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SHIP1 inhibits cell growth, migration, and invasion in non-small
cell lung cancer through the PI3K/AKT pathway
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Abstract. Src homology 2-containing inositol-5'-phos-
phatase 1 (SHIPI1) serves a vital role in the occurrence and
development of hematological tumors, but there is limited
knowledge regarding the role of SHIP1 in various solid
tumors, including lung cancer. In the present study, the aim
was to investigate the expression and functional mechanisms
of SHIP1 in non-small cell lung cancer (NSCLC). The Gene
Expression Omnibus database demonstrated that SHIP1 had
low expression in NSCLC. Further studies using fresh tissues
and cell lines also confirmed this observation. Biological
function analyses revealed that SHIP1 overexpression notably
suppressed cell growth, migration and invasion in vitro
and in vivo in NSCLC. Mechanistic analyses indicated that
SHIP1 inactivated the phosphoinositide 3-kinase (PI3K)/AKT
pathway to suppress signals associated with the cell cycle
and epithelial-mesenchymal transition. In clinical specimens,
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reduced SHIPI is an unfavorable factor and is negatively asso-
ciated with the T classification, N classification and clinical
stage. Furthermore, patients with low SHIP1 levels exhibited
reduced survival rate, compared with patients with high levels
of the protein. Notably, the promoter of the SHIP1 gene lacks
CpG islands, and the suppression of SHIP1 expression is not
associated with epidermal growth factor receptor or Kirsten rat
sarcoma mutations. Thus, the present study demonstrated that
SHIP1 inhibits cell growth, migration and invasion in NSCLC
through the PI3K/AKT pathway. Additionally, reduced SHIP1
expression may be an unfavorable factor for NSCLC.

Introduction

The phospholipid bilayer is the basic scaffold of cell
membranes, and inositol phospholipids serve an important role
in cell transmembrane signal transduction in eukaryotes (1).
The abnormal expression or dysfunction of inositol kinases and
phosphatases are implicated in a number of human diseases,
including preeclampsia, inflammation and cancer (1-4). As
an inositol phosphatase, Src homology 2 domain-containing
inositol 5'-phosphatase (SHIP) is encoded by the inositol
polyphosphate-5-phosphatase D gene and was identified in
1996 (5,6). SHIP1 is primarily expressed in the hematopoietic
system (7), where it functions as a key regulator of immuno-
receptor signaling (8), a negative controller of hematopoietic
progenitor cell proliferation (9) and an inducer of cellular
apoptosis (10). In recent years, the abnormal expression or
activity of SHIP1 has been demonstrated to be involved in a
variety of diseases, including Alzheimer's disease (11), Crohn's
disease (12), diabetic kidney disease (13) and hematological
tumors (14).

As a hematopoietic-restricted phosphatidylinositol
phosphatase, SHIP1 serves a vital role in driving the occur-
rence and development of hematological tumors (10,14).
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SHIP1 downregulates PI3K-mediated signaling and
suppresses cell proliferation, differentiation, survival and
migration of hematopoietic cells (15). PI3K is a central
signal component for this major cell signaling pathway
and influences various cellular functions, including cell
proliferation, metastasis and apoptosis (16). Furthermore,
phosphatidylinositol-3,4,5-trisphosphate [PI(3,4,5)P3] is a
key PI3K-generated secondary messenger that is required for
PI3K pathway activity (17). Once activated by extracellular
stimuli, PI3K can quickly synthesize PI(3,4,5)P3, PI(3,4,5)
P3 is located on the plasma membrane and directly binds
and thereby recruits signaling proteins, including protein
kinase B (AKT) and phosphoinositide-dependent kinase 1
(PDK1) (16,18). The activation of these proteins initiates
more signaling cascades to induce various cellular func-
tions, including cell proliferation, migration and cell cycle
transition (19). SHIP antagonizes PI3K activity by dephos-
phorylating the key PI3K-generated secondary messenger
PI(3,4,5)P3, resulting in the suppression of cell prolifera-
tion, migration and cell cycle progression in hematological
tumors (15). Notably, recent research on SHIP1 is primarily
focused on hematological tumors (7,9,10,14,15), and there is
limited knowledge regarding the role of SHIPI in various
solid tumors, including lung cancer.

Lung cancer is one of the most common carcinomas
globally and is characterized by hidden onset, high malig-
nancy and potent invasion (20,21). Lung cancer represents
the leading cause of cancer-associated mortalities world-
wide, according to the epidemiological report published
in 2018 (20). As the most common type of lung cancer,
non-small cell lung cancer (NSCLC) accounts for ~85%
of all lung cancer types (21). Emerging evidence indicates
that NSCLC formation and progression is a multistage
process involving the activation of proto-oncogenes and the
inactivation of tumor suppressor genes (21,22). Thus, gene
therapy and small molecule inhibitors targeting epidermal
growth factor receptor (EGFR) have become the most preva-
lent approach for the treatment of NSCLC (22). However,
although EGFR-targeted therapy offers new hope to patients
with NSCLC, drug resistance has become increasingly
prominent (22). Recent studies have identified a number of
mechanisms of resistance to EGFR-tyrosine kinase inhibi-
tors (EGFR-TKIs), including secondary EGFR mutations,
the activation of alternative signaling pathways (Met and
hepatocyte growth factor), the aberrant activation of down-
stream pathways, including AKT mutations, and the loss
of suppressors, such as phosphatase and tensin homology
(PTEN) (21-25). PTEN and SHIP negatively regulate the
EGFR-mediated PI3K pathway (24,25), but the expression
pattern and functional mechanisms of SHIP1 in NSCLC
have not been investigated.

