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the protein kinase B/extracellular signal-regulated kinase
1/2-glycogen synthase kinase 3p-p-catenin/Snail axis
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Background: Tumor necrosis factor-o-induced protein 8-like 3 (TINFAIPS8L3, also called TIPE3) has been
shown to activate PI3K-AKT and MEK-ERK pathways. However, the roles of TIPE3 in progression of lung
cancer are largely unknown.

Methods: Immunohistochemistry and western blotting were carried out to analyze the expression of TIPE3
in lung cancer clinical tissues and cells. TIPE3-overexpressing and knock-down NSCLC cell lines were
established by transfer of TIPE3 coding sequence and shRNA, respectively. I vitro functional assays were
performed to assess the effects of TIPE3 on proliferation and metastasis of NSCLC cells. Tumor xenograft
mouse model was used to examine the roles of TIPE3 in growth of NSCLC cells iz vivo. Western blotting,
immunofluorescence, and immunohistochemistry were conducted to evaluate the association of TIPE3 and
molecules related to AKT/ERK1/2-GSK3B-B-catenin/Snail pathway. PI3K, MEK, or GSK3p kinase and
proteasome inhibition assays as well as B-Trcp and STUB1 siRNA assays were employed to determine the
contribution of AKT/ERK1/2-GSK3p signaling and ubiquitin-proteasome pathway to the regulatory effects
of TIPE3 on expression of B-catenin, Snaill, and Slug.

Results: We demonstrated that TIPE3 was elevated in lung cancer tissues and cells. The expression level
of TIPE3 was positively correlated with malignant clinicopathological characteristics of lung cancer patients,
such as tumor size, pathologic stage, and lymph node metastasis. Knockdown of TIPE3 suppressed the
proliferation and growth of NSCLC cells as well as their migration and invasion ability, whereas TIPE3
overexpression facilitated these biological processes. Mechanistic data showed that TIPE3 promoted AKT
and ERK1/2 signaling, inactivated GSK3p activity, and enhanced the expression and transcriptional activity
of B-catenin, Snaill, and Slug in NSCLC cells. Kinase or proteasome inhibition and p-Trcp or STUBI
knockdown assays further revealed that TIPE3 upregulated B-catenin, Snaill, and Slug via the AKT/
ERK1/2-GSK3p pathway, in an ubiquitin-proteasome-dependent manner. More importantly, clinical data
demonstrated that the expression level of TIPE3 was positively associated with the activation of AKT/
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ERK1/2-GSK3B-B-catenin/Snail pathway in lung cancer.

937

Conclusions: Our findings indicate that upregulation of TIPE3 promotes the progression of human

NSCLC considerably by activating B-catenin, Snaill, and Slug transcriptional signaling via the AKT/
ERK1/2-GSK3p axis. Therefore, TIPE3 may represent a potential therapeutic target for NSCLC.
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Introduction

Lung cancer is the leading cause of cancer-related death and
has one of the fastest growing morbidity rates, especially in
China (1-3). Non-small cell lung cancer (NSCLC) accounts
for approximately 85% of all lung cancer cases. Treatment
modalities for NSCLC include surgery, chemotherapy,
radiotherapy, targeted therapy, immunotherapy, or
combined therapy (4). Despite recent clinical advances
in diagnosis and systematic therapy for NSCLC, the
S-year survival rate remains low for patients with this
disease (1,2). Approximately 90% of NSCLC patients die
due to complications related to tumor metastasis, which
consistently poses a problem in prognosis and therapy of
NSCLC patients (1,2). However, the mechanisms involved
in NSCLC metastasis are complex and poorly understood.
Therefore, elucidating the molecular mechanisms
responsible for the progression and metastasis of NSCLC
and identifying the potential therapeutic targets to improve
treatment and prognosis for NSCLC patients are of
paramount urgency.

The tumor necrosis factor-a-induced protein 8
(TNFAIP8/TIPE) family is a recently discovered group
of highly homologous proteins that participate in various
pathophysiological processes such as inflammation,
infection, immunity, and cancer development (5-7).
So far, four members of the TIPE family have been
identified: TIPE, TNFAIP8-like 1 (TNFAIP8L1/
TIPE1l), TNFAIP8-like 2 (TNFAIP8L2/TIPE2),
and TNFAIPS-like 3 (TNFAIPSL3/TIPE3) (5-7). A
seminal study (8,9) demonstrated that TIPE3, a transfer
protein of phosphatidylinositol 4,5-bisphosphate and
phosphatidylinositol 3,4,5-trisphosphate, can enhance the
activation of the phosphatidylinositol 3-kinase (PI3K)-
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protein kinase B (AKT) and mitogen-activated protein
kinase kinase (MEK)-extracellular signal-regulated kinase
(ERK) signaling pathways by regulating lipid metabolism.
Consistently, TIPE3 activates AKT, ERK, and nuclear
transcription factor-xB (NF-xB) signaling, thereby
promoting malignant biological behaviors in NSCLC and
breast cancer cells (10,11). TIPE3 can also inhibit p38
phosphorylation and impair p38 mitogen-activated protein
kinase (MAPK) signaling by directly binding to p38,
leading to apoptotic resistance in glioblastoma (12). More
importantly, upregulation of TIPE3 in lung cancer, breast
cancer, and glioblastoma is clinically associated with the
presence of metastasis, a high T stage, and a poor prognosis
(8,10-12). Interestingly, while TIPE3 is reduced in gastric
cancer, the prognosis of gastric cancer patients with a high
expression of TIPE3 is poor (13). Furthermore, in gastric
cancer, TIPE3 promotes cell proliferation and metastasis
via the PI3K-AKT pathway (13), whereas microRNA-
9-5p (miR-9-5p) suppresses these processes by targeting
TIPE3 (14). Accumulating evidence suggests that TTPE3
exhibits pro-oncogenic activity and may be required for
carcinogenesis and cancer development. However, the
functions and underlying mechanisms of TIPE3 in the
progression of various cancers, including lung cancer, are
largely unclear.

In the present study, we determined the expression of
TIPE3 in a human lung cancer tissue microarray (TMA)
containing 102 paired clinical lung cancer tumor (T) and
adjacent non-tumor lung (N) tissues and in human NSCLC
cell lines, and analyzed the clinical association between
the expression level of TIPE3 and clinicopathological
characteristics of lung cancer patients. TIPE3 expression was
found to be significantly increased in lung cancer tissues and
NSCLC cells, and was positively correlated with tumor size,
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pathologic stage, and lymph node metastasis. We further
assessed the biological role of TIPE3 in NSCLC cells and
delineated its potential molecular mechanism by performing
in vitro and in vivo loss- and gain-of-function assays. We
demonstrated that TIPE3 promoted the growth and
metastasis of NSCLC cells, and upregulated the expression
levels of B-catenin, Snaill, and Slug via the AKT/ERK1/2-
glycogen synthase kinase 3p (GSK3B) pathway. Our data,
for the first time, show that TIPE3 positively modulates
the signaling of B-catenin, Snaill, and Slug via the AK'T/
ERK1/2-GSK3B pathway in NSCLC cells, and TIPE3
promotes NSCLC progression via the AKT/ERK1/2-
GSK3B-B-catenin/Snail axis. We present the following
article in accordance with the MDAR reporting checklist
(available at http://dx.doi.org/10.21037/tlcr-21-147).

