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ABSTRACT
◥

Actin cytoskeleton dynamic rearrangement is required for tumor
cell metastasis and is a key characteristic of Helicobacter pylori
(H. pylori)-infected host cells. Actin cytoskeleton modulation is
coordinated by multiple actin-binding proteins (ABP). Through
Kyoto encyclopedia of gene and genomes database, GEPIA website,
and real-time PCR data, we found that H. pylori infection signif-
icantly induced L-plastin, a key ABP, in gastric cancer cells.
We further explored the regulation and function of L-plastin in
H. pylori–associated gastric cancer and found that, mechanistically,
H. pylori infection induced gastric cancer cells to express L-plastin
via cagA-activated ERK signaling pathway to mediate SP1 binding
to L-plastin promoter. Moreover, this increased L-plastin promoted
gastric cancer cell proliferation andmigration in vitro and facilitated
the growth and metastasis of gastric cancer in vivo. Finally, we

detected the expression pattern of L-plastin in gastric cancer tissues,
and found that L-plastin was increased in gastric cancer tissues and
that this increase of L-plastin positively correlated with cagAþ

H. pylori infection status. Overall, our results elucidate a novel
mechanism of L-plastin expression induced byH. pylori, and a new
function of L-plastin–facilitated growth and metastasis of gastric
cancer, and thereby implicating L-plastin as a potential therapeutic
target against gastric cancer.

Implications:Our results elucidate a novel mechanism of L-plastin
expression induced byH. pylori in gastric cancer, and a new function
of L-plastin–facilitated gastric cancer growth and metastasis, impli-
cating L-plastin as a potential therapeutic target against gastric
cancer.

Introduction
Gastric cancer, a malignant cancer type, is the third leading cause of

cancer-related deathworldwide (1). On the basis of the cancer statistics
in China (2015), gastric cancer ranks as the secondmost prevalent and
most fatal cancer type, and causes more than 40% of new cases and
deaths each year (2). The high mortality rate of gastric cancer is
predominantly attributed to a higher incidence of metastatic disease
presentation in patients with gastric cancer. However, themechanisms
of gastric cancer metastasis are largely unclear. Helicobacter pylori
(H. pylori) is the strongest risk factor for gastric cancer, and there are

growing evidences proving that H. pylori can promote the develop-
ment and progression of gastric cancer (3–5). Although an increasing
number of genes have been deemed to be involved in the development
and progression of H. pylori–associated gastric cancer, there is a need
to study whether and how single or multiple molecular mechanisms
act to coordinate gastric cancer.

It is necessary for gastric cancer cells to possess a high degree of
motile flexibility, a process largely mediated by the modulation of the
cellular cytoskeleton, especially actin cytoskeleton, which contributes
to gastric cancer metastasis (6, 7). Actin cytoskeleton modulation is
coordinated by multiple actin-binding proteins (ABP). L-plastin, also
called as lymphocyte cytosolic protein 1 (LCP1), is an ABP, that is
physiologically expressed only in hematopoietic cells. Nevertheless, in
multiple nonhematopoietic cancer cells, aberrant L-plastin expression
has been found (8). L-plastin was initially discovered in human-
transformed fibroblasts (9). Lin and colleagues proved that 68% of
epithelial cell–derived tumors expressed L-plastin (10). This pro-
portion is revised when higher sensitivity real-time PCR studies
demonstrated that L-plastin gene is expressed in more than 90%
of human cancer cell lines (11). Increased L-plastin expression
has, therefore, been considered as a potential tumor cell marker.
However, clinical studies have reported that L-plastin expression
correlates with colorectal and prostate cancer progression, but not
with breast cancer and melanoma progression (12). While the
correlation between L-plastin expression and patient disease sever-
ity remains ambiguous, an increasing number of studies have
demonstrated that L-plastin promotes cancer cell migration
in vitro (13–15). However, whether and how L-plastin operates in
the context of gastric cancer, especially H. pylori–associated gastric
cancer, remains unknown.

Herein, we investigate the role of L-plastin in H. pylori–associated
gastric cancer and find that L-plastin facilitates gastric cancer growth
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and metastasis. Meanwhile, we reported that H. pylori infection
increases L-plastin expression in gastric cancer cells via the ERK
signaling pathway in a cagA-dependent manner, and that ERK sig-
naling pathway–mediated transcription factor SP1 directly switches on
L-plastin expression. Altogether, our data implicate that L-plastinmay
be used as a therapeutic target against gastric cancer.

Materials and Methods
Human primary gastric cancer cells and cell line culture

The isolation of single cells from tissues was carried out as reported
previously (16). Human primary gastric cancer cells were purified
from the single-cell suspensions in a magnetic-activated cell sorting
column purification system using anti-EpCAM magnetic beads
according to the manufacturer’s protocol (Miltenyi Biotec). Human
primary gastric cancer cells and human gastric cancer cell lines (AGS
and HGC-27, ATCC) were cultured in DMEM/F12 (AGS) or
RPMI1640 (humanprimary gastric cancer cells andHGC-27)medium
containing with penicillin–streptomycin solution (1%, Beyotime) and
FBS (10%, PANBiotech) at 37�C in 5%CO2. All the cell lines usedwere
Mycoplasma negative (tested byMycoplasma PCRDetection Kit), and
their authenticities were checked by short tandem repeat analysis.

