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Abstract
Background: Lung cancer (LC) is one of the most common cancers and a leading cause
of cancer-related deaths worldwide. In many pathological conditions, particularly in the
tumor microenvironment, cells and tissues frequently exist in a hypoxic state.
Here, we evaluated Itchy E3 ubiquitin protein ligase (ITCH) expression in LC cells fol-
lowing hypoxia treatment.
Methods: LC cell lines were treated with hypoxic condition. Cell migration, invasion, inflam-
mation, reactive oxygen species (ROS) production, and apoptosis of LC cells were determined
by wound healing assay, Transwell invasive assay, ELISA, DCFH-DA staining, and flow cyto-
metry, respectively. qPCR and WB were used to determine the expression of ITCH and
TXNIP. Co-IP was performed to assess the interaction between ITCH and TXNIP.
Results: ITCH expression was downregulated in LC cells under hypoxic conditions.
Next, LC cells were subjected to hypoxic conditions and changes in cell viability and
metastasis were determined. Hypoxic conditions resulted in increased migration and
invasion abilities of LC cells. Intracellular reactive oxygen species (ROS) production,
inflammation, and apoptosis were also promoted by hypoxia. We found that ITCH
overexpression led to the proteasomal degradation of thioredoxin-interacting protein
(TXNIP), whereas the expression of the ITCH C830A mutant did not affect TXNIP
levels in LC cells. The gain-of-function experiment demonstrated that migration, inva-
sion, ROS generation, inflammation, and apoptosis of hypoxia-conditioned LC cells
were ameliorated by ITCH overexpression, whereas the ITCH C830A mutant did not
cause any changes in these phenotypes. Furthermore, the contribution of TXNIP
knockdown and ITCH overexpression to the hypoxia-induced features in LC cells
with ITCH C830A was found to be similar.
Conclusion: Our results suggest a novel mechanism underlying the changes in ITCH-
mediated malignant phenotypes of hypoxia-conditioned LC cells via TXNIP.
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INTRODUCTION

Lung cancer (LC) is the main cause of cancer-related mortality
worldwide, and non-small cell LC (NSCLC) accounts for
approximately 85% of all LC cases.1,2 It is mainly characterized

by a poor prognosis and a high risk of recurrence. At present,
therapeutic options for LC include radiotherapy and chemo-
therapy. Despite the rapid development of modern technology
and treatments, the mortality rate of patients with LC remains
high, and a tendency for relapse has been observed.3,4
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The ubiquitin-proteasome system is the master pathway
of protein degradation in the cytoplasm and nucleus of
mammals. The highly regulated ubiquitin-proteasome path-
way affects various cellular processes, substrates, and imper-
fections in the system, leading to the pathogenesis of cancer
in humans.5 E3 ubiquitin ligase (E3) is the final effector of
the enzyme. It possesses high substrate specificity and can
control the ubiquitylation of the logation cascade. A major
challenge in understanding the regulatory effects is deci-
phering the mechanism underlying their activity as well as
assembly.6

Itchy E3 ubiquitin protein ligase (ITCH), one of the
HECT class E3s, is considered to be a unique conjugal
partner of a large tumor suppressor (LATS1).7 ITCH is
able to generate one complex with LATS1 internally and
externally through the PPxY motif of LATS1 as well as
the WW domain of ITCH.8 The endogenous LATS1 pro-
tein remains stable because of its inhibitory effect on
endogenous ITCH resulting from shRNAs. Additionally,
based on multiple functional analyses, ITCH expression
was found to be positively correlated with tumor progres-
sion in prostate, breast, and liver cancer, chronic lympho-
cytic leukemia, and NSCLC.9–11 Nonetheless, the
influence of ITCH on LC progression under hypoxia has
not been clarified.

