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Abstract
Background: Calpain 1 (CAPN1) has been found to be a promoter of cancer
progression. PTPN1 as a physiological target molecule of CAPN1 plays a
dephosphorylated role on multiple receptor tyrosine kinases. This study aimed to
reveal the effects of CAPN1/PTPN1 on malignant phenotype and EGFR-TKI
resistance of lung adenocarcinoma (LUAD) cells.
Methods: A total of 84 primary LUAD tissues and paired paracancerous normal tis-
sues were collected. Quantitative real-time PCR (qRT-PCR) and immunohistochemi-
cal (IHC) methods were used to measure the expression of CAPN1 and PTPN1 in
tissues. qRT-PCR and western blot were used to detect the expressions of CAPN1,
PTPN1, c-Met and PIK3R2 in cell lines. Cell counting kit-8 (CCK-8), colony forma-
tion and transwell assay were carried out to evaluate cell erlotinib resistance, prolifera-
tion, migration and invasion. Co-IP assay was used to verify the interaction between
proteins. Cycloheximide (CHX) was applied to block protein synthesis.
Results: CAPN1, c-Met and PIK3R2 were significantly upregulated and the cor-
relation was positive in LUAD, while PTPN1 was decreased. EGFR-sensitive
mutation was related to CAPN1/PTPN1. in vitro studies showed that PTPN1
can mediate dephosphorylation of c-Met and PIK3R2 by binding with both,
thereby weakening cell proliferation, metastasis and erlotinib resistance, while
CAPN1 could enhance the degradation of PTPN1 protein as a cancer promoter.
Conclusions: CAPN1 enhances the malignant behavior and erlotinib resistance
of LUAD cells via degrading PTPN1 and then activating c-Met/PIK3R2, which
suggests CAPN1/PTPN1 may serve as tumor markers or potential targets for
diagnosis and treatment of LUAD.

Key points
Significant findings of the study
Superior CAPN1 and inferior PTPN1 were related to activation of c-Met/PIK3R2
in lung adenocarcinoma. Moreover, regulations of CAPN1 and PTPN1 induced
the changes of malignant behavior and erlotinib resistance.
What this study adds
Our findings confirmed that CAPN1/PTPN1 play crucial roles on proliferation,
metastasis and erlotinib resistance of LUAD cells as c-Met/PIK3R2 regulators,
and validated the regulatory mechanism of CAPN1 on PTPN1 in tumor model
for the first time.
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Introduction

According to the data of the American Cancer Association,
2.09 million new cases and 1.76 million deaths of patients
with lung cancer occurred in the world in 2018, ranking first
in both incidence and mortality.1 Lung adenocarcinoma
(LUAD) is the main pathological type of lung cancer, whose
occurrence and development involves serial activation of
pro-oncogenes and inactivation of suppressor genes. In a
prospective cohort of 1450 Asian patients, 51.4% were con-
firmed to have EGFR-mutated LUAD.2 As a kind of trans-
membrane glycoprotein with tyrosine kinase activity, EGFR
can activate signal pathways including PI3K/Akt/mTOR,
RAS/Raf/MEK/ERK and STAT, and mediate the enhance-
ment of LUAD malignant phenotype.3,4 EGFR tyrosine
kinase inhibitors (TKI) can competitively bind with ATP
binding sites of EGFR, inactivate the activation of EGFR
tyrosine kinases and downstream signaling pathways, and
then inhibit the malignant phenotype of cells. At present,
EGFR-TKI is widely used in the treatment of EGFR-sensitive
mutation lung cancer patients, and significantly improves
the prognosis of patients. However, most patients develop
secondary resistance in different degrees within 12 months,
which seriously limits the clinical efficacy of EGFR-TKI.5

Therefore, it is of great significance to clarify the mechanism
of secondary resistance for the treatment and drug discovery
of LUAD. The activation of the c-Met/PIK3R2 signal path-
way to compensate for EGFR-TKI anticancer effect is one of
the main reasons for primary and secondary EGFR-TKI
resistance,6–8 but the activation mechanism of c-Met/
PIK3R2 signal pathway remains unclear.
Calpain 1 (CAPN1) belongs to the family of calcium

dependent intracellular cysteine proteases, which is widely
expressed in vivo. As one of the three major protein deg-
radation systems, calpain plays a key role in cell prolifera-
tion, cytoskeleton remodeling, cell cycle regulation and
apoptosis, glucose transport and cell signal
transduction.9–11 Because of the extensive distribution
and function, CAPN1 has been found to be abnormally
expressed in pancreatic cancer, triple negative breast can-
cer, predictive pulmonary adenocarcinoma, ovarian can-
cer and gastric cancer, which is closely related to tumor
progression and poor prognosis of patients.12–16 Mean-
while, increasing evidence in vitro and in vivo show that
members of the calpain family can degrade different tar-
get proteins and affect the malignant phenotype of lung
cancer cells,17–19 which suggests that CAPN1 may become
a new target of clinical treatment and a potential prognos-
tic indicator. However, the effect of CAPN1 on formation,
progression, metastasis and EGFR-TKI resistance of
LUAD remains unclear. In this study, the potential rela-
tionship between CAPN1 and activation of c-Met/PIK3R2
signaling pathway was found by bioinformatics analysis,

and the exact position of CAPN1 in LUAD would be
revealed.
Protein tyrosine phosphatase, nonreceptor type 1

