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Abstract. Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) plays an important role in multiple cellular func-
tions including metabolism and gene transcription. Our 
previous study showed that GAPDH expression was elevated 
in colon cancer and further upregulated in liver metastatic 
tissues, suggesting a possilbe role of GAPDH in promoting 
cancer metastasis. The present study was designed to investi-
gate the underlying mechanism, using multiple experimental 
approaches including genetic silencing of GAPDH expression 
by short hairpin RNA (shRNA) and biochemcial/molecular 
analyses of the key events involved in glycolytic metabolism 
and epithelial-mesenchymal transition (EMT). We showed 
that silencing of GAPDH expression resulted in a significant 
reduction of glycolysis in colon cancer cell lines, accompanied 
by a decrease in cell proliferation and an apparent change in 
cell morphology associated with alterations in actin expres-
sion and phalloidine staining patterns. Furthermore, GAPDH 
suppression also caused a downregulation of gene expression 

involved in cancer stem-like cells and EMT. CHIP assay and 
co-immunoprecipitation revealed that GAPDH physically 
interacted with the transcriptional factor Sp1 and enhance the 
expression of SNAIL, a major regulator of EMT. Suppression of 
GAPDH expression resulted in a signficant decrease in SNAIL 
expression, leading to inhibition of EMT and attenuation of 
colon cancer cell migration in vitro and reduced metastasis 
in vivo. Overall, the present study suggests that GAPDH plays 
an important role in cancer metastasis by affecting EMT 
through regulation of Sp1-mediated SNAIL expression.

Introduction

Colon cancer is one of the most common malignacies and the 
fourth most frequent cause of cancer death (1-4). Metastasis 
is a major cause of death in colon cancer patients. Although 
the 5-year survival rate for colon cancer patients in early 
stages without metastasis is high, this rate drops significantly 
in patients diagnosed with regional lymph node metastases 
and further decreases to less than 10% in patients with distant 
metastases (5-7). Major efforts in the recent years to improve 
the therapy for metastatic colon cancer patients include the 
development of drugs that target antiangiogenesis and inhibit 
EGFR signaling with noticeable success (8-10). Despite such 
progress, major challenges still remain in clinical treatment 
of colon cancer with distant metastasis. Understanding of the 
biological properties of the metastastic cancer cells and the 
underlying mechanisms would provide an important basis 
for the development of more effective agents and therapeutic 
strategies.

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is 
a key enzyme that catalyzes the redox reaction in the glyco-
lytic pathway by converting glyceraldehyde-3-phosphate to 
1,3-bisphosphoglycerate with a reduction of NAD+ to NADH. 
Although GAPDH has long been considered as a house-keeping 
enzyme and thus, commonly used as an internal reference in 
western blotting and RT-PCR analyses (11,12), accumulating 
evidence suggest that GAPDH may also play non-enzymatic 
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roles with diverse functions and distinct subcellular distribu-
tions including cytoplasma, cell membranes and nucleus 
(13-16). Its upregulation seems related to cancer development, 
evident by its higher expression in Dunning R-3327 rat pros-
tatic adenocarcinoma cells compared to normal rat ventral 
prostate tissue (17). Furthermore, our previous study showed 
that GAPDH expression was elevated in colon cancer tissue 
and further increased in metastasis liver tissue (18), which 
suggests that GAPDH may contribute to colon cancer metas-
tasis. These results indicate an important role of GAPDH in 
tumor growth and metastasis, and therefore may be a potential 
candidate as a molecular target for cancer therapy. However, 
the mechanism by which GAPDH promotes cancer growth 
and metastasis remains unclear.

The purpose of the present study was to use both in vitro and 
in vivo experimental systems to evaluate the role of GAPDH 
in colon cancer metastasis and to investigate the underlying 
mechanism. Both molecular and biochemical approaches 
were employed to test the biological consequences of GAPDH 
silencing and the relevant regulatory events. Since epithelial-
mesenchymal transition (EMT) is tightly associated with the 
key events during cancer cell detachment from primary tumor 
site and seems to endow cell mobility and invasiveness (19), 
we evaluated the potential link between GAPDH and EMT in 
this study. Our results showed that GAPDH could physically 
interact with the transcriptional factor Sp1 and promote the 
expression of SNAIL, leading to EMT and an increased cell 
mobility and cancer metastasis.

Materials and methods

Cell culture and transfection. Human colon cell lines HCT116 
and LoVo cells were purchased from the ATCC (Manassas, VA, 
USA). HT29 cell line was obtained from Shanghai Cell Bank 
(Shanghai, China). The GAPDH-knockdown HCT116 and 
LoVo cells (designated as HCT116 sh-GAP and LoVo sh-GAP, 
respectively) were established by stable transfection with short 
hairpin RNA (shRNA) against GAPDH as described below. 
The control cells (designated as HCT116-NC and LoVo-NC) 
were transfected with scrambled shRNA. HCT116 sh-GAP and 
HCT116-NC cells were cultured in McCoy's 5A medium supple-
mented with 10% fetal bovine serum (FBS; Sigma-Aldrich, St. 
Louis, MO, USA). LoVo sh-GAP and LoVo-NC were cultured 
in F12K medium supplemented with 10% FBS (Sigma-Aldrich). 
Cells were incubated at 37˚C in a humidified atmosphere with 
5% CO2 and were routinely sub-cultured using 0.25% (w/v) 
trypsin-EDTA solution to detach cells from the culture surface.

