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Met is involved in TIGAR-regulated
metastasis of non-small-cell lung cancer
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Abstract

TIGAR is a p53 target gene that is known to protect cells from ROS-induced apoptosis by promoting the pentose
phosphate pathway. The role of TIGAR in tumor cell invasion and metastasis remains elusive. Here we found that
downregulation of TIGAR reduced the invasion and metastasis of NSCLC cells in vitro and in vivo.
Immunohistochemical analysis of 72 NSCLC patients showed that TIGAR and Met protein expression was positively
correlated with late stages of lung cancer. Besides, patients with high co-expression of TIGAR and Met presented a
significantly worse survival. In addition, we found that Met signaling pathway is involved in TIGAR-induced invasion
and metastasis. Our study indicates that TIGAR/Met pathway may be a novel target for NSCLC therapy. It is
necessary to evaluate the expression of TIGAR before Met inhibitors are used for NSCLC treatment.
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Background
Cancer statistics collected by the American Cancer Soci-
ety show that lung and bronchogenic cancer are the
leading causes of cancer-related deaths in the United
States [1]. Moreover, the trend of lung cancer mortality
in China increased markedly and likely to continue to
rise [2]. Frequent presence of lung cancer metastases
significantly affects efficiency of conventional therapies
and induces treatment failure and high mortality [3].
Therefore, there is an urgent need to reveal the under-
lying mechanism of NSCLC invasion and metastasis.
TP53-induced glycolysis and apoptosis regulator

(TIGAR) decreases the level of fructose-2,6-bisphospah-
te(F-2,6-P2) and subsequently reduces the activity of
phosphofructosekinase-1(PFK1). Since PFK1 is the key
enzyme in the control of glycolysis, TIGAR leads to gly-
colysis inhibition and promotes pentose phosphate path-
way (PPP) [4]. Tumor metastasis requires metabolic
changes to adapt secondary microenvironment [5]. Up-
regulation of PPP genes in metastatic lesions compared
to primary tumors has been observed in circulating mel-
anoma cells [6], metastatic renal cell carcinoma (RCC)
[7] and breast cancer [8]. Therefore, we postulated that

TIGAR, as a key regulator of PPP, may be involved in
the development of cancer metastasis. There is growing
evidence that high TIGAR expression is closely associ-
ated with adverse clinical outcomes of patients with
multiple types of cancer including chronic lymphocytic
leukemia [9], invasive breast cancer [10], stage II and
stage III colorectal cancer [11] and nasopharyngeal car-
cinoma [12, 13]. TIGAR is involved in various biological
processes, including metabolism [4], apoptosis, autoph-
agy [14], cell cycle [15], cell death and radiation
response. However, the role and mechanism of aberrant
TIGAR expression in invasion and metastasis of NSCLC
remains unclear.
Met, encoded by MET proto-oncogene, serves as a

trans-membrane tyrosine kinase receptor for HGF. The
HGF/Met axis mediates a series of biological processes
including enhanced proliferation, motility, invasiveness,
angiogenesis, morphogenesis, apoptosis and energy me-
tabolism [16]. Over-expressions of HGF and/or its re-
ceptor Met have been found in NSCLC cell lines and
patients [17–20]. Co-expression of HGF/Met was signifi-
cantly associated with lymph node invasion [21].
The aim of this study was to explore role of TIGAR in

the invasion and metastasis of NSCLC. We analyzed the
effect of TIGAR knockdown on motility, invasion, EMT
markers and metastasis of NSCLC. In addition, we
sought to investigate the relationship between TIGAR
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and Met in tissues derived from NSCLC patients. Our
data indicated that the TIGAR/Met pathway plays an
important role in the metastasis of NSCLC and may be
a potential target for the treatment of NSCLC.

Methods
Cell culture, plasmids, reagents and antibody
All cell lines were purchased from ATCC(Manassas,VA,
USA) and maintained at 37 °C in a humidified air atmos-
phere containing 5%CO2 in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum,100 U/
ml penicillin and 100 μg/ml Streptomycin(GIBO, Grand Is-
land, NY, USA). PCR-amplified human TIGAR was cloned
into pcDNA4TO-Flag/HA. Plasmids were verified by DNA
sequencing. Specific Met inhibitor SU11274 (SELLECK),
puromycin (Life Technologies), cell cycle rapid detection
solution (Dakewe Biotech) was purchased. Anti-Flag M2
(Sigma-Aldrich, St Louis, MO, USA), monoclonal anti-HA
(Covance, Deham, MA, USA), anti-TIGAR (Abcam), anti-
Met (Cell signaling technology), anti-MMP2 (Abcam), anti-
MMP9 (Abcam), Epithelial-Mesenchymal Transition
(EMT) Antibody Sampler Kit#9782 (Cell Signaling Tech-
nology, Danvers, MA, USA), anti-β-actin (Cell Signaling
Technology, Danvers, MA, USA), anti-β-Tubulin (Protein-
tech) was used according to the Manufacturer’s protocol.