H. pylori strains and H. pylori infection
The H. pylori NCTC 11637 (ATCC 43504), cagA-KO–mutant

H. pylori NCTC 11637 (called DcagA in this article), H. pylori
26695 (ATCC 700392), and vacA-KO–mutant H. pylori 26695 (called
DvacA in this article) strain were cultured in Skirrow medium
(containing 10% rabbit blood) plate at 37�C under microaerophilic
conditions. ForH. pylori infection, cultured cells were seeded on plates
and grown to 80% confluence, then, the cells were incubated with
H. pylori at indicated multiplicity of infection (MOI) and time. The
H. pylori transwell infection was carried out as described previous-
ly (17, 18). For signal pathway inhibition experiments, cells were
pretreated with inhibitor for 2 hours, and then, infected withH. pylori
for 3 or 24 hours. The following inhibitors were used: MEK1/2
inhibitor, U0126 (10 mmol/L, Calbiochem); NF-kB inhibitor, BAY
11-7082 (5 mmol/L, Calbiochem); JNK inhibitor, JNK Inhibitor II (10
mmol/L, Calbiochem); PI3K inhibitor, Wortmannin (5 mmol/L, Cal-
biochem); p38 MAPK inhibitor, SB203580 (10 mmol/L, Calbiochem);
and JAK/STAT3 inhibitor, AG490 (10 mmol/L, Calbiochem). For
bactericidal assay, cells were infected withH. pylori for 24 hours (MOI
¼ 100) and then treatedwith gentamicin (Sigma-Aldrich) for 1 hour to
kill bacteria.

Luciferase reporter vectors and luciferase reporter assay
The promoter sequence of L-plastin was identified and reported

previously (14, 19). The luciferase reporter vectors were constructed by
Sangon Biotech. For luciferase reporter assay, cells were seeded in 24-
well plates, and were transfected when attaining approximately 80%
confluence with the constructed luciferase reporter vector and internal
control pRL-TK vector (Promega) by Lipofectamine 2000 for 4 hours.
Luciferase activity was measured to assess promoter activity after
H. pylori (cells pretreated with or without U0126 before H. pylori
infection) or DcagA infection (MOI ¼ 100) for 24 hours by the Dual-
Luciferase Reporter assay system (Promega) following the manufac-
turer’s protocol.

siRNA and plasmid transfection
For siRNA transfection, in brief, cells were transiently transfected

with negative control (NC) or siRNA directed to SP1 for 24 hours, and

then were infected with H. pylori (MOI ¼ 100) for an additional
24 hours. After coculture, cells were collected forWestern blot analysis
and real-time PCR. The siRNA targeting SP1 and control siRNA
were purchased from GenePharma. For plasmid transfection, cells
were transfected with plasmid pcDNA3.1 or cagA-pcDNA3.1. At
24 hours after transfection, cells were treated with or without
U0126 for 2 hours, and then were cultured for an additional 24 hours.
Then, cells were collected forWestern blot analysis and real-time PCR.
The SP1 targeting siRNA sequences were as follows: siSP1#1, sense, 50-
CCUCACAGCCACACAACUUTT-30 , and antisense, 50-AAGUU-
GUGUGGCUGUGAGGTT-30; siSP1#2, sense, 50-CAUACCAG-
GUGCAAACCAATT-30 , and antisense, 50-UUGGUUUGCACCUG-
GUAUGTT-30 . The control siRNA sequences were as follows: sense,
50-UUCUCCGAACGUGUCACGUTT-30, and antisense, 50-ACGU-
GACACGUUCGGAGAATT-30. All siRNA and plasmid transfection
were performed using Lipofectamine 2000 (Thermo Fisher Scientific)
according to the manufacturer’s protocol.

Quantitative real-time PCR and Western blot analysis
The assay of quantitative real-time PCRwas performed as described

previously (18). The primers were designed and synthesized by Sangon
Biotech and the sequences are presented in Supplementary Table S1.
The assay of Western blot analysis was performed as described
previously (18). GAPDHwas used as a loading control. Primary rabbit
anti-LCP1, rabbit anti-GAPDH, rabbit anti-Flag, rabbit anti-p-ERK1/
2, rabbit anti-ERK1/2, and rabbit anti-SP1 antibodies were purchased
from Cell Signaling Technology. Horseradish peroxidase–conjugated
secondary goat anti-rabbit IgG Ab were purchased from ZSGB-Bio.
Protein expression was visualized using a Super ECL plus Western
blotting Kit (Bioground).

Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) assay was performed

using an EZ-Magna ChIP A/G Chromatin Immunoprecipitation Kit
(Merck Millipore) following the manufacturer’s protocol. Cells were
infected with H. pylori (cells pretreated with or without U0126) or
DcagA for 18 hours. Then, cells were crosslinked with formaldehyde
(1%) for 10 minutes, successively quenched in glycine for 5 minutes,
washed with PBS, and lysed in nuclear lysis buffer. For shearing the
DNA to approximately 200 to 1,000 bp, the lysates were sonicated
using a Bioruptor Sonicator (Diagenode, UCD-200, 18 cycles in
mediummode with 30-second on and 30-second off intervals). Before
immunoprecipitation, 2% of the supernatant was removed and des-
ignated as “input.” Then the rest of supernatant was used for immu-
noprecipitation with either rabbit anti-SP1 antibody (Cell Signaling
Technology) or rabbit IgG (Abcam). ProteinA/Gmagnetic beads were
added to the lysate to isolate the antibody-bound complexes at 4�C
overnight. The eluate was reverse cross-linked by heating at 65�C for
2 hours. Samples were then treated with proteinase K for 10minutes at
95�C. Then, Spin Columns were used for DNA purification. The final
DNA extracts were PCR amplified. The sequences of primers for L-
plastin promoter were as follows (product length 143 bp): forward, 50-
TTCACTGTGACCTGTTCTGTCAG-30 ; reverse, 50-GTGTGGTCA-
CAAGGCAGGAA-30.

Immunofluorescence assay
Cells were seeded in m-Slide 8Well ibiTreat Slide Chambers (Ibidi),

grown to 80% confluency, and infected withH. pylori for 24 hours. The
cells were then fixed in 4% paraformaldehyde for 10 minutes at room
temperature and permeabilized with 0.5% Triton-X100 in PBS for 5
minutes at room temperature. The cells were then incubated with goat
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serum for 1 hour at room temperature and stained with mouse anti-L-
plastin (Thermo Fisher Scientific) and rabbit anti-actin (Abcam)
antibodies, with DAPI (Beyotime) counterstaining of cell nuclei.
Immunofluorescence (IF) was visualized and images were captured
using a confocal fluorescence microscope (LSM 510 META).

Lentivirus-based L-plastin knockdown and overexpression
Briefly, cells were transduced with lentivirus at a MOI of 50 in

serum-free medium with polybrene. Stable cell lines were obtained
after selection with puromycin for 3 days. Then, the transduction
efficiency was assessed by Western blot analysis and real-time PCR
after 4 days post-infection. Lentiviral particles containing (i) full-
length L-plastin cDNA (termed LV5-L-plastin) or its negative control
(termed LV5-NC), (ii) short hairpin RNA (shRNA) targeting L-plastin
mRNA (termed LV3-shL-plastin) or its negative control, a nontarget-
ing RNA sequence (termed LV3-NC) were all designed, constructed,
amplified, and purified by GenePharma. The L-plastin–targeting
shRNA sequence was 50-GCGGACATTTAGGAACTGGAT-30. The
control shRNA sequence was 50-TTCTCCGAACGTGTCACGT-30.

Gastric cancer cell proliferation assay (CCK-8 assay)
For the CCK-8 assay, cells were seeded at a density of 104 cells per

well in 96-well plates. Cell proliferation was tested by cell counting
using the Kit-8 (CCK8) kit (Dojindo Laboratories) at 24, 48, and
72 hours and quantification conducted using a microtiter plate reader
(Bio-Rad) according to the manufacturer’s protocol.

Gastric cancer cell migration assay (transwell assay)
For the transwell assay, cells were serum starved overnight and 2�

105 cells were seeded in the insert of a 24-well culture plate (Corning).
500 mL of RPMI1640 with FBS (10%) was added into the bottom
chamber to serve as the chemoattractant. After 24 hours, all nonmi-
gratory cells were gently removed with a cotton swab. Migrated cells
located on the bottom surface of the chamber were stained with crystal
violet (0.1%) and photographed under amicroscope (Nikon Eclipse Ti,
Nikon).

Animal research ethics and experiments
Female nude mice (5–6 weeks old BALB/cnu/nu) were used for

animal studies (Beijing HFK Bioscience). For in vivo tumor xeno-
graft studies, 4 � 106 cells were resuspended in PBS and injected
subcutaneously into the axillary fossae of mice (five mice per
group). After 6 weeks postinjection, mice were anesthetized with
isoflurane and killed by cervical dislocation, and then the tumors
were weighed. For in vivo pulmonary metastasis assay (8 mice per
group), 1 � 106 cells were injected into nude mice through the
lateral tail vein. Four weeks postinjection, mice were anesthetized
with isoflurane and killed by cervical dislocation, then, lung tissue
was fixed with formalin before paraffin embedding. The paraffin
blocks were sectioned into 5-mm sections and slides stained using
hematoxylin and eosin (H&E). The number of metastases was
counted in a double-blind manner using a bright-field microscope
(Nikon Eclipse 80i). All animal experiments were approved by the
Animal Ethical and Experimental Committee of Third Military
Medical University (Chongqing, P.R. China).