The short hairpin RNA (shRNA) expression plasmids 
(PGLV-H1-GFP/Puro) and lentiviral vectors containing 
GAPDH-shRNA (5'-GTATGACAACAGCCTCAAG-3') or 
scrambled shRNA (5'-TTCTCCGAACGTGTCACG-3') were 
obtained from Shanghai GenePharma, Co., Ltd. (Shanghai, 
China). HCT116 and LoVo cells were infected with lentiviral 
particles using the protocol recommended by the manufac-
turer, and the transfected cells were selected using 2.5 µg/ml 
puromycin. Silencing to GAPDH expression was confirmed by 
qRT-PCR and western blot analysis.

Antibodies and reagents. The following antibodies were used 
for immunoblotting analyses using standard western blotting 

procedures: E-cadherin, vimentin, β-catenin, SNAIL, α-tubulin 
(all from Cell Signaling Technology, Beverly, CA, USA), 
GAPDH (Abcam, Cambridge, UK), NOTCH3 (Cell Signaling 
Technology). Anti-mouse and anti-rabbit secondary antibodies 
conjugated with HRP were purchased from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). Matrigel and Transwell 
chambers were purchased from BD Biosciences (San Jose, CA, 
USA). TRIzol reagent and puromycin were purchased from 
Invitrogen (Carlsbad, CA, USA).

Assays of cellular metabolism. Lactate and glucose concen-
trations in the cell culture medium were measured using a 
SBA-40D analyzer (Institute of Biology, Shandong Academy 
of Sciences (Jinan, China). Each experiment was repeated at 
least three times independently. Cellular oxygen consumption 
rate (OCR) and extracellular acidification rate (ECAR) were 
measured by XF24 analyzer (Seahorse Bioscience, Inc., North 
Billerica, MA, USA). Briefly, cells were seeded in McCoy'5A 
medium at 40,000 cells/well in XF24 cell plate 24 h before 
the assay. On the day of the assay, the medium was changed 
to DMEM (without serum, no glucose, no bicarbonate, supple-
mented with 2 mM glutamine), and incubated at 37˚C in an 
incubator without CO2 for 1 h before measurement of OCR 
and ECAR.  Glucose (10 mM), oligomycin (3 mM) and 2-DG 
(0.1 M) were prepared in the Dulbecco's modified Eagle's 
medium (DMEM) and loaded onto ports A, B and C, respec-
tively. Metabolic analysis was performed using the glycolytic 
stress test protocol recommended by the manufacturer. 
Glycolytic rate was estimated from the ECAR after the injec-
tion of glucose. Maximum glycolytic capacity was calculated 
by the rate of increase in ECAR after the injection of oligo-
mycin following glucose. The glycolytic reserve was estimated 
using the difference between maximum glycolytic capacity 
and glycolytic rate. Glycolytic responds was determined using 
the ratio of maximum glycolytic capacity to glycolysis rate. 
Each assay was repeated at least 3 times.

Assay of GAPDH enzyme activities. GAPDH enzyme activity 
was measured using an assay kit (AM1639) purchased from 
Thermo Fisher Scientific. Cells were plated in 96-well plate 
(5,000 cells/well), 200 µl KDalert lysis buffer was added to 
each well, and the samples were then incubated at 4˚C for 
15 min. The cell lysate was homogenized by pipetting up and 
down 4-5 times, and 10 µl of each lysate was transfered to a 
clean 96-well dark plate. Next, 90 µl of KDalert Master Mix 
was added to each well. The increase in fluorescence (the 
excitation wavelength at 560 nm and the emission wavelength 
at 590 nm) was measured every minute for up to 8 min at room 
temperature, using a Fluoroskan spectrometer.

Cell proliferation and colony formation assays. Cell prolifera-
tion was assessed using MTT assay. After the cells in 96-well 
plates were incubated with the MTT reagent (3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide) at 37˚C for 3 h, 
the culture medium was removed, and then 200 µl dimethyl 
sulfoxide (DMSO) was added to dissolve the formazan. The 
OD values were recorded at 569 nm using a microplate reader 
(Bio-Rad Laboratories, Hercules, CA, USA). For colony 
formation assay, cells were seeded in a 6-well plate (500 
cells/well) and were cultured in McCoy'5A medium (HCT116 
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cells) or F12 K medium (LoVo cells) supplemented with 10% 
FBS for 14 days. The cells were washed twice with phosphate-
buffered saline (PBS), fixed with methanol for 15 min, and the 
colonies were stained with crystal violet for 15 min at room 
temperature. After the samples were washed with water and 
air-dried, colonies of >50 cells were counted.

RNA isolation and qRT-PCR. Total RNA was extracted 
from cultured cells with TRIzol and RNA concentration 
was calculated by measuring the OD value at 260 nm. RNA 
(0.5-1 µg) was reverse-transcribed using an M-MLV Reverse 
Transcriptase kit according to the manufacturer's protocol.  
The resulting cDNA (20 ng) was mixed with SYBR-Green 
Master Mix, amplified by PCR with the respective primers, 
and analyzed using the Universal Probe Library Center soft-
ware (Bio-Rad Laboratories). The PCR primers used in the 
present study are listed in Table I.