Immunohistochemistry
All experiments involving human tissues were approved
by the Human Assurance Committee of Renji Hospital
of Shanghai Jiao Tong University School of Medicine.
All procedures involving human specimens were per-
formed with written informed consent according to the
Declaration of Helsinki. Only 54 of 72 patients with
NSCLC had follow-up records. The follow-up time
ranged from 12 to 68 months, with a median time of 38.
5 months. For immunohistochemical analyses, sections
were de-waxed, hydrated and washed. After microwave
antigen retrieval, the slides were treated with 3% H2O2
to block endogenous peroxidase activity and then incu-
bated overnight with anti-TIGAR antibody (1:200) or
anti-Met antibody (1:300). The sections were subse-
quently incubated with the horseradish peroxidase con-
jugated secondary antibody, followed by treatment with
diaminobenzidine chromogen to visualize the signal.
The signal intensity of IHC was scored by two experi-
mental researchers without prior knowledge about the
patient and sample. The signal intensity was scored on a
scale of 0–3 and the percentage of cells with score of
0(0%), 1(1 to 9%), 2(10 to 49%) and 3 (50 to 100%).
Immunohistochemistry (IHC) score (0 to 9) was defined
as the product of the intensity and percentage of cells.
Protein expression was considered positive when IHC
score was greater than or equal to 4.

Construction of TIGAR-shRNA and met-shRNA lentiviral
recombinant plasmids, lentivirus packaging and
screening stable cells
Cells were infected by lenti-virus with Control shRNA
(sense 5’-GATCCTTCTCCG AACGTGTCACGTTCA
AGAGACGTGACACGTTCGGAGAATTTTTTG-3′, an
tisense 5’-AATTCAAAAAATTCTCCGAACGTGTCAC
GTCTCTTGAACGTGA CACGTTCGGAGAAG-3′), sh
TIGAR (sense 5’-CCGGGCTTACATGAGAAGTCT GT
TTCTCGAGAAACAGACTTCTCATGTAAGCTTTTT
G-3′, antisense 5′-AATT CAAAAAGCTTACATGA-
GAAGTCTGTTTCTCGAGCTCGAGAAACAGACTTC
TCATGTAAGC-3′) and shMet (sense 5’-CCGGTCA
ACTTCTTTGTAGGCAA TACTCGAGTATTGCCTAC
AAAGAAGTTGATTTTTG-3′, antisense 5’-AATTCAA
AAATCAACTTCTTTGTAGGCAATACTCGAGTATT
GCCTACAAAGAAGTTGA -3′). Stable TIGAR knock-
down and Met knockdown and control cells were
screened by puromycin.

RNA isolation and real-time polymerase chain reaction
Total RNA was isolated using a Trizol kit (Omega, Norcross,
GA, USA) and transcribed to cDNA with a cDNA synthesis
kit (Takara, Otsu, Japan). Quantitative real-time PCR was
performed using SYBR Green PCR Master Mix (Takara) and
the transcript levels of genes were detected by using the
StepOnePlus Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA). Primers used for detection of specific
genes are shown in Additional file 1: Table S1.

Western blot
Cells were lysed into the RIPA buffer containing protease
inhibitors by incubating on ice for 30 min followed by
centrifugation at 15000 g for 30 min. The extracted pro-
teins were subjected to electrophoresis on 10% SDS-
polyacrylamide gels and transferred to PVDF membranes
(GE Healthcare, Buckinghamshire, UK), which were
blocked and probed with specific primary antibodies with
appropriate dilution at 4 °C overnight. The membranes
were washed with 1 × TBST three times and were then in-
cubated with the horseradish peroxidase-conjugated sec-
ondary antibodies for 1 h at room temperature, followed
by three washes with 1 × TBST, the immune-reactive
bands were visualized by ECL Plus system (Tanon,
Shanghai, China).

Immunoprecipitation
Extracts of cells overexpressing Flag-tagged TIGAR pro-
teins were incubated with anti-Flag M2 affinity gel for
3 h 4 °C. The samples were analyzed by Western blot
after being washed with IP buffer three times.
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Oligonucleotide transfection
SiRNA and negative control that used with transient trans-
fection was designed and synthesized by GenePharma
(shanghai, China). Cells were transfected with siRNA using
lipofectamine 2000 Reagent (Invitrogen) according to the
manufacturer’s protocol. For migration, invasion, RNA ex-
traction and Western blot assays, cells were utilized after
transfection 48 h. The sequences of siRNA oligos used in this
study are as follows: TIGAR (Sense, 5’-CCUACAGGAU-
CAUCUAAAUTT-3′; Anti-sense, 5’-AUUUAGAUGAUC-
CUGUAGGTT-3′), (Sense, 5’-AUGGAGAAACAAGAUUU
AA-3′; Anti-sense, 5’-UACCUCUUUGUUCUAAAUU -3′),
(Sense, 5’-UGCUGGUA UAUUUCUGA AU-3′; Anti-sense,
5’-ACGACCAUAUAAAGACUUA -3′). Met (Sense, 5’-
UCAACUUCUUUGUAGGCAAUA-3′; Anti-sense, 5’-UAU
UGCCUACAAAGAAGUUGA-3′), Negative control (Sense,
5’-CCUACGCCACCAAUUUCGU-3′; Anti-sense, 5’-ACG
AAAUUGGUG GCGUAGG-3′).

Wound-healing assays
For cell motility assay, cells were collected and counted
using a hem cytometer after trypan blue exclusion. Then
the equal amounts of cells were seeded in six-well plates
to near confluence. A linear wound was carefully made
by a 200ul sterile pipette tip across the confluent cell
monolayer, and the cell debris was removed by washing
with phosphate-buffered saline and incubated in Dulbec-
co’s modified Eagle’s medium with 1% fetal bovine
serum. The wounded monolayers were then photo-
graphed at 0, 24 h after wounding.