(PTPN1), a physiological target molecule of CAPN1,20–22

functionally targets multiple receptor tyrosine kinases
(RTKs) for dephosphorylation, which is involved in the
suppression of c-Met related pathways. Some studies have
shown that PTPN1 knockdown can improve the phosphor-
ylation level of c-Met, activate PI3K/Akt signal pathway,
and then perform corresponding biological effects, includ-
ing wound healing and the progress of ovarian cancer.23–25

Although the dephosphorylation ability of PTPN1 in
tumors has been widely confirmed, contrasting findings
have suggested that it can exert both cancer suppressing
and promoting effects depending on the substrate involved
and the cellular context.26–28 Therefore, the verification of
PTPN1 effect is also essential to reveal the exact role of
CAPN1 in LUAD.
In this study, we discovered a close relationship between

the expression of CAPN1 and c-Met/PIK3R2 and also rev-
ealed the abnormal expression and prognostic value of
CAPN1 and PTPN1 in LUAD by bioinformatics analysis.
Further, we confirmed the high expression of CAPN1 and
low expression of PTPN1 in LUAD clinical tissues, and
found the differential expression of CAPN1 and PTPN1 in
EGFR wild-type (WT) and mutant tissues, and then clari-
fied the biological effect of CAPN1 and PTPN1, their rela-
tionship with EGFR-TKI resistance, activation of c-Met/
PIK3R2 and the interaction with each other. These results
demonstrated that CAPN1 and PTPN1 could be a poten-
tial therapeutic target for improving EGFR-TKI sensitivity.

Methods

Clinical tissue specimens

We obtained 84 pairs of LUAD tissues and corresponding
adjacent normal tissues after attaining informed consent
from patients at the Second Xiangya Hospital, Central
South University between September 2018 and June 2019.
All patients’ diagnoses were histopathologically confirmed.
None of the patients had received any anticancer therapy
prior to surgical resection. Tissues were snap-frozen and
stored in liquid nitrogen. This study was approved by the
institutional research ethics committee.

Cell culture and treatments

Cell lines
The human embryonic kidney cell 293T, human normal

bronchial epithelial cells NHBE, human LUAD cell lines
H1299, A549 and PC9, were procured from the American
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Tissue Culture Collection (ATCC). NHBE, H1299 and PC9
cells were cultured in RPMI-1640 (Gibco, USA) with 10%
fetal bovine serum (FBS, HyClone, Australia). 293T was
cultured in DMEM high glucose (Gibco, USA) with 10%
FBS, and A549 was cultured in DMEM/F12 (HyClone,
Australia) with 10% FBS. To block protein synthesis of
PTPN1, PC9 was treated with 10 μg/mL cycloheximide
(CHX) for six or 12 hours.

Induction of erlotinib resistance

PC9 cells were grown in 25 cm2 cell culture flasks and
divided into PC9 erlotinib-resistant (ER) and PC9 sensitive
to erlotinib (Sen) groups. PC9 ER cells were treated with
0.2, 0.4, 0.8, 1.6, 3.2 and 6.4 μmol/L erlotinib gradiently for
more than two weeks on each step until the cells grew sta-
bly in 6.4 μmol/L erlotinib for two weeks, and were then
cultured in RPMI-1640 + 10% FBS for two weeks. PC9 Sen
cells were treated with isotonic PBS under the same
conditions.

Cell transfection

293T cells were cultured in a six-well culture plates until
the fusion degree was more than 60%. Then, 0.75 μg Gag-
pol, 0.30 μg Rev. and 0.45 μg VSV-G plasmids were
resuspended with 500 μL serum-free DMEM with 1.5 μg
objective plasmids including pLVX-Puro Control, pLVX-
CAPN1, pLVX-PTPN1 (Fenghbio, China), GV248-Control
and GV248-shCAPN1 (Genechem, China) vector, respec-
tively. Lipofectamine 2000 (Invitrogen, USA) 7.5 μL was
mixed with the plasmids and incubated for 20 minutes.
293T cells were incubated by mixtures containing the plas-
mids for six hours with serum-free DMEM, and then cul-
tured by DMEM with 10% FBS for 48 hours. Cell
supernatants as viral suspensions were filtered by 0.45 μm
filter (Millipore, USA). A549 or PC9 cells were cultured in
a six-well culture plate until the fusion degree was about
60%, and RPMI-1640 with 10% FBS blended viral suspen-
sions in the ratio of 1:1 were applied to incubate A549 or
PC9 cells for three days with 1 μg/mL polybrene (Sigma-
Aldrich, USA). Puromycin (Sigma-Aldrich, USA) screened
cells until there was a steady growth state.