Western blot analysis and co-immunoprecipitation (IP). For 
preparation of cell extracts, cells were washed twice with 
cold PBS, and lysed in RIPA lysis buffer containing protease 
inhibitors and phosphatase inhibitors on ice for 20 min.  
Proteins (30 µg) were separated by electrophoresis using 10% 
SDS-PAGE. After electrophoresis, proteins were transferred 
to polyvinylidene fluoride membranes (Millipore, Billerica, 
MA, USA), and incubated with the following primary 
antibodies at the dilutions recommended by the manufac-
turers: E-cadherin (1:1,000), vimentin (1:1,000), β-catenin 
(1:1,000), SNAIL (1:1,000), GAPDH (1:10,000) or NOTCH3 
(1:1,000). The samples were incubated overnight at 4˚C on a 
rocking-platform, and then incubated with horseradish perox-
idase-conjugated secondary antibody (dilution, 1:10,000) for 
1 h at room temperature. Protein bands were visualized using 
enhanced chemiluminescence reagent ECL (Nanjing KeyGen 
Biotech, Co., Ltd., Nanjing, China). α-Tubulin was also probed 
as a loading control. Co-immunoprecipitation assays were 
performed using the Pierce Co-immunoprecipitation kits 
(Thermo Fisher Scientific, Rockford, IL, USA). Cell lysates 
were solubilized using Nonidet P-40 at a final concentration 
of 0.5%. Soluble fractions (200-600 µg) from cell lysates were 

incubated overnight at 4˚C with antibody-immobilized beads. 
Beads were then centrifuged at 1000 x g for 1 min, and washed 
three times with PBS before elution. The eluted proteins were 
heated at 90˚C for 5 min and analyzed by western blotting.

Chromatin immunoprecipitation (ChIP). The kit was used for 
ChIP assays according to the protocol recommended by the 
manufacturer (Active Motif, Carlsbad, CA, USA). Cells (5x106) 
were cross-linked with 1% formaldehyde, and DNA was 
isolated and sheared to an approximate length of 200-1000 bp 
by sonication using an SLPe sonicator (Branson Ultrasonics 
Corp., Danbury, CT, USA). Sheared DNA was incubated with 
1.5 µg anti-GAPDH antibody or control IgG overnight at 4˚C, 
followed by immunoprecipitation with 20 µl of protein A 
beads. Enriched DNA was extracted from the DNA/antibody/
protein A/beads complexes by proteinase K digestion and 
purified using spin columns. Promoter sequence was analyzed 
by PCR. SNAIL minimal promoter primers were as follows: 
forward primer, ATTCGTGGGTGCTCAAGAGG (nucleotide 
positions -103 to -84); reverse primer, GCCCAGTCCTGGTG 
AATCTC (nucleotide positions +31 to +50).

Cell migration and invasion assays. For ‘wound healing’ 
assay, cells were seeded in a 6-well culture plate, grown to 80% 
confluence, and then the plate was scratched across the surface 
of the cell monolayer with a sterile pipette tip. The cell debris 
was removed by washing with fresh medium. At the indicated 
time points (24-48 h), the cells that migrated into the wounded 
area or protruded from the border of the scratched area were 
visualized and photographed under an inverted microscope.

Cell migration ability was further assessed using 
6.5-mm Transwell chambers. Cell invasion was assessed 
using the Matrigel invasion chambers (24-well DI kit from 
BD Biosciences). The assays were performed according 
to the manufacturer's instructions. Briefly, 5.0x105 cells 
were suspended in serum-free medium and seeded into the 
upper chamber. The lower chamber was filled with medium 
containing 10% FBS. After 24 h of incubation, the migrated/
invaded cells that passed the filter were fixed with 4% para-
formaldehyde, stained with crystal violet solution and counted 

Table I. The primers used for qRT-PCR in the present study.

Genes Forward primer Reverse primer

GAPDH 5'-AATGGGCAGCCGTTAGGAAA-3' 5'-GCCCAATACGACCAAATCAGAG-3'
Actin 5'-AACTCCATCATGAAGTGTGACG-3' 5'-GATCCACATCTGCTGGAAGG-3'
ABCG2 5'-AGGCAGATGCCTTCTTCGTT-3' 5'-TGAGATTGACCAACAGACCATCA-3'
ALDH1 5'-GGCCCTCAGATTGACAAGGA-3' 5'-AACACTGTGGGCTGGACAAA-3'
NOTCH1 5'-GACAGCCTCAACGGGTACAA-3' 5'-CACACGTAGCCACTGGTCAT-3'
NOTCH3 5'-GCCAAGCGGCTAAAGGTAGA-3' 5'-ATTAGCGGGGTGAAGCCATC-3'
NANOG 5'-CAATGGTGTGACGCAGGGAT-3' 5'-TGCACCAGGTCTGAGTGTTC-3'
SOX2 5'-GGGGAAAGTAGTTTGCTGCC-3' 5'-CGCCGCCGATGATTGTTATT-3'
BMI1 5'-CTGGTTGCCCATTGACAGCG-3' 5'-AAAAATCCCGGAAAGAGCAGCC-3'
SNAIL 5'-CGAGTGGTTCTTCTGCGCTA-3' 5'-CTGCTGGAAGGTAAACTCTGGA-3'
α-Tublin 5'-GTCTCGCGTTGTTCTCTGGG-3' 5'-GCACTCACGCATGTTTTCCC-3'
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under a microscope. The cell counts in five random fields were 
averaged for each filter from triplicate experiments.