In the present study, it was demonstrated that SHIP1
expression is reduced in NSCLC and is associated with tumor
progression. However, no notable association with EGFR
and Kirsten rat sarcoma (KRAS) mutations was observed.
Furthermore, in the present study, it was determined that
SHIPI1 overexpression suppresses cell proliferation, migra-
tion, invasion and tumorigenicity via the PI3K/AKT pathway.
These data provide novel insights into the molecular function
of SHIP1 in NSCLC and solid tumors.
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Materials and methods

Cell culture and sample collection. The A549 and H1975 cell
lines were obtained from the American Type Culture Collection
(Manassas, VA, USA), and the SPCA-1 and 16HBE cell lines
were purchased from the Chinese Academy of Sciences Cell
Bank (Shanghai, China). These cells were confirmed to be free
of mycoplasma with a Polymerase Chain Reaction (PCR) kit
(cat. no. Myco-P-50; Shanghai Inflammation XI Biological
Technology Co., Ltd., Shanghai, China) (http://biothrive2016.
cnbio.net/) (26). A549 cells were cultured in Dulbecco's
modified Eagle's medium (DMEM; Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) supplemented with 10%
fetal bovine serum (FBS; Shanghai ExCell Biology, Inc.,
Shanghai, China). SPCA-1 and H1975 cells were cultured in
RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc.)
supplemented with 10% FBS. Additionally, 16HBE cells, an
immortalized human bronchial epithelial cell line, were grown
in DMEM supplemented with 20% FBS. All cells were incu-
bated in a humidified chamber with 5% CO, at 37°C.

To examine the expression of SHIP1 mRNA in NSCLC
tissues, a total of 26 surgically-resected fresh primary lung
adenocarcinoma tissues and paired normal lung tissues were
obtained from the Third Affiliated Hospital of Kunming
Medical University (Kunming, China). Clinical protocols
were approved by the Ethics Committees of the Third
Affiliated Hospital of Kunming Medical University, and
patients provided informed consent. The tissue array included
146 NSCLC tissues (68 paraffin-embedded primary adenocar-
cinoma specimens and 78 squamous carcinoma specimens)
and 59 normal specimens, was obtained from Shanghai Outdo
Biotech Co., Ltd. (Shanghai, China). Patients with a diagnosed
relapse, as well as those who received preoperative radiation,
chemotherapy or biotherapy were excluded. Demographic and
clinical data were obtained from the patients' medical records.

RNA isolation, reverse transcription-PCR (RT-PCR),
RT-quantitative PCR (RT-qPCR), and primers. Analysis of
relative gene expression data was conducted using RT-qPCR
and the 2“9 method (27). Total RNA isolation, RT-PCR
and RT-qPCR were performed as described in our previous
study (28). SHIP1-specific primers sequences were as follows:
Sense, S"TTTACGTGATCGGCACCCAA-3"; and antisense,
5'-GTGGCTGTTGACGAACCCTA-3'. ADP ribosylation
factor 5 was used as an internal control based on the following
primers: Sense, 5'-ATCTGTTTCACAGTCTGGGAC
G-3"; and antisense, 5'-CCTGCTTGTTGGCAAATACC-3".
Experiments were performed according to the instructions
of a RT-qPCR kit (RR064A; Takara Bio, Inc., Otsu, Japan).
The RT-qPCR reactions for each sample were repeated thrice.
Independent experiments were performed in triplicate.

Western blot analysis, reagent and antibodies. Western
blot analysis was performed as previously described (28),
using: Anti-SHIP1 (cat. no. 19694-1-AP), a-tubulin
(cat. no. 11224-1-AP; internal control) and KRAS
(cat. no. 12063-1-AP) antibodies (1:1,000; ProteinTech Group,
Inc., Chicago, IL, USA); anti-cyclin D1 (cat. no. ab134175),
cyclin dependent kinase 4 (CDK4; cat. no. abl08357), CDK6
(cat.no.ab124821), EGFR (cat. no. ab52894), phospho(p)-EGFR
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(cat. no. ab40815), AKT (cat. no. ab8805) and p-AKT (Serd73;
cat. no. ab18206) antibodies (1:1,000; Abcam, Cambridge,
MA, USA); and anti-Vimentin (cat. no. 5741), B-catenin
(cat. no. 8480), N-cadherin (cat. no. 13116) and E-cadherin
(cat. no. 3195) antibodies (1:1,000; Cell Signaling Technology,
Inc., Danvers, MA, USA). Horseradish peroxidase-conjugated
anti-rabbit/mouse IgG antibodies were used as the secondary
antibodies (1:8,000; Cell Signaling Technology, Inc.). Signals
were detected using enhanced chemiluminescence reagents
(EMD Millipore, Billerica, MA, USA). Recombinant human
EGF (cat. no. PHG0311) was purchased from Gibco (Thermo
Fisher Scientific, Inc.) and dissolved in PBS and stored
at -20°C. The usage concentration of EGF was 100 ng/ml.
LY294002, an inhibitor of the PI3K/AKT pathway, which was
used to inactivate the PI3K/AKT signals in the present study,
was purchased from Beyotime Institute of Biotechnology
(Haimen, China).

