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Calpain 2 knockdown promotes cell apoptosis and restores
gefitinib sensitivity through epidermal growth factor
receptor/protein kinase B/survivin signaling
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Abstract. Gefitinib, an epidermal growth factor receptor
(EGFR)-specific drug, is effective for ~1 year, after which
resistance is inevitable. Calpain 2 (CAPN2) is known to serve
a role in the drug response and resistance in certain cancer
therapies. However, the full function of CAPN2, particularly
in non-small cell lung cancer, has not yet been elucidated. In
the present study, CAPN2 expression in gefitinib-resistant lung
adenocarcinoma cells was investigated. CAPN2 function in
these cells was further evaluated using gene knockdown both
in vitro and in vivo. The results demonstrated that CAPN2
was strongly associated with gefitinib-resistance, and CAPN2
mRNA and protein expression levels were significantly
increased in gefitinib-resistant cell lines. Furthermore, CAPN2
knockdown inhibited gefitinib-resistant cell proliferation
in vitro and in vivo. CAPN2 conferred gefitinib-resistance by
inhibiting cell apoptosis and arresting the cell cycle. CAPN2
knockdown also induced caspase activation and mitochondrial
dysfunction, and its function in gefitinib resistance appeared
to be largely mediated by EGFR/protein kinase B/survivin
signaling pathway activation. These results suggest that
CAPN?2 is responsible for EGFR-tyrosine kinase inhibitor
resistance, and CAPN2 inhibition may be used to provide
therapeutic benefits in the treatment of gefitinib resistance.
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Introduction

Targeted therapies for lung cancer harboring the epidermal
growth factor receptor (EGFR) fusion gene generally involve
the use of EGFR-tyrosine kinase inhibitors (TKIs) and have a
large influence on patient outcome. The EGFR-TKI gefitinib is
the first-line treatment for EGFR-positive non-small cell lung
cancer (NSCLC) patients, however, almost all patients invari-
ably acquire resistance to the drug (1,2). The mechanisms
underlying this acquired resistance to gefitinib have been
extensively explored and mainly stem from secondary muta-
tions, such as Thr790Met, Asp761Tyr and Thr854Ala, as well
as the activation of bypass or alternative pathways, including
MET gene amplification and histological/phenotypic transfor-
mation (3,4). Although the T790M mutation and MET gene
amplification have been identified as the major mechanisms of
resistance, the full signaling pathway involved in the process
is largely unknown.

The calpain (CAPN) protein family is an important group
of proteases that are activated by calcium, and serves an
important role in cell migration, survival and apoptosis (5-7).
CAPN2, also known as m-CAPN, is one of the most widely
investigated members of this family. Experimental and clin-
ical evidence indicates that CAPN2 is aberrantly expressed in
various tumors, and has a pivotal function in tumorigenesis,
disease progression and therapy resistance (8-10). It has also
been demonstrated that CAPNs are responsible for activating
various downstream proteins that further facilitate cancer
progression. In breast cancer, for instance, CAPN has been
associated with the cleavage of human EGFR2, which is
responsible for cancer pathogenesis (11). Furthermore, the
expression of CAPN was associated with relapse-free survival
in HER2-positive breast cancer patients treated with trastu-
zumab following adjuvant chemotherapy (12). A more recent
study supported these functions (13), indicating that high
CAPN?2 expression had a clear adverse effect in ovarian cancer
patients and was also important in platinum-based therapy
resistance. These results highlight the predictive significance
of CAPN2 in metastasis and progression in multiple types of
cancer. However, the function of CAPN2 in NSCLC, particu-
larly in EGFR-TKI resistance, has not yet been elucidated.
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In our previous studies, we identified that PLIN2 and
Annexin A5 confer gefitinib resistance (12,14). In the present
study, CAPN2 expression was investigated in gefitinib-resistant
lung adenocarcinoma cells. CAPN2 function in these cells was
further evaluated using gene knockdown in vitro and in vivo.
To the best of our knowledge, this is the first investigation of
CAPN2 expression and function during EGFR-TKI resistance.

