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Aims and Hypothesis: NEDD9 is highly expressed in gastric cancer and has a
significant involvement in its pathogenesis. However, the mechanism behind hypoxia-
promoted cancer cell migration and its regulation because of NEDD9 is still unknown.
The aim of this study is to investigate the involvement of NEDD9 in gastric cancer cell
migration under hypoxia and explore the underlying potential molecular mechanisms.

Methods: Cell motility was measured by wound healing and transwell assay.
NEDD9 and MICAL1 expressions were examined by western blot analysis. Interaction
between NEDD9 and MICAL1 was assessed by immunohistochemistry and co-
immunoprecipitation assay, respectively. Cells were transfected with plasmids or siRNA
to upregulate or downregulate the expression of NEDD9 and MICAL1. Rac1, Cdc42,
and RhoA activation was assessed by pulldown assay.

Results: The mRNA and protein level of NEDD9 increased as a result of hypoxia in
gastric cancer cell lines BGC-823 and SGC-7901 while decreased levels of NEDD9
caused reduced cell migratory potential in response to hypoxia. Hypoxia also caused
the enhancement of MICAL1 expression. Furthermore, it was revealed that there is
a positive correlation between NEDD9 and MICAL1 protein while hypoxia played role
in increasing their interaction. Under hypoxic conditions, silencing of NEDD9 caused
reduction in the stability of MICAL1 protein, while depletion of MICAL1 also inhibited the
migration of NEDD9-overexpressing gastric cancer cells. In addition, silencing of NEDD9
or MICAL1 expression reversed the increased GTP forms of Rac1 and Cdc42 in hypoxic
cells. However, only the upregulation of Rac1-GTP level was observed in gastric cancer
cells that were already overexpressed by MICAL1.

Conclusion: In all, it is concluded that MICAL1 is regulated by NEDD9 that facilitates
hypoxia-induced gastric cancer cell migration via Rac1-dependent manner.
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INTRODUCTION

Neural precursor cell expressed developmentally downregulated
protein 9 (NEDD9) also known as HEF1, Cas-L, CASS2 is a
member of the Crk-associated substrate (CAS) protein family.
NEDD9 was first described to be expressed in the brain of
the mouse in embryonic stage—where its expression was seen
developmentally downregulated (Kumar et al., 1992). As a non-
catalytic scaffolding protein containing multiple docking sites,
NEDD9 is involved in connecting external stimulus signals with
downstream signaling molecules. Therefore, it plays a critical role
in assembling signaling cascades and regulating multiple cellular
processes including tumor progression (Nikonova et al., 2014;
Shagisultanova et al., 2015).

It has been documented that NEDD9 is strongly associated
with development of multiple types of cancer (Jin et al., 2014;
Wang et al., 2014; Zhou et al., 2017). NEDD9 is overexpressed
in gastric cancer tissues (Liu et al., 2014). The upregulation
of NEDD9 can lead to malignant transformation of normal
human gastric epithelial cells (Feng et al., 2015). Growing
evidence suggests that overexpression of NEDD9 can increase
the risk of metastasis of cancer cells. For example, NEDD9
is highly enriched in focal adhesion and interacts with FAK
and Src, which can initiate cell migration and invasion (Sima
et al., 2013; Bradbury et al., 2014). Upregulation of NEDD9
is reported to activate Rac1 GTPase and drive mesenchymal-
mode movement of cancer cells (Sanz-Moreno et al., 2008). In
addition, NEDD9 is positively correlated with the expression
of mesenchymal-type marker proteins such as vimentin and
Zeb, while E-cadherin is opposite (Feng et al., 2015). NEDD9
is also involved in canonical Wnt/β-catenin pathway-mediated
colonic cell migration and cancer progression (Li et al., 2011).
Understanding the NEDD9 regulatory pathway in cell migration
will provide not only new insights into cancer metastasis but also
therapeutic targets for gastric cancer. However, the mechanism
underlying the effect of NEDD9 on gastric cancer cell motility
has not been fully investigated.