Inhibition of the PISK/AKT pathway. To analysis the effect
of PI3K/AKT pathway on cell proliferation and metastasis,
LY294002 was added to DMEM at a final concentration of
20 uM. Untreated A549 cells were taken as the control group
and the treated cells as the suppression group. After culturing
for 48 h in a humidified chamber with 5% CO, at 37°C, the cell
cycle- and EMT-associated factors were analyzed by western
blot analysis, according to the aforementioned protocol.

Lentivirus and plasmid production, infection and transient
transfection. SHIP1 plasmid or control vectors containing
green fluorescence protein that could be packaged for recombi-
nant lentivirus were purchased from TranSheepBio (Shanghai,
China). Lentiviral particles carrying full-length hsa-SHIP1
vector and their flanking control (NC) were constructed.
Subsequently, A549 and SPCA-1 cells were infected with
lentiviral vector as described in our previous study (28). The
transient transfection of plasmid was performed as described
previously (26).

MTT assay. Cell proliferation was assessed using MTT as
previously described (29). The cells were seeded at a density
of 3x10° cells/well for 4 days. For each experimental condition,
five parallel wells were assigned to each group. Experiments
were performed in triplicate.

Cell cycle analysis. Cell cycle examination was performed as
previously described (30). NSCLC cells were cultured for 24 h
with serum-free DMEM. Subsequently, the SHIP1 and control
plasmids were separately transfected into NSCLC cells for
48 h, and the DNA content of labeled cells was measured using
a BD FACSCanto™ II Flow Cytometer (BD Biosciences;
Beckon, Dickinson and Company, Franklin Lakes, NJ, USA)
and analyzed with ModFit LT software version 3.2 (Verity
Software House, Inc., Topsham, ME, USA).

Cell migration and invasion assays. In vitro cell migration
and invasion assays were examined according to our previous
study (28). For Transwell assays, 1x10° cells in a 100 ul
DMEM without serum were seeded on a fibronectin-coated
polycarbonate membrane insert in a Transwell apparatus
(Corning, Inc., Corning, NY, USA). In the lower surface,
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500 u1 DMEM with 10% FBS was added as chemoattractant.
After the cells were incubated for 10 h at 37°C in a 5% CO,
atmosphere, Giemsa stained cells adhering to the lower surface
were counted under an optical microscope (DMI 4000B;
Leica GmbH, Wetzlar, Germany) in five predetermined fields
(x100 magnification). All assays were independently repeated
at least thrice. For Boyden assays, the procedure was similar to
the cell migration assay, except that the Transwell membranes
were pre-coated with 24 pg/ml Matrigel (R&D Systems, Inc.,
Minneapolis, MN, USA).

In vivo tumorigenesis and metastasis assays. In vivo tumori-
genesis in nude mice was performed based on our previous
study (28), and a total of 24 mice were purchased from
Experimental Animal Center of Kunming Medical University.
Mice were maintained in a barrier facility on high efficiency
particulate air-filtered racks, which is a specific pathogen-free
animal facility with a light/dark cycle of 12/12 h, temperature
of 22+2°C, humidity of 50+10%, and had unlimited access to
irradiated food and sterilized water. D-Hank's solution was
prepared with sodium chloride (8 g), potassium chloride (0.4 g),
potassium dihydrogen phosphate (0.06 g), sodium bicarbonate
(0.35 g) and disodium hydrogen phosphate dodecahydrate
(0.15 g) in 1,000 ml distilled water. Subsequently, a total of
5x10° logarithmically-growing stable SHIPI-overexpressing
or control A549 cells in 0.1 ml D-Hank's solution were
subcutaneously inoculated into the left-right symmetric flank
of 4- to 6-week-old female BALB/c-nu/nu mice (n=6/group).
Tumor volumes were measured every 3 days. When the largest
tumor diameter reached 1.5 cm or progressive tumor growth
was evident, the mice were sacrificed by cervical dislocation
and tumors were excised and weighed. All animal studies
were approved by the Animal Research and Care Committee
of Kunming Medical University (Kunming, China).

In vivo metastasis assays were performed according to our
previousstudy (31). A total of 5x10% stable SHIP1-overexpressing
or control A549 cells were injected under the liver capsule
of 4- to 6-week-old female BALB/c-nu/nu mice (n=6 for
SHIP1-overexpressing group or control group). The optical
fluorescence images (x1) were visualized to monitor primary
tumor growth and formation of metastatic lesions by Living
Image Software (version 2.50; PerkinElmer, Inc., Waltham,
MA, USA). After 40 days, all mice were sacrificed by cervical
dislocation. Livers were removed, and metastatic tissues were
analyzed by hematoxylin and eosin staining according to our
previous study (28).