Patient samples and ethical statement
Fresh gastric tumor and normal adjacent tissues (at least 5-cm

distant from the tumor site) were obtained from patients with
gastric cancer (55 patients; male/female ¼ 38/17; age median, 57
years; age range, 25–82 years) who underwent surgical resection at the

Southwest Hospital of ThirdMilitary Medical University (Chongqing,
P.R. China). All histologic type of gastric tumor is gastric adenocar-
cinoma. H. pylori infection status was determined through 13C urea
breath test and serology tests with H. pylori–specific antibodies
(Beier Bioengineering). To distinguish between cagA-positive
(cagAþ) and cagA-negative (cagA�) H. pylori–infected patients, an
anti-cagA antibody detection kit (Blot Biotechnology) was used.
Human samples were obtained under protocols approved by the
ethics committees of Southwest Hospital of Third Military Medical
University (Chongqing, P.R. China). Written informed consent was
obtained from all patients.

Statistical analysis
Quantitative data are presented as themean� SEM. A Student t test

was used for comparisons between two experimental groups excepting
when their variances differed, in which case theMann–WhitneyU test
was used instead. Tumor lung metastases were analyzed using Fisher
exact test. The data were analyzed using the GraphPad Prism software
version 5.0. �, P < 0.05 and ��, P < 0.01 was defined as statistical
significance.

Results
H. pylori induces L-plastin expression in gastric cancer cells

First, based onKyoto Encyclopedia of Genes andGenomes (KEGG)
database, we found 193 ABPs (Supplementary Table S2). Then, the
GEPIA website (based on The Cancer Genome Atlas data) revealed
that 48 ABPs were markedly upregulated in gastric cancer tissues
(Supplementary Fig. S1), indicating those upregulated ABPs might
have important roles in gastric cancer. AsH. pylori infection is closely
linked with gastric cancer and ABP-mediated actin cytoskeleton
dynamic rearrangement is important for gastric cancer metastasis,
we next try to investigate whetherH. pylori regulated these upregulated
ABPs. By screening the 48 upregulated ABPs in H. pylori NCTC
11637–infected AGS cells using real-time PCR. We found that L-
plastin was the most increased one (Fig. 1A). Next, we performed IF
assays, and observed an increase of L-plastin and a colocalization of L-
plastin and actin in AGS cells following H. pylori NCTC 11637
infection (Fig. 1B). Then, we infected two human gastric cancer cell
lines (AGS and HGC-27) with H. pylori NCTC 11637 or H. pylori
26695 (Supplementary Fig. S2A–S2D), and found that L-plastin
expression increased in these both cell lines. Especially, we discovered
that infection of human primary gastric cancer cells with either
H. pylori NCTC 11637 (Fig. 1C) or H. pylori 26695 (Supplementary
Fig. S2E) also increased L-plastin expression. Moreover, we found that
H. pylori NCTC 11637 infection of AGS (Fig. 1D) and HGC-27
(Fig. 1E) cells increased L-plastin levels in a time-dependent manner,
and also an infection dose-dependent manner. Altogether, these
results unambiguous show that H. pylori induces L-plastin expression
in gastric cancer cells.

H. pylori induces L-plastin expression via the cagA-activated
ERK pathway

The various virulence factors determine the pathogenicity of
H. pylori. To distinguish which virulence factor contributes to regulate
the expression of L-plastin, wefirst performed transwell infection assay.
Through this assay, we determined that direct contact is necessary for
H. pylori–induced L-plastin expression (Supplementary Fig. S3A and
S3B). The vacuolating cytotoxin A (vacA) is one of the major secreted
virulence factors byH. pylori. As expected, the vacAwas not involved in
the induction of L-plastin expression (Supplementary Fig. S4A and
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Figure 1.

H. pylori induces L-plastin expression in gastric cancer (GC) cells. A, The expression of selected 48 ABP genes (upregulated in gastric cancer based on GEPIA) in
uninfected and H. pylori NCTC 11637–infected AGS cells (MOI ¼ 100, 24 hours) were assessed by real-time PCR (n ¼ 4) and presented as column diagram.
B,Representative IF staining for L-plastin and actin in uninfected orH. pyloriNCTC 11637–infected AGS cells. Scale bar, 5 mm.C, L-plastin expression in uninfected and
H. pyloriNCTC 11637–infected humanprimary gastric cancer cells (EpCAMþ) (MOI¼ 100, 24 hours)were analyzed by real-timePCR (n¼ 3) andWestern blot analysis.
L-plastin expression in uninfected andH. pyloriNCTC 11637–infectedAGS cells (D) or HGC-27 cells (E) at different timepoints after infection (MOI¼ 100) and different
MOI (24 hours) were analyzed by real-time PCR (n ¼ 3) and Western blot analysis. n.s., not significant; P > 0.05; � , P < 0.05; ��, P < 0.01.
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S4B). The cagA is one of major virulence factors ofH. pylori, which can
be injected into host cells via the type IV secretion system. Particularly,
the expression of L-plastin only increased following infection with
H. pylori wild type but not with DcagA (Fig. 2A–C). These results
indicate that H. pylori infection induces L-plastin expression in gastric
cancer cells in a cagA-dependent manner.

