low dose of cisplatin

Keyword?-’ also elicited a mild ER stress response associated with the accumulation of the protective proteins BiP
Apoptosis and NAPA. Remarkably, knockdown of NAPA induced apoptosis and enhanced cisplatin-induced
g:[s)lti:sr; cytotoxicity/apoptosis, thereby sensitizing cancer cells to cisplatin. On the other hand, overexpression of
NAPA NAPA increased resistance to cisplatin by reducing cisplatin-induced ER stress and apoptosis. The

p53 modulatory effects of ShANAPA required the tumor suppressor p53 since the effects of NAPA knockdown
were reduced by the p53 inhibitor PFT-a and in H1299 cells which are p53-null. A partial reversal of
cisplatin resistance was also observed in cisplatin-resistant HeLa cells following knockdown of NAPA.
Our results also indicated that calpain is required for ER-mediated apoptosis. Importantly, combined
cisplatin/shNAPA treatment suppressed tumor growth in vivo in xenograph experiments performed in
nude mice. Taken together, these observations suggest that NAPA represents a target of cisplatin, and
that knockdown of NAPA may improve cisplatin-based cancer therapy.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Cisplatin is an anti-cancer agent used for the treatment of
various human cancers. This chemotherapeutic agent is known to
target chromosomal DNA and to induce apoptosis in actively
replicating cells [1,2]. However, the development of cisplatin
resistance is a serious problem which limits the efficacy of this
cancer treatment. The mechanisms responsible for chemoresis-
tance have been investigated intensively in the past [3-5]. These
mechanisms include inadequate drug exposure and genetic
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alterations in cancer cells [6]. Accordingly, several studies have
reported alterations in chemoresistant cancer cells, including
altered membrane functions (i.e. increased drug efflux and
decreased drug influx), cytoplasmic activation of detoxification
systems, and altered nuclear functions (i.e. alterations of the drug’s
targets, increased DNA repair, and resistance to apoptosis).
Chemoresistance may also be associated with a dysregulation in
the expression of oncogenes and tumor suppressors [7-11]. While
several cellular targets of cisplatin have been identified in the past,
less is known about the molecules implicated in cell death and
acquired chemoresistance resulting from cisplatin treatment.
The membranous endoplasmic reticulum (ER) in eukaryotic
cells consists of a reticular network of membrane tubules, sheet-
like structures, and lamellae [12,13]. The ER participates in several
cellular processes, including trafficking of secretory and mem-
brane proteins, lipid synthesis, stress response, and Ca%* storage.
The anti-apoptotic proteins Bcl-2 and Bcl-xL, as well as the pro-
apoptotic Bax and Bak, have been shown to be located in both the
ER and in mitochondria [14-17]. These proteins appear to regulate
apoptosis partially by affecting Ca%* storage in the ER. For instance,
Bcl-2 can reduce the amount of Ca®* released by the ER [18,19],
whereas Bax and Bak act in the opposite way [20,21]. The pro-
apoptotic BH3-only proteins [22], such as BNIP1 [23] and spike
[24], are also located in the ER. Although mitochondria are known
to be central to the process of apoptosis, the ER has also emerged as
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an important organelle in this process [25-27]. As such, BNIP1—
which is part of the syntaxin-18 complex, a soluble N-ethylma-
leimide-sensitive factor (NSF) attachment protein (SNAP) receptor
(SNARE) located in the ER—was shown to be implicated in
maintaining the integrity of the ER network. Consistent with the
possibility that these proteins regulate apoptosis, forced expres-
sion of NAPA, also known as «o-SNAP, markedly delayed
staurosporine-induced apoptosis in HelLa cells [28]. Similarly, loss
of either NSF or SNAP protein led to a blockage of membrane
trafficking, which was associated with the accumulation of SNARE
complexes, and ultimately with cell death [29-33]. These
observations suggest that NAPA may prevent apoptosis, possibly
by competing with anti-apoptotic proteins for the BH3 domain of
BNIP1.

It has been demonstrated earlier that cisplatin induces ER
stress, and that this process is associated with nucleus-indepen-
dent apoptotic signaling [34]. Here, we show that NAPA protects
the cell from undergoing apoptosis in response to cisplatin.
Accordingly, knockdown of NAPA using shRNA was shown to
effectively sensitize cells to cisplatin in a p53-dependent manner.
In line with these results, a combination of cisplatin and shNAPA
could be used to reverse acquired cisplatin resistance in cancer
cells.