Immunohistochemistry. Immunohistochemistry was
performed based on our previous study (28). The tissues
were fixed in 10% formalin within 48 h at room temperature
and embedded in paraffin. Paraffin sections (4 ym) from
samples were deparaffinized in 100% xylene and rehydrated
in descending ethanol series (100, 100, 95, 85, 80 and 75%)
and water. Heat-induced antigen retrieval was performed in
10 mM citrate buffer (cat. no. MVS-0100; Fuzhou Maixin
Biotech Co., Ltd., Fuzhou, China) for 2 min at 100°C.
Endogenous peroxidase activity and non-specific antigens
were blocked with peroxidase blocking reagent containing
3% hydrogen peroxide and goat serum (cat. no. SP KIT-B3;
Fuzhou Maixin Biotech Co., Ltd.), followed by incubation with
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a SHIP1 antibody (1:500; ProteinTech Group, Inc.) overnight
at 4°C. After washing 3 times, sections were incubated with
undiluted rabbit secondary antibodies from a Dako REAL
EnVision detection system/Horseradish Peroxidase for
rabbit/mouse secondary antibodies kit (cat. no. k5007; DAKO;
Agilent Technologies, Inc., Santa Clara, CA, USA) for 30 min
followed by streptavidin-conjugated horseradish peroxidase
for 30 min at 37°C. The peroxidase reaction was developed
using 3,3-diaminobenzidine (DAB) chromogen solution with
DAKO. Sections were visualized with DAB, counterstained
with hematoxylin for 2 min at room temperature, mounted
in neutral gum and analyzed using an optical microscope
(DMI 4000B; Leica GmbH).

Evaluation of staining. Stained tissue sections were reviewed
and scored independently by two investigators blinded to the
clinical data. The score was based on the sum of staining
intensity and the percentage of stained cells. The staining
intensity was scored as previously described (0-3) (28), and the
percentage of positive staining areas of cells was defined as a
scale of 0-3 (0, <10%; 1, 10-25%; 2, 26-75%; and 3,>76%). The
sum of the staining intensity and staining extent scores (0-6)
was used as the final staining score. For statistical analysis,
a final staining score of 0-2 and 3-6 were considered to be
negative and positive expression levels, respectively.

Use of database. To assess the expression of SHIP1 in NSCLC,
Affymetrix HG-U133_Plus_2 array data were extracted from
Gene Expression Omnibus (GEO) (https:/www.ncbi.nlm.nih.
gov/gds/?term). The GSE19188 dataset (32) was included in the
present study and the genome-wide gene expression analysis
from 91 NSCLC and 65 normal lung tissue samples were
extracted. To analyze the association between SHIP1 expres-
sion and EGFR/KRAS mutations in NSCLC, the GSE75037
dataset (33) which used Illumina WG6-V3 expression arrays
to profile the gene expression signature in 83 lung adenocar-
cinomas and 83 matched adjacent non-malignant lung tissues,
was included in the present study. To investigate the prognostic
effect of SHIP1 on patients with NSCLC, the Kaplan-Meier
Plotter database (http://kmplot.com/analysis/index.
php?cancer=lung&p=service) was use to predict the overall
survival rates. To analyze whether low SHIP1 expression results
from SHIP1 promoter methylation, the EMBOSS Cpgplot
(http://www.ebi.ac.uk/Tools/seqstats/emboss_cpgplot/) was
use to predict the CpG islands in the SHIP1 promoter.

Statistical analysis. All data were independently repeated
in triplicate. SPSS 13.0 (SPSS, Inc., Chicago, IL, USA) and
Graph Pad Prism 5.0 software (GraphPad Software, Inc.,
La Jolla, CA, USA) were used for statistical analysis. Data
are expressed as the mean + standard deviation from at least
3 independent experiments. Student's t-test was employed
for analysis between two groups, one-way analysis of vari-
ance with post hoc contrasts by Dunnett's test was employed
for analysis between 3 groups, and a parametric generalized
linear model with random effects was employed for analysis
of tumor growth and MTT assay results. Analysis of SHIP1
expression in 26 fresh primary NSCLC tissues and 83 lung
adenocarcinoma tissues (GSE75037) were performed using
a paired-samples Student's t-test. The x* test was used to
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determine the differences in SHIP1 protein expression between
NSCLC tissues and non-cancerous lung tissues. Survival anal-
ysis was performed using the Kaplan-Meier method with the
log-rank test. A multivariate Cox proportional hazards method
was used to analyze the association between the variables and
patient's survival time. P<0.05 was considered to indicate a
statistically significant difference.

Results

SHIPI is downregulated in NSCLC. To assess the expres-
sion of SHIPI in NSCLC, Affymetrix HG-U133_Plus_2
array data were extracted from the GEO GSE19188 dataset.
The genome-wide gene expression analysis from 91 NSCLC
and 65 that normal lung tissue samples was included in the
GSE19188 dataset. SHIP1 expression was analyzed in these
samples and it was determined that SHIP1 expression was
significantly reduced in NSCLC samples, compared with
normal lung tissues (Fig. 1A). Furthermore, RT-qPCR was
used to detect SHIP1 mRNA levels in 26 fresh primary
NSCLC and paired adjacent normal lung tissues. Consistently,
mean SHIP1 mRNA levels were significantly reduced in
NSCLC tissues, compared with the paired adjacent normal
lung tissues (Fig. 1B). A panel of human NSCLC cell lines
was also analyzed for SHIP1 expression. Compared with the
immortalized human bronchial epithelial cell line 16HBE,
SHIP1 mRNA and protein expression were notably reduced in
NSCLC cell lines (Fig. 1C and D).

