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Abstract
BACKGROUND: Gastric cancer (GC) is the most common malignancy of the digestive system, causing
over two hundred thousand deaths annually in China and over 750,000 deaths worldwide. The high
invasiveness and metastatic rates are mainly responsible for mortality due to GC. Thus, it is an urgent
priority to explore the mechanisms underlying GC metastasis to improve cancer diagnosis develop more
effective biological targeting agents. 

METHODS: High-throughput RNA sequencing, quantitative PCR (q-PCR) and immunohistochemistry  were
used to compare PGAM1 levels in lymph node metastasis (LNM) tissues and  carcinoma in situ (CIS) and
noncancerous tissues from GC patients and correlated PGAM1 expression with patient prognosis,
disease recurrence and mortality. In two GC cell lines (SGC7901 and BGC823) with sh-RNA-mediated
PGAM1 knockdown, we analyzed cell growth in vitro, apoptosis and cell cycle progression by �ow
cytometry, and cell migration in wound-healing studies and transwell assays. In vivo subcutaneous
growth of control and PGAM1 knockdown GC cell lines was measured in immunode�cient mice, and the
potential role of PGAM1 in the expression of metastatic proteins and activation of migratory signaling
was determined by �ow cytometry and phospho-western blot analysis.  

RESULTS: We found that elevated PGAM1 expression in LNM, but not CIS tissues correlated with
increased disease recurrence and death of GC patients. PGAM1 knockdown impaired proliferation, cell
cycle progression and migration of GC cell lines. In a murine xenograft model, GC cells with a PGAM1
knockdown displayed decreased growth capacity in vivo relative to control cells. Western blot and �ow
cytometry analysis showed that PGAM1 knockdown in SGC7901 and BGC823 decreased the expression
of metalloproteinases MMP2 and MMP9 as well as the adhesion molecule ICAM-I, and impaired
phosphorylation of Src, FAK and Paxillin relative to parental cells. 

CONCLUSIONS: Our results indicate that PGAM1 is a novel biomarker of metastatic GC and may play an
important role in promoting GC lymph node metastasis by driving cell proliferation, activating
cytoskeletal reorganization and cell migration through the Src/FAK/Paxillin pathway and promoting
digestion of the extracellular matrix by upregulating the expression of MMP2 and MMP9.

Introduction
Gastric cancer (GC) is the most common malignancy of the digestive system. In 2018, there were over
1 million new GC cases which resulted in approximately 8.2% of total cancer-related deaths worldwide [1].
GC also has a high incidence in China, and over two hundred thousand patients are projected to die
annually from gastric cancer [2]. Clinical studies revealed that invasion and migration of tumor cells are
the pivotal causes behind the high mortality rate of GC [3], yet the molecular basis of GC invasiveness
and metastasis remains obscure. Despite the application of many traditional therapeutic modalities,
including surgery, radiotherapy, and chemotherapy for the treatment of GC, the overall prognosis of
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advanced GC patients is still [4–5]. Thus, it is an urgent priority to identify the mechanisms underlying the
high rate of GC metastasis, and to exploit novel �ndings for therapeutic bene�t.

Phosphoglycerate mutase 1 (PGAM1) is a key enzyme in the conversion of 3-phosphoglycerate (3-PG)
into 2-phosphoglycerate (2-PG) during glycolysis [6]. Previous studies have shown that PGAM1
expression is upregulated in several types of cancers such as hepatocellular carcinoma [7], colorectal
cancer [8], oral squamous cell carcinoma [9], non-small cell lung cancer [10], bladder cancer [11], renal
clear cell carcinoma [12] and astrocytoma [13]. Meanwhile, the functions of PGAM1 in promoting tumor
growth and migration have been described in several tumor cell lines [14–15] and in breast cancer
models [16]. The role of PGAM1 in gastric cancer, however, remains understudied and poorly understood.

In this work, the mRNA pro�le of GC lymph node metastasis (LNM) tissues and GC carcinoma in situ
(CIS) tissues was examined by high-throughput RNA sequencing. PGAM1 expression was found to be
signi�cantly up-regulated in LNM tissue compared to CIS tissues. In addition, PGAM1 over-expression
was con�rmed by q-PCR and IHC in clinical samples (n = 56). To further elucidate the function of PGAM1
in GC, we identi�ed the roles of PGAM1 in the growth, cell cycle, apoptosis and migration of two
independent PGAM1 knockdown GC cell lines which are representative of lymph node metastatic
(SGC7901) or non-metastatic gastric cancer (BGC823). The growth rate of both PGAM1 knockdown GC
cell lines was further examined in a murine GC xenograft model. Finally, the potential key signal proteins
involved in PGAM1 related metastasis process were also identi�ed.

Materials And Methods
Patient Samples

Three patients diagnosed with gastric cancer were enrolled in a mRNA sequencing group, and �fty-six GC
patients were enrolled in an expanded group as veri�cation samples. All patients received radical
gastrectomy for gastric cancer in the First Hospital of Jilin University between 2017-2018. Paracancerous
tissues, CIS tissues and LNM tissues were obtained by microdissection of frozen thin sections. The
backgrounds and clinicopathological characteristics of patients in the sequencing group are summarized
in table 1. The information of patients in the expanded group is shown in supplementary materials
(supplementary table 1).

Two years after surgery, all patients were followed up by telephone interviews. The follow-up data were
recorded as survival (0 points), death (1 point), lost/missing data (2 points), and recurrence (3 points).
This study was approved by the Ethics Committees of the First Hospital of Jilin University. The ethics
form and signed informed consent from all patients are shown in the supplementary materials.