2. Materials and methods
2.1. Cell lines and reagents

The cells used in this study were maintained in Dulbecco’s
modified Eagle’s medium (Gibco, Gaithersburg, MD, USA) supple-
mented with 10% fetal bovine serum (FBS), penicillin (100 U/ml,
Gibco), and streptomycin (100 pg/ml, Gibco) at 37°C in a
humidified atmosphere of 5% CO, and 95% air. The cell lines used
included human embryonic kidney cells (HEK293) and tumori-
genic cell lines (cervix HeLa, ovarian Sk-ov-3, lung H1255 and
H1299 cells were obtained from the American Tissue Type
Collection, Manassas, VA, USA; nasopharyngeal CG-1 cells were
a gift from Prof. Y.S. Chang at Chang Gung University). HeLa
cisplatin-resistant variants HR1 and HR3 were obtained as
described previously [35]. In some experiments, p53-null H1299
cells were transfected with the wild-type p53 expression plasmid
pcep4-p53 (a generous gift from Dr. Y. S. Lin from Academia Sinica),
using 2 mg/well of plasmid along with 3 ml/well of Lipofectamine
(Invitrogen, Carlsbad, CA, USA) for 48 h. The cells were cultured in
6-well plates at 1.5 x 10% cells/well. Transient p53 protein
expression in H1299 cells was driven by the cytomegalovirus
(CMV) promoter. The chemotherapeutic agents cisplatin, vincris-
tine, and taxol (also known as paclitaxel) were purchased from
Bristol-Myers Squibb (New York, NY, USA). PFT-a was obtained
from Biomol Research Laboratories (Plymouth Meeting, PA, USA).
Other chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA). All reagents were prepared according to the instructions
provided by the supplier.

2.2. Quantitative real-time reverse transcription-PCR

Quantitative reverse transcription-polymerase chain reaction
(RT-PCR or qPCR) was performed on total RNA extracted from cells
with the Trizol reagent (Invitrogen) using 200 nM of primers as
described [36]. Primers for NAPA (GenBank sequence number:
NM_003827)and GAPDH (NM_000996) were designed using Primer
Express 2.0.0 (Applied Biosystems, Foster City, CA, USA). The
resulting primers were as follows: NAPA, forward, 5'-GCGGAGCG-
CAAAGTGAAG-3'; reverse, 5-TCGGCTTTCTTGAATGCGTT-3'; and
GAPDH, forward, 5-TCCTGCACCACCAACTGCTT-3’; reverse, 5'-
GAGGGGGCCATCCACGTCTT-3'. All samples and controls were used

intriplicate on the same plate. Relative quantification was calculated
using the AACt method with normalization to GAPDH. Namely, the
ACt for each candidate was represented as ACt (candidate)=[Ct
(candidate) — Ct (GAPDH)]. The relative abundance of the candidate
gene X was shown as 24CtX)-ACHGAPDH),

2.3. Plasmids, transfection, cell extracts, and immunoblot analysis

NAPA cDNA sequence (NM_003827) was isolated by PCR
using the following NAPA primer pairs: forward, 5-GCTTTGC-
TGAGTCCCTTTGT-3’; reverse, 5'-AAAGGAGGGAAGCTCTCCAG-3'.
The resulting amplicon was cloned into the pGEM-T easy vector.
NAPA expression plasmid was constructed by removing NAPA
open-reading frame (ORF) sequence from pGEM-T easy vector,
and by inserting the ORF into the pcDNA3 vector using the
restriction enzymes EcoRI and Xhol, thus resulting in the
formation of pcDNA3-NAPA. Cells were transfected with plasmid
cDNA to express NAPA as described [36]. Total protein extract for
immunoblotting was prepared as described [37]. Fifty-ug
protein extracts were separated using 12% SDS-PAGE, followed
by transfer onto PVDF membranes, and incubation with primary
antibodies raised against the following proteins: NAPA (Abcam,
Cambridge, MA, USA), cleaved caspase-3 (Cell Signaling Technol-
ogy, Danvers, MA, USA), GAPDH (FL-335), [3-actin, p53 (DO-1),
Bax (N-20), caspase-12 (M-108), caspase-4, PARP (H-250),
calpain (H-240), ATF-6, or GFP (all from Santa Cruz Biotechnolo-
gy, Santa Cruz, CA, USA). The BiP antibody (diluted 1:3000) was
generated by immunizing New Zealand rabbits with the full-
length BiP protein. The membranes were then incubated with
secondary antibodies: goat anti-mouse or goat anti-rabbit-
horseradish peroxidase (Amersham, Buckinghamshire, UK).
The resulting signal was visualized by enhanced chemilumines-
cence according to specifications from the supplier (Pierce,
Rockford, IL, USA). The intensity of the protein bands was
determined by scanning X-ray films through a scanning
densitometer (GS 300, Hoefer, Holliston, MA, USA).