SHIPI inhibits NSCLC cell proliferation in vitro and in vivo.
To assess SHIP1's biological functions in NSCLC, a SHIP1
inducible plasmid was used to upregulate SHIP1 expression in
3 NSCLC cell lines, and the results demonstrated that SHIP1
mRNA and protein were notably overexpressed in A549 and
SPCA-1 cells, but in H1975 cells, only SHIP1 mRNA was
notably overexpressed (Fig. 1E); thus, SHIP1-overexpressing
A549 and SPCA-1 cells were the appropriate cell models for
the following experiments. Cell growth was assessed using
MTT assays. These assays demonstrated that the induction
of SHIPI expression from the plasmid significantly inhibited
cell viability, compared with cells transfected with control
plasmid (Fig. 2A). To clarify the influence of SHIP1 on cell
cycle progression, NSCLC cells were grown for 24 h in
serum-free DMEM medium. Subsequently, SHIP1 and control
plasmids were separately transfected into NSCLC cells for
48 h. Flow cytometry was used to detect DNA content and
demonstrated that the G1/S cell cycle phase transition was
significantly inhibited by SHIP1 overexpression in A549 and
SPCA-1 cells (Fig. 2B). To determine the effect of SHIP1 on the
growth of NSCLC cells in vivo, an in vivo tumorigenesis study
was established by inoculating stable SHIP1-overexpressing
or control A549 cells into nude mice. Tumor volumes were
measured every 3 days, and the growth curves were gener-
ated to assess tumor growth rates. A total of 3 weeks after
injection, the mice were sacrificed and the tumors were
weighed. The tumor growth curves revealed that the tumor
growth rate of the SHIP1-overexpression group was notably
reduced, compared with the control group. Furthermore,
the mean tumor weights of the SHIP1-overexpression group
were significantly reduced, compared with the control group
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Figure 1. SHIP1 is downregulated in NSCLC. (A) Data extracted from Gene Expression Omnibus GSE19188 revealed that SHP1 has reduced expression levels
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(1.156+0.112 vs. 0.448+0.122 g; Fig. 2C). These results
supported the hypothesis that SHIP1 significantly inhibits cell
growth in vitro and in vivo.

SHIPI inhibits NSCLC cell metastasis in vitro and in vivo.
To assess the metastasis effect of SHIP1 in NSCLC cells,
the Transwell and Boyden chamber assays were used.
SHIPI1-overexpressing cells and control cells were cultured
in a Transwell apparatus or Boyden chambers coated with

Matrigel for 10 h. Subsequently, migrated cells were counted,
and the number of migrating cells in the SHIP1-overexpressing
group was significantly reduced, compared with the control
group (Fig. 3A and B). To further assess the effect of SHIP1 on
NSCLC metastasis in vivo, intrahepatic metastasis assays were
performed by inoculating stable SHIP1-overexpression or
control A549 cells under the liver capsule of mice, and fluores-
cent image detection was used to confirm intra-hepatic tumor
dissemination. Additionally, intra-hepatic dissemination in the
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Figure 2. SHIP1 inhibits NSCLC cell proliferation in vitro and in vivo. (A) SHIP1 overexpression reduced NSCLC cell growth in vitro as assessed with an MTT
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SHIP1-overexpressing group was notably reduced, compared
with the control group (Fig. 3C). The aforementioned results
indicate that SHIP1 inhibits NSCLC cell metastasis in vitro
and in vivo.

SHIPI suppresses PISK/AKT-mediated cell cycle and
epithelial-mesenchymal transition (EMT) signals. To
further investigate the mechanism by which SHIP1 func-
tions as a tumor suppressor in NSCLC, the protein levels
of cell cycle- and EMT-associated genes were examined
in SHIP1-overexpression and control cells. Cyclin D1 and

CDK4/6 levels were reduced in SHIP1-overexpression cells,
indicating that SHIP1 suppresses the association between
cyclin D1 and CDK4/6 (Fig. 4A). The EMT-associated
protein E-cadherin was increased in SHIP1-overexpression
cells, compared with control cells, whereas N-cadherin
and Vimentin levels were downregulated by SHIP1. These
results indicate that SHIP1 regulates NSCLC metastasis via
EMT-associated proteins (Fig. 4B). Further pathway analysis
revealed that SHIP1 overexpression notably reduced [3-catenin
and p-AKT levels but not AKT, KRAS, EGFR and p-EGFR
levels (Fig. 4C), indicating that as an antagonizer of PI3K
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Figure 3. SHIP1 inhibits NSCLC cell metastasis in vitro and in vivo. (A) SHIP1 upregulation reduced NSCLC cell migration in vitro by Transwell assay.
Student's t-test, “P<0.05. (B) SHIP1 upregulation reduced NSCLC cell invasion in vitro by Boyden assay. Student's t-test, ‘P<0.05. (C) Intrahepatic metastasis
assays were performed by inoculating stable SHIP1-overexpressing or control A549 cells under the liver capsule of mice, and external optical fluorescence
images of liver were obtained 40 days after injection. The livers were observed under a microscope (x1 magnification). Representative images of H&E staining
of metastatic cancer tissues are presented. Scale bars, 25 ym. Data are presented as the mean + standard deviation for 3 independent experiments. M, metastatic
cancer tissue; H&E, hematoxylin and eosin; SHIP1, Src homology 2-containing inositol-5'-phosphatase 1; NSCLC, non-small cell lung cancer; NC, control;

GFP, green fluorescence protein.