Hypoxia is a powerful selective driver of aggressive tumor
behavior (Bertout et al., 2008). One of the key regulators of
cellular response to hypoxia is the increased expression level of
hypoxia-inducible factor 1α (HIF-1α). Stable HIF1α expression
can modulate cellular metabolism and increase angiogenesis
(Hockel and Vaupel, 2001). NEDD9 has been identified as
a novel HIF-1α-regulated gene which can mediate hypoxia-
induced colorectal cancer cell migration (Kim et al., 2010). In
addition, NEDD9 was also found selectively induced in neurons
after transient global ischemia (Sasaki et al., 2005). However,
involvement of NEDD9 with gastric cancer cell motility and
relative mechanisms under hypoxic condition is still unknown.
Molecules interacting with Cas L (MICALs) are redox enzymes
that are crucial for cytoskeleton dynamics (Vanoni, 2017; Yoon
and Terman, 2018). Our previous work identified a novel link
between MICAL1 and RAB upon EGF stimulation and found
that MICAL1 was essential for maintaining invasive phenotype
of breast cancer cells (Deng et al., 2016b). Unfortunately, the
regulator(s) of MICAL1 in gastric cancer is still unclear. NEDD9
was identified to interact with MICAL1 by far western screening

analysis (Suzuki et al., 2002) providing a basis for further
exploring the role of MICAL1 in NEDD9-induced alteration of
cancer cell function.

The present study is a continuation of our previous study
where we have proven that MICAL1 exerts a significant growth
and invasion-promoting effects on breast cancer cells (Deng
et al., 2016b, 2018). The results here demonstrated that hypoxia
promoted gastric cancer cell migration by positively regulating
the expression of NEDD9 and its subsequent binding to MICAL1.
In addition, NEDD9/MICAL1 also promotes cell migration
in Rac1-dependent manner. These findings revealed a novel
relationship between NEDD9 and MICAL1 in the context of
hypoxia-induced gastric cancer cell migration.

MATERIALS AND METHODS

Ethics Statement
All immunohistochemistry assays with human tumor
specimens were conducted under the institutional guidelines of
Jiangsu Province.

Cell Culture
Human gastric cancer cell lines (BGC-823, SGC-7901) and
HEK-293T cells were obtained from the Cell Biology Institute
of Chinese Academy of Sciences (Shanghai, China). Cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM,
high glucose) (Hyclone, Thermo Scientific, Waltham, MA,
United States) supplemented with 10% (v/v) fetal bovine serum
(FBS) (Gibco, Carlsbad, CA, United States) and antibiotics
(100 U/mL streptomycin and 100 µg/mL penicillin) (Invitrogen,
Carlsbad, CA, United States) in a humidified incubator at 37◦C
with 5% CO2. Cells were grown on coverslips for fluorescence
staining and on plastic dishes for protein extraction.

For hypoxia, cells were exposed to a continuous flow of a
humidified mixture of 1% O2, 5% CO2, and 94% N2 at 37◦C for
the indicated time.

Plasmids and siRNAs
Human full-length NEDD9 cDNA was amplified from
pBluescriptR-NEDD9 plasmid (Youbio, Hunan, China)
using the following primer set, sense: 5′-AAGGGTACCG
AGCTGGATCCATGAAGTATAAGAATCTTATGGCA-3′ and
antisense: 5′-TGCTGGATATCTGCAGAATTCTCAGAACGTT
GCCATCTC-3′. In these primers, BamHI and EcoRI
restriction site sequences have been underlined. The full-
length MICAL1 DNA was amplified from pOTB7-MICAL1
plasmid using the following primer set, sense: 5′-CCC
AAGCTTGCCACCATGGCTTCACCTACCTCCA-3′, antisence:
5′-CCAACTCGAGGCCCTGGGCCCCTGTCCCCAAGGCCA-
3′. In these primers, HindIII and XhoI restriction site sequences
have been underlined. The PCR products were cloned into the
pCMV-C-HA vector (Clontech, Palo Alto, CA, United States).
All constructions were ensured by sequencing. The cells were
grown in six-well plates until approximately 80% confluence,
and then transiently transfected with those plasmids by using
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FuGENE HD Transfection Reagent (Promega, Madison, WI,
United States) according to the manufacturer’s instructions.

The siRNAs were synthesized and purified by GenePharma
(Shanghai, China), and the siRNAs specifically targeting NEDD9
were as follows: #1, 5′-GAGGCGUUCAGUUUCUUGAdTdT-3′,
#2, 5′-CCAAGAACAAGAGGUAUAUd TdT-3′, and #3, 5′-GAUG
GGAUCAACCGAUUGUdTdT-3′. siRNAs specifically
targeting MICAL1 were as follows: 5′-CUCGGUGCUA
AGAAGUUCUdTdT-3′. Cells were transfected with siRNA
using Lipofectamine 2000 (Thermo Fisher Scientific, Waltham,
MA, United States) according to the transfection method
provided by the manufacturer. After transfection with plasmid
or siRNA for 36 h, the cells were cultured in hypoxia, and
then treated with cycloheximide (CHX) (Sigma, St. Louis, MO,
United States) at the indicated time points.