Phalloidine staining of F-actin. Cells were fixed with absolute 
ethyl alcohol for 20 min and permeabilized with 0.25% of 
Triton X-100 in PBS at room temperature for 10 min. Samples 
were blocked with 1% of bovine serum albumin (BSA; Sigma-
Aldrich) and incubated with fluorescent phalloidine for 30 min 
in the dark environment at room temperature, then washed 
with PBS for 3 times. The samples were also stained with 
DAPI for 3 min in the dark environment at room tempera-
ture and washed with PBS for 3 times to reveal the nuclei. 
Cells were observed under a scanning confocal microscope 
(Olympus FV10i; Olympus).

Xenograft model of tumor growth and metastasis. To evaluate 
the impact of GAPDH on tumor growth in vivo, 1.5x106 cells 
(NC control or sh-GAP) were subcutaneously innoculated 
into the left or right axilla of BALB/C nude mice (5 mice/
group). Tumor length (L) and width (W) were measured twice 
a week using a caliper, and tumor volume was calculated 
using the formula: V = (W2 x l)/2. After 3 weeks, the mice 

were sacrificed and the tumors were dissected for compar-
ison. To analyze metastasis, 1.5x106 HCT116-NC or HCT116 
sh-GAP cells were injected into BALB/C nude mice (12 mice/
group) through tail vein. After one and a half months, mice 
were sacrificed and the lungs were isolated and inspected for 
metastasis. Both primary and metastatic tumors were isolated 
for imaging and pathological/histological analyses. The 
animal experiments were performed in complaince with the 
protocol and procedures approved by the Institutional Animal 
Care and Use Committee of Sun Yat-sen University Cancer 
Center.

Tumor specimens, H&E staining and immunohistochemistry. 
Tumor specimens embedded in paraffin slides were subjected 
to H&E staining and immunohistochemistry as previously 
described (18). For immunohistochemistry, paraffin embedded 
specimens were first treated with 3% H2O2 for 30 min to 
quench the endogenous peroxidase activity. The slides were 
then immersed in citrate buffer, heated for 5 min at 100˚C. 
After cooling, blocking with 10% goat serum. Rabbit mono-
clonal antibody against human GAPDH, biotinylated goat 
anti-rabbit antibody, and streptavidin-peroxidase conjugate 

Figure 1. Impact of GAPDH silencing by shRNA on glucose metabolism in colon cancer cells. (A) Expression of GAPDH mRNA in HCT116 and LoVo cells 
infected with lentiviral vector containing shRNA (sh-GAP) or negative control shRNA (NC). (B) Western blot analysis of GAPDH levels in sh-GAP and NC 
cells. α-Tubulin was blotted as the protein loading control. (C) GAPDH enzyme activity was measured in sh-GAP and NC cell lines. a, b, c, d and e represent 
LoVo-NC, HCT116-NC, HCT116 sh-GAP, LoVo sh-GAP and black control, respectively. (D) Comparison of glucose consumption and lactate production in 
the medium of sh-GAP and NC cells in both HCT116 and LoVo cell pairs after cells were cultured in fresh medium for 12 h. (E) Glycolysis was measured by 
an XF24 metabolic analyzer using the glycolytic test kit provided by the manufacturer. A representative ECAR outputs in response to glucose, oligomycin, 
and 2-DG in HCT116 sh-GAP cells in comparison with HCT116-NC cells are shown. (F) Glycoytic respond ratios in HCT116 sh-GAP and HCT116NC were 
calculated from three separate experiments. (G) Relative glycoytic reserve calculated from three separate experiments. Data are shown as mean ± SD. n=3, 
*P<0.05, ***P<0.001.
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were added sequentially. After the incubation and washing, the 
tissue slides were stained with the DAB substrate kit, and then 
stained with hematoxylin.

Statistical analysis. Statistical analysis was performed using 
the GraphPad Prism software package (v.4.02; GraphPad 
Software, Inc., La Jolla, CA, USA). The Student's t-test was 
used to evaluate the statistical significance of the two mean 
values between two groups. A P<0.05 was considered statisti-
cally significant.

Results

Suppression of GAPDH by shRNA and its effect on glucose 
metabolism. To investigate the impact of GAPDH on cancer 
cell behavior, we first constructed GAPDH knockdown cell 
lines by stable transfection of HCT116 and LoVo cells with 
lentivirus vectors containing either shRNA against GAPDH 
(sh-GAP) or scramble shRNA as a negative control (NC). 
Stable transfection with sh-GAP significantly reduced the 
expression of GAPDH in both HCT116 and LoVo cells, as 
revealed by RT-PCR and western blot analysis (Fig. 1A and B). 
GAPDH knockdown by shRNA consistently reduced GAPDH 