activity, SHIP1 suppresses PI3K-mediated downstream path-  PI3K/AKT pathway in SHIP1-overexpressing cells (Fig. 4D).
ways. Furthermore, f-catenin, cyclin DI and CDK6 levels  Subsequently, LY294002, an inhibitor of the PI3K/AKT
were gradually restored when using EGF to activate the pathway, was used to inactivate the PI3K/AKT pathway in
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Figure 4. SHIP1 suppresses PI3K/AKT-mediated cell cycle and EMT signals. (A) Expression of the cell cycle-associated proteins cyclin D1, CDK4 and
CDKG6 in SHIP1-overexpressing NSCLC and control cells. (B) SHIP1 upregulation reduced the expression of EMT-associated proteins, including Vimentin
and N-cadherin, and increased the expression of E-cadherin. (C) In NSCLC cells, upregulated SHIP1 inhibited -catenin and p-AKT levels, but not EGFR,
p-EGFR and KRAS levels. (D) SHIP1-overexpressing A549 cells were treated with EGF (100 ng/ml) for different times to activate EGFR phosphorylation,
and cellular EGFR, p-EGFR, B-catenin, cyclin D1 and CDK®6 levels were assessed by western blot analysis. (E) A549 cells were treated with LY294002 to
inactivate the PI3K/AKT pathway, and cellular -catenin, cyclin D1, CDK6 and E-cadherin levels were assessed by western blot analysis. a-Tubulin served as
an internal control. All of the experiments were repeated at least thrice. CDK, cyclin dependent kinase; p-, phospho-; EMT, epithelial-mesenchymal transition;
PI3K, phosphoinositide 3-kinase; SHIP1, Src homology 2-containing inositol-5'-phosphatase 1; NSCLC, non-small cell lung cancer; NC, control; EGFR,

epidermal growth factor receptor.

A549 cells and detect the levels of its downstream cell cycle-
and EMT-associated factors. The results demonstrated that
[B-catenin, cyclin D1, and CDKG6 levels were decreased, but the
E-cadherin level was increased (Fig. 4E). Collectively, these
results indicate that SHIP1 suppresses PI3K/AKT-mediated
cell cycle and EMT signals to inhibit cell proliferation and

metastasis in NSCLC.

Pathoclinical characteristics of SHIPI expression in NSCLC.
Immunohistochemistry was performed to examine SHIP1
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protein expression in 146 NSCLC tissues and 59 non-cancerous
and significant downregulation of SHIP1 was
NSCLC tissues, compared with non-cancerous
(Fig. 5A and B; Table I). Clinical characteristics
associated with SHIP1 were analyzed, revealing that low
SHIP1 expression was significantly negatively associated
with American Joint Committee on Cancer (AJCC) clinical
stage (AJCC 8th stage system) (34) (P=0.009), T classifica-
tion (P=0.028), and N classification (P=0.043), but no other
ures (Table II). Kaplan-Meier survival analysis

lung tissues,

observed in
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Figure 5. SHIP1 downregulation is an unfavorable factor in NSCLC. (A) Immunohistochemistry staining of SHIP1 in non-cancerous lung tissues.
(A-a) Positive SHIP1 staining. (A-b) Negative SHIP1 staining. (B) Immunohistochemistry staining of SHIP1 in NSCLC samples. (B-a) Positive SHIP1
staining. (B-b) Negative SHIP1 staining. (C) Overall survival rates were analyzed by Kaplan-Meier survival analysis in patients with NSCLC based on SHIP1
expression. (D) Overall survival rates were predicted using the Kaplan-Meier plotter database. SHIP1, Src homology 2-containing inositol-5'-phosphatase 1;

NSCLC, non-small cell lung cancer.

Table I. The expression of SHIP1 in non-small cell lung cancer, compared with non-cancerous lung tissues.

SHIP1 expression

Group Cases (n) Negative (%) Positive (%) P-value
Cancer 146 101 (69.2) 45 (30.8) <0.001
Non-cancerous 59 11 (18.6) 48 (81.4)

SHIP1, Src homology 2-containing inositol-5'-phosphatase 1.

revealed that patients with NSCLC with low SHIP1 expres-
sion exhibited significantly reduced overall survival
rates (Fig. 5C). Consistently, the prediction analysis of micro-
arrays and constructed Kaplan-Meier plots from Kaplan-Meier
Plotter database (http://kmplot.com/analysis/index.
php?cancer=lung&p=service) also revealed similar overall
survival rates (Fig. 5D).

Further univariate and multivariate Cox regression analyses
were performed to assess independent prognostic factors in
patients with NSCLC. It was observed that SHIP1 expression

levels and AJCC stage were significantly associated with overall
survival rate. Patients with low SHIP1 levels exhibited signifi-
cantly reduced survival, compared with patients with high
levels, and patients with advanced AJCC stage exhibited signifi-
cantly reduced survival, compared with those with early stage
disease (Table III). Collectively, these observations indicate that
low SHIP1 expression is a negative prognostic factor in NSCLC.

The SHIPI promoter lacks methylation sites. Emerging
research indicates that hypermethylation of CpG islands in
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Table II. Association between the clinicopathologic factors and expression of SHIP1 in non-small cell lung cancer.