Cell invasion assays
Cell invasion assays were performed in a 24-well plate with
8-μm pore size chamber inserts (Coring, USA). 1x105cells
were put into the upper chamber per well with Matrigel-
coated membrane. Cells were suspended in 200ul of
Dulbecco’s modified Eagle’s medium with 1% fetal bovine
serum when they were seeded into the upper chamber. The
lower chamber was completed by 600ul of Dulbecco’s
modified Eagle’s medium with 10% fetal bovine serum.
After incubation for 48 h at 37 °C and 5% CO2, the upper
inserts were removed from the plate; the non-invading cells
were removed from the membrane. Cells that moved to the
bottom surface of the chamber were fixed with 4% formalin
for 20 min and stained with 0.1% crystal violet for 30 min.
After cleared with PBS, the cells were imaged and counted
in at least 5 random fields using microscope.

In vivo metastasis assays
Five-week-old BALB/C-nu/nu male mice (Shanghai La-
boratory Animal Center, Shanghai, China) were used for
animal studies. All experimental procedures using animals
were in accordance with the guidelines provided by the
Animal Ethics Committee of Renji Hospital of Shanghai

Jiao Tong University School of Medicine. For the in vivo
tumor metastasis assay, 2 × 106 A549 cells stably
knockdown TIGAR and negative control were injected into
the lateral tail veins of nude mice respectively. After seven
weeks, we monitored metastasis foci of nude mouse tumor
xenografts by 18F-FDG micro-PET/CT. 200-400uCi of 18F-
FDG were administered intravenously in 200 μL saline,
then were scanned by an Super Nova ® micro-PET/CT
scanner (Pingseng Healthcare Co, China) and were co-
registered with Avatar 1.2 software (Pingseng Healthcare
Co, China). Standardized uptake values (SUV) of Regions
of interest (ROIs) were assessed after manual definition.
After that all nude mice were euthanized and the lungs,
livers were harvested at necropsy and fixed in 4% neutral
phosphate-buffered formalin. The fixed samples were
embed in paraffin and stained with HE (hematoxylin and
eosin), Ki67 and TIGAR antibody.

Flow cytometry analysis
Trypsin digested cells were washed with PBS, suspended
with cell cycle rapid detection solution. Cells were ana-
lysed by Flow cytometry (Jena, Germany).

Cell adhesion assay
The 96-well plate was coated with matrigel (40 μg/ml)
and incubated 37 °C 1 h. Then using washing buffer (0.
1% BSA in DMEM medium) to wash and block plates
with blocking buffer (0.5% BSA in DMEM medium). Put
3000 cells in each well. Plate was incubated in 37 °C, 5%
CO2 for 2 h. After that to wash plates with washing buf-
fer three times, fix with 4% poly-formaldehyde for
20 min and stain with 0.1% crystal violet for 15 min. Fi-
nally cells that adhered matrigel were counted under the
microscope three random regions.

Statistical analysis
All assays were carried out three independent times. All data
were statistically analyzed using Graphpad Prism 7 software
or Graphpad Prism 6 software (GraphPad Software, San
Diego, CA, USA), and presented as mean ± s.e.m., Unpaired
two-tailed t-test or ANOVA test was utilized to analyze the
difference between the two groups. Spearman’s rank correl-
ation was implemented to determine the correlation between
TIGAR and Met proteins in human lung tissue. P-values < 0.
05 were considered as statistically significant.

Results
TIGAR promotes cancer cell motility and invasion in vitro
To explore the role of TIGAR in lung cancer invasion and
metastasis, we investigated the endogenous levels of
TIGAR in five human NSCLC cell lines. These cell lines
displayed different metastatic potential (Fig. 1a-1d). Inter-
estingly, TIGAR is markedly expressed in high metastatic
cells (A549, H1299, PC9) compared with weakly metastatic
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Fig. 1 (See legend on next page.)
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cells (H1975, H1650) (Fig. 1e). We then used three pairs of
siRNAs to assess the prometastatic effect of TIGAR in
NSCLC cell lines (Fig. 1f). TIGAR knockdown significantly
reduced cell motility and invasion compared to non-
silencing control (Fig. 1g-1j). Subsequently, a lentiviral

delivery system was applied to stably knockdown TIGAR in
two lines of NSCLC cells (Fig. 1k). We observed consistent
results in TIGAR stable knockdown cells (Fig. 1l). Similarly,
cell invasion was significantly reduced upon stable knock-
down of TIGAR (Fig. 1m). In addition, the effect of TIGAR

(See figure on previous page.)
Fig. 1 TIGAR expression is increased in high metastatic lung cancer cells, affecting cell migration, invasion and adhesion in vitro. (a-b) Wound
healing assays and Trans-well analysis to determine the migration and invasion of A549, H1299, H1650, H1975 and PC9, respectively. (c-d)
Statistical analysis was to quantify the migratory and invasive ability of five NSCLC cells. (e) Real-time PCR and Western blot analysis to determine
endogenous TIGAR expression of five NSCLC cells. (f) Real-time PCR and Western blot analysis to respectively quantify mRNA and protein
expression of TIGAR after transfection with siTIGAR (or siNC as control) for 48h. (g-h) Cells were transfected with siTIGAR (or siNC as control) for
48h were collected to determine the migration and invasion capability by wound-healing assays and Trans-well assay, respectively. (i-j) Statistical
analysis was to quantify cells migratory and invasive ability upon TIGAR knockdown. (k) H1299 and A549 cells were infected with lentivirus with
shTIGAR and Green fluorescent protein. To get more effective knockdown, monoclonal cell was to screen in A549. Monoclonal cells A549-
shTIGAR#7 was the A549-shTIGAR in following assays. (l) Wound-healing assay for H1299 and A549 cells stably knockdown TIGAR or negative
control. (m) Trans-well invasion assay for A549 cells stably knockdown TIGAR or negative control. (n) The effect of TIGAR on cell adhesion activity
was assessed in A549