A previous investigation demonstrated that ITCH over-
expression results in thioredoxin-interacting protein
(TXNIP) degradation by the proteasome. ITCH knockdown
by siRNAs leads to the accumulation of TXNIP.12 TXNIP
was initially identified as a gene with undiscovered effects
on 1α, 25-dihydroxyvitamin D(3)-induced HL-60-cells,
which is called “thioredoxin-binding protein 2 (TBP2)” or
“vitamin D(3) upregulated protein 1 (VDUP1)”.13 The
TXNIP gene, located on chromosome 1q21.1 in humans,
contains eight exons with a length of 4174 bp. The TXNIP
protein in humans is composed of 391 amino acids with a
formula weight of 46 kDa. TXNIP is an alpha-arrestin and
may be the only known member of the family that binds
thioredoxin (TRX). TXNIP plays a significant role in various
biological effects (e.g., regulating apoptosis, differentiation,
energy metabolism).14–16 TXNIP is a gene that must be tran-
scriptionally controlled during hypoxia responses.17 The
TXNIP expression level increases due to hypoxia in NSCLC,
and hence it can be used as a marker of poor prognosis.18

Nevertheless, the effect of hypoxia on TXNIP expression in
NSCLC remains unclear.

If the microenvironment of tumor cells is hypoxic, it
indicates that the tumor has progressed. Hypoxic conditions
in local tissues may be caused by tumor growth, energy
metabolism, invasion, or incomplete local blood vessels.
Under hypoxia, the expression level of hypoxia-inducible
factor-1 (HIF-1), which plays a significant role in promoting
cancer cell proliferation as well as metastasis, continuously
increases.19,20 In a previous study, the HIF-1α subunit was
found to be highly expressed in NSCLC, and its high expres-
sion was associated with poor prognosis in NSCLC sub-
jects.21 Nevertheless, the influence of ITCH and TXNIP on
NSCLC requires further investigation.

In this study, we explored the effects of hypoxia, ITCH,
and TXNIP on the migration, invasion, reactive oxygen spe-
cies (ROS) production, inflammation, and apoptosis of
NSCLC cell lines. We demonstrated that the ITCH-TXNIP
signaling axis inhibited the malignant phenotypes of NSCLC
under hypoxic conditions.

METHODS

Cell culture & transient transfection

NSCLC cell lines, A549, SPC-A1, and H1299, were trans-
fected with pCMV-myc-ITCH, pCMV-myc-ITHC C830A,
pCMV-myc-empty, and/or siRNA targeting TXNIP with
Lipofectamine 2000 (Invitrogen) according to the instruc-
tions for use (IFU) provided by the manufacturer. Targeted
siRNAs for TXNIP and normal control siRNAs were pro-
vided by RiboBio. After 48 h of transfection, cells were col-
lected. For hypoxia processing, the medium was replaced
with deoxygenated Roswell Park Memorial Institute 1640
(Gibco BRL) prior to inducing an anoxic status, and the cells
were cultured at 77�C in an anoxic chamber (Forma Scien-
tific). Before each test, the deoxygenation medium was pre-
pared by balancing the medium with a mixture of anoxic
gases containing 5% carbon dioxide as well as 7% hydrogen
and balancing it with nitrogen at 37�C. Oxygen saturation
in the hypoxic chamber, which was measured with one oxy-
gen indicator (Forma Scientific), was kept below 1%.

RT-qPCR

We carried out an SYBR Green-based qRT-qPCR to assess
mRNA expression levels in lung tumor cells using a 7500
Real-time PCR System (Applied Biosystems; Thermo Fisher
Scientific). An mRNA isolation kit (Ambion) was used to
extract RNA from lung tumor cells.

Western blot (WB) analysis

We prepared protein extracts based on standard procedures.
The proteins were separated via 10% SDS-PAGE and trans-
ferred to polyvinylidene fluoride membranes (Millipore).
The membranes were incubated with specific primary anti-
bodies at 4�C overnight. The protein immune response sig-
nal was detected using an ECL detection system (Thermo
Fisher Scientific).

Coimmunoprecipitation (co-IP)

Cells were lysed in lysis buffer containing 1% Triton X-100,
150 mM NaCl, 20 mM HEPES, 10% glycerol, and 1 mM
EDTA (pH 7.4) supplemented with complete protease
inhibitor cocktail and a phosphatase inhibitor. After an
incubation period of 40 min at 4�C, insoluble components
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were removed by centrifugation at 12 000 g for 15 min.
Lysates were incubated with anti-FLAG M2 affinity gel for
8 h. Following five washes in wash buffer (1% Triton X-100,
300 mM NaCl, 20 mM HEPES, 10% glycerol, and 1 mM
EDTA [pH 7.4]), the precipitated proteins were separated by
SDS-PAGE.