2.4. Knockdown of NAPA gene using shRNA

pLKO.1 plasmids expressing ShRNA to knockdown NAPA were
purchased from the National RNAi Core Facility (Academia
Sinica, Taipei, Taiwan). A recombinant plasmid expressing
luciferase-shRNA (shLuc; TRCN0000072244) was used as a
negative control. Five recombinant plasmid clones that
expressed shNAPA were tested for knockdown efficiency in
HEK293 cells, which can be readily transfected. The plasmid
expressing ShNAPA (TRCN0000029169), which was the most
effective in inhibiting NAPA expression, was used in this study.
Transient transfection of the shRNA plasmids was performed by
adding 2 pg/well of the plasmids with 3 wl/well Lipofectamine
into cells maintained in 6-well plates (1.5 x 10% cells/well)
according to instructions from the manufacturer. Furthermore,
the stable cell clones which were inefficient for plasmid
transfection were infected with recombinant lentivirus expres-
sing shNAPA. The recombinant lentivirus carried puromycin-
resistance gene for selection as described by the supplier
(National RNAi Core Facility).

2.5. Stable overexpression of NAPA

HEK293 cells were infected with recombinant lentivirus
carrying NAPA c¢DNA and a puromycin-resistance gene. Following
culture in puromycin-containing medium for 2 weeks, two
independent cell populations (i.e. NAPA#1 and NAPA#2) were
established. Puromycin-resistant NAPA#1 and NAPA#2 cells were
considered as 2 independent cell clones.
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2.6. Indirect fluorescence microscopy

To visualize ER-to-Golgi protein transport, we used the viral
glycoprotein ts045 VSVG tagged with green fluorescent protein
(VSVG-GFP), pCDM8.1/VSVGts045-GFP (see Ref. [38]; kindly
provided by Dr. Jennifer Lippincott-Schwartz of the National
Institutes of Health, USA). The VSVG expression plasmid was
transfected into HEK293 cells with or without NAPA knockdown.
The VSVG-GFP location in cells was then visualized by fluorescence
microscopy.

2.7. Cell viability, apoptosis, and FACS analysis

Cells were treated with cisplatin, vincristine, or taxol in serum-
free medium for 2 h, and were subsequently cultured in drug-
containing and serum-containing medium for 3 days unless
indicated otherwise. Cell viability was determined by the 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT)
colorimetric assay as described [34]. The percentage of cell
viability was calculated as the ratio of total cells divided by the
total number of cells counted. Cells with apoptotic nuclear
phenotype were counted as described [37]. Percentage of apoptotic
cell death was calculated as the ratio of dead cells divided by the
total number of cells counted. To analyze drug-induced apoptosis,
we prepared cell extracts for Western blot with antibodies specific
for apoptotic markers (cleaved caspase-3 and cleaved PARP; see
Ref. [37]). To confirm apoptosis, sub-G1 cells were measured by
flow cytometry as described [39]. Three independent experiments
were performed unless indicated otherwise. The data were
reported as mean values + standard deviation (SD). Statistical
significance (p value) was calculated with a two-tailed Student’s t-
test for single comparison. The symbol * denotes p < 0.05; ** denotes
p <0.01.

2.8. Animals

Six-week-old female nude mice were purchased from the
National Laboratory Animal Center (NLAC, Taiwan). Tumor cells
were obtained by subcutaneous injection of 5 x 10° of either HR3-
shLuc or HR3-shNAPA cells into 12 nude mice each. Six mice of the
HR3-shLuc group were mock-treated, while another group of 6
mice were treated intraperitoneally every 6 days with cisplatin
(8 mg/kg). The HR3-shNAPA group was treated the same way.
Tumor growth was monitored at a regular interval by measuring
two tumor diameters using calipers. Tumor volume was calculated
with the following formula: (d? x D)/2, where d and D represent
respectively the shortest and longest tumor diameters. When
tumors with a size of approximately 150 mm> were detected,
cisplatin injections were started for 30 days until the mark of 80
days was reached.

3. Results

3.1. Knockdown of NAPA induces ER stress and potentiates cisplatin-
induced apoptosis in HEK293 cells

In order to address the possibility that NAPA plays a role in
response to DNA-damaging agents, we verified the effects of NAPA
knockdown on HEK293 cells treated with cisplatin. Knockdown of
NAPA mRNA and NAPA protein reached 95% in these experiments
(Fig. 1A and B, respectively). To verify whether protein trafficking
was altered following knockdown of NAPA, the VSVG-GFP plasmid
was transiently overexpressed in HEK293 cells along with shNAPA
or shLuc control (data not shown). We found that trafficking of the
VSVG-GFP protein to the cell membrane was reduced following
knockdown of NAPA (data not shown), therefore confirming that