activity in both HCT116 and LoVo cells (Fig. 1C). As GAPDH 
is an important glycolytic enzyme (20), we evaluated glyco-
lytic activity after silencing of GAPDH expression by shRNA, 
and showed that the sh-GAP cells consumed less glucose 
and produced less lactate than the NC cells in both HCT116 
and LoVo cell pairs (Fig. 1D). These metabolic changes were 
futher confirmed using a Seahorse XF analyzer. As shown in 
Fig. 1E, the basal glycolytic activity (basal extracellular acidi-
fication rate, ECAR) was lower in HCT116 sh-GAP cells than 
in HCT116-NC cells, and there was significantly less increase 
in ECAR in HCT116 sh-GAP cells than in HCT116-NC cells 
after glucose was injected to the culture medium, indicating 
that GAPDH knockdown substantially impaired glycolytic 
capacity. Furthermore, we examined the maximum glyco-
lytic capacity in these two cell lines by using oligomycin to 
inhibit oxidative phosphorylation. Our results showed that the 
maximum glycolytic capacity decreased substantially after 
GAPDH silencing, and that glycolytic reserve was also signifi-
cantly reduced after GAPDH knockdown in HCT116 cells 
(Fig. 1E-G). Oxygen consumption rate (OCR) also decreased 
in HCT116 sh-GAP cells compared with HCT116-NC cells 
(data not shown). Notably, unlike the control cells that showed 
an increase in OCR when exogenous glucose was added, 

Figure 2. GAPDH knockdown inhibits cancer cell proliferation in vitro and tumor growth in vivo. (A) Cellular proliferation in sh-GAP and NC cells in both 
HCT116 and LoVo cell pairs were measured using MTT assay. (B and C) Colony formation in sh-GAP and NC cells of both HCT116 and LoVo cell lines.  
Cells were seeded in 6-well plates (500 cells/well) for two weeks, and cell colonies of >50 cells were counted and photographed. (D and E) Comparison of 
tumor growth after sh-GAP and NC cells (both HCT116 and LoVo cell pairs) were subcutaneously innoculated in nude mice. Tumor volume was determined 
as described in Materials amd methods. At the end of week 3, the animals were sacrificed and the tumors were isolated for comparison (E).
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injection of glucose into sh-GAP cells did not increase OCR, 
suggesting that silencing of GAPDH compromised the ability 
of cells to use glucose as a substrate for oxidative metabolism 
in the mitochondria.

Effect of GAPDH on cancer cell proliferation and migra-
tion/invasion. Uncontrolled proliferation is a characteristic 
behavior of cancer cells. MTT and colony formation assays 
were performed to test the effect of GAPDH silencing on 
cell proliferation in HCT116 and LoVo cells. As shown in 
Fig. 2A, cell proliferation was markedly retarded in sh-GAP 
cells compared to the NC cells in both HCT116 and LoVo 
cell pairs. Furthermore, GAPDH silencing markedly reduced 
colony formation ability in both HCT116 and LoVo cell lines, 
as evidenced by the small size and low number of colonies 
in the sh-GAP cells compared to NC cells (Fig. 2B and C).

As GAPDH depletion inhibits cell proliferation and colony 
formation in vitro, we further evaluated the impact of GAPDH 
on tumor formation in vivo. HCT116 sh-GAP and LoVo 
sh-GAP cells were inoculated subcutaneously into athymic 
nude mice to initiate tumor formation, and the same numbers 
of the respective NC cell lines were also inoculated in the 
same fashion as control groups. Tumor growth was monitored 
for three weeks. As shown in Fig. 2D, tumor growth was 
significantly retarded in sh-GAP group compared to the NC 
group. By the end of week 3, the animals were sacrificed and 
the tumors were isolated for comparison (Fig. 2E). The data 
confirmed that suppression of GAPDH expression significantly 
inhibited tumor growth in vivo.

Notably, microscopic examination revealed that silencing 
of GAPDH expression led to apparent changes in cell 
morphology from the original spindle-like mesenchymal 
shape to a more polygonal epithelial appearance (Fig. 3A).  

Fluorescent staining of F-actin using phalloidin revealed that 
suppression of GAPDH substantially reduced the amount of 
F-actin in the cytoskeleton filaments, as evidenced by a signifi-
cant decrease in fluorescent intensity in HCT116 sh-GAP cells 
(Fig. 3B) and LoVo sh-GAP cells (Fig. 3C). Consistently, 
quantitative analysis of gene expression by qRT-PCR using a 
pair of primers for both β-actin and γ-actin showed a signifi-
cant reduction in actin mRNA expression after silencing of 
GAPDH (Fig. 3D). These data together suggest that GAPDH 
might play an important role in the regulation of actin expres-
sion and thus, affecting cell motility.

We then used a ‘wound healing’ assay to evaluate the 
impact of GAPDH on cell migration. As shown in Fig. 4A, 
the control HCT116 and LoVo cells migrated and covered 
~60-70% scratched area after 48 h, wherea sh-GAP cells only 
filled approximately 10-30% of the scratched area during the 
same period. Theses results indicate that GAPDH depletion 
substantially repressed cell migration. Similar phenomenon 
was observed in HT29 cells, which expressed much lower 
GAPDH and migrated significantly slower than HCT116 
cells with higher GAPDH expression (Fig. 4B). Furthermore, 
Transwell and Matrigel invasion assays were performed 
to compare the migration and the invasion in the NC and 
sh-GAP cells. As shown in Fig. 4C and D, GAPDH knock-
down significantly inhibited cell migration and invasion in 
both HCT116 and LoVo cells. Consistently, HT29 with low 
expression of GAPDH also exhibited reduction in invasive 
capacity compared to HCT116 with high GAPDH expression 
(Fig. 4E).