Quantitative real-time PCR (qRT-PCR)

The tissues were ground in mortar and the cells were
digested by trypsin, and total RNA of cells or tissues were
extracted by 1 mL RNAiso plus (Takara, Japan). The con-
centration of mRNA was detected by Nanodrop 2000
(Thermo Scientific, USA). Reverse transcription of mRNA
was performed using a PrimeScript Strand cDNA synthesis
kit (Takara, Japan). qRT-PCR was performed to evaluate

the mRNA expression levels by SYBR Premix Ex Taq II
(Takara, Japan) on ABI Prism 7500 sequence detection sys-
tem (Applied Biosystems, Life Technologies, USA). All
groups were repeated at least three times independently.
The expressions of mRNAs were calculated using the
2−ΔΔCt method, and β-Actin was regarded as internal ref-
erence. The sequences of β-Actin primers: Forward 5’-CCT
GGCACCCAGCACAAT-30, Reverse 5’-GCTGATCCACA
TCTGCT-30; CAPN1 primers: Forward 5’-GGGTCCCAAT
TCCTCCAAGA-30, Reverse 5’-CTGGAAATGGAAGATG
CCGG-30; PTPN1 primers: Forward 5’-TGCAGGATCAGT
GGAAGGAG-30, Reverse 5’-GTAGGGTGCGGCATTTAA
GG-30; MET primers: Forward 5’-ATGAGAGCTGCACCT
TGACT-30, Reverse 5’-CACCAGCCATAGGACCGTAT-30;
PIK3R2 primers: Forward 5’-GGGGACATTTCAAGGGA
GGA-30, Reverse 5’-CGTGGCGGTAGTGATTGATG-30.

Immunohistochemistry

Cancer and normal adjacent tissues were collected to make
paraffin sections. The paraffin sections were placed in an
oven at a temperature of 67�C for two hours. After
dewaxing and hydration, they were rinsed three times in
PBS at pH7.4. Citrate solution (pH = 6.0) was added before
it was placed in the microwave oven and heated to boiling.
Paraffin sections were placed into the boiling buffer for
10 minutes, and rinsed twice with distilled water and PBS,
respectively, for three minutes on each occasion. Then,
50 μL 3% H2O2 was added and incubated at the original
temperature for 10 minutes, and rinsed three times with
PBS, and the procedure was repeated three times. The sec-
tions were subsequently incubated with 50 μL of primary
antibody for two hours, and rinsed three times with PBS.
Then, 50 μL primary antibody enhancer was used to incu-
bated sections for 20 minutes, and rinsed three times with
PBS, and 50 μL enzyme-labeled antimouse/rabbit polymer
was used to incubated sections for 30 minutes, and rinsed
three times with PBS. We then added 50 μL freshly pre-
pared DAB solution to the sections. The sections were
restained with hematoxylin, differentiated with 0.1% HCl,
and rinsed with tap water to show the color of blue. They
were dehydrated and dried with gradient alcohol. Xylene
was used to render the sections transparent. The sections
were sealed with neutral gum and observed after drying.

Western blot

We used 1 mL RIPA buffer (Beyotime, China) to extract
the total proteins of cells at 0�C for two hours, and cen-
trifuged at 4�C, 15 000 r/minute. We collected the superna-
tant, trimmed the protein system and boiled for five
minutes with loading buffer (Beyotime, China). Then, 10%
SDS-PAGE electrophoresis was used to separate proteins
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with different molecular weights and transferred to PVDF
membrane (0.45 μm, Thermo Scientific), and 10% skimmed
milk sealed the membranes for two hours. Diluting the pri-
mary antibody to the working concentration: anti-CAPN1
(10538-1-AP, proteintech, USA) 1:500; anti-PTPN1
(11334-1-AP, proteintech, USA) 1:1000; anti-c-Met
(25869-1-AP, proteintech, USA) 1:500; PIK3R2(60225-1-Ig,
proteintech, USA) 1:3000; antiphospho Met (ab73992, abcam,
USA) 1:1000; anti-phospho PIK3R2 (17366S, Cell Signaling
Technology, USA) 1:1000. Second antibody incubated mem-
branes for two hours at ordinary temperature. ECL western
blotting substrate (Thermo Fisher, USA) was used for chemi-
luminescence. GelDoc XR+ instrument (Bio-Rad, USA) was
used to collect the luminescent signals.

Coimmunoprecipitation (Co-IP)

We cultured 293T cells in a 10 cm culture dish. After four
generations expansion, the cells were rinsed with cold PBS
and dissolved on ice for 15 minutes in the RIPA buffer with
protease inhibitor. The lysate was centrifuged at 12 000 rpm
for 10 minutes and the supernatant collected. Protein A/G
MagBeads (Yeasen, China) and lysate were incubated at 4�C
for one hour with rotation, and the magnetic frame was then
used to remove the beads. The primary antibodies with work-
ing concentration were applied to incubate the supernatants
for four hours, and incubated with Protein A/G MagBeads
overnight. Then, MagBeads were placed in magnetic frame
and washed five times with RIPA buffer. The binding protein
was eluted with 2 x SDS loading buffer and boiled. The mag-
netic beads were then removed from the magnetic frame.
Western blotting was used to detect the expression of precipi-
tated PTPN1 protein.