Cell Wound Healing and Transwell Assay
After transfection with indicated exogenous materials when the
cells reached approximately 95–100% confluent, a scratch was
made manually in the monolayer of cells by using a 10 µL
pipette tip. The cells were washed with PBS and then incubated
in fresh medium with or without hypoxia. The wounded
cellular monolayer was permitted to heal for 12 h. Photographs
of wound healing were taken using microscope (Carl Zeiss
Meditec, Jena, Germany).

Transwell assay were performed using a 24-well cell culture
insert with 8 µm pores (Millipore, Billerica, MA, United States).
Cells were harvested, washed, and suspended in DMEM without
FBS, then seeded on the upper chamber with density of
4 × 104/200 µL. Cells were allowed to get attached to the
membrane for about 30 min. The lower chamber was filled with
600 µL DMEM with 10% FBS. After incubation for 12 h, the
cells were fixed, and stained with 0.1% crystal violet for 5 min.
Then the cells on the upper surface of the membrane were
removed and the number of stained cells on the lower surface
of the membrane was counted in photos taken under an inverted
microscope (TS100; Nikon, Tokyo, Japan).

Co-immunoprecipitation Assay
Co-immunoprecipitation assay were performed as previously
described (Deng et al., 2016a). Briefly, cell lysates were incubated
with antibody at 4◦C for 4 h. Antibody-bound complexes
were precipitated with protein A+G agarose beads (Beyotime,
Nantong, China) and rinsed with PBS. Then agarose-associated
protein complexes were dissolved in SDS loading buffer and
analyzed by immunoblotting analysis.

Immunoblotting Analysis
Protein extraction from the sample and concentration
determination of whole cells was performed as previously
described (Duan et al., 2016). Briefly, the cells were lyzed in
RIPA buffer containing phenylmethanesulfonyl fluoride (PMSF)
and protease inhibitor cocktail. Equal amounts of proteins
were resolved on SDS polyacrylamide gels and transferred to
nitrocellulose membrane. The resulting blots were blocked
with 5% non-fat dry milk and probed with antibodies. The
following antibodies were used: GAPDH (KangChen, Shanghai,

China), β-actin (Santa Cruz, Santa Cruz, CA, United States),
MICAL1 (proteintech, Hubei, China), NEDD9 (Santa Cruz),
FLAG (Abways, Shanghai, China), Rac1 (BD, Franklin Lakes, NJ,
United States), RhoA, Cdc42, and HA antibodies (Cell Signaling,
Danvers, MA, United States). Protein bands were detected by
incubating with HRP-conjugated antibodies (Santa Cruz) and
developed using ECL reagent (Millipore). Digital images of the
positive bands were obtained and analyzed with Quantity One
(Bio-Rad, Hercules, CA, United States).

Pulldown Assay
Rac1, Cdc42, and RhoA activity was measured by pulldown
assay (Chen et al., 2018). Active RhoA was pulldown by GST-
RBD beads and active Cdc42/Rac1 was pulldown by PAK-CRIB
beads. In brief, protein lysates were centrifuged, supernatant
was collected in new tubes containing beads precoupled with
GST–PBD or PAK-CRIB, and incubated under rotation at
4◦C for 30 min. Then, the beads were washed and the
proteins bound on the beads were separated by SDS-PAGE. The
amounts of active RhoA, Cdc42, and Rac1 were determined by
immunoblotting analysis.

Measurement of ROS
2′,7′-Dichlorofluorescein diacetate (CM-H2DCFDA)
(Invitrogen, Carlsbad, CA, United States), a ROS-specific
fluorescent probe, was used to determine the intracellular ROS
levels. After exposing it to hypoxia for 4 h, the cells were stained
with 5 µM CM-H2DCFDA for 15 min at 37◦C. After washing
with PBS, the cover slips were mounted on glass slides. Images
were collected using an Olympus BX51 microscope coupled with
an Olympus DP70 digital camera.

Immunohistochemistry
Tumor specimens were obtained from Outdo biotech (Shanghai,
China). Thirty primary human gastric tumor samples and
their corresponding paracancerous tissue samples were
used for immunohistological staining in our study. The
sections were deparaffinized and rehydrated. Peroxidase
blocking was done with 3% H2O2 in methanol for 15 min
at 37◦C. Antigen retrieval was performed by transferring
the sections into EDTA buffer (pH 8.0). The sections were
then blocked by goat serum and applied with MICAL1
(proteintech, Hubei, China) or NEDD9 (absin, Shanghai,
China) antibody at 4◦C overnight. Next, the sections were
treated with the secondary antibody (MXB, Fujian, China)
for 1 h at room temperature. After counterstaining with
hematoxylin, the slides were mounted and photographs were
obtained using an Olympus BX51 microscope. Reagents for
immunohistochemistry were all obtained from ZSGB-BIO
(Beijing, China). The Immuno Reactive Score (IRS) was
calculated as intensity of the staining reaction multiplied by the
percentage of the number of positive cells as previously described
(Dumitru et al., 2013; Medale-Giamarchi et al., 2013).

