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Moreover, knocking down PGAM1 attenuated lung and breast cancer cell 
growth in nude mouse xenograft models.10,12 However, the relationship 
between PGAM1 and PCa has not been extensively investigated.

In this study, we investigated changes in PGAM1 expression in 
PCa tissues compared with normal prostate tissues, and examined 
the relationship of PGAM1 with clinicopathological variables and its 
cellular function in relation to tumorigenesis, to evaluate its potential 
value as a biomarker and for use in targeted therapy for PCa.

MATERIALS AND METHODS
Tissue microarray and cell culture
A human prostate tissue microarray (TMA; PR1921) was purchased 
from US Biomax, Inc. (Rockville, MD, USA). The TMA contained both 
normal prostate tissues and PCa tissues along with each patient’s age, 
clinical stage, Gleason score, and metastasis status.

Four human PCa cell lines, PC‑3, 22Rv1, DU145, and LNCap 
(ATCC, Manassas, VA, USA), and a human prostate epithelial cell line, 
RWPE1 (ATCC), were used in this study. The cell lines were identified 
by short tandem repeat genotype analysis and cultured in RPMI‑1640 
(Gibco, Grand Island, NY, USA) medium with 10% bovine serum at 
37°C in an atmosphere containing 5% CO2.

Immunohistochemistry
Immunohistochemistry was performed on the TMA according to the 
manufacturer’s recommended protocols.13,14 Briefly, the TMA slides 

INTRODUCTION
Prostate cancer (PCa) is the second most common cancer diagnosed 
in men and the fifth leading cause of male cancer deaths worldwide.1 
Despite the availability of various treatment strategies, including 
surgery, radiotherapy, chemotherapy, and endocrine and targeted 
therapies, prognosis remains very poor especially for patients with 
castration‑resistant PCa (CRPC).2,3 Current diagnostic and prognostic 
indicators, such as prostate‑specific antigen (PSA) and Gleason score, 
have highly variable, which can lead to failed diagnosis and prognosis.4,5 
Additionally, the pathogenesis of PCa development and metastasis 
is not completely understood. Hence, there is an urgent need for 
better understanding of the molecular mechanisms underlying PCa 
carcinogenesis and progression to facilitate identification of novel 
molecular targets for diagnosis and therapy.

Phosphoglycerate mutase 1 (PGAM1) is an important enzyme in 
glycolysis, which catalyzes the conversion of 3‑phosphoglycerate (3‑PG) 
to 2‑phosphoglycerate (2‑PG).6 In a study that used chemistry‑based 
proteome reactivity profiling to identify drug targets in breast cancer, 
PGAM1 was identified as a potential metabolic enzyme related to breast 
carcinogenesis.7 Several subsequent studies have demonstrated that 
PGAM1 is usually upregulated in a range of human cancers, such as 
hepatocellular carcinoma, lung cancer, breast cancer, colorectal cancer, 
and renal clear cell carcinoma, and that its enzymatic activity was 
increased in cancerous tissues compared with adjacent normal tissues.8–11 
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were deparaffinized and rehydrated, and then endogenous tissue 
peroxides were quenched by incubation with 0.3% H2O2 for 30 min. 
For antigen retrieval, the slides were boiled in sodium citrate buffer 
(10 mmol l−1, pH 6.0) in a pressure cooker for 7 min. Subsequently, 
nonspecific binding was blocked with 5% normal goat serum, and then 
the slides were incubated with primary rabbit anti‑human PGAM1 
polyclonal antibody  (1:200, Abcam Inc., Cambridge, MA, USA) 
overnight at 4°C, then with anti‑rabbit secondary antibody (Zhongshan 
Biotech, Zhongshan, China). Diaminobenzidine was visualized as a 
chromogen substrate. The slides were counterstained with hematoxylin, 
then dehydrated and mounted with glass coverslips according to 
standard laboratory protocol.