CCK-8 assay

Cell proliferation
We inoculated cells in a 96-well cell culture plate at

1 × 103 cells/well overnight, and then 10 μL CCK-8 reagent
(Dojindo, Japan) was added to the plate and incubated for
three hours without light. Absorbances were tested at
450 nm in 0, 24, 48, 72 and 96 hours by iMark Microplate
light absorption reader (Bio-Rad, USA). The relative prolif-
eration abilities of cells were determined by the relative
absorbances in 24, 48, 72 and 96 hours. All groups
were repeated at least five times independently.
To detect the 50% inhibition concentration (IC50) to

erlotinib in each group, we inoculated cells in a 96-well cell
culture plate at 5 × 103 cells/well overnight, and these were
then treated with 0, 0.125, 0.25, 0.5, 1, 2, 4, 8 μM erlotinib
for 48 hours. Then, 10 μL CCK-8 reagent was added to the
plate and incubated for three hours without light. Absor-
bances were tested at 450 nm. Calculating IC50 to erlotinib

(EIC50) value by fitting curve. All groups were repeated at
least five times independently.

Colony formation

We inoculated cells in a six-well cell culture plate at
5 × 102 cells/well for two weeks. The colon cells were
rinsed three times with PBS and solidified with anhydrous
ethanol for 10 minutes. Then, 0.1% crystal violet was used
to dye the cells for 20 minutes, and the excess dye was
washed away with tap water, and imageJ software
(National Institutes of Health, USA) was used for colony
counting.

Transwell invasion and migration assay

Matrigel basement membrane matrix (BD Biosciences,
USA) was diluted to 50 mg/L with serum-free RPMI-1640
and added into the transwell chamber (BD Biosciences,
USA). After one hour at the original temperature, the
remaining culture medium was removed. The cells were
resuspended in serum-free RPMI-1640 containing BSA in
preparation for cell suspension, and the density was adjusted
to 2 × 105 cells/mL. Then, 100 μL suspension was inocu-
lated into the transwell chambers with or without Matrigel
matrix (for invasion or migration), and 500 μL RPMI-1640
containing 10% FBS was added to the lower chamber for
routine culture for 24 hours. The nonpenetrating cells on
the upper chamber surface were removed with a cotton
swab. The cells were solidified using anhydrous ethanol for
10 minutes, and 0.1% crystal violet was used to dye them
for 20 minutes; the excess dye was removed using PBS.
There were five fields randomly in each well under 40 × 10
microscope (CX31, Olympus, Japan), and imageJ software
was used for counting the cells.

Statistical analysis

Data were expressed in mean � SD and analyzed with the
statistical software GraphPad Prism 8.0. A t-test was used
for comparison between the two groups, and one-way
ANOVA (Dunnett) was used for the comparison between
multiple groups. P < 0.05 indicated statistical significance.

Results

Expression characteristics of CAPN1 and
PTPN1 in LUAD from TCGA database

Owing to the fact that c-Met/PIK3R2 pathway plays a
pivotal role in the progress of LUAD as EGFR bypass
signal, we screened the molecules closely related to the
endogenous expression of c-Met/PIK3R2 through the
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bioinformatics database (http://ualcan.path.uab.edu/index.
html), and the results demonstrated that CAPN1 was posi-
tively correlated with the expression of endogenous c-Met
and PIK3R2 in LUAD (Fig 1a and b), but there was no sig-
nificant correlation with EGFR expression (Fig 1c). How-
ever, as a proteolytic enzyme, CAPN1 may not directly
affect c-Met and PIK3R2 instead regulate c-Met/PIK3R2
through intermediate molecules, which is dependent on
the function of CAPN1. We then predicted (https://string-
db.org/) and searched interaction molecules of CAPN1,
and found an interaction protein PTPN1 (Fig 1h),20–22

which is involved in the dephosphorylation of various

RTKs,23–25 so we speculated that CAPN1 regulates the
activity of c-Met/PIK3R2 pathway by degrading
PTPN1. Based on the above conjecture, we analyzed
the expression of CAPN1 and PTPN1 in LUAD, and
found that CAPN1, c-Met and PIK3R2 were highly
expressed in LUAD (Fig 1d, f and g), Meanwhile, the
relationships between CAPN1/PTPN1 and the progno-
sis of LUAD patients were analyzed through the data-
base (http://kmplot.com/analysis/), and the results
showed that the high expression of CAPN1 and the
low expression of PTPN1 were related to the poor
prognosis of patients (Fig 1i and j).

Figure 1 The expression of CAPN1/PTPN1 and its relationship with c-Met/PIK3R2 in LUAD from TCGA database. The expressions of CAPN1/PTPN1
were anomalous and significantly correlated with c-Met/PIK3R2 and prognosis of lung adenocarcinoma (LUAD) data from TCGA. (a, b, c) The corre-
lation between CAPN1 and PIK3R2, MET or EGFR were analyzed by Pearson’s correlation coefficient in the TCGA database. (d, e, f, g) Discrepant
expressions of CAPN1, PTPN1, c-Met and PIK3R2 in LUAD and normal tissues from TGCA database were measured by t-test. *** P < 0.001. (h)
PTPN1 was predicted as an interaction protein of CAPN1 (https://string-db.org/). (i, j) The relationship between the expressions of CAPN1/PTPN1 and
the prognosis of patients with LUAD were analyzed by the Kaplan-Meier method through the database (http://kmplot.com/analysis/).