CCK8 Assay
Cell proliferation was determined by using cell counting kit-
8 kits (bimake, Houston, TX, United States) according to the
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manufacturer’s instructions. Cells were seeded at a density
of 5 × 103 cells per well into 96-well plate (Corning),
10 µL of the CCK-8 solution was added to each well
of the plate. After 1 h, the absorbance was conducted at
450 nm using a microplate absorbance reader (Bio-Tek,
Elx800, United States).

RT-qPCR
Total RNAs were prepared using TRIzol reagent (Invitrogen).
cDNA was synthesized using equal amounts of RNA
(0.5 µg) from each sample. qPCR was performed on the
ABI StepOneTM Real-Time PCR System (Applied Biosystems,
Foster City, CA, United States) using GoTaq qPCR Master
Mix assay (Promega). The gene expression levels were
calculated with Rt (2−11CT) values by StepOne Software v
2.1 (Applied Biosystems). The following primers were used
to amplify: β-actin: 5′-CATGTACGTTGCTATCCAGGC-3′
(sense) and 5′-CTCCTTAATGTCACGCACGAT-3′ (antisense);
MICAL1:5′GGCACTCGGTGCTAAGAAGTT-3′ (sense) and
5′-CCCCAGTGAATTTCCACCCC-3′ (antisense); NEDD9:
5′-GACCGTCATAGAGCAGAACAC-3′ (sense) and 5′-TGCAT
GGGACCAATCAGAAGC-3′ (antisense).

Statistical Analysis
All experiments were repeated at least three times and whole data
are presented as mean ± SD. The significance of difference in
two groups was analyzed by Student’s t-test. P < 0.05 represents
statistical significance and P < 0.01 represents sufficiently
statistical significance (two-tailed). Pearson correlation test was
used indicate the association between MICAL1 and NEDD9
protein expressions in immunohistochemistry analysis.

RESULTS

Hypoxia Promotes NEDD9 Protein
Accumulation in Gastric Cancer Cells
To assess the effect of hypoxia on NEDD9 expression in gastric
cancer cells, SGC-7901 and BGC-823 cells were cultured under
hypoxia for the indicated time. As it has been previously
shown in other cell types, NEDD9 protein usually appears as
105 and 115 kD isoforms (Latasa et al., 2016). The results
in Figure 1A show that hypoxia induced an increase in both
NEDD9 isoforms in gastric cancer cells within 2 h and peaked
at 4 h of hypoxia, then returned to the basal level at 12 h.
The whole western blot picture of NEDD9 is available in
Supplementary Figure S1. The elevated levels of NEDD9 mRNA
were detected by qPCR (Supplementary Figure S2). Although
hypoxia increased both bands in each doublet, modified their
proportion and changed the ratio between them. In BGC-823
cells, p115 isoform accounted for about 50% of total NEDD9
in resting cells. While hypoxia incubation caused lowering of
p115 isoform proportion as compared to control group, therefore
the proportion of p105 isoform became higher in BGC-823. In
contrast, more proportion of p115 isoform produced in SGC-
7901 cells under hypoxic condition (Figures 1B,C). These results

confirmed that hypoxia is an inducer of NEDD9 expression in
gastric cancer cells.

Hypoxia Stimulates Gastric Cancer Cell
Migration Through NEDD9
As shown in Figure 2A, knockdown of NEDD9 with siRNA
reduced the NEDD9 expression in both SGC-7901 and BGC-
823 cells, indicating the efficiency of the siRNA targeting NEDD9
in the present study. We noticed that siRNA #3 was most
effective among the three NEDD9 siRNAs; therefore, it was
selected for the following study. To further examine whether
hypoxia stimulates gastric cancer cell migration in NEDD9-
dependent manner, we investigated SGC-7901 and BGC-823
cell migration using wound closure assay after transfecting
these cells with NEDD9 siRNA. Under hypoxia, the cell
migration rate got increased significantly as compared to the
cells under normal condition. However, in NEDD9-silenced
cells, such stimulatory effect of hypoxia on cell migration
was greatly inhibited (Figure 2B). Cell migration was also
assessed by transwell migration assay. The migrated cell
number was increased two folds in hypoxia treated cultures
as compared to control group of cells. Knockdown of NEDD9
significantly decreased the cell migration rate in both normoxia-
or hypoxia-treated gastric cancer cells (Figure 2C). NEDD9
knockdown had no significant effect on proliferative capacity
in gastric cancer cells under hypoxia for 12 h, evidenced by
the CCK8 assay (Supplementary Figure S3), ruling out the
effect of proliferation on cell migration in the indicated time
period. In all, the results above indicated that the increased
expression of NEDD9 was essential for hypoxia-stimulated
gastric cancer cell migration.