The positive staining intensity of PGAM1 was scored into four 
categories: 0, negative; 1, weakly positive; 2, intermediately positive; 
and 3, strongly positive. The percentage of PGAM1 positive cells was 
scored as four categories: 0, no staining; 1: <25% cells; 2: 25%–75% cells; 
and 3: >75% cells. The total protein expression score (ranging from 
0 to 9) of a sample was obtained by the multiplication of the intensity 
and percentage scores, as previously described.15 The staining pattern of 
TMA was scored based on the total protein expression scores as follows: 
total protein expression score 0, −; 1–3, +; 4–6, ++; and 6–9, +++. We 
subsequently divided our cases into two groups using total protein 
expression scores: cases with total expression score 0–3 (−/+) were 
assigned to the low expression group, and cases with total expression 
score 4–9 (++/+++) were assigned to the high expression group.

Western blotting
Tot a l  prote i n  w a s  e x t r a c te d  f rom  c e l l  l y s ate s  u s i ng 
radioimmunoprecipitation assay buffer (Beyotime Biotechnology, 
Shanghai, China). Equal amounts of total protein samples were separated 
by SDS‑polyacrylamide gel electrophoresis and electrotransferred from 
the gel to polyvinylidene fluoride membranes (Millipore Corporation, 
Billerica, MA, USA). The membranes were blocked with 5% fat‑free 
milk or bovine serum albumin, and then immunoblotted using the 
following primary antibodies: rabbit anti‑PGAM1 (1:1000; Abcam), 
rabbit polyclonal anti‑cleaved caspase‑3 (1:500, #9664; Cell Signaling 
Technology, Danvers, MA, USA); and rabbit polyclonal anti‑Bcl‑2, 
anti‑Bax, anti‑matrix metallopeptidase (MMP)‑2, and anti‑MMP‑9 (all 
1:500; all Immunoway, Plano, TX, USA). Anti‑β‑actin staining (1:1000; 
Bioworld Technology, Louis Park, MN, USA) was used as an internal 
control. Finally, the membranes were incubated with the appropriate 
secondary antibodies  (1:5000; Boster Ltd., Wuhan, China). Signals 
were visualized using an enhanced chemiluminescence detection 
system (Pierce Biotechnology, Rockford, IL, USA) in accordance with 
the manufacturer’s instructions.

Short interfering (si) RNA transfection
Two siRNAs were designed for PGAM1 knockdown. The sequences were 
as follows: 5ʹ‑GUCCUGUCCAAGUGUAUCUTT‑3ʹ and 5ʹ‑AGAUACA 
CUUGGACAGGACTT‑3ʹ. The sequences of the negative control (NC) 
siRNA were as follows: 5ʹ‑UUCUUCGAACGUGUCACGUTT‑3ʹ and 
5ʹ‑ACGUGACACGUUCGGAGAATT‑3ʹ. The 22Rv1 and PC‑3 cells 
were seeded (3 × 105 cells per well) in six‑well plates (Corning Costar, 
Corning, NY, USA). When the cells reached 70% confluence, they 
were transfected with siRNA using Lipofectamine 3000 reagent 
(Life Technologies, Carlsbad, CA, USA) according to the manufacturer’s 
protocol.

Cell proliferation, migration, and invasion assays
The proliferation of transfected cells was evaluated by a CCK‑8 
assay (Kit Dojindo, Kumamoto, Japan) according to the manufacturer’s 

protocol. Briefly, cells were seeded (3 × 103 cells per well) in 96‑well 
plates and cultured for 24, 48, 72, or 96 h. CCK‑8 reagent (10 μl) was 
added to each well and the cells were incubated for 2 h, and then the 
absorbance at 450 nm was measured with a SpectraMax M5 microplate 
reader (Molecular Devices, Sunnyvale, CA, USA).

The migration and invasion abilities of siRNA‑transfected 
cells were evaluated using a Transwell assay  (Corning Costar, 
Corning, NY, USA). Briefly, 3 × 104 cells resuspended in 2000 μl of 
serum‑free medium were added to the upper chamber of a Transwell 
system with an 8‑μm pore membrane. The chamber was uncoated 
(for the migration assay) or coated with Matrigel  (BD Biocoat, 
Bedford, Mass, USA; for the invasion assay). The lower chamber 
contained 300 μl medium containing 10% fetal bovine serum. Cells 
were allowed to migrate for 24 h or invade for 48 h, and then the 
cells that had not penetrated the membrane were removed with 
a cotton swab. The cells on the lower surface of the membrane 
were fixed, stained, and counted under a light microscope in five 
randomly selected fields.