Methods
Cell lines

The normal human bronchial epithelial cell line HBEpiC
and a panel of human NSCLC cell lines including A549,
H1975, H1299, and H292 were supplied by the Cell Bank
of Type Culture Collection of Chinese Academy of Sciences
(Shanghai, China). The cells were grown in Dulbecco’s
Modified Eagle Medium (DMEM; HyClone, Logan, UT,
USA) containing 10% fetal bovine serum (FBS; Gibco,
Gaithersburgh, MD, USA) and 100 U/mL penicillin-
streptomycin antibiotics (Beyotime, Beijing, China).

Antibodies

Rabbit anti-TIPE3 (2aa273-292) (cat. no. LS-C313352) for
western blotting (WB) and immunohistochemistry IHC)
was purchased from LSBio (Seattle, WA, USA). Rabbit
anti-p-AKT (Thr308, T308) (cat. no. AF3262), anti-p-
AKT (Ser473, S473) (cat. no. AF0016), anti-AK'T (cat.
no. AF6261), anti-p-ERK1/2 (Thr202/Tyr204) (cat. no.
AF1015), anti-ERK1/2 (cat. no. AF0155), anti-p-GSK3p
(Ser9) (cat. no. AF2016), and anti-GSK3p (cat. no. AF5016)
for WB, THC, and immunofluorescence (IF) were obtained
from Affinity (Cincinnati, OH, USA). Rabbit anti-B-
catenin (cat. no. 8480) for WB, IF, and THC, as well as anti-
Snaill (cat. no. 3879) and anti-histone H3 (cat. no. 9717)
for WB, and anti-Slug (cat. no. 9585), anti-E-cadherin
(cat. no. 3195), anti-N-cadherin (cat. no. 13116), and anti-
vimentin (cat. no. 5741) for WB and IF, were purchased
from CST (Danvers, MA, USA). Rabbit anti-Snaill (cat.
no. 101167-T10) for IF and IHC was supplied by Sino
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Biological (Wayne, PA, USA), and rabbit anti-Slug (cat. no.
GTX128796) for IHC was supplied by GeneTex (Irvine,
CA, USA). Rabbit anti-cyclin D1 (cat. no. YT'1173) for WB
and IF was purchased from ImmunoWay (Plano, TX, USA),
as were anti-B-actin (cat. no. YM3214) and horseradish
peroxidase (HRP)-conjugated goat anti-rabbit IgG (cat.
no. RS0002) for WB. Servicebio (Wuhan, Hubei, China)
supplied the HRP-conjugated goat anti-rabbit IgG (cat.
no. G1213) for IHC, and Abcam (Cambridge, MA, USA)
supplied the Alexa Fluor 647-conjugated goat anti-rabbit
IgG (cat. no. ab150079) used for IF.

Establishment of TIPE3-overexpressing and knock-down
NSCLC cell lines

Lentivirus (LV) (lentiviral plasmid: pLenti6.3/IRES/GFP;
packaging plasmids: pLP1, pLP2, and VSVG) carrying
human TIPE3 short hairpin RNA (shRNA) 1# (shTIPE3
1#) (shTIPE3 1#-F: 5'-CAC CGC TCT ACA AAG TCA
CCA AAG ACG AAT CTT TGG TGA CTT TGT AGA
GC-3'; shTIPE3 1#-R: 5'-AAA AGC TCT ACA AAG
TCA CCA AAG ATT CGT CTT TGG TGA CTT
TGT AGA GC-3"), shTIPE3 2# (shTIPE3 2#-F: 5'-CAC
CGC CAA GAG GAG CTG GTT ATT GCG AAC AAT
AAC CAG CTC CTC TTG GC-3'; shTIPE3 2#-R: 5'-
AAA AGC CAA GAG GAG CTG GTT ATT GTT CGC
AAT AAC CAG CTC CTC TTG GC-3"), shTIPE3 3#
(shTIPE3 3#-F: 5'-CAC CGC GCATCAACCACGTCT
TTA ACG AAT TAA AGA CGT GGT TGA TGC GC-
3'; shTIPE3 3#-R: 5'-AAA AGC GCA TCA ACC ACG
TCT TTA ATT CGT TAA AGA CGT GGT TGA TGC
GC-3") or control shRNA (shcontrol) (shcontrol-F: 5'-CAC
CGC TAC ACA AAT CAG CGA TTT CGA AAA ATC
GCT GAT TTG TGT AG-3'; shcontrol-R: 5'-AAA ACT
ACA CAA ATC AGC GAT TTT TCG AAA TCG CTG
ATT TGT GTA GC-3"), as well as LV (lentiviral plasmid:
pLenti6.3/shRNA/GFP; packaging plasmids: pLP1, pLP2,
and VSVG) carrying the TIPE3 coding sequence (CDS)
for 204aa (NM_001311175.2) (TIPE3,,, -F: 5'-GAA GCT
AGC GCC ACC ATG GAT TCG GAT TCC GGG
GAG-3'; TIPE3-R: 5'-ATA GGC GCG CCT TAA AGG
ACT TTC TCA TCT AG-3") or 292aa (NM_207381.3)
(TIPE3,),,-F: 5'-GAA GCT AGC GCC ACC ATG GGG
AAA CCA CGG CAA AAC-3'; TIPE3-R: 5'-ATA GGC
GCG CCT TAA AGG ACT TTC TCA TCT AG-3") and
blank control LV were supplied by Novobio (Shanghai,
China). All of the above LVs expressed green fluorescent
protein (GFP) and blasticidin S deaminase. To generate the
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TIPE3 knock-down NSCLC cell line, H1299 and H292
cells were infected with LV-shTIPE3 1#, LV-shTIPE3 2#,
LV-shTIPE3 3#, or LV-shcontrol, and then selected with 10
pg/mL of blasticidin S (Yeasen, Shanghai, China). For the
generation of the TIPE3-overexpressing NSCLC cell line,
A549 cells were infected with LV-TIPE3,,,,,, LV-TIPE3,,,,.,
or LV, and then selected with blasticidin S.

Cell Counting Kit (CCK)-8 assay

Cells were seeded into 96-well plates at a density of
4x10° cells/100 pL culture medium per well. After 1, 2, 3,
and 4 days of culture, the proliferation ability of the cells was
determined using a CCK-8 assay (Beyotime). The optical
density (OD) value of each well was measured at 450 nm
with an automatic microplate reader. The cell growth curve
was plotted with OD value versus (vs.) culture time.

Colony-forming assay

Cells were dispensed into 6-well plates at a density
of 800 cells/4 mL culture medium per well. After
3 weeks of culture, the cell colonies were fixed with 4%
paraformaldehyde and stained with 0.5% crystal violet. The
clonogenic ability of the cells was then analyzed.

Tumorsphere assay

Cells were added into 6-well ultra-low adherent plates
at a density of 1x10* cells/4 mL MammoCult™ basal
medium plus 10% MammoCult™ proliferation supplement
(STEMCELL, Vancouver, BC, Canada) per well. After
1 week of incubation, the number of the tumor spheres was
counted.