this protein plays a role in protein trafficking. Next, we verified
whether NAPA knockdown induces ER stress by monitoring the
level of BiP isoforms and the cleavage of ATF-6 by western blotting.
We first observed that BiP accumulated and that ATF-6 was cleaved
in response to the Ca®* ionophore A23187, a compound known to
induce ER stress and used here as a positive control (Fig. 1C, lanes
1-3; see also Ref. [40]). Interestingly, NAPA accumulated to a low
level following treatment with A23187. Treatment with a low dose
of cisplatin (5 wM) also induced BiP and NAPA accumulation to a
lesser degree (Fig. 1C, lanes 4-6). Expression of the control shLuc
did not affect the level of BiP following cisplatin treatment (Fig. 1C,
lanes 7-9). In contrast, BiP accumulated to a high level following
knockdown of NAPA (Fig. 1D, compare lane 10 with lane 7). Low
dose of cisplatin further increased the level of BiP in cells
expressing shNAPA (Fig. 1C, compare lanes 11 and 12 with lane
10). When the density of the two bands corresponding to BiP was
quantified, we observed that BiP increased in a dose-dependent
manner with the dose of cisplatin (Fig. 1D). In addition, knockdown
of NAPA induced a 2-fold BiP increase when compared to either
control non-treated HEK293 cells or HEK293 cells expressing shLuc
(Fig. 1D). These results indicate that knockdown of NAPA elicits ER
stress in HEK293 cells. In addition, these data suggest that NAPA
knockdown may also promote cisplatin-induced ER stress in these
cells.

It had been shown earlier that low level of BiP protein protects
both tumorigenic and non-tumorigenic cells against ER stress [41-
43]. To verify whether the increase of BiP protein seen above
following knockdown of NAPA protects HEK293 cells against
cisplatin, we monitored the cell cycle of HEK293 cells expressing
shNAPA following treatment with a high dose of cisplatin (5 wM).
In this case, we observed that the cells expressing ShANAPA showed
a higher level of apoptosis when compared to cells expressing
shLuc (Fig. 1E). Notably, a low dose of shNAPA (2 pg/wl; added
along with 2 pg/l of plasmid DNA coding for shLuc), which
produced knockdown of NAPA near 50%, was found to produce
around 2% more apoptotic cells than the control shLuc (Fig. 1E,
compare open bars). When we doubled the dose of shNAPA (4 g/
.1; knockdown of NAPA of 85%), we observed that apoptotic cells
were 7% higher than the control shLuc (Fig. 1E). With high doses of
shNAPA and cisplatin, we observed that apoptotic cells repre-
sented around 50% of the total cell population compared to 11%
and 3% for the low dose of shNAPA and the control shLuc,
respectively (Fig. 1E, compare closed bars). Therefore, knockdown
of NAPA was shown to induce apoptosis, even without exposure to
cisplatin (Fig. 1E). In addition, NAPA knockdown, even though it
induced BiP accumulation as shown above, could sensitize HEK293
cells to cisplatin, suggesting that the protective role of BiP in
stressed cells may require NAPA. Besides, cells expressing sShNAPA
also showed a larger population of sub-G1 cells when compared to
cells expressing shLuc (Supplementary Fig. S1). The induction of
apoptosis following knockdown of NAPA in HEK293 cells was
further confirmed by the enhanced activation of caspase-3 as well
as by the cleavage of PARP, a substrate of activated caspase-3
(Fig. 1F). Knockdown of NAPA alone using a high dose of plasmid
DNA (4 pg/l) not only induced PARP cleavage on its own but it
also enhanced cisplatin-induced PARP cleavage (Fig. 1F). It has
been shown earlier that cisplatin-induced apoptosis in human lung
adenocarcinoma cells in a pathway that implicated both the ER and
the calpain protein [44]. To verify whether a similar scenario
applies here, we explored whether calpain plays a role in the cell
system under study. We found that knockdown of NAPA induced
calpain accumulation and enhanced cisplatin-induced calpain
accumulation and caspase activation (Supplementary Fig. S2
[53,54]). Taken together, these results suggest that knockdown
of NAPA not only has a pro-apoptotic effect on HEK293 cells, but it
also sensitizes cells to cisplatin by enhancing apoptosis.
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Fig. 1. Knockdown of NAPA induces ER stress and potentiates cisplatin-induced apoptosis in HEK293 cells. (A) Relative NAPA mRNA level determined by qPCR. shLuc was used
as a negative control. (B) Knockdown of NAPA using shNAPA as determined by Western blotting. (C) BiP accumulation by shNAPA and cisplatin. A23187 was used as a positive
control for the induction of ER stress markers. (D) Quantification of BiP from panel C (lanes 4-12). BiP protein level in untreated HEK293 cells represents a value of one. (E)
Enhancement of cisplatin-induced apoptotic cell population following knockdown of NAPA. NT, no (CDDP) treatment. (F) Enhancement of cisplatin-induced caspase-3
activation and PARP cleavage following knockdown of NAPA. Note that shNAPA alone also induced caspase-3 activation. p values are indicated.