Attenuation of EMT and downregulation of SNAIL by silencing 
of GAPDH. Previous studies suggest that EMT is essential for 
migration and invasion regulated by SNAIL, which suppresses 

Figure 3. Changes in cell morphology and expression of actin after silencing of GAPDH. (A) Morphology of HCT116 and LoVo cells after stable knockdown 
of GAPDH expression by lentiviral-shRNA (sh-GAP). The viral vector containing scrambled shRNA was used as negative control (NC). (B) Fluorescent 
staining of F-actin by phalloidine in HCT116 cells infected with lentiviral vector containing shRNA against GAPDH (sh-GAP) or control shRNA (NC). 
(C) Fluorescent staining of F-actin by phalloidine in LoVo cells infected with lentiviral vector containing shRNA against GAPDH (sh-GAP) or control shRNA 
(NC). (D) Expression of actin mRNA in HCT116 cells measured by qRT-PCR. Data are shown as mean ± SD from three separate experiments, ***P<0.001. 
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the expression of E-cadherin and upregulates the vimentin and 
β-catenin, leading to enhancement of EMT (21,22). Therefore, 
we examined the impact of GAPDH knockdown on expres-
sion of EMT-related molecules by western blot analysis. As 
shown in Fig. 5A, silencing of GAPDH resulted in a suppres-
sion of SNAIL expression, associated with an upregulation of 
E-cadherin and a downregulation β-catenin and vimentin in 
both HCT116 and LoVo cells. Consistently, a high expression 
of E-cadherin and a low expreesion of β-catenin and vimentin 
were also observed in HT29 cells, which expressed a lower level 
of GAPDH compared to HCT116 cells (Fig. 4E). Quantitative 
analysis of mRNA by qRT-PCR revealed that SNAIL mRNA 
expression level was significantly decreased when GAPDH 

was knocked down by shRNA (Fig. 5B), suggesting that the 
decrease in SNAIL protein in sh-GAP cells might likely be 
due to a reduction at the transcriptional level.  Since GAPDH 
protein has been observed to translocate to the nucleus and 
affect gene expression (16), we speculated that GAPDH 
might regulate SNAIL transcription by interacting with its 
promoter. To test this possibility, chromatin immunoprecipita-
tion (ChIP) assay was performed using an antibody against 
GAPDH to pull down the DNA fragments associated with 
GAPDH, followed by PCR using a pair of primers specific 
for SNAIL minimal promoter region (nt positions -78 to +59). 
Non-specific IgG was used as a control for the pulldown. As 
shown in Fig. 5C and D, pulldown of GAPDH resulted in a 

Figure 4. Effect of GAPDH on colorectal cancer cell migration and invasion in vitro. (A) Wound healing assay was performed in sh-GAP and NC cells of both 
HCT116 and LoVo cell pairs. Images were taken at 0, 24 and 48 h after scratching (original magnification, x10). The numbers indicate the average width (in 
mm) of the scratched areas. The bar graph on the right panel shows the quantitative results of the wound healing, expressed as % of scratched area that was 
covered by the cells at 48 h. (B) Comparison of cell migration in HCT116 and HT29 cells. The ability of cells to fill the scratched area was evaluated by wound 
healing assay. (C and D) Representative images of crystal violet-stained sh-GAP and NC cells of HCT116 and LoVo cells that invaded through the Matrigel and 
migrated through the pores of the membranes were taken 30 h after seeding. The cells that passed the membrane pores were counted in three representative 
high power fields per Transwell insert. (E) Western blot analysis of protein expression of EMT-related molecules in HCT116 and HT29 cells. α-Tubulin was 
blotted as a loading control. Migration and invasion of HCT116 and HT29 were measured in Transwell systems without or with Matrigel. Images of cells that 
migrated through the Transwell membranes were taken 30 h after seeding. Data are shown as mean ± SD. n=3, *P<0.05, **P<0.01, ***P<0.001.
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sinificant enrichment of PCR signal for the SNAIL minimal 
promoter. Since it is known that the transcriptional factor 
Sp1 directly binds to SNAIL minimal promoter (-78/+59) and 
enhance its expression to promote EMT (23), we tested if 
Sp1 and GAPDH were physically associated with each other 
by co-immunoprecipitation assay. As shown in Fig. 5E, Sp1 
and GAPDH were co-precipitated by the Sp1 antibody, while 
immunoprecipitation using control IgG yield negative signal, 
suggesting a direct physical interaction between GAPDH and 
Sp1.

Regulation of stem-like cell markers by GAPDH. Since EMT 
is closely associated with stem-like cell properties, we exam-
ined the expression of stem-like cell markers in sh-GAP and 
NC cells. Strikingly, most of the stem cell-related markers 
including ABCG2, ALDH1, SOX2, OCT4, CD133, NOTCH1, 
NOTCH3 and NANOG were substantially decreased after 
GAPDH silencing, as shown by qRT-PCR assay (Fig. 6A 
and B). The expressions of NOTCH3, NANOG and BMI1 
were also reduced in HT29 with lower expression of GAPDH 
compared to HCT116 (Fig. 6C). Consistently, expression of 
NOTCH3 protein was abolished when GAPDH expression 

was suppressed by shRNA, as evidenced by the disappearance 
of both the 90-kDa extracellular domain of NOTCH3 and the 
270-kDa NOTCH3 protein (Fig. 6D). These results indicate 
that silencing of GAPDH expression could significantly down-
regulate the expression of stem cell-related molecules.