Microdissection of tumor tissue and RNAsequencing

Surgical samples were embedded in OCT and sliced by freezing microtome. The slices were �xed in 95%
ethanol for 2 min and stained with haematine for 30 seconds. After washing with ddH2O containing 1‰
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DEPC, tissue slices were microdissected using laser capture microdissection, equipped with a 355 nm
ultraviolet laser diode (LMD6000, Leica Microsystems, Buffalo Grove, IL). Total RNA was isolated from
dissected tissues using the PicoPure protocol (Arcturus, Mountain View, CA). The mRNA was ampli�ed
with two linear ampli�cation steps by in vitro transcription using the MEGAscript T7 kit (Ambion, Austin,
TX), followed by the labeling step using the BioArray HighYield RNA Transcript Labelling Kit T3 from Enzo
Life Sciences (Farmingdale, NY). The �nal cDNA library construction and sequencing were performed at
LC-Bio Technology Co, Ltd (Hang Zhou,China), using Illumina Hiseq 4000 platform.

Cell lines

The human gastric cancer cell lines BGC823 and SGC7901 were purchased from Fenghuibio (Changsha,
China). Both cell lines were maintained in DMEM cell culture medium (Gibco, No. 11965-084)
supplemented with 10% fetal bovine serum (FBS) (Gibco, No. 10082139), 100 IU/mL of penicillin, and
100 mg/mL of streptomycin (Genview, Carlsbad, CA) in a humidi�ed 5% CO2 atmosphere at 37°C.

q-PCR assay

The mRNA levels of PGAM1 in GC tissues and GC cell lines were evaluated by quantitative reverse
transcription PCR (RT-qPCR) using the SYBR Green staining method using a Bio-Rad CFX 96 Touch Real-
Time PCR Detection System (Bio-Rad, USA). β-Actin was used as an internal control. The relative change
of PGAM1 gene was calculated according to the 2−ΔΔCt method [17].

Primers speci�c for PGAM1 and internal reference gene are:

Gene primers

homo-PGAM1-F1 :

homo-PGAM1-R1 :

GTGCAGAAGAGAGCGATCCG

CGGTTAGACCCCCATAGTGC

homo-ACTIN-F1

homo-ACTIN-R1

CATCCGCAAAGACCTGTACG

CCTGCTTGCTGATCCACATC

Cell infections and puri�cation

The lentiviral vector pWSLV-sh09 (Supplementary �gure 1) expressing a PGAM1-1-targeting shRNA were
transfected into 293T cells using the Lipofectamine LTX reagent (Invitrogen). BGC823 and SGC7901 cells
(2×105) were seeded into 12-well cell culture plates and cultured for 18 hours. Cells were then infected
with 100 μL of virus-containing supernatant from transfected 293T cells and incubated for 48 hours.
Infection with virus from the pWSLV empty vector was used as a negative control. Infected cells were
puri�ed by �ow cytometry on the basis of green �uorescent protein (GFP) expression.

Cell proliferation assay
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Analysis of cell growth/proliferation was performed by measurement of colorimetric conversion of the
CCK-8 tetrazolium salt, an indicator of viable cells. For the assay, PGAM1 knockdown BGC823 and
SGC7901 cells and negative controls were seeded in 96-well plate (2×105 each) in 200 μL culture media
and cells were allowed to attach. At different time points (0h, 24h, 48h, 72h), 20 µL of CCK-8 reagent (Cell
Counting Kit-8, Dojindo, Japan) was added to 5 wells of the plate and incubated for 2h at 37 °C. The
optical density (OD) of each well was then recorded at 450 nm using a microplatereader (BioTekSynergy-
4). The growth curves for PGAM1 knockdown and control cells were generated by plotting the average of
the 5 wells for each time point.

Cell cycle and apoptosis assays

Cell cycle analysis was performed using propidium iodide (PI) staining. Cells were synchronized by
incubation in starvation medium (containing 0.5% FBS) for 48 hours. Complete medium was then added
to activate cell cycle entry and cells were cultured for 24h. BGC823 and SGC7901 cells with and without
PGAM1 knockdown were harvested with 0.25% trypsin (Millipore, Shanghai, China) and re-suspended in
100 μL PBS. The cells were gently dripped into chilled 75 % ethanol and �xed at -20°C overnight. After
washing 3 times with sterile PBS to remove residual ethanol, cells were treated with 20 μg/mL RNase-A at
37 °C for 10 min and then stained with 10 μg/mL PI for 10 min at room temperature. DNA content was
measured by �ow cytometry.

Apoptosis was measured using the Annexin-V/PI double staining method. BGC823 and SGC7901 cells
were dissociated and washed and resuspended in sterile PBS. Cells were labeled with Annexin V-FITC and
PI (AnnexinV-FITC Apoptosis Detection Kit, Beyotime Institute of Biotechnology, Haimen, China),
according to manufacturer’s instructions. The DNA content and apoptosis of GC cells were measured by
�ow cytometry (BD, Biosciences, California, USA). The �ow cytometry data was analyzed by CellQuest
(BD, Bioscience) and MultiCycle software.

Cell migration assay

BGC823 and SGC7901 cells were incubated in starvation medium (containing 0.5% FBS) overnight. Cells
were then harvested and approximately 1×105 cells were added to a Transwell chamber (Millipore,
Shanghai, China). The chambers were placed into wells of a 24-well plate containing complete (10% FBS)
DMEM media and cultured in 5 % CO2 incubator at 37 °C for 24 hours. Cells that did not migrate through
the membrane were removed using a disinfected cotton swab. Cells that migrated through the membrane
were stained with crystal violet and photographed under an inverted microscope. Stained cells from each
group were counted in �ve de�ned areas of 200 μm2 in the center of a random �eld of vision. Cells that
migrated further into the well of the 24-well plate were detected by CCK-8 reagent and the OD values of
the culture medium were recorded at 450 nm in a microplate reader.