To identify which signaling pathway is involved in this H. pylori–
induced L-plastin expression, we used a panel of inhibitors against
the most common H. pylori–associated signaling pathways. The
results showed that inhibition of the ERK pathway using U0126
remarkably suppressed this L-plastin expression (Supplementary
Fig. S5). Then, Western blot assay showed that H. pylori NCTC
11637–induced L-plastin expression was attenuated following treat-
ment with U0126 (Fig. 2D). ERK1/2, a downstream substrate in the
ERK pathway, was phosphorylated in gastric cancer cells following
H. pylori infection; moreover, degree of p-ERK phosphorylation in
cells was higher with H. pylori NCTC 11637 infection compared
with that with DcagA infection (Fig. 2E). To demonstrate whether
cagA is essential and sufficient to regulate L-plastin expression, we
transiently expressed cagA in AGS and HGC-27 cells in the pres-
ence or absence of U0126, the results mirrored those from H. pylori
infection (Fig. 2F). Collectively, these results show that cagA-
activated ERK signaling is required and sufficient for L-plastin
expression following H. pylori infection.

ERK signaling pathway-mediated SP1 enhances L-plastin
expression

To investigate how H. pylori induces L-plastin gene transcription,
we constructed the L-plastin-luc promoter vector (�2,000/0) and
performed luciferase reporter assay. In comparison, infection with
H. pylori NCTC 11637 significantly enhanced luciferase activity.
Furthermore, pretreatment with inhibitor U0126 abrogated the
increase in luciferase activity induced by H. pylori NCTC 11637
(Fig. 3A). Next, a series of L-plastin-luc promoter constructs of
varying lengths (�2,000/0, �1,000/0, �600/0, �300/0, �100/0) were
amplified and the promoter activity analysis showed that L-plastin
promoter (�100/0) mediate transcription responsiveness to H. pylori
(Fig. 3B). The PROMO tool V.8.3 of TRANSFAC (refs. 20, 21; 10
maximum matrix dissimilarity rate) showed that L-plastin promoter
(�100/0) contains a Specificity protein 1 (SP1) binding site (com-
prising sequence: GGGGCGGGGA). SP1 binds to gastric cancer–rich
motifs of many promoters and dysregulation of SP1 is positively
correlated with tumorigenesis in gastric tissues (22). Afterward,
the expression of SP1 was suppressed by siRNA followed by H.
pylori infection. As expected, H. pylori–induced L-plastin expres-
sion was abrogated following SP1 suppression (Fig. 3C). Subse-
quently, a ChIP assay was carried out. Compared with uninfected
and DcagA-infected cells, H. pylori–infected cells showed signifi-
cantly increased SP1 binding to the L-plastin promoter. Moreover,

Figure 2.

H. pylori induces L-plastin expression
via the cagA-activated ERK pathway.
L-plastin expression in uninfected,
H. pylori NCTC 11637–infected, and
DcagA-infected AGS cells (A), HGC-
27 cells (B), or human primary gastric
cancer (GC) cells (EpCAMþ; C) (MOI¼
100, 24 hours) were analyzed by
real-time PCR (n ¼ 3) and Western
blot analysis. D, AGS and HGC-27 cells
were pretreatedwith U0126 (anMEK1/
2 inhibitor) for 2 hours and then
infected with H. pylori NCTC 11637
(MOI ¼ 100) for 24 hours. The levels
of L-plastin were analyzed byWestern
blot analysis. E, The levels of p-ERK1/
2 and ERK1/2 in uninfected, H. pylori
NCTC 11637–infected and DcagA-
infected AGS and HGC-27 cells
were analyzed by Western blot anal-
ysis. F, AGS and HGC-27 cells were
transfected with cagA-pcDNA3.1
(in the presence or absence of
U0126) or pcDNA3.1 (vector control)
for 48 hours. L-plastin mRNA levels
were analyzed by real-time PCR (n ¼
3). The cagA, L-plastin, ERK, and p-
ERK protein levels were analyzed by
Western blot analysis. �� , P < 0.01.
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the binding was attenuated by U0126 (Fig. 3D). Taken together,
these findings clearly demonstrate that ERK signaling pathway
directly modulates SP1’s transcriptional regulation, which contri-
butes to the increased L-plastin expression during H. pylori
infection.