Impact of GAPDH on tumor invasion and lung metastasis 
in vivo. Based on the observations that GAPDH depletion 
reduced cell migration and invasion in vitro, we conducted 
animal experiments to evaluate the impact of GAPDH on 
tumor invation and metastasis in vivo. As shown in Fig. 7A 
and B, two control cancer cell lines (HCT116-NC and 
LoVo-NC) with high GAPDH expression exhibited invasive 
phenotype in the subcutaneous tumor xenografts with notice-
able clusters of tumor cells invading into the adjacent tissues, 
while shRNA silencing of GAPDH expression in HCT116 and 
LoVo cells (sh-GAP) suppressed the invasive behavior.

We then compared the abilities of the HCT116 sh-GAP 
cells and HCT116-NC cells to form distant metastasis in 

Figure 5. GAPDH knockdown inhibits epithelial-mesenchymal transition 
(EMT) by suppressing SNAIL expression. (A) Western blot analyis was 
used to detect the expression of EMT makers in sh-GAP and NC cells of 
both HCT116 and LoVo cell lines. α-Tubulin was blotted as protein loading 
control. (B) Expression of SNAIL mRNA in HCT116 sh-GAP cells and 
HCT116-NC cells, measured by qRT-PCR. (C) Chromatin immunopre-
cipitation (ChIP)-qPCR was performed in HCT116-NC cells. Sheared DNA 
was incubated with 1.5 µg anti-GAPDH antibody or control IgG overnight 
at 4˚C, primers for SNAIL from nt-78 to nt+59 was used to detect possible 
enrichment of SNAIL signal by qRT-PCR. Normal rabbit IgG served as 
negative controls. (D) Endpoint PCR was performed to analyze the ChIP-
qPCR products. Unsheared DNA was used as a positive control (input). 
(E) Co-immunoprecipitation (CO-IP) assay was performed with anti-Sp1 
antibodies or control IgG in HCT116-NC cells. Immunoprecipitants were 
subjected to western blot analysis using antibody against Sp1 or GAPDH. 
Whole cell lysates were used as the positive control (input), while non-
specific rabbit IgG was used as negative control (IgG) for IP. Data are shown 
as mean ± SD (n=3), *P<0.05, **P<0.01.

Figure 6. GAPDH knockdown repressed the expression of stem-like cell-
related molecules. (A and B) Comparison of mRNA levels of stem-like 
cell-related molecules in HCT116 sh-GAP and HCT116-NC cells (A) and 
in LoVo cells (B). Expression of mRNA was detected by RT-PCR. Graph 
shows mean ± SD; **P<0.01; ***P<0.001. (C) Measurement of mRNA levels 
of GAPDH, Nanog, Notch3 and BMI1 by qRT-PCR. Data are shown as 
mean ± SD. n=3, **P<0.01, ***P<0.001. (D) Comparison of NOTCH3 pro-
tein expression in LoVo sh-GAP and LoVo-NC cells by western blotting. 
α-Tubulin was also blotted as the loading control.
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mouse models. The same number of sh-GAP and NC cells was 
injected into the tail veins of 6-week old nude mice. After 45 
days, the mice were sacrificed and lung metastasis were exam-
ined (Fig. 7C), and the expression of GAPDH in the tumor 
and adjacent tissue was revealed by immunohistochemistry 
staining (Fig. 7D). The results showed that HCT116-NC cells 
with high GAPDH expression developed large tumors in the 
lung, whereas the ability of sh-GAP cells to form tumors in the 
lung was significantly reduced (Fig. 7E). These data further 
confirm that GAPDH plays an important role in colon cancer 
invasion and metastasis in vivo.

Discussion

Under physiological conditions, normal cells rely on the more 
energy-efficient oxidative phosphorylation to generate ATP. In 
contrast, many cancer cells actively use the glycolytic pathway 
for ATP generation even in the presence of adequate oxygen, 
a phenomenon known as the Warburg effect (24). GAPDH 

is an important glycolytic enzyme and its high expression in 
cancer cells seems to be associated with aggressive malignant 
behavior of the cancer cells and is also associated with poor 
prognosis of lung cancer patients (25-27). Our previous study 
showed that high GAPDH expression was associated with 
cancer metastasis (18), but the underlying mechanism remains 
unclear. The main goals of the study were to use biochemical 
and genetic strategies to establish defined cell models to eval-
uate the impact of GAPDH on cancer cell behavior in vitro and 
in vivo relevant to metastasis, and to investigate the possible 
regulatory mechanisms.