1852 Thoracic Cancer 11 (2020) 1848–1860 © 2020 The Authors. Thoracic Cancer published by China Lung Oncology Group and John Wiley & Sons Australia, Ltd

CAPN1/PTPN1 affects LUAD by c-Met/PIK3R2 Y. Chen et al.

http://ualcan.path.uab.edu/index.html
http://ualcan.path.uab.edu/index.html
https://string-db.org/
https://string-db.org/
http://kmplot.com/analysis/
https://string-db.org/
http://kmplot.com/analysis/


Expression levels of CAPN1 and PTPN1 in
LUAD clinical tissues and cell lines and
their relationship with EGFR-sensitive
mutations

Based on the potential biological relationship between
CAPN1/ PTPN1 and c-Met/PIK3R2 and the significance of c-
Met/PIK3R2 bypass activation in EGFR-TKI resistance, we
detected the expression of CAPN1 and PTPN1 in clinical tis-
sues from different sources. The results showed that CAPN1
mRNA and protein increased significantly in LUAD (Fig 2a, c
and d), while PTPN1 decreased in LUAD (Fig 2b, c and e).
Interestingly, we found that CAPN1 in wild-type (WT) EGFR
LUAD tissues was significantly higher than that in the acti-
vated EGFR mutation tissues (Fig 2a, c and d), and PTPN1
was lower, which was also observed in the cell models (Fig 2f,
g and h). These results suggested that CAPN1/PTPN1 may

play a biological role by regulating the c-Met/PIK3R2 pathway
in non-EGFR mutation mediated LUAD, which may also be
related to the primary resistance of EGFR-TKI.

Regulations of PTPN1 on c-Met/PIK3R2
pathway and erlotinib sensitivity in LUAD
cells

In order to understand the regulatory effect of PTPN1 on
c-Met/PIK3R2 pathway and erlotinib sensitivity in LUAD,
we first constructed erlotinib resistant in PC9 cells which
are EGFR-sensitive mutations, and then found that
erlotinib resistance could mediate the upregulation of
CAPN1 expression and c-Met/PIK3R2 phosphorylation
and the downregulation of PTPN1 expression (Fig 3a and
d), which indicated that CAPN1 and PTPN1 may be

Figure 2 The expression of CAPN1/PTPN1 in EGFR-mutant or nonmutant LUAD tissues and cells. The expressions of CAPN1/PTPN1 were differential
and related to EGFR-sensitive mutation in LUAD tissues and cells. (a, b) The mRNA expressions of CAPN1 and PTPN1 were detected by qRT-PCR in
normal, EGFR-sensitive mutation and wild-type (WT) EGFR tissues. ***P < 0.001. (c, d, e) The protein expressions of CAPN1 and PTPN1 were deter-
mined by immunohistochemistry (IHC). ** P < 0.001. (f, g) The mRNA expressions of CAPN1 and PTPN1 were measured by qRT-PCR in human bron-
chial epithelial and LUAD cells. *P < 0.05, **P < 0.01, ***P < 0.001. (h) The protein expressions of CAPN1 and PTPN1 were tested via western blot
in cell lines.
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involved in the formation of erlotinib resistance. Therefore,
we overexpressed PTPN1 exogenously in PC9 ER cells,
and found that PTPN1 could significantly reduce EIC50

of PC9 ER cells (Fig 3b). In order to further reveal the
effects of PTPN1 on the c-Met/PIK3R2 pathway, using
qRT-PCR and western blot, we found that PTPN1 could
significantly inhibit the phosphorylation level of c-Met
and PIK3R2 in A549 and PC9 ER cells (Fig 3d and e),
but had no significant effect on mRNA (Fig 3c) and total
protein (Fig 3d and e). The results of Co-IP showed that
PTPN1 was combined with total and phosphorylated c-
Met/PIK3R2 (Fig 3f).

Effects of PTPN1 on LUAD cell proliferation
and metastasis in vitro

Although PTPN1 has been shown to play a certain role
in promoting lung cancer,27 this conclusion is contrary
to the existing prediction of bioinformation and

experimental results, so we reverified the biological effect
of PTPN1. The results showed that cell proliferation
(Fig 4a) and clonogenesis (Fig 4b and c) were signifi-
cantly weakened after overexpression of PTPN1 in PC9
ER cell lines. Moreover, the number of invasion and
metastasis cells decreased significantly (Fig 4d and e).
Based on the fact that the role of PTPN1 in tumor is still
controversial,28 we speculated that the reason for the
above paradox was due to the dramatic changes of gene
expression profile between EGFR-TKI sensitivity and
resistance, which leads to the malignant behavior of cells
mediated by differential molecules, and then causes the
discrepant effects of PTPN1. In order to prove this phe-
nomenon from the negative side, we further analyzed
the effect of overexpressing PTPN1 on the malignant
phenotype of EGFR wild-type lung cancer cell A549,
whose results showed that the inhibitory effect of
PTPN1 on malignant phenotype of A549 were not
remarkable compared with those in PC9 ER (Fig 4f, g, h,

