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Introduction

Colorectal cancer (CRC) is one of the most frequently seen 
malignancies. In 2018, there were approximately 1,800,000 
new cases of CRC, as well as 881,000 CRC-associated deaths 
on a global scale, and the number of young patients has been 
increasing year by year.1,2 The existing main treatment for 
CRC is surgery plus chemotherapy. A low rate of five-year 
survival persisted among the CRC patients despite advances 
in cytotoxic and targeted therapies.3,4 Therefore, it is quite 
important to comprehend the regulatory mechanisms con-
tributing to colorectal carcinogenesis.

Reprogrammed metabolism is a hallmark of oncocytes 
and prominently influences a few cellular functions.5,6 
Nutrient sensors exert primary effects on metabolic process 
regulation and cellular homeostasis maintenance, and the 
hexosamine biosynthetic pathway (HBP) is a key mecha-
nism for detecting metabolic state.7 The final product of HBP, 

uridine diphosphate N-acetyl glucosamine (UDP-GlcNAc), 
provides the GlcNAc residue for the O-GlcNAcylation pro-
cesses.8,9 O-GlcNAcylation is capable of modifying a group 
of intracellular proteins and has been demonstrated to exert 
a crucial influence in cancer formation.10,11 Therefore, HBP 
and UDP-GlcNAc might be essential cell signaling regulators 
that promote tumor development and survival. However, 
the regulation mechanism of HBP and O-GlcNAcylation in 
CRC remains incompletely elucidated.

Phosphoglucomutase 3 (PGM3),  also called 
N-acetylglucosamine-phosphate mutase (AGM1), is local-
ized on human chromosome 6q14.1, which catalyzes the 
N-acetylglucosamine-6-phosphate to N-acetylglucosamine-
1-phosphate conversion. Previously, the pro-tumorigenic 
functions of PGM3 have been reported in cancers of breast, 
uterine, prostate, and pancreas.12–15 PGM3 was significantly 
upregulated in CRC according to The Cancer Genome Atlas 
(TCGA) database. However, the biological function of PGM3 
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This study focuses on the hexosamine biosynthetic 
pathway in colorectal cancer (CRC). Our findings 
elucidated the capabilities and underlying mecha-
nisms of phosphoglucomutase 3 (PGM3) in colon 
cancer cells. The results demonstrated that PGM3 
was remarkably upregulated in CRC and can pro-
mote the rapid growth of CRC cells. Furthermore, 
our findings revealed a PGM3/O-GlcNAcylation/β-
catenin signaling pathway. These findings expanded 
our knowledge of the tumorigenic role of PGM3 
in CRC, and also provided novel insights into the 
development of new prognostic biomarkers and 
therapeutic targets.
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in colon cancer is still unclear. Consequently, the present 
work confirmed PGM3 expression level and identified its 
role in CRC cell lines.

In our study, we observed that PGM3 facilitated colon 
cancer cell proliferation and migration. In mechanistic terms, 
we clarified that O-GlcNAcylation mediated by PGM3 was 
responsible for sustaining the activity of β-catenin in CRC. 
PGM3 knockdown decreased β-catenin activity and the tran-
scription of its downstream target genes.

Materials and methods

Expression data analysis

PGM3 expression data from public databases were utilized 
in this work. The gene expression in CRC was assessed based 
on the openly accessible The Cancer Genome Atlas (TCGA) 
data sets via UCSC Xena (https://xena.ucsc.edu). We down-
loaded the raw microarray expression data of the tissue 
specimens of the tumor and matched normal samples from 
the Gene Expression Omnibus (GEO) under the accession 
number GSE20916 and GSE110224. Protein immunohisto-
chemistry for PGM3 was obtained from the Human Protein 
Atlas (https://www.proteinatlas.org).

Cell culture

Cultivation of HCT116, SW480, HCT15, HT29, RKO, and 
NCM460 cells was accomplished using 10% (vol/vol) 
fetal bovine serum (FBS)-involving Dulbecco’s modified 
eagle medium (DMEM) with proper penicillin/streptomy-
cin amounts in an incubator set under 37°C and 5% CO2 
conditions.

Plasmid and siRNA

The plasmid and RNAi oligonucleotides were transfected 
into cells with Lipofectamine 2000 (Invitrogen). The plas-
mid flag-PGM3 was purchased from Youbao Bio (Shanghai, 
China). To generate stable PGM3 over-expression cell lines, 
medium with 800 mg/mL G418 was added into the cells 24 h 
after transfection, and cells stably expressing PGM3 were 
maintained in medium with 400 mg/mL G418. For siRNA-
mediated knockdown, the cells were transfected with 100nM 
of non-specific siRNA or PGM3 siRNA. After incubation 
for 48 h, the cells were treated as indicated. Sequences of 
RNAi oligonucleotides are as follows: PGM3-1# siRNA 
sense strand: 5′-GACAAGATAGCAACGTTAA-3′; PGM3-2# 
siRNA sense strand: 5′-CAGTGAGAAACTTTCACAATC-3′. 
Shanghai GenePharma Company provided all of the RNAi 
oligonucleotides.