Wound-healing assay
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BGC823 or SGC7901 cells (1×106 each) with or without PGAM1 knockdown were seeded into wells of 12-
well plate. After the cells reached 80% con�uence, a disinfected 10-μL tip was used to make a vertical
wound in each well. Cells were gently washed with sterile PBS to remove the cell fragments and
continuously cultured in complete media. Wound closure was observed at different time points (0h, 24h,
48h, and 72h) and images were captured using an inverted microscope. ImageJ software was used to
calculate the wound-healing rate according to the following equation :

Flow cytometry assay for migration-related proteins MMP2, MMP9 and ICAM-1

To analyze the expression of metastasis and migration-related proteins, cells (2×105 each) in the PGAM1
knockdown group and empty vector control group were harvested and washed with sterile PBS. For
intracellular antigen detection, the cells were �xed by using eBioscienceTM Fixation buffer (No. 00-5223-
56, invirtogen) for 30 min, and then penetrated by diluted Permeabilization Buffer 10X (No. 00-8333-56,
invirtogen) for another 20 min with the PE-conjugated primary antibody matrix metalloproteinases 2
(MMP2, No. ab51125, Abcam) or MMP9 (No. ab194314, Abcam) in it. For detecting cell surface antigens,
cells were incubated with PE-conjugated primary antibody of intercellular cell adhesion molecule-1 (ICAM-
1) (No. ab27582, Abcam) at room temperature for 10 min. Expression levels were measured by �ow
cytometry. Flow cytometry data was analyzed by CellQuest (BD, Bioscience).

Western blot analysis

For western blot analysis, BGC823 and SGC7901 cells (3×107), with or without a PGAM1 knockdown were
washed with PBS and lysed in RIPA buffer (CWbiotech, Beijing, China) supplemented with protease
inhibitors (CWbiotech, Beijing, China) on ice for 10 min. BCA protein assay (Beyotime Institute of
Biotechnology, Haimen, China) was used to quantify protein in the lysates of each sample. Approximately
20 µg of each protein sample were separated in 12% Tris-glycine gels and transferred onto polyvinylidene
�uoride (PVFD) membranes. Blots were blocked in 5% nonfat milk for 1 h, washed three times with TBST,
and incubated with primary antibodies overnight at 4 °C in blocking buffer. Anti-GAPDH antibodies were
used as a loading control. Blots were washed 3X with TBS, and incubated with horseradish peroxidase
(HRP)-labeled secondary antibody at room temperature for 1h under gentle shaking. The blots were
washed again with TBS and then developed with chemiluminescent substrate (EasySeeVR Western Blot
Kit, TransGen Biotech, Beijing, China) for 1 min. Signals were detected by exposure of the blots to x-ray
�lm. The list of antibodies is shown in table 2.

Immunohistochemistry

For PGAM1 IHC, thin sections from LNM tissue, CIS tissues and matched paracancerous tissues of GC
patients were embedded in para�n, depara�nized by xylene and dehydrated by using graded alcohol
solutions. The sections were incubated in 0.01 M citrate buffer (pH 6.0) to rehydrate at 121 °C for 2 min in
a pressure vessel. Sections were incubated in 3% hydrogen peroxide at room temperature for 15 minutes
to eliminate the activity of endogenous peroxidase, washed three times with PBS, blocked with PBS
containing 5% BSA (No. p0007, Beyotime Institute of Biotechnology, Haimen, China) at room temperature
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for 30 minutes and incubated with primary antibody at 4°C overnight. After washing with PBS, secondary
antibody (UltraSensitiveTM SP (Mouse/Rabbit) IHC Kit, KIT-9710, Maixin, FuZhou, China) was added to
samples and incubated at room temperature for 20 min, and the chromogenic reaction was activated
with DAB (DAB-0031, Maixin, FuZhou, China). Hematoxylin was added as a counterstain. The expression
of PGAM1 in samples was observed and photographed with an inverted microscope. Scoring was
performed by two people in a double-blind reading, and compared to unstained sections as a negative
control. The positive cells in �ve visual �elds of each slice were counted and graded according to the
following standard, unstained, zero points, negative; faint yellow, one points, weak positive; pale brown,
two points, moderately positive; dark brown, three points, strong positive. The percentage of positive cells
was graded as follows: <10%, zero points; 11%-25%, one points; 26%-50%, two points, 51%-75%, three
points, >75%, four points. By multiplying positive cell score and percentage score, ≤ 6 de�ned as low
expression, 6 de�ned as high expression.

 

The in vivo effect of PGAM1 in a murine GC xenograft model

Experimental mouse protocols were approved by the Ethics Committees of the First Hospital of Jilin
University (License No. 2020-0455), and all experimental procedures conformed to IACUC policy.
Immunode�cient NPSG (NOD-Prkdcscid IL2rgtm201(-/-)/V) mice (male, 6 weeks old) were obtained from
Beijing GeneX Health Co. ltd and maintained in speci�c pathogen-free (SPF) conditions. Mice were
randomly divided into four groups (n=6). Each cohort of mice received a subcutaneous injection in the
�ank with one of the four cell lines: BGC823 or SGC7901, control cells or with PGAM1 knockdown (5×106

cells per mouse in 0.1ml DMEM/Matrigel (1:1 v/v). All mice were fed under standardized animal house
conditions (12 h light/dark cycle at 22 °C, and relative humidity 50%) with free access to food and water.
The growth of tumors was measured every week using calipers. The tumor size was calculated according
to the following formula: V=1/2×ab2 [maximum (a) and minimum (b) length of the tumor]. After
approximately 6 weeks, mice were sacri�ced, and the tumors were measured and weighed.