3.2. Knockdown of NAPA induces apoptosis and sensitizes cells to
cisplatin in a p53-dependent manner

p53 is known to play a critical role in response to cisplatin. A
recent study has shown that the ER-resident ubiquitin ligase
“synoviolin” promotes the cytoplasmic degradation of p53
independently of other E3 ubiquitin ligases (i.e. MDM2, Pirh2,
and Cop1; see Ref. [45]). To assess whether ER stress induced by the
knockdown of NAPA could impair ER-mediated p53 degradation,
we monitored the level of p53 protein in HEK293 cells following
knockdown of NAPA. We first observed that p53 accumulated
following knockdown of NAPA (Fig. 2A, compare lanes 1 and 4). As
expected, we also observed that cisplatin induced the accumula-
tion of p53 (Fig. 2A, lanes 2-4). Notably, the level of p53 in
cisplatin-treated cells was considerably higher following knock-
down of NAPA (Fig. 2A, compare lanes 2-4 with lanes 6-8).
Similarly, cisplatin elicited Bax accumulation in a dose-dependent
manner in cells expressing shLuc (Fig. 2A, lanes 1-4), and the level
of Bax further increased following knockdown of NAPA (Fig. 2A,
lanes 5-8).

To assess whether shNAPA-induced Bax in a p53-dependent
manner, we treated cells expressing either sShANAPA or control

shLuc with PFT-q, a reversible inhibitor of p53, prior to cisplatin
treatment. In control cells expressing shLuc, the accumulation of
p53 and Bax following cisplatin treatment could be reduced by
PFT-« (Fig. 2B, lane 2 vs. lane 3). Notably, the accumulation of p53
and Bax in shNAPA-expressing cells was also inhibited by PFT-a
(Fig. 2B, lane 5 vs. lane 6). We also monitored the viability of the
cells expressing shNAPA using the MTT assay (Fig. 2C). Sensitiza-
tion to cisplatin was expressed as a sensitization factor (SF) which
represents the ICsq of shLuc-expressing cells divided by the ICsq of
shNAPA-expressing cells. Knockdown of NAPA sensitized cells to
cisplatin 5-fold compared to shLuc control (SF = 5.33). On the other
hand, this effect was partially reversed by treatment with PFT-a
(SF=2.67). Notably, PFT-a treatment appeared to improve the
viability of shLuc-expressing cells treated with cisplatin (Fig. 2C).
We also monitored the level of apoptosis of the various cells
treated with cisplatin for either 24 or 48 h (Fig. 2D). For both time
periods, apoptotic cells were shown to accumulate after knock-
down of NAPA compared to control shLuc (Fig. 2D, p < 0.05).
Cisplatin treatment further enhanced the accumulation of
apoptotic cells, and this accumulation was prevented by PFT-a
in cells expressing either shLuc or shNAPA (Fig. 2D). The decrease
of sub-G1 cells by PFT-a was more pronounced in cells expressing
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Fig. 2. Knockdown of NAPA sensitizes cells to cisplatin in a p53-dependent manner. (A) Accumulation of p53 and Bax by shNAPA/cisplatin treatments. HEK293 cells were
treated with the indicated concentration of cisplatin for 24 h. (B) Reduction of shNAPA-induced Bax expression by PFT-a. (C) Enhancement of cisplatin-induced cytotoxic
effect by sShNAPA and reversal of this cellular response by PFT-«. Cells were treated as for panel B, and assayed by the MTT assay (see Section 2 for details). (D) Enhancement of
cisplatin-induced sub-G1 cell population by shNAPA, and reversal of this response by PFT-a.. The cells were treated as in C but were assayed by flow cytometry. (E)
Enhancement of cisplatin-induced apoptotic cells by sShNAPA, and reversal of this response by PFT-a. The cells were treated as in C but were assayed by counting apoptotic

cells. p values are indicated.

shNAPA (Fig. 2D, only the p values for this group are shown). In
addition, the cell cycle of the various treated cells was monitored
using flow cytometry. In this case, apoptotic sub-G1 cells were
shown to accumulate after knockdown of NAPA compared to
control shLuc (Fig. 2E, p < 0.05). Cisplatin treatment further
induced the accumulation of sub-G1 cells, and this phenomenon
could be reduced by PFT-a (Fig. 2E). The decrease of sub-G1 cells by
PFT-a was more pronounced in cells expressing shNAPA (Fig. 2E).
These results indicate that knockdown of NAPA induces apoptosis
and sensitizes cells to cisplatin in a p53-dependent manner.

3.3. Reduced sensitization to cisplatin following knockdown of NAPA
in p53-null cells

To confirm the role of p53 in sensitizing cells to cisplatin
following knockdown of NAPA, we performed further experiments
with p53-null H1299 cells. Surprisingly, we observed that,
following treatment with cisplatin, Bax accumulated to similar
levels in H1299 cells expressing either shLuc or shNAPA (Fig. 3A,
lanes 2 and 4). These results suggest that Bax may be regulated in a
p53-independent manner. HEK293 cells were also treated in the