Flow cytometry analysis
Twenty‑four hours after transfection, the cells were collected and 
washed twice with cold phosphate‑buffered saline. Cell apoptosis 
was evaluated using an annexin V FITC apoptosis detection 
kit I (BD biosciences, Franklin Lakes, NJ, USA) according to the 
manufacturer’s instructions. Apoptotic cells were detected by flow 
cytometry using a BD FACSVerse system.

Tumor xenograft model in nude mice and shRNA treatment
Lentivirus‑mediated PGAM1 knockdown in PC‑3  cells was 
achieved using a lentivirus kit according to the manufacturer’s 
instruction (GeneCopoeia, Carlsbad, CA, USA). Briefly, the cells were 
infected with a lentivirus bearing short hairpin (sh) RNA targeting 
PGAM112 (5ʹ‑CCGGCAAGAACTTGA AGCCTATCAACTCGAGTT 
GATAGCTTCAAGTTCTTGTTTTTTG‑3ʹ) and a recombinant 
hnRNP‑L lentivirus. The NC groups were infected with the empty 
lentiviral vector. The infection efficiency was validated by Western 
blotting analyses.

Female athymic mice  (BALB/c‑nu/nu; 4–5  weeks old) were 
purchased from the Animal Center of Southern Medical University 
and were housed in specific‑pathogen‑free conditions and bred in 
accordance with the institutional guidelines. To evaluate PCa tumor 
growth in vivo, 5 × 106 PC‑3 cells stably expressing PGAM1 shRNA 
via lentiviral infection or NC cells were injected subcutaneously 
and bilaterally into the flanks of athymic mice (6 mice per group). 
Tumor dimensions were measured on two perpendicular axes 
and tumor volume was calculated with the formula: volume 
= (length × width2)/2. The mice were euthanized by CO2 inhalation 
after 25 days and the tumors were removed and weighed, then the 
primary tumors were fixed, paraffin‑embedded, and sectioned. The 
sections were stained with hematoxylin and eosin and observed 
under a microscope. All of the procedures were approved by the 
Institutional Animal Care and Use Committee of Southern Medical 
University.

Statistical analysis
Statistical analyses were performed using SPSS 20.0 software (SPSS Inc., 
Chicago, IL, USA). Data are expressed as mean ± s.e.m. The Student’s 
t‑test was used to analyze continuous data, the Chi‑square test was 
used for categorical data, and factorial analysis of variance was used 
to analyze differences between groups. P  < 0.05 was considered 
statistically significant.



blotting confirmed that the PGAM1 protein level markedly decreased 
in PC‑3 and 22Rv1 cells transfected with si‑PGAM1 compared with NC 
cells (Figure 2a). To determine the influence of PGAM1 knockdown 
on the proliferation ability of PCa cells in vitro, a CCK‑8 assay was 
performed. Factorial analysis of variance demonstrated that PGAM1 
knockdown inhibited proliferation of PC‑3 and 22Rv1 cells at 72 h and 
96 h, respectively, compared with NC cancer cells (P < 0.001, Figure 2b).

PGAM1 knockdown enhanced apoptosis in PCa cells
Next, we used flow cytometry to determine whether the PGAM1 
knockdown‑induced inhibition of cell proliferation resulted from 
apoptosis. Twenty‑four hours after transfection of PC‑3 and 22Rv1 cells 
with siRNA, the number of both early and later apoptotic cells was 
markedly increased among cells transfected with si‑PGAM1 compared 
with NC cells (Figure 3a). Student’s t‑test analysis revealed that the 
mean total number of apoptotic cells increased from 6.68 ± 0.64 to 
20.50 ± 0.94 and from 4.77 ± 0.58 to 16.93 ± 1.55 in response to PGAM1 

Table 1: Correlation between phosphoglycerate mutase 1 expression 
and clinicopathological variables of prostate cancer

Variables Total (n) Low expression 
(‑/+, n)

High expression 
(++/+++, n)

P

Type

Normal 16 12 4 0.001*

PCa 80 24 56

Age (year)