Data Analysis.

GraphPad Prism 7 software and spss 25.0 software were used to perform statistical analysis for all data.
The results were analyzed using the Student’ t test or Kruskal-Wallis test. Data were presented as the
mean ± SD. Statistical signi�cance was de�ned as p < 0.05.

Results
Aberrantly expressed mRNA in lymph node metastatic GC tissue

We initially performed total genome (mRNA) sequencing analysis of GC samples from three patients,
comparing gene expression in cells from CIS, LNM, and paracancerous tissues. The sequencing results
showed that 105 mRNAs were aberrantly expressed in LNM GC tissue compared to the CIS tissue (n=3).



Page 8/25

Among them, 86 mRNAs were up-regulated and 19 mRNAs were down-regulated (�gure 1A and B). The
top ten signi�cantly up-regulated mRNAs were HMGN3, MRPS26, CCND1, C12orf75, TPM1, CDK2AP1,
ZNF292, PGAM1, STAU2, and GTF2IP4. The top three signi�cantly down-regulated genes were NDUFA1,
PARK7, and C14orf2 (�gure 1A and B). The expression of PGAM1 in LNM tissues was markedly higher
than in CIS tissues (p < 0.01).

PGAM1 was up-regulated in lymph node metastatic GC tissue and cell line.

The up-regulation of PGAM1 mRNA in LNM GC tissues was validated by q-PCR and protein levels were
measured by IHC in tissues from an expanded cohort of 56 GC patients (�gure 1C-H). q-PCR results
showed that in LNM GC tissue, PGAM1 was up-regulated 3.05 ± 2.55-fold compared to CIS tissue (n=56)
(�gure 1C). Likewise, PGAM1 was upregulated in the metastatic SGC7901 cell line 1.96 ± 0.24 fold
compared to non-metastatic BGC823 cells (n=5) (�gure 2B). According to standard grading (�gure 1D),
IHC results showed that in CIS tissues, 6 cases were negative (10.7%), 29 cases were weakly positive
(51.8%), 12 cases showed moderate expression levels (21.4%) and 9 cases (16.1%) were strongly positive
for PGAM1. In LNM tissues, there were 3 negative cases (5.3%), 12 cases were weakly positive (21.4%),
15 cases were moderately positive (26.8%) and 26 cases were strongly positive (46.4%). By comparison,
in paracancerous tissues 38 cases (67.9%) were negative, 14 cases (25%) were weakly positive, 4 cases
(7.1%) were moderately positive; there were no strongly positive cases (�gure 1E and F). By multiplying
the positive cell score and percentage score, we generated a scale of the IHC data in which a score of ≤ 6
was de�ned as low expression and 6 was de�ned as high expression. Transforming the data in this
manner, we found that in CIS tissues, 53 cases (94.6%) showed low expression of PGAM1, while only 3
cases (5.4%) expressed high levels of PGAM1. Critically, in LNM tissues, 18 cases (32%) displayed high
PGAM1 expression and 38 cases (68%) showed low expression. In contrast to the tumor tissues, all 56
samples of paracancerous tissues displayed low PGAM1 levels, (�gures 1G and H).

In order to assess the potential role of PGAM1 in clinical outcomes, we performed a follow-up analysis of
GC patients to determine whether PGAM1 expression correlated with disease recurrence or death. We
found that two years after surgery, tumor free survival was observed in 32 patients, 14 patients died, 8
patients had disease recurrence, and 2 patients could not be contacted (no data). The correlation of
PGAM1 expression levels in CIS and LNM tissues with prognosis is shown in �gures 1I and 1J. There was
no signi�cant difference in PGAM1 expression in CIS tissue between dead/recurrent patients and
survivors (p=0.308). However, in LNM tissues of patients, PGAM1 expression levels in dead/recurrent
patients were signi�cantly higher than the expression levels in survivors (p=0.02), which indicates that
PGAM1 levels in LNM GC tissue is an independent risk factor of poor prognosis. These �ndings support
the hypothesis that PGAM1 is a pathogenic factor in lethal metastatic GC. In order to further explore the
role of PGAM1 in GC, we developed a system using two GC cells lines with differential metastatic
behavior, and manipulated PGAM1 expression in in vitro and in vivo correlates of human gastric cancer.

Knockdown of PGAM1 in GC cells
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We transduced SGC7901 (metastatic) and BGC823 (non-metastatic) GC cell lines with lentivirus particles
expressing a PGAM1 shRNA targeting construct (pWSLV-sh-09-PGAM1), and puri�ed infected cells by
�ow cytometry on the basis of GFP expression. Fluorescent imaging con�rmed that the puri�ed cell lines
were both over 95% GFP positive (�gures 2A and B). Empty vector controls were infected at the same
e�ciency (data not shown). The expression levels of PGAM1 in the two GC cell lines were measured by q-
PCR. PGAM1 mRNA levels in the knockdown GC cell lines were reduced to 22.72% ± 2.6% in BGC823 cells
and 11.14% ± 1.74% in SGC7901 cells compared to cells expressing an empty vector control (�gures 2C
and D).