same way as additional controls (Fig. 3A, lanes 5-8). In these cells,
p53 and Bax protein level increased following either cisplatin
treatment or knockdown of NAPA (Fig. 3A, compare lanes 6 and 7
with lane 5). The level of p53 and Bax in shNAPA-expressing cells
further increased following treatment with cisplatin (Fig. 3A,
compare lane 8 with lane 7). Furthermore, we also assessed the
effects of restoring p53 expression in H1299 cells (see Section 2 for
details; Fig. 3B). NAPA knockdown was shown to enhance the level
of both cleaved caspase-3 and cleaved PARP in H1299 cells
expressing exogenous p53 compared to controls (Fig. 3B, compare
lanes 1 and 4). Both p53 and its transactivation target Bax
accumulated following cisplatin treatment in H1299 cells over-
expressing shLuc (Fig. 3B, lanes 1-3). This observation is probably
due to cisplatin-induced post-translational modifications of p53,
such as Ser46 phosphorylation, which leads to transactivation of
Bax gene expression [46]. p53 and Bax accumulation was further
enhanced in cells overexpressing shNAPA (Fig. 3B, lanes 4-6).
When we monitored the viability of H1299 cells in response to
cisplatin, we observed that knockdown of NAPA sensitized these
cells to cisplatin when compared to shLuc (Fig. 3C). The exogenous
expression of p53 in H1299 cells further increased this sensitiza-
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10-pM-cisplatin treatment for 24 h in these cells but no increase was noticed following NAPA knockdown (lanes 1-4). Experiments were performed in parallel in HEK293
cells as control (lanes 5-8). (B) Effect of NAPA knockdown on H1299 cells that overexpress exogenous p53. H1299 cells which overexpress either shLuc (lanes 1-3) or siNAPA

(lanes 4-6), were transfected with exogenous p53 for 48 h, prior to treatment with the

indicated concentrations of cisplatin for 24 h. Fifty g of total protein extracts were

used for immunoblotting experiments to detect cleaved caspase-3 and PARP as well as protein levels of p53, Bax, NAPA, and GAPDH. (C) Low sensitization to cisplatin in

H1299 cells that express shNAPA. (D) Sensitization to cisplatin by shNAPA in HEK293 cell

Lack of sensitization effect to taxol in sShNAPA-expressing H1299 cells. Data in panels B-

s. (E) Lack of sensitization effect to vincristine in H1299 cells that express ShNAPA. (F)
D were calculated from MTT assays. The extent of sensitization effects produced by

shNAPA vs. shLuc was indicated for each panel. Knockdown (K.D.) efficiency of cells in panel C was the same as panel B, and efficiency for panels D-F was the same as panel A. p

values are indicated.

tion effect to cisplatin (Fig. 3C, H1299/p53-shNAPA, SF = 4.08). The
cytotoxic effect of cisplatin was also enhanced by exogenous p53
expression in shLuc-expressing H1299 cells (H1299/p53-shLuc)
(SF=1.99) compared to the shLuc cell group. Sensitization to
cisplatin in HEK293 cells following knockdown of NAPA was also
observed (Fig. 3D, SF = 5.14). The efficacy of NAPA knockdown in
these experiments reached respectively 90% for H1299 and 90% for
HEK293 cells, indicating that the reduced effect of shNAPA in
H1299 was not due to low gene knockdown. Besides, knockdown
of NAPA did not influence the viability of HEK293 cells in response
to the mitotic damaging agents vincristine or taxol as assayed by
both cell viability assay (Fig. 3E and F) and activation of caspase-3
(data not shown). These results indicate that the pro-apoptotic
effects of NAPA knockdown are dependent on the level of p53.

3.4. Overexpression of NAPA protects cells against cisplatin

Since we observed that NAPA knockdown sensitized HEK293
cells to cisplatin, we hypothesized that overexpression of NAPA

would on the other hand reduce sensitivity to cisplatin. To verify
this possibility, we established two stable cell lines that over-
expressed NAPA (NAPA#1 and NAPA#2). Profound accumulation
of NAPA was detected in these cells following cisplatin treatment
compared to either non-transfected cells or cells transfected with
GFP (Fig. 4A). All cells treated with cisplatin showed accumulation
of BiP, calpain, p53, and Bax. Caspase-7 and caspase-3 were also
cleaved following cisplatin treatment. We observed that calpain
also accumulated in following knockdown of NAPA (Supplemen-
tary Fig. S3A and B). On the other hand, the extent of protein
increase (i.e. BiP, calpain, p53, and Bax) and the cleavage of
caspase-7 and caspase-3 appeared to be reduced following
overexpression of NAPA. Accordingly, quantification of band
density showed a reduction of BiP (Fig. 4B) as well as p53 and
Bax (data not shown) in NAPA-overexpressing HEK293 cells. The
cytotoxic effect of cisplatin was profoundly reduced in cells
overexpressing NAPA, with the resistance factor (RF) being
calculated as the ICso of NAPA-overexpressing cells divided by
the IC5o of GFP-overexpressing cells (Fig. 4C, RF = 2.50 and 2.51 for
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NAPA#1 and NAPA#2, respectively). Notably, overexpression of
NAPA did not influence the sensitivity of the cells to either
vincristine or taxol (Fig. 4D and E). These results suggest that
forced expression of NAPA may rescue both cisplatin-induced ER
stress and p53-mediated cisplatin cytotoxicity.