MICAL1 Is Required for Hypoxia-Induced
Cell Migration
It has been found that EGF-induced breast cancer cell
invasion is MICAL1-dependent, which forms complexes
with RAB35 (Deng et al., 2016b). Based on the finding that
NEDD9 interacts with MICAL1 by far western screening
(Suzuki et al., 2002), we further investigated whether
MICAL1 was also involved in hypoxia-stimulated gastric
cancer cell migration. The levels of MICAL1 mRNA were
not changed significantly under hypoxia by qPCR analysis
(Supplementary Figure S2). Immunoblotting analysis showed
that, in both gastric cancer cells, the amount of MICAL1
was increased significantly after hypoxia incubation with
maximal activation at 4 h, and it declined toward basal levels
after 8 h (Figure 3A). Furthermore, knockdown of MICAL1
repressed the hypoxia-promoted gastric cancer cell migratory
phenotype (Figures 3B,C).

NEDD9 Prevents MICAL1 Degradation
Immunohistochemistry analysis in the gastric cancer tissue
microarray showed a positive correlation between NEDD9 and
MICAL1 expressions (r = 0.55) (Figures 4A,B). The result
suggests a possibility that the upregulation of NEDD9 may
contribute to the MICAL1 expression in gastric cancer cells.
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FIGURE 1 | Hypoxia increases NEDD9 protein expression. (A) Gastric cancer cell lines BGC-823 and SGC-7901 were exposed to hypoxia for 12h and NEDD9
protein levels were determined by immunoblotting analysis. (B) NEDD9 was quantified and normalized against β-actin. ∗P < 0.05, ∗∗P < 0.01, referring to the
difference between cells treated with and without hypoxia. (C) Quantification of p105 and p115 isoforms of NEDD9 during hypoxia incubation.∗P < 0.05, referring to
the difference between p105 and p115 isoforms during hypoxia.

It is reported that NEDD9 overexpression correlates with poor
prognosis of gastric cancer (Liu et al., 2014; Zhang et al.,
2015), However, in our study, due to the limited number
of samples, we were unable to demonstrate the significant
interaction between NEDD9, MICAL1, and gastric cancer
progression (data not shown). MICAL1 is a redox enzyme that
is crucial for ROS generation. Knockdown of either NEDD9
or MICAL1 in gastric cancer cells inhibited hypoxia-induced
ROS production (Supplementary Figure S4). Furthermore,
the co-immunoprecipitation study on both Flag-NEDD9 and
HA-MICAL1 overexpressed in HEK293 cells indicated the
direct binding of MICAL1 and NEDD9 (Supplementary
Figure S5A). The interaction between MICAL1 and NEDD9
was also confirmed by co-immunoprecipitation assay, which
showed the endogenous MICAL1 interacted with NEDD9
in SGC-7901 and BGC-823 cells. Moreover, under hypoxic
conditions, the interaction increased in those gastric cancer cells
(Supplementary Figure S5B). To determine whether NEDD9
could regulate stability of MICAL1, we blocked the protein
synthesis by CHX. As shown in Figure 4C, under hypoxia,

the expression levels of MICAL1 were dramatically decreased
over the course of 8 h by depleted NEDD9 expression in
comparison with control cells. In all, these data suggested
that by interaction with the MICAL1, NEDD9 maintained
MICAL1 stability under hypoxia by reducing its degradation in
gastric cancer cells.

Silencing of NEDD9/MICAL1 Blocks
Hypoxia-Induced Rho GTPases
Activation
The members of Rho GTPases, Rac1, Cdc42, and RhoA,
have been considered as classical cytoskeleton regulators
associated with cancer cell migratory phenotype. To verify
that NEDD9 and MICAL1 could impact hypoxia-mediated
activity of those Rho GTPases, we transfected cells with
NEDD9 siRNA or MICAL1 siRNA, and then examined
their effects on Rac1, Cdc42, and RhoA. The efficiency of
the siRNA targeting NEDD9 or MICAL1 is presented in
Supplementary Figure S6. Results from pulldown assay showed
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FIGURE 2 | Effect of NEDD9 on hypoxia-induced gastric cancer cell migration. (A) BGC-823 cells (left) and SGC-7901 cells (right) were transfected with control
siRNA or NEDD9 siRNA. After 48 h, immunoblotting analysis was performed to detect the expression of NEDD9 and GAPDH. The bands were quantified and
normalized against GAPDH. ∗P < 0.05, ∗∗P < 0.01, referring to the difference between cells transfected with control siRNA or NEDD9 siRNA. The migratory
capacity of those cells transfected with NEDD9 siRNA under hypoxia were evaluated by wound healing assay (B) and transwell assay (C). ∗P < 0.05, ∗∗P < 0.01.
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FIGURE 3 | MICAL1 is essential for hypoxia-induced cell migration. (A) BGC-823 cells (left) and SGC-7901 cells (right) were treated with hypoxia for 12 h and the
expression of MICAL1 protein levels was determined by immunoblotting analysis. The bands were quantified and normalized against β-actin. ∗P < 0.05, ∗∗P < 0.01
referring to the difference between cells treated with and without hypoxia. The migratory capacity of those cells transfected with MICAL1 siRNA under hypoxia was
evaluated by wound healing assay (B) and transwell assay (C). ∗P < 0.05, ∗∗P < 0.01.