<70 40 11 29 0.806

≥70 40 12 28

Gleason score

≤7 22 11 11 0.01*

≥8 58 12 46

Primary tumor

T1–T2 52 20 32 0.009*

T3–T4 28 3 25

Clinical stage

I–II 44 12 32 0.748

III–IV 36 11 25

Lymph node metastasis

+ 13 5 8 0.401

‑ 67 18 49

Distant metastasis

+ 14 3 11 0.508

‑ 66 20 46
*P < 0.05. ‑/+: total expression score 0‑3; ++/+++: total expression score 4‑9. PCa: prostate 
cancer

Figure 2: Knockdown of PGAM1 increased prostate cancer cell growth. 
(a) The effects of PGAM1 knockdown confirmed by Western blotting. (b) In 
the CCK‑8 assay, cell viability was decreased in si‑PGAM1 compared with NC 
and blank (n = 3). ***P < 0.001. NC: negative controls; OD: optical density; 
PGAM1: phosphoglycerate mutase 1.
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RESULTS
PGAM1 expression levels in PCa tissues and cells
To detect PGAM1 expression in human PCa, immunohistochemical 
staining was performed on a total of 96 prostate tissue specimens 
processed in a TMA, including 16 and 80 PCa tissues. Based on 
PGAM1 staining levels  (Figure  1a‑1d), all prostate tissues were 
divided into two groups: a low expression group (− and +) and a high 
expression group (++/+++). Among the PCa tissues, 56 cases (70%) 
were classified as having high expression of PGAM, compared with 
only 4  cases  (25%) among the nonneoplastic  (normal or adjacent) 
tissues. Chi‑square analysis revealed that PGAM1 expression 
levels were higher in PCa tissues than in nonneoplastic (normal or 
adjacent) tissues (P = 0.001, Table 1). As shown in Figure 1e, PGAM1 
localized to the cytoplasm and nucleus in prostate cells. To validate 
the TMA data, Western blotting was carried out in four PCa cell lines 
(PC‑3, 22Rv1, DU145, and LNCap) and a normal prostate epithelial 
cell  (RWPE1). The results showed that PGAM1 protein expression 
levels were markedly higher in four PCa cell lines than in the RWPE1 
cell line (Figure 1f).

We then analyzed the relationship between PGAM1 expression 
levels and clinicopathological variables. Chi‑square analysis 
showed that PGAM1 expression was not associated with patient 
age, clinical stage, or lymph node or distant metastasis status, 
but was statistically associated with Gleason score  (P  =  0.01) and 
T‑stage (P = 0.009) (Table 1).

Inhibition of cell proliferation by PGAM1 knockdown
To determine the biological function of PGAM1 in PCa, siRNA 
targeting PGMA1  (si‑PGAM1) was transfected into PC‑3 and 
22Rv1  cells to inhibit endogenous PGAM1 expression. Western 