Cell cycle analysis

Cells (1x10° cells) were washed and fixed with ice-cold 70%
ethanol at 4 °C overnight. Following that, the cells were
washed and stained with propidium iodide (PI)/RNase
Staining Buffer (BD, San Diego, CA, USA) in the dark at
room temperature for 15 minutes. Finally, the cell cycle
profile of the cells was analyzed by flow cytometry.

Wound bealing assay
Cells (5x10° cells/4 mL culture medium per well) were

seeded into 6-well plates. When the cells reached
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confluency, scratches were made and reference points were
marked on the outer bottoms. The wells were then rinsed to
remove cellular debris and loaded with DMEM containing
2% FBS to maintain cell growth. At 24 hours after
wounding, the migratory ability of the cells was analyzed.

Transwell invasion assay

Cells (5x10° cells/100 pL serum-free DMEM per chamber)
were seeded into the upper chamber of 24-well Transwell
inserts with an 8-pm pore size (Merck Millipore, Billerica,
MA, USA) precoated with Matrigel (BD), and 600 pL
DMEM containing 10% FBS was placed into the lower
chamber. After 24 hours of incubation, cells invading the
bottom chamber were fixed with 4% paraformaldehyde and
stained with 0.5% crystal violet. Finally, the invasion ability
of the cells was analyzed.

Tumor xenograft mouse model

Cells (2x10° cells/100 plL. phosphate-buffered saline (PBS)
per mouse; six mice per group) were injected subcutaneously
into 4-week-old athymic BALB/c nude mice (Shanghai
SLAC Laboratory Animal Co., Ltd., Shanghai, China).
Tumor growth was monitored through the assessment of
tumor volume each week. Tumor volume was calculated
using the following formula: volume=ab’/2, a: longer
diameter, b: shorter diameter. At 4 weeks after inoculation,
the tumor-bearing mice were sacrificed, and the xenograft
tumors were dissected and weighed. Tumor growth was
further evaluated by tumor weight. The animal experiment
was conducted in the animal facility at Soochow University
(Suzhou, Jiangsu, China) under a project license (IRB no.
A201809059) granted by Laboratory Animal Center of
Soochow University, in compliance with its institutional
guidelines for the care and use of animals.

Lung cancer TMA preparation

A total of 102 paired clinical T and N tissues were collected
from 102 primary lung cancer patients who underwent
surgery at the Department of Cardio-Thoracic Surgery of
the First Affiliated Hospital of Soochow University (Suzhou)
between January 2016 and April 2017. None of the patients
had received neoadjuvant therapy. The tissues were snap-
frozen and stored in liquid nitrogen or were fixed in 10%
neutral formalin and embedded in paraffin. The paraffin-
embedded specimens were then used to prepare a human
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lung cancer TMA with a sample diameter of 1.5 mm (102
cases, 102 pairs, 204 dots). All procedures performed in this
study involving human participants were in accordance with
the Declaration of Helsinki (as revised in 2013). Informed
consent was taken from all the patients. This experiment was
approved by the Ethics Committee of the First Affiliated
Hospital of Soochow University (IRB No. 2021-036).

WB analysis

Total lysates from snap-frozen clinical tissues and cells,
as well as nuclear lysates from cells, were subjected to
enhanced chemiluminescence (ECL)-based WB analysis
for the detection of TIPE3, p-AKT, AKT, p-ERK1/2,
ERK1/2, p-GSK3p, GSK3p, B-catenin, Snaill, Slug,
cyclin D1, E-cadherin, N-cadherin, vimentin, B-actin
(loading control for total lysates), and histone H3 (loading
control for nuclear lysates), as reported previously (15).
The primary antibodies used were: rabbit anti-TIPE3
(1:1,000), anti-p-AKT (T308) (1:1,000), anti-p-AKT (S473)
(1:1,000), anti-AKT (1:1,000), anti-p-ERK1/2 (1:1,000),
anti-ERK1/2 (1:1,000), anti-p-GSK3PB (1:1,000), anti-
GSK3p (1:1,000), anti-B-catenin (1:1,000), anti-Snaill
(1:1,000), anti-Slug (1:1,000), anti-cyclin D1 (1:1,000),
anti-E-cadherin (1:1,000), anti-N-cadherin (1:1,000), anti-
vimentin (1:1,000), anti-B-actin (1:3,000), and anti-histone
H3 (1:2,000). The secondary antibody used was HRP-
conjugated goat anti-rabbit IgG (1:10,000).

IF analysis

Frozen, 3-pm-thick xenograft tumor sections were fixed
in 4% paraformaldehyde, placed in Ethylene Diamine
Tetraacetic Acid (EDTA) (pH =7.4) for antigen retrieval,
and blocked with normal goat serum. Then, the sections
were stained with a panel of primary antibodies specific
for p-AKT (T308) (1:100), p-AKT (S473) (1:100), AKT
(1:100), p-ERK1/2 (1:200), ERK1/2 (1:200), p-GSK3p
(1:100), GSK3p (1:100), B-catenin (1:100), Snaill (1:300),
Slug (1:400), cyclin D1 (1:100), E-cadherin (1:200),
N-cadherin (1:200), or vimentin (1:100). After incubation
with Alexa Fluor 647-conjugated goat anti-rabbit IgG
(1:1,000) secondary antibody, the sections were subjected
to nuclear counterstaining using 4’,6-diamidino-2-
phenylindole (DAPI) and mounted with antifade mounting
medium (Beyotime) to prevent fluorescence fading. Finally,
fluorescence of the sections was observed under confocal
microscopy.
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Kinase and proteasome inbibition assays

TIPE3-overexpressing cells were pretreated with 10 pM
of PI3K inhibitor LY294002 (APExBIO, Houston, TX,
USA), 10 pM of MEK inhibitor PD98059 (APExBIO), or
dimethyl sulfoxide (DMSO; vehicle control) for 1 hour.
TIPE3 knock-down cells were pretreated with 25 pM of
GSK3B inhibitor VIII (APExBIO), 10 pM of proteasome
inhibitor MG132 (APExBIO), or DMSO (vehicle control)
for 1 hour. The treated and unpretreated cells were cultured
for another 24 hours and then harvested for WB detection
of total and nuclear expression of B-catenin, Snaill, and
Slug.

p-transducin repeat-containing protein (f-Trcp) and
STIP1 bomology and U-box-containing protein 1 (STUBI)
siRNA assays

TIPE3 knock-down cells were transfected with 50 nM of
B-Trcp small interfering RNA (siRNA) (sip-Trcp), STUB1
siRNA (siSTUB1), or control siRNA (sicontrol) (RiboBio,
Guangzhou, Guangdong, China) using HiPerFect
transfection reagent (Qiagen, Hilden, Nordrhein-Westfalen,
Germany). After 24 hours of transfection, the transfected
and untransfected cells were subjected to WB analysis to
detect the total and nuclear expression of B-catenin, Snaill,
and Slug.