Transwell migration assays

Two days after transfection, NSCLC cells were obtained
using trypsin and washed once with Hanks solution. Eight-
micrometer cultures or matrix inserts were placed in a
24-well plate for evaluating cell migration. Then, 400 μl of
F-12 was mixed with 10% fetal bovine serum and 20 ng of
HGF in the lower chamber, and 1 � 105 cells were added to
the upper chamber. Twenty hours after culturing, the
migrated cells were stained using crystal violet and carefully
observed using a microscope.

Wound healing test

We placed 10 μl of pipette-tip-scratched cells in 6-well plates
which subsequently migrated to the wound and were fixed.
The scratch area was then evaluated using a microscope.
Mobility (percentage) was calculated as the width (at 48 h)
divided by the width (at 0 h).

Determination of ROS generation

The production of endogenous ROS was determined using
dichlorofluorescein diacetate, which is a fluorescent probe.
Inoculated cells were placed in a 96-well plate at a density of
1 � 104 cells/well for 24 days and cultured with dichloro-
fluorescein diacetate for 30 min at 37�C overnight. After the
cells were washed twice with phosphate-buffered saline, they
were imaged using an InCell 2000 confocal microscope. To
quantitatively evaluate the effect of intracellular ROS genera-
tion, the fluorescence was measured using a software mod-
ule provided by InCell 2000.

Apoptosis assay

A dead cell apoptosis kit with annexin V-FITC/propidium
iodide (PI) (Strong Biotech Corp.) was used to analyze cell
apoptosis along with flow cytometry (FC). Specifically, inoc-
ulated cells were placed in a 6-well plate (density: 3 � 105

cells/well) and were cultured for 24 h. We then obtained
tryptase, which was processed by centrifugation at 2000 rpm
for 5 min and washed twice with ice-cold phosphate-
buffered saline. Then, 100 μl of annexin V binding buffer
was added, followed by 5 μl of annexin V and 5 μl of
PI. The samples were incubated at room temperature for
15 min. Annexin V binding buffer was added to obtain a
total volume of 1 ml. The cells were processed following

transfer to an FC tube and analyzed using a flow cytometer
(Cytomics FC 500, Beckman Coulter).

Enzyme-linked immunosorbent assays (ELISA)

Interleukin-1 beta (IL-1β), interleukin-6 (IL-6), and tumor
necrosis factor-alpha (TNF-α) in cell lysates were measured
using specific ELISA kits (Cell Signaling Technology)
according to the manufacturer’s instructions. Cytokine levels
were determined based on the respective standard curves.

Statistical analysis

All data are shown as means � standard deviation (SD).
Comparisons among multiple groups (>2 groups) were con-
ducted using a one-way analysis of variance (ANOVA).
Comparisons between two groups were conducted using t-
tests. Statistical significance was set at p < 0.05.

RESULTS

Hypoxia-induced ITCH downregulation in lung
cancer cells

To assess the influence of ITCH on LC cells under hypoxic
conditions, SPC-A1, A549, and H1299 cells were subjected
to anoxic conditions, and the effects of hypoxia on HIF-1α
mRNA and protein expression levels were studied. Anoxia
treatment contributed to increasing HIF-1α mRNA and pro-
tein expression levels (Figure 1a–f), suggesting the successful
induction of hypoxia-conditioned lung tumor cells. In addi-
tion, to be more relevant to LC pathology, we checked the
expression of ITCH and TXNIP mRNA expression in LC
samples and adjacent noncancerous samples (N = 10). The

F I G UR E 1 Hypoxia treatment in lung tumor cells. SPC-A1, A549, and
H1299 cells were subjected to hypoxic and normoxic conditions. (a, b, c)
RT-qPCR results revealed the upregulation of HIF-1α mRNA levels in SPC-
A1, A549, and H1299 cells in response to hypoxia in comparison with those
in cells under normoxic conditions. (d, e, f) WB showed increased protein
expression of HIF-1α in SPCA-1, A549, and H1299 cells in response to
anoxia in comparison with those in cells under normoxic conditions.
*p < 0.05, **p < 0.01 versus normoxic group
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results demonstrated that ITCH was downregulated, while
TXNIP was upregulated, in lung cancer tissue compared
with noncancerous tissue (Figure S1A,B).