Depletion of PGAM1 inhibited cell proliferation of GC cell lines
Cell growth in PGAM1 knockdown and control cell lines was determined by measuring the increase in
viable cells over a 72 hour time course using the CCK-8 tetrazolium salt. We found PGAM1 knockdown in
both BGC823 and SGC7901 cell lines impaired proliferation after 48 and 72h of culture relative to control
cells expressing empty vector (�gures 2E and F). PGAM1 knockdown in BGC823 inhibited proliferation by
30% after 48 hours (OD450 1.23± 0.09 versus 1.75± 0.11) and 31.06% after 72 hours (OD450 1.62± 0.24
versus 2.35± 0.12). Likewise, PGAM1 knockdown blunted the proliferation of SGC7901 by 30.2% after 48
hours (OD450 1.83± 0.16 versus 2.62± 0.17) and 32.1% after 72 hours (OD450 2.08± 0.18 versus 3.06±
0.20).

PGAM1 knockdown affects cell cycle progression of GC cells.

To determine the cell cycle distribution and kinetics of both GC cell lines, cells were serum starved in
DMEM with 0.5% FBS and then incubated for 24 hours in complete medium to activate cell cycle entry.
DNA content was measured by �ow cytometry using propidium iodide staining. As shown in �gures 2G-J,
the cell cycle distribution of control BGC823 cells was as follows: 40.19 ± 7.8% in G0/G1 and 52.59 ±
9.4% in S phase. In contrast, BGC823 with PGAM1 knockdown showed 55.18 ± 7.5% in G0/G1 and 41.72
± 6.8% in S phase. Likewise, in control SGC7901 cells, 61.49 ± 7.7% of the population was in G0/G1 while
34.71% ± 6.1% were in S phase. PGAM1 knockdown in SGC7901 resulted in 79.85% ± 6.3% in G0/G1 and
17.68% ± 7.1% in S phase. These data indicate that loss of PGAM1 impairs cell cycle progression and
results accumulation of cells in G0/G1, while reducing the percentage of cells in S phase, suggesting that
PGAM1 promotes cell proliferation in GC.

PGAM1 knockdown did not affect apoptosis of GC cells.

We next assessed the role of PGAM1 in the regulation of apoptosis in asynchronously growing cells.
Annexin-V/ PI staining showed that depletion of PGAM1 did not affect apoptosis of either GC cell line.
Combined early and late stage apoptosis of BGC823 cells represented 18.19% and 15.81% of the total
population in control and knockdown cells, respectively. Likewise, apoptosis of SGC7901 was found to be
5.61% in the parental cells and 9.5% in the PGAM1 knock-down (�gure 3A and C). Statistical analysis
con�rmed that the differences in apoptosis between the parental and PGAM1 knock-down derivatives of
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either cell line were not signi�cant (�gure 3B and D). These �ndings indicate that PGAM1 does not play a
critical role in regulating apoptosis in GC.

PGAM1 knockdown inhibited migration of GC cells

We next examined the potential involvement of PGAM1 in GC cell migration in transwell and wound
healing assays as an in vitro correlate of metastasis. Figure 4A-C shows that depletion of PGAM1
impaired migration of both BGC823 and SGC7901. Wound repair rates were signi�cantly decreased in
PGAM1 knockdown compared to parental cells in both BGC823 (3.4% versus 27.2% wound closure) and
SGC7901 (11.3% versus 34.4% wound closure) at the 24h time point. The differences in wound recovery
rates between control and knockdown GC cells were signi�cant throughout the course of the experiment.

Likewise, in a 24 hour transwell migration assay (�gure 4D-H), PGAM1 knockdown decreased the number
of cells migrating through a microporous barrier in both cell lines relative to control cells (BGC823: 51±7
versus 81±13 cell per �eld, 37% inhibition; SGC7901: 83±11 versus 143±14 cells per �eld, 41.9%
inhibition)(�gures 4E and F). Similarly, analysis of cells that migrated further into the lower chamber
showed the same pattern. The number of cells in the lower chamber was reduced in knockdown cells
relative to controls (�gure 4G and H). These results indicate that PGAM1 plays a role in promoting
migration of GC cells.

PGAM1 knockdown inhibited the expression of migration-related proteins.

We next analyzed the effect of PGAM1 knockdown on the expression of proteins involved in migration
and metastasis of GC. Flow cytometric analysis showed that BGC823 and SGC7901 cells with a PGAM1
knockdown displayed impaired expression of migration-related proteins (ICAM-1, MMP2, and MMP9)
relative to control cells (�gure 5A-D). These �ndings suggest that PGAM1 may drive GC metastasis by
upregulating proteins that degrade the extracellular matrix and enhance cell adhesion and migration. 

PGAM1 knockdown decreased the phosphorylation of Src, FAK, and Paxillin

In order to further explore this possibility, we measured the expression and activation of migration-related
signaling proteins including the Src and FAK kinases as well as the focal adhesion protein Paxillin in GC
cells by western blot. We found that phosphorylated forms of Src, FAK, and Paxillin were markedly
decreased in both BCG823 (�gure 5E) and SGC7901 (�gure 5F) PGAM1 knockdown cells relative to
controls, with no effect on total protein levels, indicating that PGAM1 may regulate cytoskeletal signaling
in GC. Western analysis also con�rmed the marked repression of PGAM1 protein expression in the
knockdown cells. This result suggests that PGAM-1-mediated activation of the Src/FAK/Paxillin pathway
may play a role in metastasis of gastric cancer.