IHC analysis

A lung cancer TMA block was cut into 3-pm-thick sections
for IHC detection of TIPE3, p-AKT, AKT, p-ERK1/2,
ERK1/2, p-GSK3B, GSK3p, B-catenin, Snaill, and Slug,
as described previously (15). The primary antibodies used
were: rabbit anti-TIPE3 (1:100), anti-p-AKT (T308) (1:50),
anti-p-AKT (S473) (1:50), anti-AKT (1:50), anti-p-ERK1/2
(1:50), anti-ERK1/2 (1:100), anti-p-GSK3P (1:50), anti-
GSK3p (1:50), anti-B-catenin (1:100), anti-Snaill (1:500),
and anti-Slug (1:100). The secondary antibody used was
HRP-conjugated goat anti-rabbit IgG (1:200). Expression
levels were evaluated using a weighted IHC scoring system
(0-1, —; 2-3, +; 4-5, ++; and 6-7, +++), with a weighted
score of >4 (++ or +++) considered as high expression (15).

Statistical analyses

IHC scoring data were presented as —, +, ++ Or +++.
Categorical data of high or low expression were presented
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as percentage of total cases. Measurement data of functional
studies were tested for normal distribution and presented as
mean =+ standard deviation (SD) when P>0.1. Measurement
data were further analyzed using a homogeneity of variance
test, in which P>0.1 indicated homogeneity of variance,
followed by analysis of variance (ANOVA). All statistical
tests, including the Mann-Whitney U test, Pearson’s y’
test, Student’s t-test, and ANOVA with least significant
difference (LSD) post-hoc multiple comparison, were
performed with SPSS20.0 (SPSS, Chicago, IL, USA).
A two-sided P value <0.05 was considered to indicate a
statistically significant difference.

Results

TIPE3 expression was elevated in human lung cancer
tissues and cells

To determine the expression of TIPE3 in lung cancer tissues,
IHC staining of a human lung cancer TMA (102 paired
T and N tissues) was performed. As shown in Figure 14,
compared with N control tissues, lung cancer T tissues
exhibited a significantly higher expression level of TIPE3.
High TIPE3 expression was observed in 57.8% of the T
tissues (59 cases; 11 cases scored ‘+++” and 48 cases scored
‘++”), compared to only 32.4% of the N tissues (33 cases,
with 3 cases scoring ‘+++” and 30 cases scoring ‘++’) (P<0.05)
(Figure 1B,C). WB analysis confirmed that TIPE3 expression
was increased in lung cancer T tissues (Figure 1D).
Our clinical data on the expression level of TIPE3 in lung
cancer T tissues were consistent with those reported in
previous studies (8,10). To evaluate the expression of TIPE3
in lung cancer cells, WB was performed to detect TIPE3
in the human NSCLC cell lines A549, H1975, H1299, and
H292, and the normal human bronchial epithelial cell line
HBEpiC. As shown in Figure 1E, NSCLC cells exhibited a
higher expression of TIPE3 than the HBEpiC control cells
(P<0.05). This result showed that TIPE3 was upregulated

in human lung cancer tissues and cells.

Correlation of TIPE3 with clinicopathological features of
lung cancer patients

According to the expression level of TIPE3 in lung cancer
T tissues, the 102 lung cancer patients were divided into two
groups: the low TIPE3 expression group (43 cases) and the
high TIPE3 expression group (59 cases). The correlations
of TIPE3 with clinicopathological variables of lung cancer

© Translational Lung Cancer Research. All rights reserved.

941

patients, including age, sex, histology, differentiation, tumor
size, pathologic stage, and lymph node metastasis, were then
analyzed. As shown in Tible 1, high expression of TIPE3
was associated with large tumor size, high pathologic stage,
and the presence of lymph node metastasis (P<0.05). Our
results showed that the expression level of TIPE3 was
positively correlated with malignant clinicopathological
features of lung cancer patients, suggesting that TIPE3 may
contribute to lung cancer progression.

Knockdown or overexpression of TIPE3 in human
NSCLC cells

To generate TIPE3 knock-down lung cancer cells for loss-
of-function assays, the NSCLC cell lines H1299 and H292
were infected with LV-shTIPE3 (1#, 2# or 3#) or LV-
shcontrol (control). To generate TIPE3-overexpressing
lung cancer cells for gain-of-function assays, the A549
NSCLC cell line was infected with LV-TIPE3 (204aa or
292aa) or LV (control). After selection with blasticidin S, the
transgenic cells were identified by flow cytometry of GFP
expression and WB analysis of TIPE3 expression. As shown
in Figure 24, over 90% of the LV-infected H1299, H292,
and A549 cell derivatives expressed GFP, demonstrating
extremely high transgene efficiency. WB analysis further
confirmed that knockdown of TIPE3 in H1299 and H292
NSCLC cells (Figure 2B), as well as TIPE3 overexpression
in A549 NSCLC cells expressing either TIPE3,,,, or
TIPE3,q,,, (Figure 2C), had been successfully established
(P<0.05). Moreover, in both H1299 and H292 cells, the
knockdown efficiency of TIPE3 elicited by LV-shTIPE3 1#
was stronger than that elicited by LV-shTIPE3 2# or LV-
shTIPE3 3# (Figure 2B). Therefore, H1299-LV-shTIPE3
1# (H1299-shTIPE3) vs. H1299-LV-shcontrol (H1299-
shcontrol), H292-LV-shTTIPE3 1# (H292-shTIPE3) vs.
H292-LV-shcontrol (H292-shcontrol), and A549-LV-
TIPE3,4.. (A549-TIPE3,y,.,) or A549-LV-TIPE3,,,.,
(A549-TIPE3,,,,) vs. A5S49-LV (A549-mock) were used for
the subsequent cell function assays.

TIPE3 accelerated buman NSCLC cell proliferation and
growth

To examine the effect of TIPE3 on human NSCLC
cell growth in vitro, the proliferative ability of H1299-
shTIPE3 vs. H1299-shcontrol, H292-shTIPE3 vs. H292-
shcontrol, and A549-TIPE3,,,,, or A549-TIPE3,,,,, vs.

Transl Lung Cancer Res 2021;10(2):936-954 | http://dx.doi.org/10.21037/tlcr-21-147
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Table 1 Correlation of TIPE3 expression in lung cancer tissues with clinicopathological features of lung cancer patients

Variables Low TIPES3 (n=43) High TIPE3 (n=59) P value

Age, years
<65 24 28 0.404
>65 19 31

Sex
Male 22 30 0.975
Female 21 29

Histology
Adeno 33 43 0.658
SCC/other 10 16

Differentiation
Well 6 2 0.113
Moderate/poor 37 57

Tumor size
T 25 19 0.009*
T2/T3/T4 18 40

Pathologic stage
i1 39 38 0.002*
/v 4 21

Lymph node metastasis
NO 36 33 0.003*
N1/N2 7 26

* P<0.05, Pearson’s i test.

A549-mock tumor cells was analyzed using a CCK-8 assay.
As shown in Figure 34, knockdown of TIPE3 significantly
inhibited H1299 and H292 tumor cell proliferation iz vitro,
whereas overexpression of either TIPE3,,,, or TIPE3,,,..
promoted A549 tumor cell proliferation in vitro (P<0.05).
Furthermore, colony-forming (Figure 3B,C) and
tumorsphere (Figure 3D,E) assays showed that knockdown
of TIPE3 resulted in the formation of small and few
colonies or spheres in H1299 and H292 tumor cells,
whereas overexpression of TIPE3 produced large and
numerous A549 cell colonies or spheres (P<0.05), indicating
that TIPE3 enhances the clonogenicity and self-renewal
ability of NSCLC cells. Additionally, knockdown of
TIPE3 induced G1-phase arrest and S-phase reduction in
H1299 and H292 cells, whereas overexpression of TIPE3
facilitated G1-to-S phase transition in A549 tumor cells

© Translational Lung Cancer Research. All rights reserved.