We then detected the expression level of ITCH in
anoxia-conditioned A549, SPC-A1, and H1299 cells. Both
RT-qPCR and WB analysis showed downregulation of
ITCH expression in hypoxic cells compared with that in
normoxic cells (Figure 2a–f), suggesting that ITCH might be
associated with the phenotypes of lung tumor cells under
hypoxic conditions.

To examine the direct effects of ITCH and its activity on
the phenotypes of NSCLC cells upon hypoxia, overexpres-
sion of ITCH wild-type (WT) or its catalytically inactive
mutant C830A22 was conducted on the three lung tumor cell
strains under hypoxia. Upregulated ITCH expression levels
in A549, SPC-A1, and H1299 cells were detected at both the
mRNA and protein levels, as assessed by RT-qPCR and WB
analyses (Figure 2a–f), respectively. The SPC-A1, A549, and
H1299 cells with or without ITCH overexpression were used
in the following experiments.

ITCH overexpression repressed the migration,
invasion, ROS generation, inflammation, and
apoptosis of lung tumor cells

As previous studies indicated, anoxia promoted the migra-
tion as well as invasion of lung tumor cells.23 We next
attempted to explore the influence of ITCH overexpression
on these two phenotypes (migration and invasion) of A549,
SPC-A1, and H1299 cells under hypoxic conditions. The
wound healing and Transwell invasion assays showed that
hypoxia induction increased the migratory and invasive abil-
ities of SPC-A1, A549, and H1299 cells compared to those
in the normoxic group (Figures 3a–c and 4a–c). ITCH over-
expression significantly decreased the migratory and

invasive abilities of lung tumor cells under anoxic condi-
tions; however, ITCH C830A overexpression showed no
effect on the invasion and migration of the three cell types
(Figures 3a–c and 4a–c), suggesting that the effects of ITCH
on the invasion and migration of hypoxic lung tumor cells
are based on ubiquitin ligating enzyme activities.

Hypoxia treatment induced robust production of inflam-
matory cytokines and ROS,24,25 which triggered apoptotic
death in NSCLC cells.26 Under hypoxic conditions, A549,
SPC-A1, and H1299 cells showed higher ROS levels and pro-
duction of inflammatory cytokines (IL-1β, IL-6, and TNF-α)
than normoxic cells (Figure 5a–f). Overexpression of ITCH
partially reversed the upregulation of ROS, IL-1β, IL-6, and
TNF-α levels in LC cells under hypoxic conditions
(Figure 5a–f). In addition, C830A overexpression did not affect
the generation of ROS and inflammatory cytokines in the cells.

Apoptosis was determined by FC using Annexin V-
FITC/PI staining. The results showed that hypoxia treat-
ment induced significant apoptosis in LC cells compared to
that in normoxic cells (Figure 6a–c). However, in ITCH-
overexpressing cells, apoptosis of LC cells was reduced. As
expected, C830A overexpression did not influence the apo-
ptosis rate in hypoxic NSCLC cells (Figure 6a–c), indicating
that ITCH also reduced ROS generation, inflammation, and
apoptosis of hypoxic LC cells via its activity.

ITCH caused proteasomal TXNIP degradation
in lung tumor cells

As previously conducted investigations suggested that ITCH
could bind to TXNIP and cause its degradation12 and
because TXNIP is positively correlated with metastasis and
ROS in multiple cancers,18,27 we hypothesized that TXNIP is
associated with ITCH-mediated tumor phenotypes of hyp-
oxic NSCLC cells. To test this, we transfected ITCH WT