SHIP1 expression

Factors n Negative (n) Positive (n) P-value
Sex 0.661
Male 101 71 (70.3%) 30 (29.7%)
Female 45 30 (66.7%) 15 (33.3%)
Age (years) 0.512
<60 71 48 (67.6%) 23 (32.4%)
>60 73 53 (72.6%) 20 (27.4%)
Unknown 2 0 2
Pathology 0.708
Squamous carcinoma 78 55 (70.5%) 23 (29.5%)
Adenocarcinoma 68 46 (67.6%) 22 (32.4%)
T classification® 0.028°
T, 23 11 (47.8%) 12 (52.2%)
T, 103 72 (69.9%) 31 (30.1%)
T, 18 16 (88.9%) 2 (11.1%)
T, 2 2 (100%) 0
N classification® 0.043*
N, 63 38 (60.3%) 25 (39.7%)
N, +N,+N, 83 63 (75.9%) 20 (24.1%)
Clinical stage® 0.009*
I 33 18 (54.5%) 15 (45.5%)
I 88 60 (68.2%) 28 (31.8%)
III 25 23 (92%) 2 (8%)

1P<0.05. *American Joint Committee on Cancer 8th stage system (34). SHIP1, Src homology 2-containing inositol-5'-phosphatase 1.

Table III. The univariate and multivariate Cox regression analysis of overall survival time.

Univariate analysis Multivariate analysis

Factors P-value HR 95% CI P-value HR 95% CI
Sex

Male vs. female 0.407 1.322 0.683-2.557 - - -
Age (years)

<60 vs.>60 0.546 1.172 0.701-1.960 - - -
T classification®

T,+T, vs. T5+T, 0.789 0.923 0.511-1.665 - - -
N classification®

N vs. N +N,+Nj; 0.923 1.022 0.655-1.595 - - -
Pathology®

Squamous carcinoma <0.001* 0.313 0.167-0.586 <0.001* 0.345 0.196-0.606

vs. adenocarcinoma
Stage®

I+ vs. IIT <0.001* 3.692 1.783-7.644 <0.001* 3.515 2.176-5.678
SHIP1 expression

Positive vs. negative 0.008* 2.361 1.255-4.444 0.007* 2.352 1.262-4.384

*P<0.05."American Joint Committee on Cancer 8th stage system (34). HR ,hazardratio; CI,confidence interval; SHIP1,Src homology 2-containing
inositol-5'-phosphatase 1.
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Figure 6. The SHIP1 promoter lacks methylation sites. (A) The ratio of CpG ,/CpGey, (CPGpserved/ CPGexpeciea) in the SHIP1 promoter based on the EMBOSS
Cpgplot database. (B) The content of (G+C) (%GC) in the SHIP1 promoter was predicted using the EMBOSS Cpgplot database. (C) CpG islands in the SHIP1
promoter were predicted using the EMBOSS Cpgplot database. SHIP1, Src homology 2-containing inositol-5'-phosphatase 1.

gene promoters frequently results in transcriptional silencing
of genes (35). To analyze whether low SHIP1 expression
results from SHIP1 promoter methylation, bioinformatics
was used to predict CpG islands in the SHIP1 promoter.
CpG islands are defined as sequences >200 bp in length with
a (G+C) (%GC) content >50% and a ratio of CpG dinucleotide
frequencies (CpG,,/CpG,,,) >0.6 (36). EMBOSS Cpgplot
(http://www.ebi.ac.uk/Tools/seqstats/emboss_cpgplot/) results
predicted that no CpG islands were observed in the SHIP1
promoter (Fig. 6A-C), indicating that reduced SHIP1 expres-
sion in NSCLC is not associated with its promoter methylation.

Reduced SHIPI expression is not associated with EGFR or
KRAS mutations. To analyze the association between SHIP1
expression and EGFR/KRAS mutations in NSCLC, the gene
expression signature of 83 matched pairs of lung adenocar-
cinomas and non-malignant adjacent tissue from GSE75037
were analyzed using Illumina WG6-V3 expression arrays.
SHIP1 gene expression information was extracted and it was
determined that the SHIP1 gene has significantly reduced
expression in lung adenocarcinomas tissues, compared with
non-malignant adjacent tissues (Fig. 7A). SHIP1 expression
is progressively lost during tumor progression (Fig. 7B).
Additionally, the association between SHIP1 expression and
EGFR/KRAS mutations was further analyzed and it was
determined that no significant differences were observed
between the EGFR/KRAS-mutated tissues and wild-type
tissues (Fig. 7C-E). Collectively, these results indicated that
reduced SHIPI expression is not associated with EGFR or
KRAS mutations in NSCLC.

Discussion

The aberrant expression of SHIP1 has been observed in various
diseases, including malignant tumors (11-14). The investiga-
tion of SHIPI in tumors is limited to hematological tumors,
where SHIP1 was identified as a suppressor of the occurrence
and development of hematological tumors by inhibiting
hematopoietic cell proliferation and metastasis (15). SHIP1
downregulation was observed in acute myeloid leukemia and
associated with poor survival rates (9). However, the role of
SHIP1 in solid tumors remains poorly understood.

As the leading cause of cancer-associated mortalities
globally, according to the epidemiological report published
in 2018 (20), lung cancer has been a hotly pursued area of
cancer research. However, the expression and roles of SHIP1
in NSCLC remain unclear. In the present study, it was deter-
mined that SHIP1 gene expression was reduced in NSCLC
tissues, compared with normal lung tissues, based on GEO
database analysis. Furthermore, SHIP1 levels are progressively
reduced during tumor progression. Additionally, RT-qPCR
and western blot analysis also revealed that SHIPI mRNA
and protein levels were reduced in NSCLC tissues and cell
lines. These results strongly support the hypothesis that SHIP1
serves a vital role in NSCLC.