Figure 3 The regulations of PTPN1 on c-Met/PIK3R2 and erlotinib resistance. PTPN1 could suppress erlotinib resistance (ER) and phosphorylation of c-Met
and PIK3R2 in PC9 ER cells. (a) The endogenous mRNA expressions of CAPN1, PTPN1, c-Met and PIK3R2 were detected by qRT-PCR in PC9 sensitive to
erlotinib (PC9 Sen) and PC9 ER cells. **P < 0.001. ( ), PC9 Sen; ( ), PC9 ER. (b) 50% inhibition concentrations to erlotinib (EIC50) were tested by CCK-8 in
PC9 Sen, PC9 ER and PC9 ER by overexpressing PTPN1 exogenously (PC9 ER + PTPN1). ( ), PC9 Sen+Vector; ( ), PC9 ER+Vector; ( ), PC9 ER+PTPN1. (c)
The mRNA expressions of CAPN1, PTPN1, c-Met and PIK3R2 were detected by qRT-PCR in PC9 ER and PC9 ER + PTPN1. **P < 0.001. ( ), PC9 ER+Vector;
( ), PC9 ER+PTPN1. (d, e) The protein expressions of CAPN1, PTPN1, c-Met/PIK3R2 and phosphorylation of c-Met/PIK3R2 were evaluated by western blot in
PC9 ER and A549 with vector and PTPN1. (f) The combinations of PTPN1 with c-Met, PIK3R2 and those phosphorylated were detected by Co-IP assay.
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i and j). Although this phenomenon was contrary to the
effects that PTPN1 suppressing phosphorylation of c-
Met/PIK3R2, considering the extensive inhibitory effect
of PTPN1 on phosphorylation, we speculated that
PTPN1 might act on other pivotal targets in A549 cells,
which led to our contradictory observation from a lim-
ited perspective.

Regulations of CAPN1 on PTPN1/c-Met/
PIK3R2 pathway and erlotinib sensitivity
in LUAD cells

Because of the remarkable upregulation of CAPN1 in PC9
ER cell lines, it is essential to identify the effect of CAPN1
in LUAD. We used shRNA to interfere with CAPN1 in
PC9 ER, and found that EIC50 was significantly reduced
(Fig 5a). At the same time, the results of qRT-PCR and
western blot indicated that interfering with CAPN1 could
significantly inhibit the phosphorylation of c-Met/PIK3R2
(Fig 5c), but had no significant effect on mRNA and total
protein (Fig 5b and c). Similarly, we found that the phos-
phorylation levels of c-Met and PIK3R2 increased after
overexpression of CAPN1 exogenously, while the mRNA
and total c-Met and PIK3R2 did not change significantly
(Fig 5d and e). The regulation of CAPN1 on PTPN1 has
been found in biological prediction and a macrophage
model,20–22 but the regulation in LUAD still needs to be

clarified. We observed the effect of CAPN1 on the degra-
dation rate of PTPN1 through inhibiting the synthesis of
total protein mediated by CHX, and the results showed
that interference with CAPN1 could significantly inhibit
the degradation of PTPN1 (Fig 5f), while overexpression of
CAPN1 could significantly promote the degradation of
PTPN1 (Fig 5g). Co-IP assay confirmed the interaction
between CAPN1 and PTPN1 (Fig 5h).

Effects of CAPN1 and rescued by PTPN1 on
LUAD cell proliferation and metastasis
in vitro

All the above results suggested that CAPN1/PTPN1 may
be involved in promoting EGFR-TKI resistance and malig-
nant behavior of LUAD, so we overexpressed CAPN1 and
rescued PTPN1 in PC9 WT cells, and found that over-
expression of CAPN1 could enhance erlotinib resistance,
while PTPN1 could make PC9 cells re-sensitive to erlotinib
(Fig 6a). Similarly, CAPN1 could strengthen the prolifera-
tion and clonogenesis ability of PC9 cells in vitro (Fig 6b, c
and d), enhance metastasis (Fig 6e and f) and promote
phosphorylation of c-Met and PIK3R2 (Fig 6g). Mean-
while, the rescue of PTPN1 could inhibit the malignant
phenotype and phosphorylation of c-Met and PIK3R2
mediated by CAPN1.

Figure 4 The effects of PTPN1 on malignant phenotype of PC9 ER and A549 cells. PTPN1 inhibited the proliferation and metastasis of PC9 ER and
A549 cells. (a) Relative proliferative capacities of PC9 ER vector and PTPN1 were tested by CCK-8 assay. **P < 0.01. ***P < 0.001. ( ), Vector;
( ), PTPN1. (b, c) Colony formation abilities of PC9 ER vector and PTPN1 were measured by plate colony formation assay. **P < 0.01. (d, e)
Metastasis abilities of PC9 ER vector and PTPN1 were estimated by transwell migration and invasion assays. ***P < 0.001. (f) Relative proliferative
capacities of A549 vector and PTPN1 were tested by CCK-8 assay. *P < 0.05. ( ), Vector; ( ), PTPN1. (g, h) Colony formation abilities of A549
vector and PTPN1 were measured by plate colony formation assay. NS, not significant. (i, j) Metastasis abilities of A549 vector and PTPN1 were esti-
mated by transwell migration and invasion assays. NS, not significant.
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Discussion