F I G U R E 2 ITCH expression in
hypoxia-treated lung tumor cells. SPC-A1,
A549, and H1299 cells were processed with
ITCH (or C830A mutant) by transfection
with an overexpression vector or empty
vector and then placed under hypoxic or
normoxic conditions. (a, b, c) Downregulated
ITCH mRNA expression levels in SPC-A1,
A549, and H1299 cells in response to anoxia.
(d, e, f) Reduced nestin levels in SPC-A1,
A549, and H1299 cells in response to
hypoxia. *p < 0.05, **p < 0.01 versus
normoxic group; #p < 0.05, ##p < 0.01 versus
hypoxic group
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and the C830A mutant into H1299 cells and treated the cells
with the protein synthesis inhibitor cycloheximide (CHX).
Results revealed ITCH overexpression; moreover, TXNIP
protein expression was reduced more rapidly in the cells
than in cells with an empty vector or C830A mutant overex-
pression (Figure 7A). Furthermore, ITCH-induced downre-
gulation of TXNIP expression was abrogated after treatment
with the proteasome inhibitor MG132 (Figure 7b). These
data suggest that ITCH contributes to the proteasomal deg-
radation of TXNIP in H1299 cells.

Next, we assessed the interaction between ITCH and
TXNIP. TXNIP was immunoprecipitated using FLAG anti-
body from H1299 cell lysates or vector controls coexpressing
myc-ITCH and flag-TXNIP plasmids. WB analysis indicated
that TXNIP coimmunoprecipitated ITCH with an empty

vector, but did not coimmunoprecipitate with it (Figure 7c).
This result demonstrates that there is a protein–protein
interaction between TXNIP and ITCH.

TXNIP participated in ITCH-mediated
suppression of migration, invasion, ROS
production, inflammation, and apoptosis in
hypoxic NSCLC cells

To evaluate the role of ITCH and TXNIP cross-talk in the
malignant phenotypes of NSCLC cells under hypoxic condi-
tions, hypoxic cells were transfected with both the C830A
mutant overexpression vector and siRNA-TXNIP. We
observed that TXNIP expression was significantly reduced

F I G U R E 3 Effect of ITCH overexpression on the migration of hypoxia-treated lung tumor cells. SPC-A1, A549, and H1299 cells were processed with
ITCH (or C830A mutant) by transfection with an overexpression vector or empty vector and then subjected to hypoxic or normoxic conditions. (a, b,c)
Wound healing test was performed to evaluate the migratory ability of SPC-A1, A549, and H1299 cells. *p < 0.05 versus normoxic group; #p < 0.05 versus
hypoxic group.
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in C830A-overexpressed hypoxic cells with siRNA-TXNIP
transfection, at both the protein and mRNA levels
(Figure 8a–f).

Next, wound healing tests and Transwell invasive tests
were carried out to detect the role of TXNIP depletion in
C830A mutant-overexpressed cell migration and invasion
under hypoxic conditions. Wound healing assay and Trans-
well invasive tests indicated that TXNIP depletion also
inhibited the migratory and invasive capacity of hypoxic
A549, SPC-A1, and H1299 cells with C830A overexpression
(Figure 9a,b). Our data showed that TXNIP knockdown in
C830A mutant-overexpressing cells also reduced ROS gen-
eration (Figure 9c), inflammation (Figure 9d–f), and apopto-
sis (Figure 9g). Our data indicate that TXNIP is associated
with ITCH-mediated tumor phenotypes of hypoxic lung
tumor cells.

Single silencing of TXNIP suppressed
migration, invasion, ROS production,
inflammation, and apoptosis in hypoxic NSCLC
cells

To directly test the effect of TXNIP on the migration, inva-
sion, ROS production, inflammation, and apoptosis in hyp-
oxic NSCLC cells, we firstly determined its expression in
normoxic and hypoxic NSCLC cells. WB determined that
hypoxia induced an upregulation of TXNIP in LC cell lines,
while transfection of siRNA-TXNIP resulted in a significant
reduction of TXNIP in hypoxic LC cells (Figure 10a).
Wound healing and Transwell invasive assays showed that
single TXNIP knockdown also inhibited the migratory and
invasive capacity of hypoxic A549, SPC-A1, and H1299 cells
(Figure 10b,c). Our data showed that TXNIP knockdown

F I G U R E 4 Effect of ITCH overexpression on invasion ability of hypoxia-treated lung tumor cells. SPC-A1, A549, and H1299 cells were processed with
ITCH (or C830A mutant) by transfection with an overexpression vector or empty vector and then placed under hypoxic or normoxic conditions. (a, b, c)
Transwell invasion assay was performed to evaluate the invasion ability of A549, SPC-A1, and H1299 cells. *p < 0.05 versus normoxic group; #p < 0.05 versus
hypoxic group
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also reduced ROS generation (Figure 10d), IL-1β, IL-6,
TNF-α (Figure 10e–g), and apoptotic proportion
(Figure 10h) of hypoxic NSCLC cells. This part of data indi-
cated that TXNIP depletion caused reduction of migration,
invasion, ROS production, inflammation, and apoptosis in
hypoxic NSCLC cells.