PGAM1 knockdown inhibited GC cell growth in vivo

The in vivo growth kinetics of subcutaneous PGAM1-de�cient tumors were assayed in immunode�cient
NPSG mice. As shown in �gure 6A and B, PGAM1 depletion decreased the growth rate of both cell lines in
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mice compared to control cells, resulting in reduced tumor bulk and weight after 6 weeks of in vivo
growth. As shown in �gure 6C, PGAM1 knockdown resulted in reduced tumor volume relative to control
tumors throughout the course of the experiment. Body weight measurements indicated that the body
weights of mice injected with control cells decreased more rapidly than mice with PGAM1-de�cient
tumors, indicating that PGAM1 increases the pathogenicity of disease (�gure 6D). Collectively, these
results suggest that targeting PGAM1 inhibits the growth and aggressiveness of gastric cancer in vivo.

Discussion
Compared to normal tissues, the metabolic rate, particularly the glycolytic rate of cancer cells is
signi�cantly increased due to mitochondrial dysfunction. Phosphoglycerate mutase 1 (PGAM1) is one of
the key glycolytic enzymes in the cytoplasm that regulates this process. During glycolysis, PGAM1
converts 3-phosphoglycerate (3-PG) to 2-phosphoglycerate (2-PG) to release energy and plays a role in
cancer carcinogenesis [18]. This enzyme is up-regulated in a variety of human cancers, including those of
the lung [19], breast [18], prostate [20], bladder [11], liver [8], kidney [12], colon [7], brain [21] and head and
neck [14]. Further, clinical studies have shown that overexpression of PGAM1 was associated with poor
prognosis of patients with lung adenocarcinoma [19], hepatocellular carcinoma [8] and oral squamous
cell carcinoma [14]. However, the role of PGAM1 in gastric cancer, a metastatic disease with a poor
prognosis, is still unknown.

In the present study, LNM GC tissue and paired CIS tissue were collected from 3 GC patients using laser
capture microdissection, which minimizes interference from non-speci�c tissue and increases the
accuracy of mRNA and protein detection. Results of high throughput mRNA sequencing showed that
PGAM1 was signi�cantly up-regulated in lymph node metastatic GC tissue compared to the CIS tissue,
which indicated PGAM1 may play a critical role in GC metastasis.

Previous studies have shown that PGAM1 regulates diverse aspects of tumor biology. For instance,
studies from Evans et al and Engel et al. showed that the PGAM inhibitor MJE3 attenuated PGAM1
expression and inhibited proliferation of breast cancer cells [18, 22]. Likewise, down-regulation of PGAM1
signi�cantly inhibited cell growth of hepatocellular carcinoma [8]. In addition, Hitosugi et al. reported that
PGAM1 expression was positively correlated with tumor size, likely due to its ability to coordinate
glycolysis and biosynthesis to promote cell proliferation and tumor growth [15]. In this study, we have
shown that PGAM1 can play a novel role in the growth and proliferation of GC as well. Stable knockdown
of PGAM inhibited the proliferation of GC cell lines representative of both metastatic (SGC7901-derived
from lymph node metastatsis) and non-metastatic (BGC823-derived from gastric adenocarcinoma tissue)
disease in vitro. Importantly, we found that PGAM1 knockdown inhibited the growth of metastatic
SGC7901 to a greater extent than BGC823 cells. The same trend was observed in a murine in vivo
xenograft model of GC as well: reduction of tumor volume by PGAM1 knockdown was more pronounced
in SGC7901 compared to the non-metastatic BGC823 cell line suggesting the PGAM1 plays an important
role in GC metastasis. We have also explored possible molecular mechanisms driving PGAM1-dependent
tumor cell growth and survival. Cell cycle analysis showed that PGAM1 knockdown induced an
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accumulation of cells G0/G1 and a reduction of cells in S phase in BGC823 and SGC7901, which may be
explained by reduction in PGAM1-dependent energy production. Compared to normal tissues, tumor
tissues accumulate more glucose which could be used as a molecular source for anabolic biosynthesis
of macromolecules involved in tumor cell proliferation [23]. Consequently, depletion of PGAM1 may
inhibit glycoysis, impairing tumor cell energy production and impairing tumor growth. Our �ndings are in
agreement with previous studies showing that other genes involved in glycolysis were up-regulated in
several types of cancers [24]. Thus, PGAM1 and other glycolysis-related proteins such as HK, PFK-1 and
HIF-1α, may be potential candidates for therapeutic targeting in cancer therapy.

PGAM1 has also been shown to regulate apoptosis in tumor cells. Xu et al. reported that knockdown of
PGAM1 expression induced glioma cell apoptosis by upregulating Bax expression, downregulating Bcl-2
expression, and activating the caspase-3 signal in glioma cells [21]. However, in our study, we observed
no signi�cant change in the apoptotic rate in GC cell lines after PGAM1 depletion, suggesting that
PGAM1 may have distinct functions in tumors derived from different tissues.

Interestingly, it has been shown that some metabolic enzymes have functions in tumor physiology that
are independent of their enzymatic activities [25–27]. Zhang et al reported that PGAM1 knockdown
decreased metastatic potential of breast cancer cells, demonstrating that PGAM1 can promote cancer
cell migration in a manner that was independent of its metabolic activity. Furthermore, α-smooth muscle
actin (ACTA2) was identi�ed as a PGAM1-associated protein, and PGAM1 modulated actin �lament
assembly, cancer cell motility, and migration via a direct interaction with ACTA2 [16]. These results
suggest that PGAM1 plays a role in tumor cell migration and actin cytoskeleton reorganization. In a
related study, Xu et al. found that the migration and invasion of glioma cells were signi�cantly reduced by
siRNA targeting of PGAM1, which was related to repressed MMP2 and MMP9 protein expression [28].
These data are in agreement with our �ndings which implicate a role for PGAM1 in multiple steps of the
metastatic process in GC through upregulation of MMP2, MMP9 and ICAM-I. The metalloproteinases
MMP2 and MMP9 are critical for tumor invasion, angiogenesis, metastasis and recurrence via
degradation of the extracellular matrix [29] whereas ICAM-I promotes cell adhesion and migration to
metastatic sites [30]. These �ndings raise the possibility that PGAM1 may have non-catalytic functions in
GC, particularly in light of our �ndings that PGAM1 expression levels are highest in GC metatatic tissues
and cell lines.