3.5. Reversal of cisplatin resistance following knockdown of NAPA in
tumorigenic cells

Next, we verified whether knockdown of NAPA could reverse
resistance to cisplatin in tumorigenic cells. We first used HeLa cells
HR1 and HR3 which acquired resistance to cisplatin following
repeated cycles of exposure to the drug [35]. We observed that the
mRNA and protein levels of NAPA were up-regulated in HR1 and
HR3 cells compared to parental HelLa cells (Fig. 5A and B). PARP
cleavage was enhanced by knockdown of NAPA in HR3 cells
(Fig. 5C, compare lanes 4-6 with lanes 7-9). We observed that
shNAPA-expressing cells were profoundly sensitized to cisplatin in
growth inhibition assays, with the HR3-cisplatin-resistant cells

being sensitized to a much higher degree (Fig. 5D and E; note that
HeLa and HR3 cells were treated with equitoxic doses in these
experiments). As such, the shNAPA treatment sensitized HR3 cells
more than 12-fold compared to 2.67-fold for the parental HelLa
cells (Fig. 5D and E). It should be noted that, as seen in HEK293
cells, ER stress markers were also induced by shNAPA/cisplatin in
these cancer cells (Supplementary Fig. S3).

Furthermore, the apoptotic cell population increased following
prolonged treatment of cisplatin (1 wM or 5 wM for HeLa; 10 uM
or 50 .M for HR3) in shNAPA-expressing cells as opposed to shLuc
ones (Fig. 5F and G). NAPA protein levels following NAPA
knockdown were shown for reference (Fig. 5F and G). Consistent
with HEK293 cells, no sensitization effect was produced by
shNAPA in cells treated with either vincristine or taxol (data not
shown), suggesting that the sensitization effect may be specific to
DNA-damaging agents. Interestingly, cells that were not treated
with cisplatin showed more apoptotic cells in the ShNAPA group
compared to the shLuc one. The sub-G1 cell population was also
increased following prolonged cisplatin treatment in shNAPA-
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expressing cells, but not in shLuc ones (Supplementary Fig. S4).
Notably, sensitization to cisplatin following knockdown of NAPA
was also observed in the tumorigenic cell lines CG-1 and Sk-ov-3
(Supplementary Fig. S5). These results indicate that NAPA
knockdown not only increases sensitivity to cisplatin but also
reverses cisplatin resistance in cancer cells.

3.6. Knockdown of NAPA enhances sensitivity to cisplatin and
suppresses tumor growth in nude mice xenografts

To assess the relevance of combining NAPA knockdown with
cisplatin treatment in vivo, HeLa-R3 cells expressing either ShNAPA
(HR3-shNAPA) or control shLuc (HR3-shLuc) were inoculated
subcutaneously into nude mice. We found that tumors formed
after a 30-day lag-time, and they increased in size to similar rates
until 50 days post-inoculation. At 50 days, tumors of approxi-
mately 150 mm> were detected in both groups (Fig. 6A). Eighty
days post-inoculation, the sizes of tumors produced by HR3-

shNAPA cells in untreated animals were considerably smaller than
those produced by HR3-shLuc cells (Fig. 6A). As shown in Fig. 6B
and C, tumor size was smaller in mice inoculated with HR3-
shNAPA cells compared to those inoculated with HR3-shLuc cells
(Fig. 6B and C, “untreated,” 80 days post-inoculation). At 50 days
post-inoculation, tumor-harboring mice from both groups were
treated with cisplatin, and tumor size was measured every 3 days
for the next 30 days. While tumor sizes were profoundly reduced in
both mouse groups by repeated intraperitoneal injections of
cisplatin, the tumors seen in the HR3-shNAPA group were much
more responsive than those in the HR3-shLuc group (Fig. 6B-D,
“CDDP”). That is, tumor growth was inhibited to a larger extent in
the HR3-shNAPA/cisplatin group compared with the control HR3-
shLuc/cisplatin group (Fig. 6D). These results indicate that shRNA
which target NAPA induce potent anti-tumor effects in vivo. Based
on the results presented here, we propose a mechanism describing
the role of NAPA in modulating sensitivity to cisplatin (Fig. 6E, see
Section 4).
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4. Discussion

In the present study, we observed that the chemotherapeutic
drug cisplatin-induced ER stress, and that the level of stress was
dependent on the concentration of cisplatin applied as well as the
length of treatment used. When mild ER stress was induced by low
concentrations of cisplatin, cellular response included induction of
BiP and NAPA which appeared to protect against the cytotoxic
effects of cisplatin. This possibility was illustrated by the
observation that NAPA knockdown induced apoptosis and sensi-
tized cells to cisplatin.