H. pylori–induced L-plastin promotes gastric cancer cell
proliferation and migration in vitro and in vivo

To further elucidate the biological functions of L-plastin in gastric
cancer, we overexpressed L-plastin in HGC-27 cells (LV5-L-plastin-

HGC-27; Fig. 4A). CCK-8 assay showed that gastric cancer cell
proliferation was significantly increased in LV5-L-plastin cells
(Fig. 4B). The migration ability of LV5-L-plastin cells was analyzed
by transwell assay (Fig. 4C), and the LV5-L-plastin cells showed
enhanced cell migration. To test whether H. pylori–induced L-
plastin could drive gastric cancer cell proliferation and migration, we
infected L-plastin knockdown cells (LV3-shL-plastin) with H. pylori
NCTC 11637 (Fig. 4D) and analyzed the proliferation and migration
of these cells. The results showed that gastric cancer cell proliferation
(Fig. 4E) and migration (Fig. 4F) was greatly reduced in H. pylori

Figure 3.

ERK signaling pathway–mediated SP1 activation enhances L-plastin expression. A, AGS and HGC-27 cells were transfected with luciferase reporter constructs
containing the L-plastin-luc promoter for 4 hours. Luciferase activity was measured to assess promoter activity after H. pylori NCTC 11637 (cells pretreated with or
without U0126 before infection) or DcagA infection (MOI ¼ 100) for 24 hours. B, AGS and HGC-27 cells were transfected with L-plastin 50-deletion constructs for
4 hours. Luciferase activity was measured to assess promoter activity after H. pylori NCTC 11637 infection (MOI ¼ 100) for 24 hours. C, AGS and HGC-27 cells
transiently transfected with nonsilencing siRNA (NC) or silencing siRNA directed to SP1 (siSP1#1, siSP1#2) for 24 hours, and then infected with H. pylori NCTC 11637
(MOI¼ 100) for an additional 24 hours. SP1 and L-plastin expressionwere analyzed by real-timePCR andWestern blot analysis.D,ChIP assay inAGS andHGC-27 cells
infectedwithH. pyloriNCTC 11637 (cells pretreated or notwithU0126before infection) orDcagA, followedby regular PCRwith primers designed for SP1 binding site of
L-plastin promoter region. � , P < 0.05; �� , P < 0.01.
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Figure 4.

H. pylori–induced L-plastin promotes gastric cancer cell proliferation andmigration in vitro and in vivo.A, Lentiviral-mediated overexpression of L-plastin in HGC-27
cells. The expression of L-plastin in LV5-NC-HGC-27 and LV5-L-plastin-HGC-27 cells were analyzed byWestern blot analysis. B, The proliferation of LV5-NC-HGC-27
and LV5-L-plastin-HGC-27 cells was analyzed by CCK-8 assay.C, Themigration of LV5-NC-HGC-27 and LV5-L-plastin-HGC-27 cells was analyzed by transwell assay.
D, L-plastin knockdown cells were infected with H. pyloriNCTC 11637 for 24 hours, and then treated with gentamicin for 1 hour. The expression of L-plastin inH. pylori
NCTC 11637–infected LV3-shL-plastin-HGC-27 or LV3-NC-HGC-27 cells was analyzed byWestern blot analysis. E, The proliferation of H. pylori NCTC 11637–infected
LV3-shL-plastin-HGC-27 or LV3-NC-HGC-27 cells was analyzed by CCK-8 assay. F, The migration of H. pylori NCTC 11637–infected LV3-shL-plastin-HGC-27 or LV3-
NC-HGC-27 cellswas analyzed by transwell assay.G andH, LV5-L-plastin-HGC-27or LV5-NC-HGC-27 cells, orH. pyloriNCTC 11637–infected LV3-shL-plastin-HGC-27
or LV3-NC-HGC-27 cells were injected subcutaneously into the axillary fossae of female BALB/c nude mice (n ¼ 5). Tumors were photographed on the day of the
experimental endpoint. Scale bar, 1 cm. The weight of tumors was measured on the day of the experimental endpoint. I, Female BALB/c nude mice (n ¼ 8) were
injected with LV5-NC-HGC-27 or LV5-L-plastin-HGC-27 cells via the lateral tail vein. The number of lung metastases was calculated in corresponding recipient mice.
Representative hematoxylin and eosin (H&E)-stained sections of lung tissues collected from corresponding recipient mice. Scale bar, 50 mm. J, Female BALB/c nude
mice (n¼ 8) were injected with H. pylori NCTC 11637–infected LV3-NC-HGC-27 or LV3-shL-plastin-HGC-27 cells via the lateral tail vein. The incidence of metastasis
(Fisher exact test, and P ¼ 0.0406) was presented in corresponding recipient mice, and representative H&E-stained sections of lung tissues collected from
corresponding recipient mice. Scale bar, 50 mm. �� , P < 0.01.
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NCTC 11637–infected L-plastin knockdown gastric cancer cells.
These results indicated that H. pylori–induced L-plastin promoted
gastric cancer cell proliferation and migration in vitro. To further
demonstrate whether L-plastin could enhance gastric cancer growth
in vivo, a subcutaneous xenograft model was used. In comparison with
mice that received control cells, mice receiving LV5-L-plastin-HGC-
27 cells developed gastric cancer tumors with increased size andweight
(Fig. 4G). Consistent with these findings, mice received H. pylori–
infected LV3-shL-plastin-HGC-27 cells developed tumors with
decreased size and weight (Fig. 4H). To test whether L-plastin could
drive gastric cancer metastasis in vivo, we established a pulmonary
metastasis model and found that, compared with control cell recipi-
ents, mice received LV5-L-plastin-HGC-27 cells showed increased
metastatic nodules in the lungs (Fig. 4I). As expected, the prevalence of
lung metastases was decreased in mice received in LV3-shL-plastin-
HGC-27 compared with control recipients (Fig. 4J). Altogether, our
findings suggest thatH. pylori–induced L-plastin contributes to gastric
cancer growth and metastasis.