To explore in greater molecular detail the role of PGAM-1 in metastasis, we analyzed the effects of
PGAM1 on metastasis-related signaling pathways. The complex process of cell migration requires
precise cooperation of many proteins and signaling pathways that drive cellular movement [31]. Among
metastasis-related proteins, the intracellular tyrosine kinase FAK is a central mediator of integrin signaling
and an important component of other signaling triggered by cell surface receptors which contributes to
the pathogenesis of cancer [32]. By recruiting c-Src, activated FAK forms a FAK-Src signaling complex
that mediates the phosphorylation of paxillin, which is a scaffolding molecule [33] and adapter protein
capable of activating diverse signaling pathways that regulate cell migration [34, 35]. The
FAK/Src/paxillin pathway modulates the rate of adhesion formation and disassembly, which controls the
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migration of cells [36]. According to our western blot analysis, PGAM1 depletion impaired the
phosphorylation and activation of FAK, Src and paxillin, suggesting that PGAM1 plays a role in migration,
invasion and metastasis of GC cells via activation of the FAK/Src/paxillin signaling axis.

To establish a link between PGAM1 and clinical outcomes in patients, we analyzed PGAM1 expression
levels in CIS tissues and LNM tissues in an expanded cohort of GC patients by q-PCR and IHC assays.
Our results veri�ed that there was high expression of PGAM1 in LNM tissues compared with CIS tissues
in 56 cases of GC patients. The outcomes for the 56 patients were investigated in a two year follow-up
study. Among them, 32 cases showed tumor free survival, 14 patients died, 8 patients experienced
disease recurrence, and 2 cases could not be contacted (loss of data). It was shown that the high
expression of PGAM1 in LNM tissue rather than its expression in CIS is an independent risk factor
indicating poor prognosis in GC, suggesting that PGAM1 or its downstream effectors may be potential
therapeutic targets.

In summary, we have shown that PGAM1 was preferentially up-regulated in LNM GC tissue and a LNM
tissue-derived cell line compared to non-metastatic counterparts. Knocking down PGAM1 expression in
two GC cell lines, BGC823 (non-metastatic) and SGC7901 (metastatic) inhibited cell proliferation in vitro
and in vivo, induced G0/G1 cell cycle accumulation, and impaired cell migration. Further mechanistic
analysis showed that knocking down PGAM1 impaired the expression of metalloproteinases MMP2 and
MMP9, as well as the adhesion molecule ICAM-1, and inhibited cytoskeletal activation by blocking
FAK/Src/paxillin signal transduction, suggesting a possible molecular mechanism for PGAM1-mediated
enhancement of migration and metastasis. In light of previous data showing a physical association
between PGAM-1 and the actin cytoskeleton in breast cancer, our data suggest that PGAM-1 may regulate
metastatic behavior in GC through a mechanism that is independent of its catalytic activity.

Finally, we have shown that high expression of PGAM1 in LNM tissue correlates with disease recurrence
and mortality in GC patients, suggesting that PGAM1 may be an important biomarker and driver of
aggressive, metastatic GC. Our studies indicate that biological targeting of PGAM1 or PGAM1-dependent
signaling pathways may inhibit GC growth and metastasis and improve the prognosis of GC patients.
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Tables
Table 1 Information of patients in sequencing group

Sample
No.

Gender Age Histological type TNM
classi�cation

Clinical
stage

1 Male 45 Moderately-low differentiated
adenocarcinoma

T3N3a IIIB

2 Male 68 Moderately-low differentiated
adenocarcinoma

T3N3b IIIB

3 Female 46 Moderately differentiated
adenocarcinoma

T3N2 IIIA

Table 2 Antibodies information
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Antibody No. Company Dilution ratio

Anti-PGAM1 ab96622 Abcam 1:5000

GAPHD ab181602 Abcam 1:5000

Anti-Src ab47405 Abcam 1:2000

Anti-Scr (pY418) ab40660 Abcam 1:1000

Anti-FAK ab40794 Abcam 1:2000

Anti-FAK (pY397) ab81298 Abcam 1:1000

Anti-Paxillin ab32084 Abcam 1:2000

Anti-Paxillin (pY31) ab4832 Abcam 1:1000

Goat anti-rabbit IgG (HRP) ab6721 Abcam 1:10000

Figures
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Figure 1

Elevated expression of PGAM1 mRNA and protein in GC lymph node metastases.