that hypoxia incubation increased both Rac1 and Cdc42
activation in SGC-7901 and BGC-823 cells. Furthermore,
increased activation of Rac1 and Cdc42 under hypoxia
was attenuated by either NEDD9 or MICAL1 depletion
(Figures 5A,B). Since RhoA activation in BGC-823 cells was

not significantly affected by hypoxia as well as NEDD9 or
MICAL1 depletion, we did not test it again in SGC-7901
cells (Figure 5C). Collectively, these data indicated that
NEDD9 and MICAL1 contribute to hypoxia-induced Rac1 and
Cdc42 activation.
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FIGURE 4 | NEDD9 binds to MICAL1 and prevents its degradation. (A) Using serial sections of the same sample, representative gastric cancer tissue stained for
MICAL1 and NEDD9 (weak and strong staining) are shown. (B) The scatterplot of correlated protein levels between MICAL1 and NEDD9 were shown (n = 30). (C)
After blocking protein synthesis with CHX (10 µg/mL) for the indicated times, the hypoxic cells transfected with control siRNA or NEDD9 siRNA were lyzed and
MICAL1 levels were determined by immunoblotting analysis. GAPDH was used as control. ∗P < 0.05 referring to the difference between cells treated with control
siRNA or NEDD9 siRNA.

Rac1 Mediates NEDD9/MICAL1 Induced
Gastric Cancer Migration
MICAL1 plasmid significantly increased the MICAL1 expression
in gastric cancer cells, confirming the efficiency of the MICAL1
overexpression protocol in the present study (Figure 6A).
It is noted that MICAL1 overexpression only increased
Rac1 activation rather than Cdc42 activation (Figure 6A),
suggesting that the role of MICAL1 in mediating cell migration
may depend on Rac1 activation. The role of MICAL1 in
regulating cell migration was further confirmed by the facts
that MICAL1 overexpression promoted gastric cell migration
rate (Figure 6B). As shown in Figure 6C, Rac1 activation
was increased in NEDD9-overexpressed gastric cancer cells.
Rac1-GTP levels were increased by 1.27-folds in BGC-823 cells
and by 1.38-folds in SGC-7901 cells However, knockdown
of MICAL1 attenuated NEDD9-induced Rac1 activation,
Rac1-GTP levels were decreased to 0.93-folds in BGC-823

cells and 0.70-folds in SGC-7901 cells when compared with
control group. Knockdown of MICAL1 also prevented NEDD9-
stimulated cell migration in both BGC-823 and SGC-7901
cells (Figure 6D). Collectively, these results revealed that
NEDD9/MICAL1 may act on Rac1 to affect hypoxia-induced
gastric cancer cell migration.

DISCUSSION

Globally, gastric cancer is the fifth most-common cancer and
the third leading cause of death (McGuire, 2016). The prognosis
of gastric cancer is poor, due to the fact that the tumor
has already metastasized by the time of diagnosis. Emerging
evidence indicated that hypoxia is one of the major factors
for gastric cancer progression (Fujikuni et al., 2014). However,
the molecular mechanisms underlying metastasis in gastric
cancer cell under hypoxia were not fully understood. It is
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FIGURE 5 | Effect of NEDD9 and MICAL1 on hypoxia-induced Rho-GTPases activation. (A–C) BGC-823 and SGC-7901 cells were transfected with MICAL1 siRNA
or NEDD9 siRNA, and then those cells were exposed to hypoxia for 4 h. Protein extraction from cells was analyzed by immunoblotting analysis. The GTP-bound
form of endogenous Rac1 (A), Cdc42 (B), and RhoA (C) were precipitated and examined by immunoblotting analysis. All the experiments were repeated thrice.
∗P < 0.05, ∗∗P < 0.01.
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FIGURE 6 | Rac1 mediates MICAL1/NEDD9 induced gastric cancer migration. (A) BGC-823 and SGC-7901 cells were transfected with MICAL1 plasmids where
total cellular proteins were extracted and analyzed for GTP-bound form of Rac1 and Cdc42. ∗P < 0.05, ∗∗P < 0.01. (B) Cells were transfected with MICAL1
plasmids or empty vectors, and then wound healing assay were performed to evaluate the migration of both cells. ∗∗P < 0.01. (C) BGC-823 and SGC-7901 cells
were transfected with NEDD9 plasmids and/or MICAL1 siRNA. After 48 h, extracted protein from cells was analyzed for NEDD9 and Rac1-GTP expressions. (D)
Results of wound healing assay showed that knockdown of MICAL1 delayed cell migration in BGC-823 and SGC-7901 cells which overexpressed NEDD9.
∗P < 0.05, ∗∗P < 0.01.