DISCUSSION

NSCLC, a major tumor-related disease involved in targeting
treatment of immunization as well as molecule’s checking-
points, so as to significantly improve subjects’ clinical prog-
nosis.28,29 Hypoxia-promoted metastasis has been discov-
ered in several cancers in humans,30–32 such as NSCLC;33,34

however, the underlying mechanism has not been fully elu-
cidated. In the current study, decreased ITCH levels were
found in SPC-A1, A549, and H1299 cells in response to
anoxia induction. Anoxia increased the migration and inva-
sion abilities, ROS generation, inflammation, and apoptosis
of NSCLC cell lines, although these increases in NSCLC cells
were ameliorated by ITCH overexpression, rather than by
overexpression of its inactive C830A mutant. We also
observed that the degradation of TXNIP was mediated by
ITCH in lung tumor cells. In the loss-of-function

experiment, TXNIP depletion resulted in one homologous
phenotyping (ITCH overexpression) in hypoxic NSCLC
cells with the C830A mutant. Our data suggest that the
hypoxia-induced ITCH/TXNIP pathway increases metasta-
sis and cell survival and probably causes treatment fail-
ure in LC.

ITCH, an E3-ubiquitin ligase, regulates the ubiquityla-
tion of multiple targets and is involved in a variety of cell
response regulation processes (e.g., TNF-α, Hedgehog,
Notch signal transduction, and DNA damage response).35

Extensive investigations have shown that ITCH expression
is upregulated in a variety of cancer cells.35 ITCH, mainly
based on Wnt/beta-catenin, has a negative regulatory effect
in colorectal and breast cancer processes.36 Clearing ITCH
inhibits lung tumor cell multiplication. ITCH silencing also
significantly accelerated lung tumor cell death by modulat-
ing the Bcl2/Bax signal pathway, suggesting that ITCH
exerts an antiapoptotic effect on lung tumor cells.37 Li et al.
indicated that inhibition of ITCH suppresses proliferation
and induces apoptosis of lung cancer cells.37 H1975 and
Calu3 cells were transfected with siRNA-ITCH, and the cell
proliferation and apoptosis were measured by MTT assay
and flow cytometry. They observed that ITCH siRNA effec-
tively inhibited the proliferation and invasion of the lung
cancer cells and promoted cell apoptosis. In our study, we

F I G U R E 5 Effect of ITCH
overexpression on ROS generation &
inflammation of hypoxia-conditioned lung
tumor cells. SPC-A1, A549, and H1299 cells
were processed with ITCH (or C830A
mutant) by transfection with an
overexpression vector or empty vector and
then placed under hypoxic or normoxic
conditions. (a, b, c) DCFH-DA staining assay
was used to examine ROS generation in SPC-
A1, A549, and H1299 cells. (d, e, f ) ELISA
was performed to detect the generation of
inflammatory cytokines (interleukin (IL)-1β,
interleukin (IL)-6, and tumor necrosis factor-
alpha) in SPC-A1, A549, and H1299 cells.
*p < 0.05, **p < 0.01, ***p < 0.001 versus
normoxic group; #p < 0.05, ##p < 0.01 versus
hypoxic group
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F I G U R E 6 Effect of ITCH overexpression on apoptosis of hypoxia-conditioned lung tumor cells. SPC-A1, H1299, and A549 cells were processed with
ITCH (or C830A mutant) by transfection with an overexpression vector or empty vector and then placed under hypoxic or normoxic conditions. (a, b, c) Cell
death was evaluated via FC with PI staining as well as fluorescein isothiocyanate. *p < 0.05 versus normoxic group; #p < 0.05 versus hypoxic group.