Materials and methods

Cell lines and culture. Gefitinib-sensitive PC9 and HCC4006
human lung adenocarcinoma cells were purchased from the
American Type Culture Collection (Manassas, VA, USA). To
induce gefitinib resistance, the cells were exposed to increasing
concentrations of gefitinib (ranging from 0.01 to 10.0 mM,;
Selleck Chemicals, Houston, TX, USA). The viability of
gefitinib-resistant PC9R and HCC4006R cells was unaffected
up to 10 yM gefitinib (Fig. 1J and K), whereas the viability of
gefitinib-sensitive PC9 and HCC4006 cells was significantly
reduced in the presence of 0.1 yM gefitinib (Fig. 1D).
Gefitinib-sensitive and -resistant cells were cultured in
RPMI-1640 medium (Thermo Fisher Scientific, Inc., Waltham,
MA, USA) supplemented with 10% heat-inactivated fetal
bovine serum and 100 U/ml penicillin/streptomycin. In order
to maintain gefitinib resistance, 1 uM gefitinib was added to
the cells every 2 weeks. The cells were grown as monolayers
in a humidified atmosphere of 5% CO, at 37°C.

Cell proliferation and viability assay. A Cell Counting Kit-8
(CCK-8; Dojindo Molecular Technologies, Inc., Kumamoto,
Japan) was used to assess cell proliferation. Briefly, cells
were plated in 96-well plates at ~1,000 cells/well with 200 pul
culture medium. After 24 h, 10 pl of the CCK-8 solution was
added to each well, and the plates were incubated for 1 h at
37°C. Finally, the absorbance values at 450 nm were deter-
mined using a microplate reader (Multiskan; Thermo Fisher
Scientific, Inc.), with a reference wavelength of 650 nm. All the
experiments were conducted at least in triplicate.

Lentiviral construction and infection. For gene expression
silencing, two short hairpin RNA (shRNA) vectors against
the CAPN2 genes, namely shCAPN2-1 (TRCN0000272831)
and shCAPN2-2 (TRCN0000003543), were obtained from
the RNAi Consortium (Broad Institute, Cambridge, MA,
USA). Lentiviral plasmids, containing GV112-shCAPN2-1
and shCAPN2-2, and negative control (shNEG) plasmids were
obtained from GeneChem Co., Ltd. (Shanghai, China). For
overexpression of EGFR, lentiviruses carrying human EGFR
(GenBank accession no. NM_005228) and empty vector
were also purchased from GeneChem Co., Ltd. The lentiviral
particles were produced by transfecting 293T cells with the
lentiviral plasmids. For viral infection, gefitinib-resistant
PCIR or HCC4006R cells (5x10° cells/well) were plated in
6-well plates, grown to 50-70% confluence in a humidified
atmosphere of 5% CO, at 37°C, and subsequently incubated
with RPMI-1640 medium containing the virus and 4 pg/ml
polybrene at a multiplicity of infection of 10. After incubation
for 6 h, the transfection medium was replaced with normal
RPMI-1640 medium supplemented with 10% heat-inactivated
fetal bovine serum and 100 U/ml penicillin/streptomycin.

ZHANG et al: CAPN2 FUNCTIONS IN GEFITINIB RESISTANCE

After incubation for another 18 h, the infected cells were
then incubated with gefitinib (ranging from 0 to 20.0 xM) for
96 h. The transfection protocol was used in all the following
experiments. For EGFR overexpression rescue experiments,
EGFR overexpressed (PCO9R-EGFR) and empty vector
overexpressed (PC9R-vector) PCIR cells were transfected
with shNEG and shCAPN2-1. For survivin or PI3K/AKT
inhibition experiments, PC9R cells following transfection
with shNEG, shCAPN2-1 or shCAPN2-2, were followed by
incubation with 10 nM YM155 (a survivin inhibitor) or 20 xuM
LY294002 (a phosphoinositide 3-kinase/AKT inhibitor) for
24 h before CCK8 measurement.

5-Ethynyl-2'-deoxyuridine (EdU) incorporation assay.
Following transfection for 96 h, gefitinib-resistant PC9R and
HCC4006R cells were incubated with 10 uM EdU (Thermo
Fisher Scientific, Inc.) for 4 h before being fixed in 3.7% form-
aldehyde in phosphate-buffered saline (PBS) for 15 min at
room temperature. EQU incorporation was detected according
to manufacturer's protocol. After EAU staining, Hoechst 33342
(Thermo Fisher Scientific, Inc.) staining was detected according
to manufacturer's protocol. The cells were then imaged using
a Nikon A1R confocal laser scanning microscope system
(Nikon Corporation, Tokyo, Japan). Gefitinib-resistant PCOR
and HCC4006R cells that were positive for EAU incorpora-
tion and Hoechst 33342 staining were counted using ImageJ
software (version 1.42; National Institutes of Health, Bethesda,
MD, USA), and then the percentage of EdU-positive cells was
calculated.