well accepted that NEDD9 expression is sensitive to multiple
stimuli such as TGF-beta (Morimoto et al., 2014), retinoic
acid (Latasa et al., 2016), estrogen (Bradshaw et al., 2011), and
progesterone receptor overexpression (Richer et al., 2002).

NEDD9 mRNA was also confirmed to be upregulated by
hypoxia in stem cells derived from umbilical cord blood
and bone marrow (Martin-Rendon et al., 2007). NEDD9 was
overexpressed in gastric cancer patients (Karabulut et al., 2015;
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Zhang et al., 2015). The present study provides evidence
that hypoxia promotes NEDD9 protein expression in gastric
cancer cells. Meanwhile, silencing of NEDD9 suppressed the
increased cell migration stimulated by hypoxia, confirming
that NEDD9 was involved in the migration of gastric cancer
cells under hypoxia. Moreover, we noticed here that NEDD9
appeared as two main protein phospho-forms of 105 and
115 kDa. Both phospho-forms were identified to be highly
expressed by retinoic acid stimulation (Latasa et al., 2016);
105 kDa NEDD9 is already tyrosine phosphorylated and
undergoes further phosphorylation modifications to produce
a 115 kDa hyper-phosphorylated protein that is tyrosine and
serine phosphorylated. The increase in the proportion of
the 105 kDa isoform in BGC-823 and 115 kDa isoform in
SGC-7901 indicated a relative different increment of NEDD9
phosphorylation status in various types of gastric cancer
cells under hypoxia.

By far western screening analysis, MICAL interacts with
SH3 domain of NEDD9 through its proline-rich PPKPP
sequence (Suzuki et al., 2002). However, least data are available
about the relationship between NEDD9 and MICAL1 in
gastric cancer cells. MICAL1, a multidomain flavoenzyme,
is strongly involved in the mechanisms that promote breast
cancer cell proliferation and invasion (Deng et al., 2016b,
2018). By interacting with cytoskeletal components, MICAL1
has also been proven to be involved in the terminal steps of
cytokinesis (Fremont et al., 2017). Recent study highlighted
that MICAL1 deficiency in oral squamous cell carcinoma
arrested MMP9 secretion, vimentin, and E-cadherin levels,
consistent with increased N-cadherin (Grauzam et al., 2018).
It suggests the possibility that MICAL1 participated in the
control of gastric cancer cell migration. By analysis of gastric
cancer specimens, we noticed a positive correlation between
NEDD9 and MICAL1 protein expressions. So it is interesting
to investigate the role of NEDD9 and MICAL1 in hypoxia-
treated gastric cancer cells. In vitro, hypoxia induced MICAL1
protein level in a time-dependent fashion in gastric cancer
cells. Silencing of NEDD9 significantly accelerated MICAL1
degradation and reduced cell migration rate under hypoxia.
In contrast, MICAL1 deletion inhibited NEDD9-mediated
migration in gastric cancer cell lines. Therefore, it was
identified that hypoxia-induced NEDD9 expression has the
ability to maintain MICAL1 protein level by reducing its
degradation, thereby maintaining gastric cancer cell migratory
properties. In the present work, we observed that NEDD9
bound directly to MICAL1 in gastric cancer cells and this
interaction increased under hypoxic condition. The results
suggested that NEDD9 might enhance its binding to MICAL1
and therefore decrease its degradation under hypoxia. The precise
mechanisms by which NEDD9 regulates MICAL1 levels still
needed to be identified.