F I G U R E 7 TXNIP degradable effect
promoted by interaction of ITCH with
TXNIP. (a) H1299 cells were cotransfected
with ITCH WT or its C830A mutant. Whole
cell (WC) lysing reagent processed under the
intended time with 100 μg/ml CHX were
probed for ITCH as well as TXNIP with
WB. (b) WC lysing reagent from H1299 cells
transfected with ITCH expression vector/
pRT-V and processed using 25 μM MG-132
for 4 h were probed for ITCH as well as
TXNIP with WB. (c) H1299 cells were
cotransfected with myc-ITCH as well as flag-
TXNIP plasmid. Lysing reagent used was IP
(by anti-flag antibodies) as well as WB
(by indicated antibodies)
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showed that hypoxia condition reduced ITCH expression in
LC cells (A549, SPC-A1, and H1299), and promoted migra-
tion, invasion, and apoptosis of these three cell lines. The
effect of hypoxia-associated ITCH downregulation on apo-
ptosis is consistent with the report by Li et al.,37 while the
role of hypoxia on migration and invasion of LC cells is dis-
crepant. In another aspect, accumulating studies have dem-
onstrated that hypoxia enhanced migration, invasion and
transformation of NSCLC cells,38–40 which have been con-
firmed by our study. Therefore, we thought the discrepancy
of these two studies regarding the effect of hypoxia-
associated ITCH downregulation on migration and invasion
could be attributed to two reasons: first is the application of
different cell lines (H1975 and Calu3 vs. A549, SPC-A1, and
H1299); second, ITCH reduction caused by single transfec-
tion of siRNA or hypoxia condition, and the latter is a more
complicated condition. However, the expression level of
ITCH in NSCLC cells under hypoxic conditions remained
unclear. Here, ITCH expression levels were found to be sig-
nificantly decreased in A549, SPC-A1, and H1299 cells in
response to hypoxic conditions, along with promoted migra-
tion, invasion, ROS release, inflammation, and apoptosis.
Restored expression of ITCH contributed to the suppression
of these hypoxia-induced changes in the three NSCLC cells.
The repressive effect of ITCH on apoptosis was consistent
with that reported in a previous study.37

ITCH regulates cell death by interacting with substrate
proteins (e.g., p53 and its related genes, including p63, p73,
t-Bid, c-jun, and TXNIP).12,22,41–43 TXNIP, a regulator of
apoptosis-promoting proteins and the TRX system, has
attracted increasing attention in the CVD field.44 TXNIP
expression is strictly controlled in normal cells. TXNIP
deregulation is associated with cancer, heart, and metabolic
illnesses.45,46 TXNIP is caused by multi-stress stimulation
(e.g., hydrogen dioxide, H2O2, RF, ultraviolet radiation, heat

shock, serum deprivation, and growth inhibitors, such as
TGF1).46 Anticarcinogens (e.g., ceramide, 5-fluorouracil,
anisomycin, and hexadecadrol) can also significantly affect
TXNIP expression levels.47 Many transcription factors
(e.g., heat shock factor, GR, FOXO1, and MondoA) have
been shown to regulate TXNIP expression in different
conditions.48–50 Recently, a global analysis of lysine ubiquiti-
nation in HeLa cells via mass spectrometry showed that
TXNIP is also ubiquitinated externally. Lys-122 is a possible
ubiquitin-binding site.51 Zhang et al. demonstrated that
ITCH resulted in degradable effect on TXNIP protease.
Inhibition of ITCH by siRNAs leads to the accumulation of
steady-state TXNIP levels.12 The lack of TXNIP expression
in gastric, breast, bladder, and colorectal cancer and DLBCL
has been reported to be related to more invasive illnesses,
advanced stages of disease, and relatively poor
outcomes.52–59 In contrast, TXNIP overexpression is caused
by anoxia in microvascular endothelial cells (MECs) in
humans60 as well as in the hearts of mice.61 In carcinoma of
the pancreas and NSCLC, TXNIP is also found to be
induced by HIF under anoxic conditions,18,62 and the high
expression levels of TXNIP may be an indicator of poor
prognosis of NSCLC. Here, our data confirmed that ITCH
overexpression contributed to the proteasomal degradation
of ITCH in H1299 cells. ITCH-suppressed migration, inva-
sion, ROS release, inflammation, and apoptosis were accom-
panied by reduced TXNIP levels in the three NSCLC cell
lines (SPC-A1, A549, and H1299). To elucidate the role of
TXNIP, it was silenced in cell lines under hypoxic condi-
tions and C830A overexpression; the data showed that
although C830A upregulation did not cause any changes in
these tumor phenotypes in hypoxic NSCLC cells, the deple-
tion of TXNIP had an effect similar to ITCH WT overex-
pression. These data suggest that ITCH exerts its effect by
mediating TXNIP degradation.