Calpain appeared to be an important factor in mediating
cisplatin-induced ER stress. This possibility was illustrated by the
observation that activation of both caspase-12 and caspase-4 in the
ER and subsequent cleavage of PARP by caspase-3 was blocked by
calpain inhibitors. There is accumulating evidence indicating that
calpain regulates both caspase-dependent and caspase-indepen-

dent apoptosis induced by different apoptotic stimuli in various
cells [47,48]. Recent studies suggest that the calpain pathway is an
early event during cisplatin-induced apoptosis in human lung
adenocarcinoma cells [44]. However, elucidation of the role of
calpain in cisplatin-induced apoptotic cell death will require
further studies.

Based on the mentioned studies and the results presented here,
we propose a mechanism to explain the role of NAPA in modulating
sensitivity to cisplatin (Fig. 6E). In this model, cisplatin-induced
calpain activity in response to severe ER stress is suppressed by
NAPA, which prevents the activation of downstream caspases,
including caspase-4 and caspase-3. Interestingly, it was reported
earlier that overexpression of BiP may suppress the ER-protein
caspase-7 and may protect against drugs that target topoisome-
rases [41]. It will be interesting to investigate whether NAPA and
BiP regulate distinct caspase-dependent apoptosis pathways. -
Calpain is also involved in the regulation of apoptosis-inducing
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factor (AIF)-mediated caspase-independent apoptosis by cisplatin
[49]. It should be noted that the activation of caspases is more
complex than depicted in our model, and this process is known to
depend on the genetic context of the cell. p53, for instance,
transcriptionally activates the expression of the caspase-6 and
caspase-7 genes, but not the caspase-3 gene, in cisplatin-induced
nephrotoxicity [50]. In addition to caspase-3, other caspases may
also be regulated by calpain, and may therefore participate in the
ER-mediated apoptosis induced by cisplatin.

Like cisplatin-induced severe ER stress, NAPA knockdown can
lead to the accumulation of p53, probably via transactivation of
its target Bax which mediates apoptosis via its action on
mitochondria. Mouse studies strongly suggest that p53 is
required for efficient execution of the apoptosis in tumor cells.
Clinical studies also implicate p53 mutations in pleiotropic
resistance to chemotherapy, suggesting that p53 is a potential
drug target [51]. Consequently, the data obtained from p53
studies reinforce the notion that this protein is involved in a
network of cellular response to anti-cancer drugs in tumors
which can acquire cross-resistance to anti-cancer agents. It has
been demonstrated that the oncogene adenovirus E1A gene can
sensitize mouse fibroblasts to apoptosis induced by DNA-
damaging agents such as ionizing radiation, 5-fluorouracil,
etoposide, and adriamycin [2]. Likewise, the anti-cancer effects
of cisplatin in most cases were considered to be mediated by
nuclear damage. In our study, ER damage induced by cisplatin
also appears to play an important role in p53-dependent
inhibition of cell growth and apoptosis in non-tumorigenic cells
like HEK293. The p53-dependence of the regulatory role of NAPA
in cisplatin-sensitivity was profoundly hurdled by suppressing
p53 activity. Surprisingly, however, ER-mediated cisplatin-
sensitivity is also found in p53-null H1299 tumor cells. The
p53-independent pathway of the regulatory role of NAPA may
explain the significant reversal of acquired cisplatin resistance by
NAPA knockdown in HeLa cells whose p53 activity is impeded by
the E6 protein of HPV. Taken together, the regulatory role of
NAPA in cisplatin-sensitivity appears to depend on the level of
p53. It will be interesting to further investigate the p53-
independent mechanism of ER-mediated drug sensitization for
the development of potential therapy in p53-defective cancers.

The severe ER stress induced by cisplatin may cause
disintegration of the ER network. The observations that
knockdown of NAPA generated severe ER stress and resulted
in p53 accumulation can possibly be explained by the ER-
associated degradation (ERAD) process [52]. It is likely that NAPA
knockdown led to disintegration of the ERAD activity, previously
described to process and degrade misfolded ER proteins and also
p53 [45], subsequently resulting in p53 accumulation. Alterna-
tively, NAPA may physically interact with proteins that regulate
apoptosis. Previous studies had revealed that NAPA interacts
with several proteins including three membrane proteins (e.g.
syntaxin 18, p31, and BNIP1; see Ref. [28]). Importantly, the BH3
domain of BNIP1, a domain responsible for the induction of
apoptosis, provides a binding-site for NAPA, raising the
possibility that BNIP1 plays a pivotal role in the cross-talk
between apoptosis and membrane fusion. This hypothesis
predicts that NAPA may suppress apoptosis by competing with
anti-apoptotic proteins for the BH3 domain of BNIP1. In addition,
this hypothesis may explain the findings that overexpression of
NAPA suppressed cisplatin-induced apoptosis (as seen in this
study) and markedly delayed staurosporine-induced apoptosis
[28]. Finally, the relevance of our findings was illustrated by the
observation that combining cisplatin and NAPA knockdown
considerably decreased tumor growth in vivo, thereby providing
a basis for the development of a new chemotherapeutic strategy
against cancer.
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