Figure 1: PGAM1 expression in prostate cancer tissues and prostate 
cancer cell lines. (a) The immunohistochemistry image of the whole TMA 
(scale bar = 1.5 mm). Representative immunohistochemistry images of 
PGAM1 protein expression from (a) with high intensity (b) in prostate cancer 
tissue (D7, scale bar = 0.2 mm), with intermediate intensity (c) in prostate 
cancer tissue (H7, scale bar = 0.2 mm), and with low intensity (d) in 
prostate cancer tissue (E4, scale bar = 0.2 mm). The percentage of PGAM1 
positive cells in D7 is 90%, in H7 is 70%, and in E4 is 15%. Therefore, the 
percentage score of the case in D7 is 3 and its total protein expression score 
is 3 × 3 = 9. The percentage score of the case in H7 is 2 and its total protein 
expression score is 2 × 2 = 4. The percentage score of the case in E4 is 1 and 
its total protein expression score is 1 × 1 = 1. (e) Part of C14 from (a) with 
a magnification of 400× (scale bar = 50 μm). (f) Western blotting of PGAM1 
protein expression in prostate cancer cell lines and normal prostate epithelial 
cell lines. PGAM1: phosphoglycerate mutase 1; TMA: tissue microarray.
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Figure 3: Enhanced cell apoptosis rate by downregulation of PGAM1. (a) PGAM1 
knockdown increased the rate of apoptosis by flow cytometry. (b) Statistics 
analysis of the apoptosis rate in each group (n = 3, Student’s t‑test). (c) 
Western blot shown that PGAM1 knockdown increased the expression of 
cleaved caspase‑3 and Bax, whereas the expression of Bcl‑2 was decreased. 
**P < 0.01; ***P < 0.001. NC: negative controls; PGAM1: phosphoglycerate 
mutase 1; FITC‑A: Fluorescein isothiocyanate‑Annexin V.
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Figure 4: Knockdown of PGAM1 inhibited prostate cancer cell migration and 
invasion. (a) Transwell migration and transwell invasion assays showed that 
the cell numbers were markedly decreased in si‑PGAM1 transfected cells 
(scale bars = 50 μm). (b) Statistics analysis of the mean migration and invasion 
cell numbers as compared with the negative control (n = 3). All experiments 
were performed three times independently. (c) Western blotting shown 
that PGAM1 knockdown decreased the expression of MMP‑2 and MMP‑9. 
**P < 0.01; ***P < 0.001. NC: negative controls; PGAM1: phosphoglycerate 
mutase 1. MMP: matrix metallopeptidase.
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Figure 5: Knockdown of PGAM1 inhibits xenograft tumor growth in vivo. 
(a) The effects of PGAM1 knockdown by sh‑PGAM1 transfected confirmed by 
Western blotting. (b) Gross observation of xenograft tumor size in NOD/SCID 
mice. Silencing of PGAM1 inhibited the tumor growth, including tumor 
(c) volume and (d) weight (n = 6). (e) H and E‑stained paraffin‑embedded 
sections obtained from xenografts. **P < 0.01. NC: negative controls; 
PGAM1: phosphoglycerate mutase 1; NOD: nonobese diabetic; SCID: severe 
combined immunodeficiency.
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knockdown in PC‑3  cells  (P  <  0.001) and 22Rv1  cells  (P  <  0.01), 
respectively (Figure 3b).

To further analyze the potential mechanism underlying this 
promotion apoptosis by PGAM1 knockdown, we examined the 
expression of apoptosis‑related proteins  (Bcl‑2, Bax, and cleaved 
caspase‑3) by Western blotting. As shown in Figure 3c, the protein 
expression levels of Bax and cleaved caspase‑3 significantly increased 
in response to PGAM1 knockdown compared with NC and blank 
PC‑3 and 22Rv1 cells. Conversely, the expression of Bcl‑2 decreased 
in si‑PGAM1‑transfected PCa cells.

PGAM1 knockdown inhibited PCa cells migration and invasion
We used Transwell chamber and Matrigel assays to investigate the effect 
of PGAM1 on PCa cell migration and invasion. The migration and 
invasion abilities of si‑PGAM1‑transfected PC‑3 and 22Rv1 cells were 
prominently decreased compared with those of NC cells (Figure 4a). 
This was confirmed by Student’s t‑test analysis (P < 0.01, Figure 4b).

Because MMP‑2 and MMP‑9 are crucial for tumor cell migration 
and invasion, we examined their expression in PCa cells with PGAM1 
knocked down. As expected, PGAM1 silencing downregulated MMP‑2 
and MMP‑9 protein levels in PCa cells (Figure 4c).

Knockdown of PGAM1 inhibited xenograft tumor growth in vivo
To evaluate the impact of PGAM1 knockdown on tumor growth in vivo, 
we established a subcutaneous xenograft tumor model in athymic 
nude mice by injecting PC‑3  cells infected with shRNA targeting 
PGAM1 or NC PC‑3 cells. Results from Western blotting showed an 
obvious reduction of PGAM1 expression in PC‑3 cells transfected with 
sh‑PGAM1 compared with NC cells  (Figure  5a). As expected, the 
cells with PGAM1 knocked down formed slower‑growing xenografts 
compared with NC cells (P < 0.01, Figure 5b‑5d). Hematoxylin and 
eosin staining revealed the histopathological features of the tumor 
tissues in xenograft tumors (Figure 5e).