Fig. 2 TIGAR affects epithelial-mesenchymal transition (EMT) of lung cancer in vitro. (a) Image showed morphological changes of A549 cells stably
knockdown TIGAR (x200 magnifications). (b) Real-time PCR analysis to qualify the endogenous levels of EMT-associated transcriptional factors (left)
and markers (right) after being transfected with siTIGAR (or siNC as control) for 48h. (c) The immunofluorescence assay showed that TIGAR inter-
ference results in up-regulation of E-Cadherin and down-regulation of Vimentin (x200 magnifications). (d) H1299 cells transfected with Flag-TIGAR
(or empty vector as control) for 48h. Western blot analysis determined the effect of TIGAR overexpression on mesenchymal marker Vimentin, N-
Cadherin and epithelial marker E-Cadherin. β-tubulin was used as an internal control. (e-f) Western blot analysis to determine the protein levels of
EMT markers in two lines of NSCLC cells that stably knockdown TIGAR

Shen et al. Molecular Cancer  (2018) 17:88 Page 5 of 12



on the adhesion of the cells to the matrigel was then inves-
tigated. We found that in the case of TIGAR knockdown,
cell adhesion was reduced by about 35% (Fig. 1n). Taken
together, TIGAR promotes cell motility and invasion of
NSCLC cells.

The role of TIGAR in epithelial-mesenchymal transition (EMT)
We observed a typical morphological change from a nar-
row spindle to a flattened round, epithelial-like morph-
ology with fewer scattered colonies, while TIGAR was
stably knocked down in NSCLC cells (Fig. 2a). Then we
evaluated whether TIGAR-induced NSCLC cell migration
and invasion was associated with EMT. The mRNA levels
of EMT-associated transcriptional factors, SnaiI, Slug and

ZEB1 were strongly downregulated in stably knockdown
TIGAR cells. The EMT-associated molecule, E-Cadherin
mRNA level increased following TIGAR knockdown,
whereas mRNA levels of N-Cadherin, Vimentin, MMP2
and MMP9 were decreased (Fig. 2b). Consistently, TIGAR
knockdown increased protein levels of E-Cadherin, ZO-1
and decreased protein levels of Vimentin, SnaiI, Slug, β-
catenin, MMP2, MMP9 in A549 cell(Fig. 2e). We ob-
served similar phenomena in H1299 cells (Fig. 2f). In
addition, TIGAR overexpression increased N-cadherin,
Vimentin levels and decreased E-Cadherin level (Fig. 2d).
Immunofluorescent staining showed that TIGAR pro-
moted EMT through the decrease of E-Cadherin and the
increase of Vimentin (Fig. 2c). The above results indicated

Fig. 3 TIGAR promotes metastasis of lung cancer in vivo. (a) Representative photos were the coronal, Axial, sagittal co-registered PET/CT and PET
images images of a mouse with metastatic lung cancer in the liver from shNC group. Arrows indicate the metastatic tumor on the right of liver,
which appears very bright in the images. PET images in color are co-registered with the CT in grayscale. (b) The coronal images of a mouse from
shTIGAR group didn’t show significant abnormal 18F-FDG accumulation. (c) Comparison between the tumor and para-tumor in 18F-FDG uptake.
(d-g) Tissue sections of intrahepatic (d) and pulmonary (f) metastases were shown, the quantification of intrahepatic (e) and pulmonary (g)
metastatic nodules was analyzed by Student’s t-test, the incidence of intrahepatic (e) and pulmonary (g) metastasis was analyzed by using the χ2
test in each group (n = 10). (h) The representative images are hematoxylin and eosin staining, Ki67 staining, TIGAR staining of metastatic foci and
precancerous tissue
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that TIGAR promotes NSCLC cell metastasis through
EMT regulation.

TIGAR promotes metastasis of NSCLC cells in vivo
Then we investigate whether TIGAR also affects lung can-
cer metastasis in vivo. After 7 weeks of tail vein injection of
A549-shTIGAR-cells (shTIGAR group) and A549-shNC
cells (shNC group) in nude mice, metastasis was detected
by 18F-FDG micro-PET/CT imaging. The results showed
that shNC group had a strong accumulation of 18F-FDG in
the liver (Fig. 3a). The maximum standard uptake value
(SUVmax) of intrahepatic metastasis was significantly
higher than that of paracancerous tissues, suggesting liver
metastasis (Fig. 3c). There was no apparent accumulation
of 18F-FDG in the liver of shTIGAR group (Fig. 3b). Liver
and lung histology showed that the number of metastases
in shNC group was significantly higher than shTIGAR

group (Fig. 3d-3g). In the shNC group, liver metastases
occurred in 80% of the mice and lung metastases occurred
in 90% of the mice. In the shTIGAR group, 30% of liver
metastases and 40% of lung metastases were found (Fig. 3e-
3g). Moreover, strong Ki67 expression in the liver of shNC
group suggested that TIGAR promoted the growth of
metastatic cells (Fig. 3d). Histological analysis of lung tissue
showed that shNC group lung metastasis was more
apparent than shTIGAR group. However, there was no
significant Ki67 expression in lung metastases, suggesting
these metastatic cells show indolent growth activity
(Fig. 3f ). It may take more time to transit from indolent
micro-metastasis to overt macro-metastasis. It is worth
noting that intrahepatic and pulmonary metastases
showed that TIGAR was significantly expressed in the
nucleus of cancer cells (Fig. 3h). It is reported that anti-
cancer drugs or hypoxia can cause TIGAR nuclear