L-plastin expression correlates with cagAþ H. pylori infection in
gastric cancer tissues

We have so far explored the regulation and function of L-plastin in
gastric cancer cells. Next, we wanted to know the L-plastin expression
pattern in gastric cancer tissues. Compared with matching normal
adjacent tissues, L-plastin mRNA levels were significantly increased in
tumor tissues (Supplementary Fig. S6). Similar results were also
obtained on the GEPIA website (Supplementary Fig. S1). Next, we
separated patients with gastric cancer (H. pylori negative patients,
cagAþH. pylori and cagA-H. pylori–infected patients) according to the
status of theH. pylori infection and the cagA. Notably, L-plastinmRNA
expression in cagAþ H. pylori–infected tumor tissues was greatly
increased (Fig. 5A). Furthermore, Western blot assay also showed
that L-plastin was increased in gastric cancer tissues with cagAþ

H. pylori infection (Fig. 5B). Collectively, the results revealed that
L-plastin expression is increased in gastric cancer tissues and is
positively associated with cagAþ H. pylori infection.

Discussion
The low gastric cancer survival rate is predominantly associated

with late stage detection whenmetastasis has already occurred. Cancer
metastasis is a complicated and multistep process including primary
tumor cell dissociation from neighboring cells, invasion of the base-
ment membrane, and entry into the circulation, blood vessel dissem-
ination, extravasation, and colonization at distal sites (23, 24). One
crucial step in this process is the dynamic rearrangement of the actin
cytoskeleton via ABPs to alter or increase cell mobility (7). As a
consequence, ABPs are considered as promising therapeutic targets
of tumormetastasis. Several prometastasis ABPs have been reported in

gastric cancer, including a-actinin-4 (25), coronin 3 (26), and fas-
cin (27). Through KEGG database, GEPIA website, and real-time PCR
data, we now have found a key ABP, L-plastin, in gastric cancer. L-
plastin is a member of plastin family proteins (I-plastin, L-plastin, and
T-plastin) that have been revealed to play important roles in cancer
progression (14, 28, 29). Recently, many researches have focused on
the cell-specific ABP, L-plastin, a protein that is physiologically
expressed only in hematopoietic cells and is also aberrantly expressed
in multiple nonhematopoietic tumor cells as well. Although other
studies have suggested that L-plastin is crucial for the progression of
several cancer types, the potential function of L-plastin in gastric
cancer has not beenwell explored. Here, we have reported a new role of
L-plastin–facilitated growth and metastasis in H. pylori–associated
GC, and thereby implicating L-plastin as a potential therapeutic target
against gastric cancer.

The gastric pathogen H. pylori colonizes the stomach and infects
almost 50% of the global population is infected (30).H. pylori infection
is frequently linked to chronic gastritis, peptic ulcers, and gastric
cancer. The risk of gastric cancer and its progression following
H. pylori infection has been directly associated with the presence of
specific bacterial virulence factors, most notably cagA (31). The
dynamic rearrangement of the actin cytoskeleton is a distinct trait
observed in H. pylori–infected cells. The cagA plays an important role
in the rearrangement of actin cytoskeleton via various signaling
mechanisms, including the activation of the small GTPase Rac1 and
Cdc42 (32), dephosphorylation of ezrin (33), vinculin (34), and
cortactin (35), and the inhibition of polarity-regulating kinase parti-
tioning-defective 1b (PAR1b), which promotes RhoA-dependent
actin cytoskeleton rearrangement (36). Here, we have demonstrated
that L-plastin is selectively induced following H. pylori infection, and
thatH. pylori infection increases L-plastin expression in gastric cancer
cells via the ERK signaling pathway in a cagA-dependent manner,
which mediates transcription factor SP1 to directly regulate L-plastin
expression. Thus, we report another pathway wherein cagA acts to
drive cellular actin cytoskeleton rearrangements.

The aberrant expression of L-plastin has been reported in multiple
tumor types since the early 1990s (10), especially those of the female
reproductive organs (i.e., mammary tumors, ovarian tumors, and
choriocarcinomas), and its gene promoter is originally reported to
include several hormone receptor–responsive elements (19), such as
estrogen and androgen (37, 38). However, in castration-resistant
prostate cancer, Chen and colleagues have reported that the transcrip-
tion factor AP4 directly binds to the L-plastin promoter and regulates
the expression of L-plastin (14). In addition, little is known about the
molecular mechanisms governing L-plastin transcriptional and reg-
ulation in other cancer types. In this study, we have reported that cagA-
activated ERK signaling pathway mediates SP1 to enhance L-plastin
expression during H. pylori infection. Dysregulation of SP1 has been
testified positively correlate with gastric epithelial cell malignant

Figure 5.