F I G U R E 8 Silencing of TXNIP in lung tumor cells under anoxia and C830A overexpression. A549, SPC-A1, and H1299 cells were cotransfected with
ITCH C830A as well as siTXNIP/siNC overexpression vector for 24 h. Then, 24 h after transfection, the cells were subjected to normoxic or hypoxic
conditions. (a, b, c) mRNA levels of ITCH and TXNIP in SPC-A1, A549, and H1299 cells were assessed by RT-qPCR. (d, e, f) Reduced ITCH and TXNIP
levels in SPC-A1, A549, and H1299 cells were detected by WB. ***p < 0.001 versus hypoxic + ITCH C830A + si-NC group
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In summary, our study suggests that the hypoxia-
induced ITCH/TXNIP pathway plays an important role in
hypoxia-associated cell migration, invasion, and survival.

Targeting ITCH or TXNIP may be a potential therapy to
inhibit tumor cell survival and metastasis, thereby improv-
ing the treatment of solid breast tumors. However, the lack

F I G U R E 9 Influence of TXNIP on migration, invasion, ROS generation, inflammation, and apoptosis of C830A-overexpressing and hypoxia-
conditioned lung tumor cells. SPC-A1, A549, and H1299 cells were processed using siTXNIP/siNC and ITCH C830A overexpression vector by cotransfection
for 24 h. Twenty-four hours after transfection, the cells were subjected to normoxic or hypoxic conditions. (a) Wound healing assay showing the migration
ability of SPC-A1, A549, and H1299 cells. (b) Transwell invasion test showing the invasion ability of SPC-A1, A549, and H1299 cells. (c) DCFH-DA staining
assay was used to examine ROS generation in A549, SPC-A1, and H1299 cells. (d, e, f) ELISA was performed to detect the generation of inflammatory
cytokines (interleukin (IL)-1β, interleukin (IL)-6, and tumor necrosis factor-alpha) in SPC-A1, A549, and H1299 cells. (g) Cell death was evaluated with FC
with PI staining as well as fluorescein isothiocyanate. ***p < 0.05, **p < 0.01 versus hypoxic + ITCH C830A + si-NC group
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F I G U R E 1 0 Influence of single TXNIP knockdown on migration, invasion, ROS generation, inflammation, and apoptosis of hypoxic lung tumor cells.
SPC-A1, A549, and H1299 cells were processed using siTXNIP/siNC by transfection for 24 h. Twenty-four hours after transfection, the cells were subjected to
normoxic or hypoxic conditions. (a) Reduced TXNIP levels in SPC-A1, A549, and H1299 cells were detected by WB. (b) Wound healing assay showing the
migration ability of SPC-A1, A549, and H1299 cells. (c) Transwell invasion test showing the invasion ability of SPC-A1, A549, and H1299 cells. (d) DCFH-
DA staining assay was used to examine ROS generation in A549, SPC-A1, and H1299 cells. (e, f, g) ELISA was performed to detect the generation of
inflammatory cytokines (interleukin (IL)-1β, interleukin (IL)-6, and tumor necrosis factor-alpha) in SPC-A1, A549, and H1299 cells. (h) Cell death was
evaluated with FC with PI staining as well as fluorescein isothiocyanate. ***p < 0.05, **p < 0.01 versus hypoxic + si-NC group
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of animal experiments was a limitation of this study, and a
hypoxic tumor animal model incorporating ITCH or TXNIP
KO/KD should be used in future investigations.
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