(P<0.05) (Figure 3E,G). To determine whether TIPE3 could
also promote NSCLC cell growth i vive, H1299-sh TIPE3,
H1299-shcontrol, H292-shTIPE3, H292-shcontrol, A549-
TIPE3,,.,, and A549-mock tumor cells were subcutaneously
injected into athymic BALB/c nude mice, and the tumor
growth was tracked. Data from the iz vivo xenograft model
(Figure 4) showed that knockdown of TIPE3 also markedly
suppressed tumor growth in mice injected with H1299 and
H292 cells, whereas overexpression of TIPE3 accelerated
tumor growth in the A549-bearing mice (P<0.05). Together,
these data demonstrated that TIPE3 could promote
NSCLC cell proliferation and growth i vitro and in vive.

TIPE3 promoted NSCLC cell metastasis in vitro
To investigate the role of TIPE3 in NSCLC metastasis,

Transl Lung Cancer Res 2021;10(2):936-954 | http://dx.doi.org/10.21037/tlcr-21-147
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Figure 2 Knockdown or overexpression of TIPE3 in NSCLC cells. (A) Determination of transgene efficiency by flow cytometric analysis
of GFP. (B) WB analysis of TIPE3 knockdown efficiency in H1299 and H292 cells. Representative WB images (upper) and relative protein
level of TIPE3 in H1299-shTIPE3 cells (with H1299-shcontrol as a control) and H292-shTIPE3 cells (with H292-shcontrol as a control)
(lower) are shown. *, P<0.05, ANOVA with LSD post-hoc multiple comparison, n=6 per group. (C) WB analysis of TIPE3 overexpression
efficiency in A549 cells. Representative WB images (upper) and relative protein level of TIPE3 in A549-TIPE3,,,, and A549-TIPE3,,,,,
cells (with A549-mock as a control) (lower) are shown. *, P<0.05, ANOVA with LSD post-hoc multiple comparison, n=6 per group.
NSCLC, non-small cell lung cancer; GFP, green fluorescent protein; WB, Western blotting; ANOVA, analysis of variance; LSD, least

significant difference.

the migratory and invasive behavior of H1299-shTIPE3 tumor cells were analyzed using iz vitro wound healing and
vs. H1299-shcontrol, H292-shTIPE3 vs. H292-shcontrol, Transwell invasion assays, respectively. Compared with
and A549-TIPE3,,,, or A549-TIPE3,,,,, vs. A549-mock that of H1299-shcontrol and H292-shcontrol cells, the

© Translational Lung Cancer Research. All rights reserved. Transl Lung Cancer Res 2021;10(2):936-954 | http://dx.doi.org/10.21037/tlcr-21-147
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Figure 3 TIPE3 promotes proliferation, self-renewal and G1-to-S phase transition in NSCLC cells. (A) CCK-8 assay. *, P<0.05, ANOVA
with LSD post-hoc multiple comparison, n=6 per group. (B,C) Colony-forming assay. Representative images of tumor colonies (B) and
relative clonogenic ability of H1299-shTIPE3 cells (with H1299-shcontrol as a control) and H292-shTIPE3 cells (with H292-shcontrol
as a control) as well as A549-TIPE3,,., and A549-TIPE3,,,,, cells (with A549-mock as a control) (C) are shown. *, P<0.05, Student’s #-test
or ANOVA with LSD post-hoc multiple comparison, n=6 per group. (D,E) Tumorsphere assay. Representative images of tumor spheres
(x200) (D) and the number of tumor spheres (E) are shown. *, P<0.05, Student’s #-test or ANOVA with LSD post-hoc multiple comparison,
n=6 per group. (E;G) Cell cycle analysis. Representative images of flow cytometric analysis of cell cycle (F) and percentage of each cell cycle
phase distribution (G) are shown. *, P<0.05, Student’s z-test or ANOVA with LSD post-hoc multiple comparison, n=6 per group. NSCLC,
non-small cell lung cancer; CCK-8, Cell Counting Kit-8; ANOVA, analysis of variance; LSD, least significant difference.

A549-TIPE3,,,,, tumor cells was enhanced compared to
that of A549-mock control cells (P<0.05) (Figure 5A,B).
Moreover, knockdown of TIPE3 attenuated the invasion

migratory ability of H1299-shTIPE3 and H292-shTIPE3
tumor cells was markedly weakened (P<0.05) (Figure 5A4,B).
In contrast, the migratory ability of A549-TIPE3,,,, and
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Figure 4 TIPE3 accelerates NSCLC cell growth 7z vive in athymic nude mice. (A) Tumor volume. *, P<0.05, ANOVA with LSD post-hoc
multiple comparison, n=6 per group. (B) Representative images of tumor-bearing mice. (C) Images of xenograft tumors. (D) Tumor weight.
*, P<0.05, Student’s z-test, n=6 per group. (E) In vivo relative growth ability. Relative growth ability of H1299-shTIPE3 cells (with H1299-
shcontrol as a control), H292-shTIPE3 cells (with H292-shcontrol as a control), and A549-TIPE3,,,,, cells (with A549-mock as a control)
calculated according to tumor weight. *, P<0.05, Student’s z-test, n=6 per group. NSCLC, non-small cell lung cancer; ANOVA, analysis of

variance; LSD, least significant difference.

ability of H1299 and H292 tumor cells, whereas TIPE3
overexpression promoted the invasion ability of A549 tumor
cells (P<0.05) (Figure 5C,D). Our data showed that TIPE3
could promote the metastatic potential of human NSCLC
cells.

TIPE3 promoted human NSCLC progression by
modulating the AKT/ERK1/2-GSK3f-fi-catenin/Snail axis

To investigate the molecular mechanism of TIPE3-
exerted effects in NSCLC progression, the expression
levels of proteins related to the AKT/ERK1/2-GSK3-
B-catenin/Snail signaling pathway were analyzed by
WB in H1299-shTIPE3 vs. H1299-shcontrol, H292-
shTIPE3 vs. H292-shcontrol, and A549-TIPE3,,,,, or

© Translational Lung Cancer Research. All rights reserved.