L-plastin expression correlates with
cagAþ H. pylori infection. A, The rela-
tive mRNA expression of L-plastin in
tissues from H. pylori negative (n ¼
20), cagAþ H. pylori (n ¼ 22) and
cagA� H. pylori (n¼ 13) gastric cancer
tissues. B, The L-plastin protein levels
in gastric cancer tissueswere analyzed
by Western blot analysis. �� , P < 0.01.
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transformation and gastric cancer progression (22, 39). Liang and
colleagues (39) have reported that cagA protein–activated PI3K/AKT
pathway mediates SP1 directly binding to retinoblastoma binding
protein 2 promoter and ultimately, contributing to gastric epithelial
cell malignant transformation. However, we have discovered that
cagA-activated ERK signaling pathway mediates SP1 binding to
L-plastin promoter. It has been also reported that SP1 can be activated
byH. pylori infection through ERK signaling pathway (40). The precise
regulatory mechanisms identified in our study may promote the
development of more targeted therapies to treat gastric cancer.

The link between L-plastin and tumor progression has been
observed in several types of tumors, such as colorectal and prostate
cancer (12). Our in vivo and in vitro result implicates L-plastin as a new
driver of gastric cancer growth andmetastasis. It has been reported that
actin bundles and the ABPs can constitute various cellular structures
(such as cell cortex, cell–cell junction, microvillus, filopodia, invado-
podia, and stress fibers) to implicate in cancer progression, and can
also act as a scaffold for signal transduction to regulate cancer
progression (7). However, at present, the mechanism by which L-
plastin promotes tumor metastasis is still elusive. Foran and collea-
gues (41) have reported that L-plastin reduces E-cadherin expression
via an endocytic pathway in colon cancer cells. Inaguma and collea-
gues (42) have reported that L-plastin may mediate the signal trans-
duction of CXCL12-activated ERK pathway in breast cancer cells. Van
and colleagues (15) have identified L-plastin as a new component of
invadopodia, which are dynamic, actin-based membrane protrusions.
Hence, we speculate that L-plastin may facilitate gastric cancer metas-
tasis through altering signal transduction or form the invadopodia,
which needs further investigation. Although quantitative changes in
protein expression drive cellular function, protein modifications to
favor the active form of L-plastin can also be exploited by tumor cells.
The Ser5 phosphorylation of L-plastin, for instance, has been dem-
onstrated to promote tumor metastasis in vivo and in vitro (43, 44).
Thus, future studies are needed to confirm whether cagA can induce
phosphorylation of L-plastin in gastric cancer cells. In addition, it has
been reported that L-plastin participates in drug resistance in other
cancer cells (45). In gastric cancer, whether H. pylori–induced L-
plastin has performed similar functions needs further investigation.

As L-plastin expression is tissue selective, gene therapy experiments
that use the promoter region of L-plastin have been explored (46–49).

It has been reported that L-plastin is especially expressed in a variety of
cancer cells of nonhematopoietic origin. This suggests that activation
of the L-plastin promoter is a frequently occurring process during
cancer development and the L-plastin promoter may be used to
specifically drive the expression of genes or the special shRNA
sequences in L-plastin–expressing tumors for therapeutic purposes.
In 1999, Chung and colleagues generated a replication-deficient
recombinant adenoviral vector containing the E. coli LacZ gene
situated downstream of the human L-plastin promoter (46). Other
adenoviral vectors have subsequently been constructed, which also
utilized the human L-plastin promoter for cancer cell killing (47–49).
Now, immunotherapy has revolutionized cancer therapy, largely
attributed to the success of immune checkpoint blockade (50). Hence,
on the basis of the research of L-plastin promoters and immunother-
apy, we suggest that we can use the adenoviral vectors in which human
L-plastin promoter and the immune regulation genes or sequences are
coinserted to regulate the immune status of antitumor in L-plastin–
positive cancers and kill cancer cells. Here, we have demonstrated that
L-plastin promoter is activated in H. pylori–infected gastric cancer
cells; hence, gene therapy on the basis of the L-plastin promotermay be
a new strategy for treating gastric cancer.

In conclusion, our study identifies an important role of L-plastin in
H. pylori–associated gastric cancer. We also uncover a loop of gastric
cancer cell activation by H. pylori: H. pylori induces L-plastin expres-
sion via cagA-activated ERK signaling pathway; phosphorylated ERK
in turnmediates SP1 directly binding to L-plastin promoter to increase
its expression; then, increased L-plastin contributes to increased
gastric cancer cell migration, which promotes gastric cancer growth
and metastasis (Fig. 6). Further studies of L-plastin and its transcrip-
tional coordination may help to identify critical new therapeutic
strategies for preventing and treating gastric cancer.
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