Fig. 4 TIGAR is positively correlated with Met, both correlated with advanced clinical stage and tumor metastasis and patient survival. (a)
Immunohistochemical staining of lung cancer tissue sections showed the different expression of TIGAR and Met. (b) Analysis of TIGAR and Met
protein expression in metastatic (lymph node metastasis and distant organ metastasis) and non-metastatic tissues from human lung cancer. (c)
TIGAR and Met expression in different stages of lung cancer tissues. (d) Patient survival percentage in TIGARhighMethigh (Red curve),
TIGARhighMetlow (Pink curve), TIGARhighMetlow (Black curve) and TIGARlowMetlow (Green curve) group was showed
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translocation [22]. Therefore, TIGAR nuclear transloca-
tion may represent an adaptation of metastatic cancer
cells to environmental changes. Taken together, these re-
sults suggest that TIGAR promotes NSCLC metastasis.

Relationship between TIGAR and met protein expression
and clinic characteristics
IHC analyses were performed on 72 cases of paraffin-
embedded lung cancer tissues. Interestingly, we found
that TIGAR was associated with Met in NSCLC tissues
(r = 0.5573, p < 0.0001) (Fig. 4a and Additional file 2:
Table S2), especially in lymph node and distant organ
metastases subgroup (r = 0.6576, P = 0.0003) (Additional
file 3: Table S3). It suggested that the association of
TIGAR with Met mainly affected NSCLC metastasis. As
shown in Table 1, there was no significant difference in
TIGAR and Met expression with age and gender. The
level of TIGAR and Met was positively correlated
with lymph node metastasis and distant metastasis,
suggesting that TIGAR and Met plays an important
role in the metastasis of NSCLC (Fig. 4b). High ex-
pression of TIGAR was also associated with tumor
progression. Additionally, TIGAR and Met expression
was higher in stage III and stage IV of NSCLC (Fig.
4c). Compared with patients with low-level TIGAR

and Met NSCLC, patients with high levels of TIGAR
and Met have poor prognosis (Fig. 4d). Thus, our re-
sults suggested that the protein levels of TIGAR and
Met is positively correlated in human NSCLC tissues,
which predict more malignant characteristics.

TIGAR regulates the expression of met
Met, a trans-membrane tyrosine kinase receptor plays a
key role in the invasion and metastasis of cancer. Lui et al.
reported that TIGAR is decreased when Met is inhibited in
nasopharyngeal carcinoma cells [23]. Then we tested
whether TIGAR-regulated invasion and metastasis was cor-
related with Met. We found that Met was significantly re-
duced upon TIGAR knockdown (Fig. 5a). In addition,
overexpression of TIGAR significantly up-regulated Met
levels (Fig. 5e). The regulation of Met expression by
TIGAR was also confirmed in TIGAR stable knockdown
cells (Fig. 5c). Nevertheless, the results showed instantly
(Fig. 5b) or stably (Fig. 5d) knockdown Met had no signifi-
cant effect on expression of TIGAR. Although the abun-
dance of Met protein can be regulated by a variety of
mechanisms, TIGAR regulated Met through a post-
transcriptional mechanism because there was no decrease
in Met mRNA level upon TIGAR knockdown (Fig. 5f).
There was no protein-protein interaction between TIGAR

Table 1 Analysis of correlation between TIGAR or Met protein level and clinic parameters in 72 patients with NSCLC

Protein name TIGAR Met

Characteristics All cases Low High P-value All cases Low High P-value

Participants 72 35 37 72 49 23

Age 0.7538 0.3726

< 65 46 23 23 46 33 13

≥65 26 12 14 26 16 10

Sex 0.5040 0.4921

Female 26 14 12 26 19 7

Male 46 21 25 46 30 16

TNM stage 0.0190 0.0012

I 29 20 9 29 27 2

II 18 8 10 18 11 7

III 14 5 9 14 7 7

IV 11 2 9 11 4 7

Nodes metastasis 0.0005 0.0001

N0 45 29 16 45 38 7

N1–3 27 6 21 27 11 16

Distant metastasis 0.0283 0.0143

M0 61 33 28 61 45 16

M1 11 2 9 11 4 7

Cancer progression 0.0260 0.0625

No 33 18 15 33 24 9

Yes 21 5 16 21 10 11
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and Met (Fig. 5g), suggesting that an indirect mech-
anism is occurred underlying the regulation of Met
by TIGAR.

TIGAR promotes cell migration and invasive activity
via met
Next, we investigated whether TIGAR promotes cell mi-
gration, invasion in a Met-dependent manner. To test
this, the effect of TIGAR on metastasis was analyzed in
NSCLC cells with or without Met knockdown. Consist-
ent with previous results, TIGAR overexpression
strongly increased cell motility, whereas Met knockdown
attenuated the effect of TIGAR on cell motility (Figs. 6a-
b). Moreover, we found that knockdown of Met abol-
ished the effect of TIGAR in NSCLC cell invasion (Fig.
6c-d). These results indicate that TIGAR promotes cell
migration and invasion through Met.