A549-TIPE3,,,, vs. A549-mock tumor cells. As shown in
Figure 64, compared with H1299-shcontrol and H292-
sheontrol control cells, the expression levels of p-AKT
(T308), p-AKT (S473), p-ERK1/2, p-GSK3p, B-catenin,
Snaill, and Slug were significantly decreased in H1299-
shTIPE3 and H292-shTIPE3 tumor cells. Moreover,
the expression levels of the abovementioned molecules
were significantly higher in A549-TIPE3,,,, and A549-
TIPE3,,,,, tumor cells than in A549-mock control cells.
More importantly, TIPE3 knockdown downregulated the
nuclear levels of B-catenin, Snaill, and Slug in H1299 and
H292 cells, but their nuclear levels were upregulated in
TIPE3-overexpressing A549 cells (Figure 64). Accordingly,
knockdown of TIPE3 also upregulated the expression of
E-cadherin but downregulated the expression of cyclin

Transl Lung Cancer Res 2021;10(2):936-954 | http://dx.doi.org/10.21037/tlcr-21-147
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Figure 5 TIPE3 expedites NSCLC cell migration and invasion. (A,B) Wound healing assay. Representative images of wound healing assay
(x100) (A) and relative migratory ability of H1299-shTIPE3 cells (with H1299-shcontrol as a control) and H292-shTIPE3 cells (with
H292-shcontrol as a control) as well as A549-TIPE3,,., and A549-TIPE3,,,,, cells (with A549-mock as a control) (B) are shown. *, P<0.05,
Student’s #-test or ANOVA with LSD post-hoc multiple comparison, n=6 per group. (C,D) Transwell invasion assay. Representative images
of Transwell invasion assay (x200) (C) and relative invasive ability of H1299-shTIPE3 cells (with H1299-shcontrol as a control) and H292-
shTIPE3 cells (with H292-shcontrol as a control) as well as A549-TIPE3,,., and A549-TIPE3,,,,, cells (with A549-mock as a control) (D)
are shown. *, P<0.05, Student’s z-test or ANOVA with LSD post-hoc multiple comparison, n=6 per group. NSCLC, non-small cell lung
cancer; ANOVA, analysis of variance; LSD, least significant difference.

D1, N-cadherin, and vimentin in H1299 and H292 cells, confirmed by IF analysis. Our results demonstrated that

whereas overexpression of TIPE3 exerted the opposite
effects in A549 tumor cells (Figure 6A4). The in vivo effect
of TIPE3 on the AKT/ERK1/2-GSK3p-B-catenin/Snail
signaling pathway (Figure 6B) and its regulatory targets
such as cyclin D1, E-cadherin, N-cadherin, and vimentin
(data not shown) in H1299-shTIPE3 vs. H1299-shcontrol,
H292-shTIPE3 vs. H292-shcontrol, and A549-TIPE3,,,,,
vs. A549-mock NSCLC xenograft tumors was further

© Translational Lung Cancer Research. All rights reserved.

TIPE3 activated AKT and ERK1/2 signaling, promoted the
phosphorylation of GSK3p at Ser9 and inactivated GSK3f
activity, and enhanced the expression and transcriptional
activity of B-catenin, Snaill, and Slug in human NSCLC
cells.

To determine whether the AKT/ERK1/2-GSK3p
pathway makes a critical contribution to TIPE3-induced
upregulation of B-catenin, Snaill, and Slug in NSCLC

Transl Lung Cancer Res 2021;10(2):936-954 | http://dx.doi.org/10.21037/tlcr-21-147
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Figure 6 TIPE3 promotes NSCLC progression by an AKT/ERK1/2-GSK3B-B-catenin/Snail axis. (A) WB analysis of the AKT/ERK1/2-
GSK3pB-B-catenin/Snail axis and its regulatory targets in TIPE3 knock-down and TIPE3-overexpressing NSCLC cells. Representative
WB images are shown. (B) IF analysis of the AKT/ERK1/2-GSK3p-B-catenin/Snail axis in TIPE3 knock-down and TIPE3-overexpressing
NSCLC xenograft tumor tissues. Representative IF images of merge (red, Alexa Fluor 647; green, GFP; and blue, DAPI) (x200) are shown.
(C) WB analysis of B-catenin, Snaill, and Slug in TIPE3-overexpressing NSCLC cells after treatment with PI3K or MEK inhibitor and
TIPE3 knock-down NSCLC cells after treatment with GSK3B or proteasome inhibitor. Representative WB images are shown. (D) WB
analysis of B-catenin, Snaill, and Slug in TIPE3 knock-down NSCLC cells after B-Trcp or STUBI knockdown. Representative WB
images are shown. (E,F) Clinical association of TIPE3 with the AKT/ERK1/2-GSK3pB-B-catenin/Snail axis in lung cancer. Representative
THC images of Case 27 (+++, high TIPE3 expression) and Case 34 (-, low TIPE3 expression) lung cancer T tissues (x400) (E) are shown.
Percentage of lung cancer T tissue specimens showing high or low TIPE3 expression in relation to the expression level of proteins related to
the AKT/ERK1/2-GSK3B-B-catenin/Snail axis (F) is shown. *, P<0.05, Pearson’s i test. (G) A schematic model for the mechanism of action
of TIPE3 during NSCLC progression. Upregulation of TIPE3 promotes growth and metastasis in NSCLC cells by activating B-catenin,
Snaill, and Slug transcriptional signaling via the AKT/ERK1/2-GSK3p axis. NSCLC, non-small cell lung cancer; WB: western blotting;
AKT, protein kinase B; ERK1/2, extracellular signal-regulated kinase 1/2; GSK3p, glycogen synthase kinase 3p; IF, immunofluorescence;
GFP, green fluorescent protein; DAPI: 4°,6-diamidino-2-phenylindole; PI3K, phosphatidylinositol 3-kinase; MEK: mitogen-activated

protein kinase kinase; IHC, immunohistochemistry; T, lung cancer tumor.

manner.

cells, we carried out PI3K/MEK/GSK3p kinase inhibition,

proteasome inhibition, and E3 ubiquitin ligase B-Trcp or
STUBI1 siRNA assays. As shown in Figure 6C, inhibition
of AKT or ERK1/2 signaling with LY294002 or PD98059
weakened TIPE3-induced upregulation of B-catenin,
Snaill, and Slug expression in A549-TIPE3,,,, and
A549-TIPE3,,,,, cells, whereas inhibition of GSK3p or
proteasome activity using VIII or MG132 abolished their
TIPE3 knockdown-induced downregulation in H1299-
shTIPE3 and H292-shTIPE3 cells. Notably, knockdown of
B-Trcp and STUBI in H1299-shTIPE3 and H292-shTIPE3
cells reversed the reduction of B-catenin or Snaill, and Slug
caused by TIPE3 knockdown, respectively (Figure 6D).
Our data showed that TIPE3 upregulated B-catenin, Snaill,
and Slug in human NSCLC cells via the AKT/ERK1/2-
GSK3p pathway in an ubiquitin-proteasome-dependent
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To examine whether there was a clinical association
between TIPE3 and the AKT/ERK1/2-GSK3p-B-catenin/
Snail signaling pathway in lung cancer T tissues, the
expression of TIPE3 together with that of AKT/ERK1/2-
GSK3B-B-catenin/Snail-related molecules was determined
in a human lung cancer TMA by IHC (Figure 6E). As
shown in Figure 6F, 74.6% (44 cases), 55.9% (33 cases),
66.1% (39 cases), 67.8% (40 cases), 62.7% (37 cases),
61.0% (36 cases), and 57.6% (34 cases) of cases with high
TIPE3 expression (59 cases) showed a high level of p-AKT
(T308), p-AKT (5473), p-ERK1/2, p-GSK3p, B-catenin,
Snaill, and Slug, respectively. In contrast, only 46.5% (20
cases), 34.9% (15 cases), 41.9% (18 cases), 37.2% (16 cases),
30.2% (13 cases), 39.5% (17 cases), and 32.6% (14 cases)
of cases with low TIPE3 expression (43 cases) exhibited a
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high level of p-AKT (T308), p-AKT (S473), p-ERK1/2,
p-GSK3B, B-catenin, Snaill, and Slug, respectively (P<0.05).
In accordance with the cell model data, the clinical data of
our study also revealed the expression level of TIPE3 to
be positively correlated with the activation of the AKT/
ERK1/2-GSK3p-B-catenin/Snail signaling pathway in
lung cancer. Taken together, our findings suggest that the
upregulation of TIPE3 promotes the growth and metastasis
of human NSCLC cells substantially through activation of
B-catenin, Snaill, and Slug transcriptional signaling via the
AKT/ERK1/2-GSK3p axis (Figure 6G).