The activation of c-Met/PIK3R2 pathway not only medi-
ates the enhancement of malignant phenotype,29, 30 but
also leads to EGFR-TKI resistance,6–8, 31 which is one of
the pivots in LUAD development. It is essential for cancer
treatment and management to clarify the regulatory mech-
anism of c-Met/PIK3R2. To determine the potential core
molecules regulating c-Met/PIK3R2, we screened out
CAPN1 which is closely related to endogenous c-Met/
PIK3R2 expressions by bioinformatics methods as the tar-
get molecule of our research. Previous studies have rev-
ealed that CAPN1 is dysregulated in multiple
malignancies. For example, CAPN1 has been reported to
be an independent marker for poor relapse-free survival in
breast cancer patients treated with trastuzumab,32 and

inhibition of CAPN1 could attenuate cisplatin-induced
apoptosis in triple-negative breast cancer (TNBC) cells,33

moreover, CAPN1 is positively correlated with lymph node
status of TNBC patients, suggesting its role as a prognostic
factor.13 CAPN1 was overexpressed in pancreatic cancer
(PC) tissues and cells and associated with tumor site,
metastasis, TNM stage and overall survival of PC
patients.12 In addition, CAPN1 could promote AKT signal-
ing and melanoma cell growth via degrading tumor sup-
pressor NF1, and combination treatment of CAPN1
inhibitor and with MEKi trametinib could inhibit cell
malignant phenotype more effectively compared to treat-
ment with trametinib alone,34 which also indicated that
CAPN1 can be a potential target for tumor treatment.
Clinical studies have shown that the expression of CAPN1

Figure 5 The regulations of CAPN1 on PTPN1, c-Met/PIK3R2 and erlotinib resistance. CAPN1 was closely related to erlotinib resistance (ER) and phosphoryla-
tion of c-Met and PIK3R2 in human LUAD cell PC9 with EGFR mutation. (a) EIC50 values of PC9 Sen, PC9 ER and PC9 ER with the knockdown of CAPN1 by
short hairpin RNA (shRNA) (PC9 ER + shCAPN1) were evaluated by CCK-8 assay. ( ), PC9 Sen+shControl; ( ), PC9 ER+shControl; ( ), PC9 ER+shCAPN1. (b,
c) The mRNA and protein expressions of CAPN1, PTPN1, c-Met and PIK3R2 were detected by qRT-PCR and western blot in PC9 ER and PC9 ER + shCAPN1.
**P < 0.001. ( ), PC9 ER+shControl; ( ), PC9 ER+shCAPN1. (d, e) The mRNA and protein expressions of CAPN1, PTPN1, c-Met and PIK3R2 were detected by
qRT-PCR and western blot in PC9 vector and PC9 CAPN1. **P < 0.001. ( ), Vector; ( ), PTPN1. (f, g) The degradation rates of PTPN1 in PC9 ER and PC9 ER
+ shCAPN1 or PC9 vector and PC9 CAPN1 were detected by western blot in cases of cycloheximide (CHX) treatment. (h) The combination of CAPN1 and
PTPN1 was verified by Co-IP assay.
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is positively related to tumor volume, invasion, distant
metastasis and poor prognosis in patients with laryngeal
cancer. In addition, CAPN1 is related to the increased level
of ERK phosphorylation,35 which also suggests the potential
connection between CAPN1 and the activation of proto-
oncogene phosphorylation. These studies indicated that
CAPN1 affect a variety of malignant tumors as a tumor pro-
moter, and these evidences pointed to the effects of CAPN1
on drug resistance and molecular phosphorylation activity,
which arouses our interest in the question of what role
CAPN1 plays in LUAD EGFR-TKI and malignant behavior.
Therefore, we spotted that there is a potential target mole-
cule PTPN1 in CAPN1, which is related to dephosphoryla-
tion of manifold RTKs,23–25 but there is little evidence for
the interaction between CAPN1 and PTPN1 in cancer, and
the effects of PTPN1 on cancer is still controversial.
PTPN1, as a member of protein tyrosine phosphatases

(PTPs), maintains cellular homeostasis via participation in the
balanced action of protein tyrosine kinases (PTKs) and PTPs.
Recently, that has been an increasing number of reports which
have demonstrated that PTPN1 is involved in human disor-
ders such as diabetes, obesity, and cancer.36,37,38 However, dif-
ferent research results have demonstrated that PTPN1 plays a
dual role in malignant tumors, which depends on the sub-
strate expression level of PTPN1 in distinct cells.28 For exam-
ple, PTPN1 were inactivated in acute lymphoblastic leukemia