Discussion
The well-known function of TIGAR is to maintain redox
balance through promoting metabolic flux from glycoly-
sis to PPP. There is growing evidence that metastatic le-
sions may encounter more oxidative stress than primary
tumors and therefore require the up-regulation of the
PPP pathway [5]. More importantly, a prerequisite for
tumor cell metastasis is to increase the metabolic flux of
PPP to counteract ROS-induced anoikis upon cell de-
tachment [24]. Therefore, TIGAR may cause cancer me-
tastasis. Here, we found that TIGAR is required for the
invasion and metastasis of NSCLC. Mechanistically, Met
signaling pathway is involved in TIGAR-induced inva-
sion and metastasis.
TIGAR was initially identified as the transcriptional

target of p53, an important tumor suppressor protein
[4]. TIGAR is dysregulated in many types of cancer and

Fig. 5 TIGAR regulates the expression of Met protein. (a) Analysis of Western Blot showed the effect of TIGAR on Met in A549 and H1299 cells
after being transfected with siTIGAR (or siNC as control) for 48h. (b) Western Blot analysis showed the effect of Met on TIGAR in NSCLC cells after
being transfected with siMet (or siNC as control) for 48h. (c) The analysis of Western Blot showed the effect of TIGAR on Met in stably knockdown
TIGAR cells. (d) The analysis of Western Blot showed the effect of Met on TIGAR in stably knockdown Met cells. (e) Overexpression TIGAR
enhanced the protein levels of Met in two lines of NSCLC cells after being transfected with Flag-TIGAR (or empty vector as control) for 48h. (f)
Knockdown TIGAR had not significantly affected on mRNA levels of Met in A549 and H1299 that transfected with siTIGAR (or siNC as control) for
48h. (g) Immunoprecipitation (IP) assays showed there was not directly interaction between TIGAR and Met
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is involved in in various biological processes such as me-
tabolism, apoptosis, autophagy, cell cycle and cell death
[25]. TIGAR promotes intestinal regeneration and
tumorigenesis when TIGAR expression is up-regulated
and uncoupled from p53 [26]. In addition, TIGAR is
highly expressed in patients with chronic lymphocytic
leukemia (CLL), regardless of p53 status [9]. Results
from p53 null and mutant p53 tumor cell lines
indicate that wild-type p53 is dispensable for the ex-
pression of TIGAR [26]. Meanwhile, mutant p53 gen-
erally exhibits an gain-of-function effect on cancer
metabolism [27]. Here we observed that TIGAR con-
tributed to invasion and metastasis regardless of p53

status, since the invasion and metastasis of both p53
wild-type (A549) and p53 null (H1299) cell lines are
regulated by TIGAR. In addition, future studies are
necessary to elucidate the mechanism by which
TIGAR is induced in a p53-independent manner in
cancer cells.
TIGAR is involved in various biological processes of

cancer cells. The link between TIGAR and invasion of
cancer cells has been established by several studies [12,
13]. Indeed, it remains elusive whether TIGAR can pro-
mote cancer metastasis in vivo. Here, our in vitro and in
vivo data strongly indicate that TIGAR is indispensable
for cancer cell invasion and metastasis. TIGAR are

Fig. 6 TIGAR promotes migration and invasion of lung cancer via Met. (a) H1299 cells were cotransfected with Flag-TIGAR or empty vector (as
control) plus siMET or siNC for 48h before wound-healing assay. (b) Western Blot showed the protein expression of Met and TIGAR after Met
knockdown in TIGAR overexpression in H1299 cells. (c) Trans-well assay was performed experiment in A549 cells cotransfected with Flag-TIGAR
(or vector as control) and siMet (or siNC as control). (d) The protein expression of Met and TIGAR after Met knockdown in TIGAR overexpression
in A549 cells was detected by Western Blot
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regulated through key context-specific or fine-tuning
events. A variety of signaling pathways including NF-κB
and Met are involved in the role of TIGAR in cancer.
Zhao et al. demonstrate that TIGAR-induced nasopha-
ryngeal carcinoma is related to the activation of NF-κB
pathway [12]. In contrast, Sinha et al. Found that TIGAR
had no effect on NF-κB activation in radiation-mimetic
Neocarzinostatin (NCS)-treated cells, but that NF-κB
regulates NCS-induced TIGAR expression [28]. The re-
lationship between TIGAR and the NF-κB pathway may
depend on the extracellular context and the type of can-
cer. Our data suggested that Met signaling pathway is
involved in TIGAR-regulated invasion and metastasis of
NSCLC. Meanwhile, Met inhibition can downregulates
TIGAR expression and subsequently decreases NADPH
production [23]. Therefore, TIGAR and Met are closely
related and mutually regulated in cancer. There is grow-
ing evidence that metabolic enzymes are widely involved
in signaling pathways. 6-Phosphogluconate dehydrogen-
ase regulates tumor cell migration by regulating receptor
tyrosine kinase Met in vitro [29]. Our study may provide
evidence that TIGAR may play a similar role in the sig-
naling pathway.
Additionally, we gained insight into the molecular

changes of EMT markers, as epithelial to mesenchymal
transition (EMT) is a critical step in the invasion-
metastasis cascade [30]. We found that TIGAR induced
EMT phenotypes in NSCLC cells by activating mesenchy-
mal markers and downregulating epithelial markers. In
addition, our results indicate that knockdown of TIGAR
reduces the expression of MMP2 and MMP9, which play
important roles in the formation of tumor microenviron-
ments and in the promotion of cancer progression and
metastasis [31]. However, the mechanism that TIGAR reg-
ulated EMTand MMPs needs further exploration.
Metastatic cancer cells undergo significant meta-

bolic rewiring. This metabolic plasticity allows them
to survive under restricted conditions [5]. Our study
shows that the metabolic enzyme TIGAR promotes
the invasion and metastasis of NSCLS. Mechanistic-
ally, Met signaling pathway is involved in role of
TIGAR in the invasion and metastasis of NSCLC.
These findings may suggest that the TIGAR/Met
pathway may be a novel target for NSCLC therapy.
Met inhibitors are useful for treating NSCLC patients
with high TIGAR expression.