Discussion

Accumulating data have suggested that TIPE3 promotes
the activation of the PI3K-AKT and MEK-ERK signaling
pathways and displays pro-oncogenic activity in some types
of cancer (7,8,10-13). The present study showed that the
expression level of TIPE3 was upregulated in human lung
cancer tissues and cell lines. High expression of TIPE3
was found to be closely associated with a large tumor size,
a high pathologic stage, and the presence of lymph node
metastasis in lung cancer patients. Loss- and gain-of-
function experiments demonstrated that TIPE3 enhanced
the malignant biological behaviors of human NSCLC cells.
Mechanistic experiments revealed that TIPE3 upregulated
B-catenin, Snaill, and Slug expression in NSCLC cells
via the AKT/ERK1/2-GSK3p pathway in an ubiquitin-
proteasome-dependent manner. TIPE3 expression was
also demonstrated to be clinically correlated with the
activation of the AKT/ERK1/2-GSK3p-B-catenin/Snail
signaling pathway in human lung cancer tissues. Thus, our
findings indicate that upregulation of TIPE3 promotes the
progression of human NSCLC by activating B-catenin,
Snaill, and Slug transcriptional signaling via the AK'T/
ERK1/2-GSK3p axis.

Human TIPE3 includes two transcript variants:
NM_001311175.2 coding for 204aa (short TIPE3) and
NM_207381.3 coding for 292aa (long TIPE3). It has been
reported that both short and long TIPE3 has the ability
to promote tumor cell growth and metastasis (10,13).
Wang et al. (10) also demonstrated that N/C-terminal flag
modification of TIPE3 affects the subcellular location
of TIPE3, and the plasma membrane location of TIPE3
(TIPE3 with C-terminal flag) promotes growth and
migration of NSCLC cells. Thus, we generated two
recombinant LVs carrying TIPE3 204aa or 292aa CDS
without fusion tags, and then established A549-TIPE3,,..
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and A549-TIPE3,,,, transgenic NSCLC cell lines for gain-
of-function assays. Consistent with the findings of previous
reports (10,13), our data demonstrated that overexpression
of TIPE3,y,,, and TIPE3,,,,, accelerated the proliferation
and metastatic behavior of human NSCLC cells. Moreover,
similar to Gao er al. (13), we found that overexpression of
TIPE3,,,, resulted in stronger pro-oncogenic activity than
did overexpression of TIPE3,,,,, which may be partially
attributable to the different expression efficiencies of
TIPE3,,,, and TIPE3,,,, using the same expression system.
As shown in our study, the level of TIPE3,,,, in A549-
TIPE3,, cells was much higher than that of TIPE3,,,,,
in A549-TIPE3,,,,, cells. Given the functional activity and
expression levels of TIPE3,.,,, and TIPE3,,,,, the pro-
oncogenic effect of TIPE3,,,,, may be more powerful than
that of TIPE3,,,,. Nevertheless, WB analysis showed that
TIPE3,,,, was the main form of TIPE3 in lung cancer
tissues and cell lines, indicating that the pathologically
elevated expression of long TIPE3 but not short TIPE3
is a crucial causal factor of lung cancer progression. A
previous study (10) demonstrated that in NSCLC, the
expression of TIPE3 has no correlation with T stage or
pathological grade, but the plasma membrane expression of
TIPE3 is positively correlated with T stage; however, this
is inconsistent with our data on the relationship between
TIPE3 and the clinicopathological features of lung cancer
patients in this study. To exclude the probability that
this discrepancy may result from the analysis of different
histologic types of lung cancer, we selected 99 NSCLC
patients from the 102 lung cancer patients and analyzed the
association of TIPE3 with their clinicopathological features.
Our results (data not shown) also showed that the expression
level of TIPE3 was positively correlated with large tumor
size, high pathologic stage, and the presence of lymph node
metastasis in NSCLC. Thus, the discrepancy between
these studies is likely due to size differences between the
specimens tested. Previous studies (12,13) have revealed
a significant correlation between a high level of TIPE3
and poor prognosis in glioblastoma and gastric cancer.
Therefore, the association of TIPE3 with the prognosis of
lung cancer patients needs to be elucidated in our future
research using the obtained follow-up survival data.

The PI3K-AKT (16,17) and MEK-ERK (18,19)
signaling pathways are critical for cell proliferation, survival,
apoptotic resistance, and motility, and their deregulation can
lead to tumorigenesis and the development of various cell
types. Aberrant activation of AKT and ERK1/2 signaling is