Detection of apoptosis by terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) staining. A
TUNEL assay was performed to measure cell apoptosis using
the In Situ Cell Death Detection Kit, Fluorescein (Roche
Molecular Diagnostics, Pleasanton, CA, USA). Briefly, trans-
fected PCIR cells (5x10° cells/well) were seeded on glass
coverslips coated with poly-L-lysine (ScienCell Research
Laboratories, Inc., San Diego, CA, USA) and treated with
1 uM gefitinib. Following transfection for 96 h, cells were fixed
in 3.7% formaldehyde in PBS for 15 min at room temperature.
TUNEL staining was performed according to manufacturer's
protocol. After TUNEL staining, DAPI staining (Thermo
Fisher Scientific, Inc.) was performed. Slides were scanned
(Pannoramic P250; 3DHistech Ltd., Budapest, Hungary) and
viewed using the Pannoramic Viewer software (3DHistech
Ltd.). PCOR cells positive for TUNEL and DAPI staining
were counted using ImagelJ software (version 1.42), and the
percentage of TUNEL-positive cells was calculated.

Detection of apoptosis by flow cytometry. An Annexin V-APC
and DAPI double staining kit (Thermo Fisher Scientific, Inc.)
was used to analyze cellular apoptosis. Transfected PCIR cells
were seeded in 6-well plates (5x10° cells/well) and treated with
1 uM gefitinib. Cells were then digested with trypsin (Gibco®
trypsin-EDTA; Thermo Fisher Scientific, Inc.), washed with
PBS three times, suspended in 500 ul binding buffer and then
incubated with 5 ul APC-conjugated Annexin V and 3 ul
DAPI for 15 min at room temperature in the dark. The stained
cells were detected using a BD FACSAria II flow cytometer
(BD Biosciences, San Jose, CA, USA).
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Figure 1. CAPN2 is upregulated in gefitinib-resistant cells and mediates gefitinib resistance. (A) CAPN2 mRNA expression was measured by reverse tran-
scription-quantitative polymerase chain reaction in gefitinib-sensitive and gefitinib-resistant NSCLC cell lines. (B) Representative western blots highlighting
CAPN2 protein expression and (C) changes in CAPN2 protein levels quantified by scanning densitometry in gefitinib-sensitive and gefitinib-resistant NSCLC
cell lines. (D) Cytotoxic effects of gefitinib on PC9, PCIR, HCC4006 and HCC4006R cells measured by cell counting kit-8 (n=4). “P<0.05 vs. the corre-
sponding gefitinib-sensitive cells. (E) CAPN2 mRNA expression following transfection of PCOR and HCC4006R cells with shNEG, or with sh\CAPN2-1 and
shCAPN2-2 to silence CAPN2 expression. (F) Representative immunoblots and (G) scanning densitometry-quantified levels of CAPN2 protein expression
following shRNA transfection. Morphological examination of shRNA-transfected (H) PC9R and (I) HCC4006R cells, indicating that CAPN2 knockdown
reduces the number of resistant cells in gefitinib-resistant cultures. Cytotoxic effects of gefitinib on shRNA-transfected (J) PCOR and (K) HCC4006R cells
(n=4). "'P<0.05 vs. shNEG group. CAPN2, calpain 2; NSCLC, non-small cell lung cancer; shRNA, short hairpin RNA; shNEG, negative control shRNA;

shCAPN2, CAPN2 shRNA.

Cell cycle analysis. Transfected PCOR cells were seeded in
6-well plates (5x10° cells/well) and treated with 1 xM gefitinib.
Subsequently, cells were collected, washed with PBS and
fixed in 70% ethanol for 24 h at 4°C. The fixed cells were then
stained with propidium iodide and RNase (FS9527-100; Cell
Cycle Fast detecting kit; Fusion Biotech, Shanghai, China)
in the dark for 30 min at room temperature. Finally, the cell
cycle distribution was analyzed by flow cytometry using a
BD FACSAria II device (BD Biosciences).

Measurement of mitochondrial membrane potential. In order
to examine changes in the mitochondrial membrane potential,
a MitoProbe™ JC-1 assay kit (Thermo Fisher Scientific,
Inc.) was used, according to the manufacturer's protocol. A

BD FACSAria II flow cytometer was used to obtain the results.
In healthy mitochondria, JC-1 forms J-aggregates emitting
red fluorescence at 590 nm, while J-monomers emit green
fluorescence at 490 nm in depolarized mitochondria; thus,
mitochondria damage was indicated by an increase in the ratio
of J-monomers.

Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR). Total RNA was extracted using TRIzol reagent
(Thermo Fisher Scientific, Inc.) and quantified using the
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific,
Inc.). An amount of 1 xg RNA was used for reverse transcrip-
tion by PrimeScript™ RT Reagent Kit (RR037A; Takara,
Osaka, Japan). The cDNA (20 ng) was subsequently used as
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the template for qPCR. The amplification cycling parameters
(40 cycles) were as follows: 15 sec at 95°C, 15 sec at 60°C and
45 sec at 72°C. The following primer sequences were used
in the present study: CAPN2 sense, 5'-CGAGAGGGCCAT
CAAGTACC-3' and antisense, 5-“-TAGGGCCCCAACTCC
TTGAA-3"; cyclin-dependent kinase inhibitor 1A (CDKN1A)
sense, 5'-CTGGGGATGTCCGTCAGAAC-3' and antisense,
5'-CATTAGCGCATCACAGTCGC-3'; growth arrest and DNA
damage inducible a (GADD45A) sense, 5'-CCATGCAGGAAG
GAAAACTATG-3' and antisense, 5-CCCAAACTATGGCTG
CACACT-3; cyclin-dependent kinase 1 (CDK1) sense, 5-TAG
CGCGGATCTACCATACC-3' and antisense, 5'-CATGGC
TACCACTTGACCTG-3'; CDK2 sense, 5'-GCCCTATTCCCT
GGAGATTC-3' and antisense, 5'-CAAGCTCCGTCCATCTTC
AT-3"; and B-actin sense, 5'-CTGGCACCCAGCACAATG-3'
and antisense, 5'-CCGATCCACACGGAGTACTTG-3'. Gene
expression was normalized to that of 3-actin and calculated with
the 224% method (15). The RT-gPCR assay was performed at
least three separate times in triplicate.

Western blot assay. Total protein from PC9, PCOR, HCC4006
and HCC4006R cells was extracted using RIPA lysis buffer
and the protein concentration was determined using BCA
assay (Shanghai Zhuoli Biotechnology Co., Ltd., Shanghai,
China). Next, total protein was separated on polyacrylamide
gels (5% stacking gel and 12% separating gel), and trans-
ferred to polyvinylidene difluoride membranes (PVDF).
The membranes were then incubated at 4°C overnight with
anti-CAPN2 (1:2,000) and keratin-5 (KRTS5, 1:1,000) anti-
bodies purchased from Abcam (Cambridge, MA, USA), as
well as EGFR (1:1,000), protein kinase B (AKT, 1:1,000), phos-
phorylated AKT (pAKT; Serd73, 1:1,000), surviving (1:1,000),
cleaved caspase-3 (Aspl75, 1:1,000), cleaved poly-ADP-ribose
polymerase (PARP; Asp214, 1:1,000) and B-actin (1:2,000)
antibodies obtained from Cell Signaling Technology, Inc.
(Danvers, MA, USA). Subsequently, membranes were incu-
bated with horseradish peroxidase-conjugated goat anti-rabbit
(1:2,000) or anti-mouse immunoglobulin G secondary anti-
bodies (1:2,000) obtained from Jackson ImmunoResearch, Inc.
(West Grove, PA, USA) at room temperature for 1 h. Proteins
were visualized using Pierce ECL western blotting substrate
(Thermo Fisher Scientific, Inc.) and autoradiography. The
blots were analyzed using Quantity One, version 4.6 software
(Bio-Rad Laboratories, Inc., Hercules, CA, USA).

cDNA array screening. Total RNA was extracted using
RNeasy Plus Mini Kit (Qiagen, Valencia, CA, USA) from
PCOR cells expressing shCAPN2-1 or negative control sShRNA,
reverse transcribed, and amplified using OneArray Plus
RNA Amplification Kit (Phalanx Biotech Group, Taiwan).
CyS5-labeled amplicons were hybridized to Human Whole
Genome OneArray (Phalanx Biotech Group), imaged on a
G2505C Agilent Microarray Scanner (Agilent Technologies,
Santa Clara, CA, USA), and analyzed in Resolver (Rosetta
Biosoftware, Seattle, WA, USA).