Panel A: Heatmap of cluster analysis of differentially expressed mRNAs (DEMs) in three GC patients. Red
color indicates highly expressed DEMs and blue color indicates reduced expression.  Panel B: Volcano
plot of DEMs. The blue dots on the left side of the �gure indicate down-regulated genes and the red dots
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on the right side indicate up-regulated genes. (note: L: lymph node metastasis tissues; C: carcinoma in
situ tissues). PGAM1 was one of the genes upregulated in GC lymph node metastases relative to CIS
tissues.  Panel C: mRNA expression of PGAM1 was elevated in LNM compared to CIS tissues from GC
patients (n=56). mRNA expression levels were normalized to CIS tissues. Panel D: IHC grading standards
used for analysis of PGAM1 protein expression in tissue sections. Panel E: Expression of PGAM1 mRNA
is higher in a metastatic GC cell line (SGC7901) compared to a non-metastatic GC cell line (BGC823)
(n=5). mRNA levels are normalized to BGC823. Panel F: Histograms show the distribution of IHC data in C
among the four expression categories. Panel G: IHC data was transformed into high and low expression
categories, as described in the text. Panel H: Histograms show quantitation of data in Panel E for CIS,
LMN, and paracancerous tissues. Panels I and J: Correlation of PGAM1 IHC protein expression data in
CIS and LNM tissues with clinical outcomes. Patient recurrence and death correlated with high PGAM1
expression in LNM tissues (panel H; p=0.02) but not CIS tissues (panel G; p=0.308). Statistical
signi�cance was determined using rank sum test. *p<0.05, ****p<0.0001.  

Figure 2

Effect of PGAM1 knockdown on in vitro growth and cell cycle progression of GC cells.

Panel A: Dot plots of �ow cytometry data following sorting of GFP+ cells. The plots show viable cells
(left), single cells (middle), and GFP+ cells (right). Panel B: Fluorescent microscopy of infected, sorted
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cells. Green color indicates infected GFP+ cells; both GC cell lines were over 95% GFP positive. Panel C
and D: q-PCR analysis of PGAM1 knockdown in GC cell lines BCG823 and SGC7901. PGAM1 levels were
normalized to negative control cells without PGAM1 knockdown.   (n = 5) The data represent the mean ±
SD of �ve independent experiments. One-way ANOVA and LSD test, ****p < 0.0001. Panels E and
F: Growth curves of BGC823 and SGC7901, with or without PGAM1 knockdown, measured by CCK-8
assay. DNA content of BGC823 cells (panels G and H) and SGC7901 (panels I and J) was assessed by
analysis of PI uptake. The bar graphs show the proportion of cells in each stage of the cell cycle The data
represented the mean ± SD from three independent experiments. One-way ANOVA and LSD test, *: p <
0.05 compared with the negative control (n = 3).

Figure 3

Effects of PGAM1 knockdown on apoptosis and necrosis of GC cells. 

Apoptosis of BGC823 (panels A and B) or SGC7901 (panels C and D) cells was assessed by Annexin V/PI
double staining method. The bar graphs show the proportion of viable and apoptotic/necrotic
cells.  Viable cells were de�ned as Annexin V−/PI−, early apoptotic cells as Annexin V+/PI−, and late
apoptotic/necrotic cells as Annexin V+/PI+. The data represent the mean ± SD from three independent
experiments. One-way ANOVA and LSD test, *: p < 0.05 compared with the control (n = 3).
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Figure 4

PGAM1 knockdown inhibits migration of GC cells

Wound-healing assay of BGC823 (panel A, Top) and SGC7901 (panel A, Bottom), with or without PGAM1
knockdown over a 72 hour time course. Quantitation of the scratched area growth rate for BGC823 (panel
B) and SGC7901 (panel C) was calculated according to the formula: scratched area growth rate =
((wound area(0h) - wound area (each time point))/ wound area(0h)))×100%).  The data represent the mean ±
SD from three independent experiments. One-way ANOVA and LSD test, *: p < 0.05 compared to control (n
= 3).  Panel D: Transwell migration assay of BGC823 (Top) and SGC7901 (Bottom), with and without
PGAM1 knockdown. Cells that migrated through the membranes of the transwell chambers were stained
with crystal violet and counted. The square (200 μm2) in the center of each �eld of vision shows the area
used for cell counts. Panels E and F: Quantiation data in panel D. Panels G and H: Cells that migrated
through the membrane and into the lower chamber were stained with the CCK-8 reagent. Shown are the
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OD450 values re�ecting relative cell numbers. The data represented the mean ± SD from three
independent experiments. One-way ANOVA and LSD test, *: p < 0.05 compared with control (n = 3). 

Figure 5

PGAM1 knockdown reduces the expression of adhesion and metastatic factors and impairs cytoskeletal
signaling. 

Cell surface expression of ICAM-1, MMP-2, and MMP-9 in BGC823 (panel A) and SGC7901 (panel B),
measured by �ow cytometry. Panels C and D: Quantitation of data shown in A and B, as per cent positive
cells in the population for each marker. The data represent the mean ± SD from three independent
experiments. One-way ANOVA and LSD test, *: p < 0.05 compared with control (n = 3).  Panels E and
F: Approximately 1X107 BCG823 or SGC7901, with or without PGAM1 knockdown were lysed and protein
extracts were analyzed by Western blot for PGAM1 protein levels and phosphorylated Src, FAK, and
paxillin. Blots for total protein for each sample and GAPDH are shown as loading controls.
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Figure 6

PGAM1 knockdown inhibits the growth of subcutaneous GC tumors in immunode�cient mice. 

Approximately 1X106 BGC823 or SGC7901 cells, with or without PGAM1 knockdown were injected into
the �ank of NPSG mice and tumor size was measured with calipers. After six weeks, mice were sacri�ced
and tumors were weighed. Panel A: Size comparison of tumors from six mice of each group, BCG823
(top) and SGC7901 (bottom), with or without PGAM1 knockdown. Panel B: Tumor weights in each group
at the end of the experiment. Panel C: Tumor growth kinetics (volume) in each group over the six week
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time course. Panel D: Body weight comparison of mice in each cohort of mice. *<0.05, ***p<0.001,
****p<0.0001.
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