Functional analysis revealed that SHIP1 inhibits cell
proliferation, invasion and migration of NSCLC in vitro and
in vivo. Furthermore, flow cytometry detection revealed G1-S
phase arrest upon SHIP1 overexpression. Mechanistically,
reductions in G1-S phase-associated proteins cyclin D1, CDK4
and CDK6, and EMT-associated proteins N-cadherin and
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Figure 7. SHIP1 downregulation is not associated with EGFR or KRAS mutations. (A) SHIP1 gene expression was analyzed in 83 matched pairs of lung
adenocarcinoma and non-malignant adjacent tissues from Gene Expression Omnibus GSE75037. Paired-sample Student's t-test, P=0.001. (B) SHIP1 expres-
sion is progressively lost during tumor progression with American Joint Committee on Cancer 8th stage system (34). One-way ANOVA, P=0.0052; Dunnett-t
test (P=0.0491 for I vs. II; P=0.0335 for II vs. III+IV). (C) The association between SHIP1 expression and EGFR mutations. Student's t-test, P>0.05. (D) The
association between SHIP1 expression and KRAS mutations. Student's t-test, P>0.05. (E) The association between SHIP1 expression and EGFR or KRAS
mutations. One-way ANOVA, P>0.05. ANOVA, analysis of variance; KRAS, Kirsten rat sarcoma; EGFR, epidermal growth factor receptor; NS, not signifi-
cant; WT, wild-type; MT, mutated; SHIP1, Src homology 2-containing inositol-5'-phosphatase 1; N, normal; T, tumor.

Vimentin were observed in SHIP1-overexpression NSCLC
cells, whereas the EMT antagonistic factor E-cadherin was
increased. The cell cycle and EMT are the key pathways
involved in tumor cell growth and metastasis (37,38). These
results demonstrated that SHIP1 inhibits cell proliferation and
metastasis via cell cycle- and EMT-associated proteins.

The PI3K/AKT pathway is a key signal mediator during
cell cycle transitions (39) and promotes the progression
of the EMT (26). As an antagonist of PI3K activity (15),
SHIP1 suppresses PI3K-mediated downstream pathways

by dephosphorylating the key PI3K-generated secondary
messenger in hematological tumors and a number of non-malig-
nant diseases, including acute myelocytic leukemia and diabetic
kidney disease (9,13). In the present study, it was determined
that B-catenin and p-AKT levels, but not AKT, KRAS, EGFR
and p-EGFR levels, were reduced in SHIP1-overexpressing
NSCLC cells, indicating that PI3K/AKT are downstream
factors of SHIP1. Furthermore, EGF was used to activate the
PI3K/AKT pathway in SHIP1-overexpressing NSCLC cells,
and it was determined that -catenin, cyclin D1 and CDK6
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levels were restored. These data support the hypothesis that
SHIP1 dephosphorylates the key PI3K-generated secondary
messenger to inactivate the PI3K/AKT pathway, and the down-
stream cell cycle and EMT pathway, ultimately inducing the
inhibition of cell growth and metastasis in NSCLC.

Previous studies reported that SHIP1 levels were signifi-
cantly reduced in acute myeloid leukemia tissues and has
been implicated as a suppressor of hematopoietic transforma-
tion (40), but the association between SHIP1 expression and
pathoclinical characteristics of hematopoietic tumors remains
unclear. In the present study, it was observed that SHIP1 was
negatively associated with AJCC clinical stage, T classifica-
tion and N classification. Notably, low SHIP1 expression acts
as a negative prognostic factor in patients with NSCLC.

As an important modification of proteins and nucleic acids,
methylation of CpG islands in gene promoters frequently
results in silencing of suppressor genes (41). The methylation
rates of the CpG sites in the upstream region of SHIP1 exon
1 did not significantly differ between Alzheimer's disease and
control subjects (42). However, SHIP1 promoter methylation
levels were not reported. In the present study, bioinformatics
was used to predict CpG islands in the SHIP1 promoter and it
was determined that the SHIP1 promoter lacks CpG islands,
indicating that the reduced expression of SHIP1 in NSCLC
was not associated with the methylation of its promoter.

EGFR and KRAS mutations are frequently exhibited
in patients with NSCLC, particularly in patients with lung
adenocarcinoma (43). EGFR-TKIs have become a key
treatment for patients with NSCLC with different EGFR
mutations (44); however, drug resistance is becoming
increasingly prominent (22). Recent research has identified the
dysregulationofdownstreampathways,includinglossofsuppres-
sors, as a mechanism of resistance (23). In the present study,
the association between SHIP1 expression and EGFR/KRAS
mutations was analyzed in NSCLC and it was determined that
reduced SHIP1 expression was not associated with EGFR or
KRAS mutations in NSCLC.

The present data demonstrated that SHIP1 is suppressed in
NSCLC and inhibits cell proliferation, migration, invasion and
tumorigenicity via the PI3K/AKT pathway. Furthermore, the
downregulation of SHIP1 exhibits no notable association with
EGFR and KRAS mutations. Thus, SHIP1 may be considered
as a tumor suppressor, and low SHIP1 expression is a poor
prognostic factor in NSCLC.
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