Evaluation of tumorigenicity. The animal experiments
performed in the present study were approved by the Institutional
Animal Care and Use Committee at Zhongshan Hospital,
Fudan University (Shanghai, China). Eight male BALB/c nude

ZHANG et al: CAPN2 FUNCTIONS IN GEFITINIB RESISTANCE

mice (age, 4-6 weeks; weight, 18-20 g) were obtained from
the Shanghai Experimental Animal Center of the Chinese
Academy of Sciences (Shanghai, China), and were housed in
cages with access to food and water in a temperature-controlled
room with a 12 h dark/light cycle. PCO9R cells transfected with
shNEG or shCAPN2-1 were subcutaneously injected into the
right flanks of nude mice without any treatment. Tumor volume
was monitored and calculated according to the following
formula: Volume=length x width?/2. After ~1 month, nude mice
were sacrificed by cervical dislocation after anesthesia, and the
tumors were isolated, weighed and embedded in paraffin. Ki67
immunohistochemical staining was performed on the sections
of the paraffin-embedded tissue to identify the proliferating
cells in the xenograft tumors. Ki67-positive cells were quanti-
fied in randomly selected fields from each tissue section using
ImageJ software.

Statistical analysis. Data are expressed as the mean + standard
deviation of at least three independent experiments. One-way
analysis of variance followed by Bonferroni's multiple
comparison test was used to compare different groups, while
Student's t-test was used for comparisons between two groups.
A P-value of <0.05 was considered to denote a statistically
significant difference.

Results

CAPN?2 is upregulated in gefitinib-resistant cells and mediates
gefitinib resistance. Two gefitinib resistant NSCLC cell
lines, designated PCOR and HCC4006R, were established by
continuously exposing PC9 and HCC4006 cells to increasing
concentrations of gefitinib. Next, CAPN2 mRNA and protein
expression was investigated, and the results revealed that
CAPN2 was significantly upregulated in the PC9R and
HCC4006R cell lines compared with the normal PC9 and
HCC4006 cell lines, respectively (Fig. 1A-C), indicating that
CAPN2 may serve an important role in gefitinib resistance. To
confirm this, gefitinib resistance was examined in these four cell
lines by CCK-8 assay, and it was observed that PCO cells, which
expressed relatively higher CAPN2 protein in comparison with
HCC4006 cells, had a higher proliferation rate compared with
that of HCC4006 cells in the presence of 0.01 M gefitinib. By
contrast, PCOR cells, which expressed relatively higher CAPN2
protein in comparison with HCC4006R cells, had a higher
proliferation rate than that of HCC4006R cells in the presence
of 0.1 uM gefitinib (Fig. 1D).

To further evaluate the role of CAPN2 in gefitinib resis-
tance, PC9R and HCC4006R cells were transfected with
shCAPN2-1 or shCAPN2-2 to silence CAPN2 expression.
shNEG was transfected into cells as a control. The RT-qPCR
and western blot analyses demonstrated that shCAPN2-1
and shCAPN2-2 transfection significantly inhibited CAPN2
expression compared with that in shNEG transfected
cells (Fig. 1E-G). Furthermore, a morphological examination
indicated that CAPN2 knockdown reduced the number of
gefitinib-resistant cells, as observed by the increase in gefitinib
effectiveness (1 uM, for 96 h) in PCO9R and HCC4006R cells
infected (24 h) with shCAPN2-1 or shCAPN2-2 compared with
that in the shNEG (Fig. 1H and I). It was also confirmed that
CAPN2 knockdown reduced the viability of gefitinib-resistant
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cells by treating silenced and control cells with different
gefitinib concentrations (ranging between 0.1 and 20.0 uM;
Fig. 1J and K).

CAPN?2 knockdown inhibits gefitinib-resistant cell prolifera-
tion in vitro and in vivo. To investigate the effect of CAPN2
on gefitinib-resistant cell proliferation, EAU incorporation
assay was performed (Fig. 2A and B). CAPN2 knockdown
appeared to suppress the proliferation of gefitinib-resistant
cells in the presence of gefitinib (Fig. 2C and D), implying
that CAPN2 promotes proliferation in gefitinib-resistant cells.
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Furthermore, TUNEL staining demonstrated that CAPN2
knockdown significantly increased the apoptosis of gefi-
tinib-resistant PCIR cells in the presence of gefitinib (Fig. 3A
and B).