DISCUSSION
Tumor cells prefer the glycolysis pathway to make the oxidative 
phosphorylation more efficient, even under the nonhypoxia 
conditions. This characteristic of tumor cells is called “Warburg 
effect” or aerobic glycolysis, and it helps tumor cells produce more 
energy than normal cells.16 PGAM1 is a key enzyme that catalyzes 
the conversion of 3‑PG and 2‑PG in the glycolysis pathway. Hitosugi 
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et al.12 found that PGAM1 knockdown elevated 3‑PG levels, whereas 
it reduced 2‑PG levels. By regulating the intracellular 3‑PG and 
2‑PG levels in the glycolysis pathway, PGAM1 plays a specific role in 
coordinating biosynthesis and glycolysis to promote the cancer cell 
growth. Many studies have found that PGAM1 is overexpressed in 
diverse cancers, likely due to loss of TP53,17,18 and is important for 
tumorigenesis, invasion, and metastasis.19

Narayanan et  al.20 used real‑time polymerase chain reaction to 
demonstrate the expression levels of PGAM1mRNA were higher in 
LNCaP cell than that in the normal cell. Zhang et al.21 used modified 
serum‑guided immunoblotting, two‑dimensional gel electrophoresis, 
and MALDI‑TOF mass spectrography in a differential proteomic study 
and found that PGAM1 expression levels were higher in PCa tissues 
than that in benign prostatic hyperplasia tissues. These previous studies 
strongly suggest that PGAM1 may be associated with PCa. However, 
neither study investigated the relationship between PGAM1 and PCa 
in depth.

In the present study, we demonstrated upregulated expression of 
PGAM1 in PCa. These results are consistent with previous reports 
about PGAM1 protein expression in PCa.20,21 Furthermore, our results 
revealed that PGAM1 expression was not associated with patients’ age, 
clinical stage, or metastasis status, but that patients with higher Gleason 
scores and T stages exhibited increased PGAM1 expression, suggesting 
that PGAM1 might contribute to progression and aggressiveness in 
PCa to some extent.

We also investigated the function of PGAM1 in PCa. To date, 
relatively few studies have examined the biological function of PGAM1. 
Ren et  al.11 demonstrated that knocking down PGAM1 expression 
with shRNA targeting PGAM1 induced liver cancer cell growth 
arrest and apoptosis in vitro and in vivo. Hitosugi et al.12 found that 
targeting PGAM1 using shRNA or a small molecule inhibitor resulted 
in notably decreased glycolysis and biosyntheses, accompanied by 
inhibited leukemia cell proliferation. They further reported that Y26 
phosphorylation could enhance PGAM1 activation by stabilizing 
the active conformation of PGAM1, which promoted cancer cell 
proliferation and tumor growth.22 Sanzey et al.23 found that silencing of 
PGAM1 increased cell death in U87 cells and increased survival in mice 
with glioblastoma xenografts. A recent study reported that knockdown 
of PGAM1 by siRNA notably inhibited glioma cell proliferation, 
migration, and invasion and promoted cancer cell apoptosis.13

Here, we showed that silencing PGAM1 by transfecting cells with 
siRNA markedly inhibited cell proliferation. Additionally, siRNA 
knockdown of PGAM1 notably enhanced cell apoptosis in PC‑3 and 
22Rv1  cells by downregulating Bcl‑2 expression, upregulating Bax 
expression, and activating the caspased‑3 signal. Moreover, knockdown 
of PGAM1 expression inhibited PCa cell migration and invasion. These 
results suggest that PGAM1 plays an important role in the progression 
of PCa by regulating MMP‑2 and MMP‑9.

Some cell lines we used for the study are androgen independent. 
Thus, our finding may provide new information for further researches 
of treating CRPC. Our findings strongly indicate that PGAM1 plays 
an important role in PCa development and progression. Further 
molecular and functional studies of PGAM1 in PCa, for example to 
determine the molecular mechanisms underlying the effects observed 
here, should be conducted.

CONCLUSION
Our data suggest that PGAM1 was upregulated in PCa cells and 
tissues. Additionally, PGAM1 knockdown efficiently inhibited PCa 
cell proliferation, migration, and invasion and enhanced cancer cell 

apotosis in vitro. Moreover, PGAM1 knockdown suppressed xenograft 
tumor growth in vivo. These results indicate that PGAM1 may play 
an important role in the progression and aggressiveness of PCa, and 
that it might be a valuable marker of poor prognosis and a potential 
therapeutic target for PCa.
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