Additional files

Additional file 1: Table S1. Primers used in Real-Time PCR. (DOC 41 kb)

Additional file 2: Table S2. The expression of TIGAR and Met in lung
cancer. (DOCX 15 kb)

Additional file 3: Table S3. The expression of TIGAR and Met in
metastasis subgroup of lung cancer. (DOCX 15 kb)

Acknowledgments
The study was supported by research grants from National Natural Science
Foundation of China (No. 81771858, 81471687, 81530053, 81572719,
81471685, and 81601520), Shanghai Science and Technology Committee
(14DZ1940602) and Shanghai Health Planning Commission (16CR2020A).

Funding
The study was supported by research grants from National Natural Science
Foundation of China (No. 81771858, 81471687, 81530053, 81572719,
81471685, and 81601520), Shanghai Science and Technology Committee
(14DZ1940602) and Shanghai Health Planning Commission (16CR2020A).

Authors’ contributions
JL and GH conducted the study design. MS carried out the assays and
collected the samples. XZ performed the statistical analysis. LS and SA
participated the coordination of research and worked as technical
consultants. MS and XZ drafted the manuscript. JL and GH revised the
manuscript. All authors reviewed and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Nuclear Medicine, Ren Ji Hospital, School of Medicine,
Shanghai Jiao Tong University, Shanghai 200127, China. 2Shanghai Key
Laboratory for Molecular Imaging, Collaborative Scientific Research Center,
Shanghai University of Medicine & Health Science, Shanghai 200093, China.
3Institute of Nuclear Medicine, School of Medicine, Shanghai Jiao Tong
University, Shanghai 200127, China.

Received: 10 December 2017 Accepted: 27 April 2018

References
1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2017. CA Cancer J Clin. 2017;

67:7–30.
2. Wang L, Yu C, Liu Y, Wang J, Li C, Wang Q, Wang P, Wu S, Zhang ZJ. Lung

Cancer mortality trends in China from 1988 to 2013: new challenges and
opportunities for the government. Int J Environ Res Public Health. 2016;13

3. Molina JR, Yang P, Cassivi SD, Schild SE, Adjei AA. Non–Small Cell Lung
Cancer Epidemiology, Risk Factors,.pdf. Mayo Clin Proc. 2008;83:584–94.

4. Bensaad K, Tsuruta A, Selak MA, Vidal MNC, Nakano K, Bartrons R, Gottlieb E,
Vousden KH. TIGAR, a p53-inducible regulator of glycolysis and apoptosis.
Cell. 2006;126:107–20.

5. Gill JG, Piskounova E, Morrison SJ. Cancer, oxidative stress, and metastasis.
Cold Spring Harb Symp Quant Biol. 2016;81:163–75.

6. Piskounova E, Agathocleous M, Murphy MM, Hu Z, Huddlestun SE, Zhao Z,
Leitch AM, Johnson TM, DeBerardinis RJ, Morrison SJ. Oxidative stress inhibits
distant metastasis by human melanoma cells. Nature. 2015;527:186–91.

7. White NM, Newsted DW, Masui O, Romaschin AD, Siu KW, Yousef GM.
Identification and validation of dysregulated metabolic pathways in
metastatic renal cell carcinoma. Tumour Biol. 2014;35:1833–46.

8. Chen EI, Hewel J, Krueger JS, Tiraby C, Weber MR, Kralli A, Becker K, Yates JR,
Felding-Habermann B. Adaptation of energy metabolism in breast Cancer
brain metastases. Cancer Res. 2007;67:1472–86.

9. Hong M, Xia Y, Zhu Y, Zhao H-H, Zhu H, Xie Y, Fan L, Wang L, Miao K-R, Yu
H, et al. TP53-induced glycolysis and apoptosis regulator protects from
spontaneous apoptosis and predicts poor prognosis in chronic lymphocytic
leukemia. Leuk Res. 2016;50:72–7.

10. Won KY, Lim SJ, Kim GY, Kim YW, Han SA, Song JY, Lee DK. Regulatory role
of p53 in cancer metabolism via SCO2 and TIGAR in human breast cancer.
Hum Pathol. 2012;43:221–8.

11. Al-Khayal K, Abdulla M, Al-Obeed O, Kattan WA, Zubaidi A, Vaali-
Mohammed M-A, Alsheikh A, Ahmad R. Identification of the TP53-induced
glycolysis and apoptosis regulator in various stages of colorectal cancer
patients. Oncol Rep. 2016;35:1281–6.

Shen et al. Molecular Cancer  (2018) 17:88 Page 11 of 12

https://doi.org/10.1186/s12943-018-0839-4
https://doi.org/10.1186/s12943-018-0839-4
https://doi.org/10.1186/s12943-018-0839-4


12. Zhao M, Fan J, Liu Y, Yu Y, Xu J, Wen Q, Zhang J, Fu S, Wang B, Xiang L,
et al. Oncogenic role of the TP53-induced glycolysis and apoptosis
regulator in nasopharyngeal carcinoma through NF-kappaB pathway
modulation. Int J Oncol. 2016;48:756–64.

13. Wong EY, Wong SC, Chan CM, Lam EK, Ho LY, Lau CP, Au TC, Chan AK,
Tsang CM, Tsao SW, et al. TP53-induced glycolysis and apoptosis regulator
promotes proliferation and invasiveness of nasopharyngeal carcinoma cells.
Oncol Lett. 2015;9:569–74.