To determine whether CAPN2 knockdown suppresses
lung tumor growth in vivo, PCOR cells transfected with
shCAPN2-1 and shNEG were injected into nude mice. Visible
tumors were observed in animals after 1 week; however, the
volume of tumors derived from CAPN2-silenced cells was
evidently smaller in comparison with that of tumors derived
from control cells (Fig. 4A). A similar trend was observed
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at 1 month after transfection in terms of the tumor volume
and weight (Fig. 4B and C). Accordingly, the abundance of
proliferating Ki67-positive cells was significantly lower in
CAPN2-deficient tumors as compared with that in control
xenografts (Fig. 4D and E).

CAPN? silencing promotes apoptosis and cell cycle arrest in
gefitinib-resistant cells via caspase activation and mitochon-
drial dysfunction. To further confirm the function of CAPN2
during gefitinib resistance, the cell apoptosis levels were
analyzed. Upon treatment with gefitinib, the apoptotic rate in
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blots demonstrating cleaved caspase-3 and cleaved PARP expression in transfected cells. CAPN2, calpain 2; sh, short hairpin RNA; NEG, negative control;

PARP, poly-ADP-ribose polymerase. "P<0.05 vs. negative control.

CAPN2-silenced PCOR cells was significantly higher than that
of control cells (Fig. 5SA and B). Furthermore, the number of
cells in the G,/G, and S phases was markedly decreased upon
CAPN2 silencing, while the number of cells in the G,/M phase
was increased, indicating cell cycle arrest (Fig. 5C and D).

The mitochondrial integrity was also assessed by staining
cells with JC-1, a dye that emits red fluorescence as it aggre-
gates in intact mitochondria, but emits green fluorescence as a
monomer in damaged mitochondria. The JC-1 monomer ratio
in CAPN2-silenced PCOR cells was higher compared with that
of control cells in the presence of gefitinib (Fig. 6A and B),
indicating mitochondrial dysfunction. Furthermore, cleaved
caspase-3 and cleaved PARP, two apoptotic proteins, were
upregulated in CAPN2-depleted cells compared with the levels
in control cells (Fig. 6C), indicating that CAPN2-depleted
cells undergo apoptosis (16).

CAPN2regulates gefitinib-resistanceviathe EGFR/AKT/survivin
signaling pathway. To evaluate the molecular mechanism under-
lying CAPN2-mediated gefitinib resistance, a whole human
cDNA array was used, and changes in CAPN2-associated
downstream signaling pathways upon CAPN2 silencing were
investigated (Fig. 7A). Western blotting confirmed that EGFR,
PAKT, survivin and KRTS5 levels were evidently decreased in
cells transfected with shCAPN2-1 or shCAPN2-2 compared with
those in cells transfected with shANEG (Fig. 7B). Furthermore,
RT-gPCR analysis confirmed that the expression levels of the
cell cycle genes CDKN1A and GADD45A were significantly

increased, whereas CDK1 and CDK?2 levels were decreased
in PCOR cells transfected with shCAPN2-1 or shCAPN2-2
compared with those in cells transfected with shNEG (Fig. 7C).
Given that the EGFR/AKT/survivin pathway serves a crucial role
in NSCLC progression (17,18), it is likely that CAPN2 confers
gefitinib resistant through EGFR signaling.

To evaluate this possibility, a rescue assay was performed
in the PCOR cells. It was observed that overexpression
of EGFR in PCO9R cells increased cell viability in the
presence of gefitinib (Fig. 7D). However, overexpression
of EGFR in the PC9R-shCAPN?2 cells also rescued the
cell viability in the presence of gefitinib. These results
suggest that EGFR overexpression partly reverses CAPN2
depletion-induced apoptosis. Furthermore, inhibition of
phosphoinositide 3-kinase (PI3K)/AKT (Fig. 7E) or survivin
(Fig. 7F) in the PCI9R-shCAPN?2 cells was able to further
induce cell apoptosis. Taken together, all these findings indi-
cated that CAPN2 stimulates gefitinib resistance mainly via
activation of the EGFR/AKT/survivin signaling pathway.