commonly seen in lung cancer, and thus they can be served
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as potentially therapeutic targets of lung cancer (20-22).
TIPE3 has been found to facilitate activation of the PI3K-
AKT and MEK-ERK pathways in both normal cells (8) and
tumor cells, including lung cancer (8,10), breast cancer (11),
and gastric cancer (13) cells. To illuminate the molecular
mechanism underlying the oncogenic role of TIPE3 in
NSCLC, we examined the effect of TIPE3 knockdown
or overexpression on the expression levels of p-AKT
and p-ERK1/2 in NSCLC cells. In our investigation,
we demonstrated that TIPE3 potentiated the activation
of AKT and ERK1/2 signaling in human NSCLC cells.
The Wnt/B-catenin signaling pathway has important
involvement in the regulation of diverse cellular and life
processes such as cell proliferation, survival, differentiation,
and motility, as well as stemness maintenance, embryonic
development, and tissue homeostasis (23). Abnormal
activation of B-catenin signaling has been shown to be
closely associated with a wide range of human cancers
and to promote cell cycle progression, metastasis, and
cancer stem cell (CSC) self-renewal of cancer cells (24-26).
When activated, as a crucial transcription cofactor, B-catenin
translocates to the nucleus and subsequently binds with T
cell factor (T'CF) and lymphoid enhancer-binding factor
T cell factor (LEF) transcription factors, resulting in
transcription and expression of downstream target genes
such as c-Myc, cyclin D1, and matrix metalloproteinase 7
(MMP?7), and epithelial-mesenchymal transition (EMT)-
related markers (23-26). EMT is a dynamic development
process by which polarized epithelial cells lose their
epithelial characteristics and acquire mesenchymal
properties; this process is considered to be of critical
importance in cancer metastasis, as it endows epithelial
tumor cells with an enhanced migratory and invasive
potential (27). Downregulation of the cell adhesion
molecule E-cadherin and upregulation of mesenchymal
molecules such as N-cadherin and vimentin are hallmarks
of EMT (28). In addition to the modulatory role of p-catenin
in the promotion of EMT, EMT transcription factors such
as Snaill and Slug (Snail2), which are master regulators
of EMT, can induce EMT by transcriptionally repressing
E-cadherin and activating N-cadherin and vimentin
(29,30). Evidence has shown that upregulation of B-catenin
(31,32), Snaill (33), and Slug (34) plays a crucial role in
carcinogenesis, aggressiveness, metastasis, therapeutic
resistance, and poor survival in lung cancer. Activation of
AKT and ERK1/2 signaling is frequently accompanied by
the expression of B-catenin, Snaill, and Slug. Based on our
findings that TIPE3 promotes the activation of AKT and
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ERK1/2 signaling in NSCLC cells, we therefore further
determined the total and nuclear levels of B-catenin, Snaill,
and Slug as well as the levels of their targets including
cyclin D1, E-cadherin, N-cadherin, and vimentin in TIPE3
knock-down or TIPE3-overexpressing NSCLC cells. As
we expected, TIPE3 not only elevated the total and nuclear
levels of B-catenin, Snaill, and Slug in NSCLC cells—
it also upregulated cyclin D1, N-cadherin, and vimentin
while downregulating E-cadherin. Our results conclusively
demonstrate that TIPE3 is capable of strengthening the
activation of AKT and ERK1/2 signaling and enhancing the
expression and transcriptional activity of B-catenin, Snaill,
and Slug in NSCLC cells, which may be an important
mechanism for TIPE3-induced NSCLC progression.
GSK3B, which is a pleiotropic serine/threonine protein
kinase, is constitutively active in resting epithelial cells. Its
activity is positively regulated by phosphorylation at Tyr216
and negatively regulated by phosphorylation at Ser9 (35).
GSK3P can be inactivated by various signaling mechanisms
including the PI3K-AKT and MEK-ERK pathways (35-37). It
has been reported that active AK'T" can directly phosphorylate
Ser9 of GSK3p and suppress its activity (36). Active ERK1/2
has also been reported phosphorylate Thr43 of GSK3p
and then promote ERK1/2-activated 90 kD ribosomal
S6 kinase (p90RSK)-induced phosphorylation at Ser9,
indirectly leading to the inhibition of GSK3p activity (37).
Since TIPE3 activated AKT and ERK1/2 signaling in
NSCLC cells, we speculated that TIPE3 would inactivate
GSK3p in NSCLC cells. Therefore, we assessed the effect
of TIPE3 on the level of p-GSK3B (Ser9), and found
that TIPE3 upregulated p-GSK3p (Ser9) and inhibited
the activity of GSK3f in human NSCLC cells. To clarify
whether TIPE3-activated AKT and ERK1/2 signaling is
accountable for TIPE3-mediated inactivation of GSK3p in
NSCLC cells, we subsequently conducted PI3K and MEK
kinase inhibition assays. We demonstrated that inhibition
of AKT or ERK1/2 signaling suppressed the upregulation
of p-GSK3p (Ser9) in TIPE3-overexpressing NSCLC
cells (data not shown), indicating that TIPE3 decreases the
activity of GSK3p in human NSCLC cells via the PI3K-
AKT and MEK-ERK pathways. It has been demonstrated
that active GSK3p can phosphorylate B-catenin (23),
Snaill (29,30,38,39), and Slug (40,41) and then promote
their degradation by the ubiquitin-proteasome-dependent
pathway. Conversely, inactive GSK3p can be in favor
of the cytosolic and nuclear accumulation of B-catenin,
Snaill, and Slug and then enhance their nuclear
transcriptional signaling. It has also been demonstrated
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that phosphorylation of B-catenin and Snaill by GSK3p is
specifically recognized and ubiquitylated by E3 ubiquitin
ligase B-"Trep (23,38), whereas phosphorylation of Slug by
GSK3p is recognized and ubiquitylated by STUBI1 (41).
Therefore, we predicted that TIPE3-elicited inactivation of
GSK3p via AKT and ERK1/2 signaling would be involved
in TIPE3-induced activation of B-catenin, Snaill, and Slug
in NSCLC cells. By using inhibitors of PI3K/MEK/GSK3p
kinase and proteasome as well as siRNAs targeting -Trcp
and STUBI, we showed that the TIPE3-activated AKT/
ERK1/2-GSK3p signaling axis was indispensable in the
inhibition of proteasome-induced degradation of B-catenin,
Snaill, and Slug, and their accumulation in human NSCLC
cells. Our data show that TIPE3 upregulates p-catenin,
Snaill, and Slug in human NSCLC cells via the AKT/
ERK1/2-GSK3p pathway in an ubiquitin-proteasome-
dependent manner. Of note, ERK1/2 signaling has been
found to transcriptionally activate the expression of Snaill
via the ETS-like gene 1 (ELK1)-early growth response 1
(EGR1) pathway (42-44). Hence, the present findings do
not exclude the possibility that TIPE3 may also upregulate
Snaill at the transcription level by activation of the
ERK1/2- ELK1-EGR1 pathway.

MYC (c-MYC) is a proto-oncogene transcription factor
with highly conserved basic region/helix-loop-helix/leucine-
zipper (B HLH-LZ) structure in the C-terminal region (45).
MYC has been shown to be abnormally overexpressed in
a variety of human cancers, and play an important role in
inducing tumorigenesis, maintaining tumor growth and
metabolism, stimulating tumor angiogenesis, and promoting
tumor metastasis (46,47). It has been reported that f-catenin
signaling can induce the transcriptional expression of MYC
(24,25). It has also been shown that MEK-ERK and PI3K-
AKT pathways can enhance the stability of MYC protein at
the post-translational level by phosphorylating MYC Ser62,
as well as inhibiting GSK3p-mediated phosphorylation
of MYC Thr58 (45,48). These reports together with
our results imply that TIPE3 also possibly promotes the
expression of MYC, a key contributor to malignancy (49),
in NSCLC cells via AKT/ERK1/2-GSK3B-B-catenin
signaling, resulting in NSCLC progression. In addition,
MYC as a powerful transcription factor can interact with
co-regulatory factors MAX and MIZ1 to form MYC/
MAX and MYC/MIZ1 heterodimers, thereby positively
or negatively regulating the expression of many target
genes (45). For example, tumor necrosis factor receptor
superfamily member 10B (TNFRSF10B) has recently
been found to be transcribed by MYC (50). Currently, the
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upstream regulatory mechanism for elevated expression
of TIPE3 in human cancers remains largely illusive.
Therefore, it is necessary to investigate the potential effect
of MYC on the expression of TIPE3 in NSCLC cells in our
future study. Furthermore, whether TIPE3-MYC double
positive feedback loop would occur in NSCLC also needs
to be addressed in the future.

In conclusion, our study has provided the first evidence
that TIPE3-induced activation of AKT and ERK1/2
signaling followed by inactivation of GSK3p activity leads
to the upregulation of B-catenin, Snaill, and Slug in human
NSCLC cells. TIPE3 is capable of promoting human
NSCLC progression via activation of B-catenin, Snaill, and
Slug transcriptional signaling through the AKT/ERK1/2-
GSK3B axis. Therefore, TIPE3 may represent a potential
therapeutic target for NSCLC.
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