Cancer metastasis is a complex process involving multiple 
steps from detachment of cancer cells from the original/
primary tumor to establishment of new cancer colonies at the 
distant tissue sites. This process requires the concerted action 
of various proteins that affect cell adhesion, migration, invasion 
and survival at the target tissues (28). EMT is associated with 
certain key steps in this process involving cell migration and 
invasion, and is also considered as a stem-like cell phenotype 

Figure 7. Silencing of GAPDH inhibited cancer cell invasion and lung metastasis in vivo. (A and B) Nude mice were subcutaneously inoculated with HCT116 
sh-GAP, HCT116-NC, LoVo sh-GAP and LoVo-NC cells. Tumors tissues were subjected to H&E staining (top panels) or immunostaining with anti-GAPDH 
antibody (bottom panels); T, indicates tumor tissue. (C) HCT116 sh-GAP or HCT116-NC cells were injected into BALB/C nude mice (12 mice/group) through 
tail veins. After one and a half months, the mice were sacrificed and the lungs were isolated for examination of metastasis. Paraffin-embedded slides were 
stained with H&E. (D) Immunohistochemistry staining of GAPDH of the lung tissues from mice injected (tail vein) with HCT116 sh-GAP or HCT116-NC 
cells. T, tumor tissue; L, lung tissue. (E) Number of mice with lung metastasis 6-7 weeks after tail-vein injection of HCT116 sh-GAP cells or HCT116-NC cells. 
The numbers 2/12 and 6/12 indicate the numbers of mice with lung metastasis per group of 12 mice.



LIU et al:  GAPDH PROMOTES EMT AND METASTASIS BY UPREGULATION OF SNAIL 261

(19,29). In the present study, we demonstrated that silencing of 
GAPDH significantly abrogated the EMT phenotype of colon 
cancer cells in both HCT116 and LoVo cells lines, and inhib-
ited cell migration and invasion in vitro and tumor metastasis 
in vivo. These data strongly suggest that GAPDH may play 
an important role in promoting metastasis, at least in colon 
cancer. At the molecular level, GAPDH seems to physically 
intereact with Sp1, a key transcriptional factor known to bind 
to the promoter of SNAIL and enhance its expression (23,30).  
It seems possible that GAPDH forms a protein complex with 
Sp1 and enhance to expression of SNAIL, which is a transcrip-
tional inducer of EMT (31). Indeed, we showed that shRNA 
silencing of GAPDH expression led to a significant decrease 
of SNAIL expression in both HCT116 and LoVo cells, 
accompanied by an upregulation of E-cadherin and a down-
regulation of β-catenin and vimentin (Fig. 5A). Consistent 
with these observations, there was a significant decrease in 
F-actin formation and an apparent reversion of essenchymal 
cell morphology to epithelial appearance after knockdown of 
GAPDH expression. These data together support a possibility 
that GAPDH may promote EMT and cancer metastasis by 
enhancing Sp1-mediated expression of SNAIL.

GAPDH is a molecule with enzymatic activity in glyco-
lysis in the cytoplasma and non-enzymatic functions in the 
nucleus (13-16,20). Although we showed that silencing of 
GAPDH significantly attenuate glycolysis and other relevant 
metabolism, it is unclear if such metabolic changes play any 
significant role in affecting metastasis. One possibility is that 
GAPDH might affect cell mobility and metastasis indirectly 
by affecting energy (ATP) generation through its metabolic 
function in glycolysis. We indeed observed that a knockdown 
of GAPDH expression led to significant decrease in glycolysis 
and an inhibition of cell migration and invasion. However, we 
could not exclude the possibility that the reduced glycolysis 
and decreased cell migration were two parallel events without 
causal relationship. Another possibility is that GAPDH affects 
cell migration and cancer metastasis mainly through its non-
metabolic function. A previous study showed that GAPDH 
would translocate to nucleus when cells encountered certain 
stress conditions such as oxidative stress in cancer cells. 
Oxidative stress-induced S-nitrosylation of GAPDH could 
promote translocation of GAPDH to nucleus (15), where it 
could intereact with Sp1 under oxidative stress conditions, and 
activate SNAIL transcription. Thus, it is possible that GAPDH 
may promote EMT and metastasis through its non-enzymatic 
function in the nucleus. Further research is required to clearly 
define the relative contribution of metabolic and transcrip-
tional function of GAPDH in promoting cancer metastasis. 
Generation of GAPDH mutants with change in either enzyme 
activity or transcriptional activity would provide important 
tools for such study.

It is interesting to note that silencing of GAPDH expression 
led to downregulation of SNAIL and decreased expression of 
stem cell markers including ABCG2, ALDH1, SOX2, OCT4, 
CD133, NOTCH1, NOTCH3, NANOG and BMI1.  Although 
the exact relationship between EMT and cancer stem cells 
still remains unclear and somewhat controversial, emerging 
evidence suggest a close association between EMT and cancer 
stem cell phenotype. For instance, a recent study suggests that 
SNAIL could promote EMT and increase the expression of 

stem cell markers in colon cancer cells leading to an enhance-
ment of cancer cell invasion and metastasis (31). Another study 
showed that silencing stem cell regulator SOX2 could induced 
a reversion of EMT known as mesenchymal-epithelial transi-
tion (32). Consistent with these observations, our findings 
that a knockdown of GAPDH resulted in a downregulation of 
SNAIL and stem-related molecules and led to morphological 
changes of colon cancer cells from the spindle-like mesen-
chymal shape to a polygonal epithelial appearance support the 
notion that EMT and stemness of cancer cells are linked.

In summary, the present study suggests that GAPDH 
may play an important role in promoting cancer metastasis 
through upregulation of Sp1-mediated expression of SNAIL, 
leading to epithelial-mesenchymal transition and enhance-
ment of cellular migration and invasion. As such, it may 
be possible to prevent or inhibit colon cancer metastasis by 
silencing GAPDH through genetic manipulation or chemical 
inhibtion. Future studies are needed to test GAPDH and its 
downstream molecules as therapeutic targets in metastatic 
colon cancer.
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