SupB15 cells with resistance of ABL kinase inhibitor STI571,
and accompanied by phosphorylating Bcr-Abl, and exogenous
inhibition of PTPN1 could attenuate STI571-induced apopto-
sis, and enhance the resistance to STI571, which suggested
that PTPN1 may be closely related to the sensitivity of
targeted drugs. However, in the chronic lymphocytic leukemia
cell model, PTPN1 could disrupt the degradation of Bcr-Abl
protein mediated by synthetic steroidal glycoside SBF-1 via
the lysosome pathway, which leads to the resistance of K562
cells to imatinib.39 PTPN1 also had double effects in glioma.
Akasaki et al.40 found that troglitazone could inactivate
STAT3 and Bcl-2 by activating PTPN1, thereby promoting
apoptosis mediated by caspase systems, making cells sensitive
to chemotherapy drugs. In contrast, Jin et al.41 declared that
PTPN1 was highly expressed in glioma tissue, and promoted
the progression of gliomas by activating the MAPK/ERK and
PI3K/Akt. These reports show that PTPN1 plays a diverse role
in cells with discrepant molecular backgrounds. In addition,
Sangwan et al.42 pointed out that loss of PTPN1 and T cell
phosphatase (TCPTP) could mediate the phosphorylated acti-
vation of c-Met in mouse model and human cervical cancer
cells Hela, and then promote the metastasis of tumor cells,
and confirmed the interaction between PTPN1 and c-Met
in vitro. Nievergall et al.43 found that abrogated PTPN1 causes
enhanced and prologed erythropoietin-producing hepatocellu-
lar receptor (Eph)A3 phosphorylation and biological function.

Figure 6 The effects of CAPN1 and PTPN1 rescued on malignant phenotype and c-Met/PIK3R2 of PC9 cells. There are facilitations of CAPN1 on ER,
proliferation and metastasis of PC9 cells, which could be antagonized by PTPN1. (a, b) EIC50 values and relative proliferative capacities of PC9 vector,
CAPN1 and CAPN1 + PTPN1 cells were measured by CCK-8. Compared with PC9 vector, PC9 CAPN1 cells was *P < 0.05 or ***P < 0.001. Com-
pared with PC9 CAPN1, PC9 CAPN1 + PTPN1 cells was ##P < 0.05 or ###P < 0.001. ( ), PC9 Vector; ( ), PC9 CAPN1; ( ), PC9 CAPN1+PTPN1.
( ), Vector; ( ), CAPN1; ( ), CAPN1+PTPN1. (c, d) Colony formation abilities of PC9 Vector, CAPN1 and CAPN1 + PTPN1 cells were evalu-
ated by plate colony formation assay. **P < 0.01. ***P < 0.001. (e, f) Metastasis abilities of PC9 vector, CAPN1 and CAPN1 + PTPN1 cells were
tested by transwell migration and invasion assays. **P < 0.01. ***P < 0.001. (g) Phosphorylation of c-Met and PIK3R2 were tested via western blot
in PC9 vector, CAPN1 and CAPN1 + PTPN1 cells.
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Moreover, Krishnan et al.44 pointed out that the endogenous
hydrogen sulfide could phosphorylate ERK protein via sup-
pression of PTPN1. These studies indicate that PTPN1 is
related to the dephosphorylation and inactivation of tumor
associated proteins.
On account of potential values of CAPN1/PTPN1 on pro-

gression and EGFR-TKI resistance of LUAD, we intended to
reveal the expression characteristics and biological functions of
CAPN1/PTPN1 in LUAD. First, through bioinformatics
methods, CAPN1 was discovered to be significantly correlated
with endogenous c-Met and PIK3R2 instead of EGFR, and
overexpressed in LUAD, while its interactor PTPN1 was down-
regulated in LUAD. Kaplan-Meier analysis demonstrated higher
CAPN1 and lower PTPN1 is related to poor overall survival in
patients with LUAD. The results of qRT-PCR and IHC are
consistent with bioinformatics results; meanwhile, the expres-
sions of CAPN1/PTPN1 showed a significant difference
between tissues and cells with WT and mutated EGFR, which
indicated that the carcinogenesis compensation of WT EGFR
was bound up with superior CAPN1 and inferior PTPN1.
Therefore, we speculated that CAPN1/PTPN1 plays a crucial
role in EGFR-TKI resistance and cell malignant phenotypes by
activating EGFR bypass signal c-Met/PIK3R2. Next, we found
that PTPN1 was downregulated in ER cells, which suggested
PTPN1 may participate in ER of LUAD. Overexpression of
PTPN1 could suppress the phosphorylation of c-Met and
PIK3R2, enhance the sensitiveness to erlotinib, and inhibit cell
proliferation and metastasis in PC9 ER, instead in A549.
Although these trends were not consistent with previous
research results,27 it is probably due to the difference of gene
expression profile between ER cells and WT cells. On the other
hand, we observed that downregulating CAPN1 by shRNA
could reverse erlotinib resistance, dephosphorylate c-Met/
PIK3R2 and prolong PTPN1 expression in PC9 ER cells, while
augmenting CAPN1 could enhance erlotinib resistance, phos-
phorylated c-Met/PIK3R2 and accelerate the degradation of
PTPN1 in PC9 cells, as well as strengthen cell proliferation and
metastasis, but these effects could be antagonized by
upregulating PTPN1. These results indicated that CAPN1/
PTPN1, as novel regulatory factors of c-Met/PIK3R2, are
involved in cell proliferation, metastasis and EGFR-TKI resis-
tance in LUAD, but the binding sites of molecular interaction
and vivo functions still need to be defined. We will further eval-
uate the exact value of CAPN1/PTPN1 in the diagnostic
markers and treatment targets of LUAD through animal
models and molecular biological experiments to provide a new
basis for the clinical study of LUAD.
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