14. Zhang H, Gu C, Yu J, Wang Z, Yuan X, Yang L, Wang J, Jia Y, Liu J, Liu F.
Radiosensitization of glioma cells by TP53-induced glycolysis and apoptosis
regulator knockdown is dependent on thioredoxin-1 nuclear translocation.
Free Radic Biol Med. 2014;69:239–48.

15. Madan E, Gogna R, Kuppusamy P, Bhatt M, Pati U, Mahdi AA. TIGAR induces
p53-mediated cell-cycle arrest by regulation of RB–E2F1 complex. Br J
Cancer. 2012;107:516–26.

16. Peters S, Adjei AA. MET: a promising anticancer therapeutic target. Nat Rev
Clin Oncol. 2012;9:314–26.

17. Ma PC, Jagadeeswaran R, Jagadeesh S, Tretiakova MS, Nallasura V, Fox EA,
Hansen M, Schaefer E, Naoki K, Lader A, et al. Functional expression and
mutations of c-met and its therapeutic inhibition with SU11274 and small
interfering RNA in non-small cell lung cancer. Cancer Res. 2005;65:1479–88.

18. Jiang WG, Martin TA, Parr C, Davies G, Matsumoto K, Nakamura T.
Hepatocyte growth factor, its receptor, and their potential value in cancer
therapies. Crit Rev Oncol Hematol. 2005;53:35–69.

19. Nakamura Y, Niki T, Goto A, Morikawa T, Miyazawa K, Nakajima J, Fukayama
M. C-met activation in lung adenocarcinoma tissues: an
immunohistochemical analysis. Cancer Sci. 2007;98:1006–13.

20. Nakamura Y, Matsubara D, Goto A, Ota S, Sachiko O, Ishikawa S, Aburatani
H, Miyazawa K, Fukayama M, Niki T. Constitutive activation of c-met is
correlated with c-met overexpression and dependent on cell-matrix
adhesion in lung adenocarcinoma cell lines. Cancer Sci. 2008;99:14–22.

21. Gumustekin M, Kargi A, Bulut G, Gozukizil A, Ulukus C, Oztop I, Atabey N.
HGF/c-met overexpressions, but not met mutation, correlates with
progression of non-small cell lung cancer. Pathol Oncol Res. 2012;18:209–18.

22. Yu H-P, Xie J-M, Li B, Sun Y-H, Gao Q-G, Ding Z-H, Wu H-R, Qin Z-H. TIGAR
regulates DNA damage and repair through pentosephosphate pathway and
Cdk5-ATM pathway. Sci Rep. 2015;5

23. Lui VWY, Wong EYL, Ho K, Ng PKS, Lau CPY, Tsui SKW, Tsang CM, Tsao SW,
Cheng SH, Ng MHL, et al. Inhibition of c-met downregulates TIGAR
expression and reduces NADPH production leading to cell death.
Oncogene. 2010;30:1127–34.

24. Paoli P, Giannoni E, Chiarugi P. Anoikis molecular pathways and its role in
cancer progression. Biochim Biophys Acta. 2013;1833:3481–98.

25. Zhao L, Mao Y, Zhao Y, Cao Y, Chen X. Role of multifaceted regulators in
cancer glucose metabolism and their clinical significance. Oncotarget. 2016;
7:31572–85.

26. Cheung Eric C, Athineos D, Lee P, Ridgway Rachel A, Lambie W, Nixon C,
Strathdee D, Blyth K, Sansom Owen J, Vousden Karen H. TIGAR is required
for efficient intestinal regeneration and tumorigenesis. Dev Cell. 2013;25:
463–77.

27. Lee P, Vousden KH, Cheung EC. TIGAR, TIGAR, burning bright. Cancer
Metab. 2014;2(1)

28. Sinha S, Ghildiyal R, Mehta VS, Sen E. ATM-NFkappaB axis-driven TIGAR
regulates sensitivity of glioma cells to radiomimetics in the presence of
TNFalpha. Cell Death Dis. 2013;4:e615.

29. Chan B, VanderLaan PA, Sukhatme VP. 6-Phosphogluconate dehydrogenase
regulates tumor cell migration in vitro by regulating receptor tyrosine
kinase c-met. Biochem Biophys Res Commun. 2013;439:247–51.

30. Zeisberg M, Neilson EG. Biomarkers for epithelial-mesenchymal transitions. J
Clin Invest. 2009;119:1429–37.

31. Shay G, Lynch CC, Fingleton B. Moving targets: emerging roles for MMPs in
cancer progression and metastasis. Matrix Biol. 2015;44-46:200–6.

Shen et al. Molecular Cancer  (2018) 17:88 Page 12 of 12


	Abstract
	Background
	Methods
	Cell culture, plasmids, reagents and antibody
	Immunohistochemistry
	Construction of TIGAR-shRNA and met-shRNA lentiviral recombinant plasmids, lentivirus packaging and screening stable cells
	RNA isolation and real-time polymerase chain reaction
	Western blot
	Immunoprecipitation
	Oligonucleotide transfection
	Wound-healing assays
	Cell invasion assays
	In vivo metastasis assays
	Flow cytometry analysis
	Cell adhesion assay
	Statistical analysis

	Results
	TIGAR promotes cancer cell motility and invasion in vitro
	The role of TIGAR in epithelial-mesenchymal transition (EMT)
	TIGAR promotes metastasis of NSCLC cells in vivo
	Relationship between TIGAR and met protein expression and clinic characteristics
	TIGAR regulates the expression of met
	TIGAR promotes cell migration and invasive activity via met

	Discussion
	Additional files
	Funding
	Authors’ contributions
	Competing interests
	Publisher’s Note
	Author details
	References