Next we examined the potential effectors under
NEDD9/MICAL1 for cell migration under hypoxia. Cdc42,
Rac1, and RhoA, members of Rho GTPase family, are the
most common regulators of actin cytoskeleton dynamics and
cell movement. Similar to others findings (Xue et al., 2006;
Du et al., 2011), here we found that hypoxia elevated both

Rac1-GTP and Cdc42-GTP levels, but not RhoA-GTP in
gastric cancer cells. Furthermore, knockdown of NEDD9 or
MICAL1 prevented hypoxia-induced upregulation of Rac1
and Cdc42 activity and cell migration. Interestingly, only
Rac1 activity was increased in MICAL1-overexpressed gastric
cancer cells. Rac1 cycles between active GTP-bound and
inactive GDP-bound states. In its active state, it promotes
cell migration by driving cell polarization and lamellipodia
formation (Raftopoulou and Hall, 2004; Parri and Chiarugi,
2010). NEDD9 plays an essential role in mesenchymal-mode
cell migration via Rac1 activation (Jones et al., 2017), and
MICAL has the ability to induce redox changes in Rho GTPase
family (Ventura and Pelicci, 2002). It may be reasonable to
speculate that NEDD9/MICAL1-enhanced hypoxic gastric
cancer cell motility is mediated at least in part through
Rac1 activation.

It remains unclear how MICAL1 causes the activation of
Rac1 upon hypoxia. Hypoxia is able to upregulate PI3K/Akt
signaling activation in breast cancer cells (Du et al., 2011).
We previously demonstrated that MICAL1 enhanced PI3K/Akt
activation (Deng et al., 2016b), and PI3K/Akt has been identified
as a upstream activator of mTOR, p70S6K1, as well as GSK-
3β. All of the above are linked with Rac1 activation (Aslan
et al., 2011; Rom et al., 2012; Hall et al., 2018). As we
know that the structure of MICAL1 contains monooxygenase
domain, therefore, it participates in controlling intracellular ROS
generation. Many studies suggested that ROS-mediated cancer
cell migration is associated with PI3K/Akt activation (Yang
et al., 2011; Huang et al., 2013). Therefore, it is understood
that MICAL1 might stimulate Rac1 activation via PI3K/Akt
signaling in gastric cancer cells. In all, we identified a novel link
between NEDD9 and MICAL1 in accelerating gastric cancer cell
motility under hypoxia. Hypoxia increased NEDD9 expression
and its interaction with MICAL1, thereby preventing MICAL1
degradation. Furthermore, we observed that hypoxia stimulated
Rac1 activation, which may serve as an important mediator for
NEDD9/MICAL1-facilitated gastric cancer cell migration. The
function and regulation of NEDD9/MICAL1 expression may be
of major clinical importance and may provide new insights for
the discovery of novel therapeutic targets.
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FIGURE S1 | Raw data of NEDD9 expression under hypoxia. The membranes
were exposed for protein bands. NEDD9 expression was detected three
times (A–C).

FIGURE S2 | Effect of hypoxia on (A) NEDD9 and (B) MICAL1 mRNA
expressions. Gastric cancer cells BGC-823 and SGC-7901 were exposed to
hypoxia for 12 h and NEDD9 and MICAL1 mRNA levels were determined by
qPCR. Afterward, NEDD9 and MICAL1 mRNAs were quantified and normalized
against β-actin. ∗P < 0.05, ∗∗P < 0.01, referring to the difference between cells
treated with and without hypoxia.

FIGURE S3 | Effect of NEDD9 and MICAL1 on cell proliferation under hypoxia. (A)
BGC-823 and (B) SGC-7901 cells were transfected with MICAL1 siRNA and
NEDD9 siRNA and then they were exposed to hypoxia for 12 h. The cells were
incubated with CCK8 and analyzed for cell proliferation.

FIGURE S4 | Effect of NEDD9 and MICAL1 on ROS production under hypoxia.
(A) BGC-823 and (B) SGC-7901 cells were transfected with MICAL1 siRNA or
NEDD9 siRNA and then exposed to hypoxia for 4 h. Afterward, the cells were
incubated with CM-H2DCFDA and analyzed for ROS generation. ∗P < 0.05,
∗∗P < 0.01.

FIGURE S5 | NEDD9 interacts with MICAL1 in gastric cancer cells. (A)
Immunoprecipitation assay was performed in HEK293T cells that co-transfected
with HA-tagged MICAL1 or/and FLAG-tagged NEDD9. (B)
Co-immunoprecipitation assay was performed which shows binding of
endogenous NEDD9 to MICAL1 in BGC-823 and SGC-7901 cells under hypoxia.

FIGURE S6 | Knockout efficiency of NEDD9 and MICAL1. (A) BGC-823 and (B)
SGC-7901 cells were transfected with MICAL1 siRNA or NEDD9 siRNA, and then
exposed to hypoxia for 4 h. Protein extracted from cells was analyzed by
immunoblotting analysis.
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