Discussion

Drug resistance is a major cause of cancer treatment failure.
Targeted EGFR drugs, such as gefitinib, appear to be effective
for approximately 1 year, but resistance is inevitably developed
shortly after this period. CAPN2 has been demonstrated to
serve a role in altering the cellular response to certain cancer
therapies (9,10,19). However, the events and mechanisms
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Figure 7. CAPN2 regulates gefitinib-resistance via the EGFR/AKT/survivin signal pathway. (A) Heatmap of downstream CAPN2 target proteins determined
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hairpin RNA; NEG, negative control; EGFR, epidermal growth factor receptor; AKT, protein kinase B; KRTS, keratin-5; CDKNIA, cyclin-dependent kinase
inhibitor 1A; GADD45A, growth arrest and DNA damage inducible a; CDK, cyclin-dependent kinase.

involved in these processes remain incompletely understood.
In the present study, it was observed that CAPN2 is strongly
associated with gefitinib-resistance, with CAPN2 mRNA
and protein expression levels being significantly increased in
gefitinib-resistant cell lines. In addition, CAPN2 was found
to regulate gefitinib-resistant cell proliferation, mitochondrial
function and apoptosis, largely involving dysregulation of the
PI3K/AKT/survivin pathway.

Previously, high CAPN2 expression was reported to be
significantly associated with platinum resistant tumors in
ovarian cancer (13), while CAPN2 degradation mediated
irinotecan secondary resistance in colorectal cancer xeno-
grafts (20). Consistent with these previous studies, CAPN2
was observed to be upregulated in gefitinib-resistant cells in
the present study. Furthermore, CAPN2 knockdown inhibited
gefitinib-resistant cell proliferation in vitro and in vivo.

In addition to its effect on proliferation in drug resistant
cells, CAPN2 knockdown also appears to affect the mito-
chondrial function. The mitochondria are essential during
various cellular processes and function to protect cells from
apoptosis, genomic instability, inflammation, abnormal
bioenergetics, oxidative stress and metastasis (21). Cleaved
caspase-3 and cleaved PARP are two critical targets of the
mitochondria-mediated apoptosis pathway (22). Indeed, a
previous study has demonstrated that mitochondria-mediated
caspase-dependent apoptosis is involved in the anticancer
activity against human lung cancer cells (23). In the
present study, the results revealed that CAPN2 knockdown
induced gefitinib-resistant cell apoptosis and cell cycle
arrest in conjunction with caspase activation and increased

mitochondrial dysfunction. This is not altogether surprising
as CAPNs are known to be responsible for mitochondrial
membrane permeabilization (24), which subsequently alters
various mitochondrial processes.

Notably, using a whole human cDNA array in the current
study, EGFR was identified to be a downstream signaling
molecule of CAPN2. The EGFR downstream signaling route
includes the MAPK, JAK/STAT and PI3K/AKT/mTOR path-
ways among others (6). Previous studies have demonstrated
that AKT activation contributes to EGFR-TKI resistance in
EGFR mutation-positive lung cancer (3,20,25), indicating
that the PI3K/AKT pathway is an important target for over-
coming EGFR-TKI resistance. It has also been reported that
CAPN?2 activates AKT signaling in pulmonary artery smooth
muscle cells (9), which is consistent with the changes in AKT
phosphorylation observed in the present study. Survivin is an
apoptosis inhibitor involved in tumorigenesis, and inhibition
of the EGFR/PI3K/AKT pathway appears to downregulate
its expression in EGFR mutation-positive NSCLC cells (17).
This is consistent with the findings of the present study, which
demonstrated that CAPN2 knockdown in gefitinib-resistant
cells repressed survivin expression. Furthermore, KRTS is a
well-recognized marker for basal cells (26,27) and is over-
expressed in various cancer types (7). Similar to surviving
expression, the current study observed that CAPN2 inhibi-
tion reduced KRTS expression, suggesting that CAPN2 may
regulate cell differentiation via KRTS inhibition.

In conclusion, the present study investigated the role
of CAPN2 in gefitinib-resistant lung adenocarcinoma
cells and revealed that CAPN2 expression is upregulated
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during drug resistance. CAPN2 appeared to regulate PCOR
cell proliferation and apoptosis by triggering mitochon-
drial caspase-dependent cell death pathways and mainly
targeting EGFR/AKT/survivin signaling. Furthermore,
downregulation of CAPN2 was observed to inhibit PCOR
cell proliferation and induce cell apoptosis both in vitro and
in vivo. These data demonstrate that CAPN2 functions as a
facilitator of gefitinib resistance, largely via the activation of
EGFR/AKT/survivin signaling pathway. Thus, the present
study supports the development of drugs targeting CAPN2 as
a means to enhance the effectiveness of cancer therapy and
reduce drug resistance.
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