Antibodies and reagents

The antibodies used were anti-PGM3 (Santa Cruz, #sc-
390239), anti-β-actin (Santa Cruz, #sc-7210), anti-lamin B1 
(Proteintech, #12987), anti-tubulin (Proteintech, #11224), 
anti-Flag-tag (Sigma-Aldrich, #F1804), anti-β-catenin (CST, 
#8480), anti-c-Myc (Proteintech, #67447), anti-cyclin D1 (CST, 
#2978), and anti-O-linked N-Acetylglucosamine (abcam, 
#ab2739).

Cycloheximide (CHX, HY-12320) was purchased from 
MCE; OMSI-1 (S9835) and KYA1797K (S8327) were purchased 
from Selleck; and UDP-GlcNAc (U33645) was purchased from 
HARVEYBIO.

RNA extraction and real-time polymerase chain 
reaction

This work utilized TRIzol (Invitrogen) for extracting total 
RNA following the specific protocol. Reverse transcription 
was carried out with random primers, while SYBR-Green 
mix (Invitrogen) was utilized to run real-time polymerase 
chain reaction (PCR) using the 7500 real-time PCR System 
(Applied Biosystems). Through melting curve analysis, 
ΔΔCT analysis was applied to determine real-time PCR 
results. Each analysis was carried out three times. The real-
time PCR sequences are as follows:

β-actin: CCAACCGCGAGAAGATGA, CCAGAGGCGT 
ACAGGGATAG;
PGM3: GCAGAGAGTGCTTATTGACATCA, TGTGAA 
AGTTTCTCACTGCTGG;
β-catenin: AAAGCGGCTGTTAGTCACTGG, CGAGTC 
ATTGCATACTGTCCAT;
c-Myc: GTCAAGAGGCGAACACACAAC, TTGGACG 
GACAGGATGTATGC;
cyclin D1: CAATGACCCCGCACGATTTC, CATGGAG 
GGCGGATTGGAA.

Protein extraction and western blotting

Cellular protein lysis was prepared with RIPA lysis buffer. 
The BCA Protein Assay Kit was used to measure protein con-
centrations. For western blot analysis, after loading 20 μg pro-
teins on the gel, we conducted 8–10% SDS-polyacrylamide 
gel electrophoresis (PAGE) for protein separation, which 
was later transferred onto polyvinylidene difluoride (PVDF) 
membranes. Thereafter, we used 5% defatted milk for mem-
brane blocking for a 2-h period, followed by overnight pri-
mary antibody incubation under 4°C. On day 2, a secondary 
antibody was added to incubate membranes under ambient 
temperature for another 1-h period. Membranes were then 
rinsed, and enhanced chemiluminescence (Bio-Rad) was 
used to detect protein bands. Band densities were quanti-
fied by ImageJ software.

CCK-8

CRC cancer cells (2000/well) were inoculated into the 96-well 
plates which contained 100 μL medium in each well. CCK-8 
kit (Beyotime Biotechnology) was employed for measuring 
cell viability.

EdU proliferation assay

EdU staining was completed in line with specific proto-
cols (Cell-Light™ EdU Apollo®643 In Vitro Imaging Kit, 
RIBOBIO). Later, three fields of view (FOVs) were captured 
to determine the total cell and EdU-positive cell numbers 
with ImageJ, followed by calculating the EdU-positive cell 
proportion.

https://xena.ucsc.edu
https://www.proteinatlas.org
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Colony formation

We inoculated transfected cells (1000/well) in the six-well 
plates, followed by fixation and staining with 0.5% crystal 
violet when observable colonies formed in the following 
14 days. Each assay was conducted thrice.

Annexin V-fluorescein isothiocyanate/propidium 
iodide staining

This work determined cell apoptosis by Annexin V-FITC/PI 
triple-staining system. FITC Annexin V Apoptosis Detection 
Kit II (BD Biosciences) was used following the manufactur-
er’s instructions.

Transwell assay

In transwell migration as well as invasion assays, 5 × 103 and 
1 × 104 cells were suspended in 100 µL serum-free medium, 
followed by adding suspension into the top chambers 
(#353097 for migration and #354480 for invasion, Corning), 
whereas medium that contained 10% FBS was added into 
the bottom chambers (24-well plates, Corning). After 24 h, 
we eliminated cells on the upper chamber surface and used 
methanol to fix those migrating to the bottom membrane 
surface. Later, migrating cells were subject to 0.1% crystal 
violet staining and their number was determined in three 
randomly selected FOVs.

Wound healing assays

HCT15 and SW480 cells transfected with siRNA or plasmid 
were inoculated in six-well plates. After achieving full con-
fluence, the sterile p200 pipette tip was utilized to scratch 
wounds, followed by phosphate buffer saline (PBS) wash-
ing. Thereafter, at 0 and 24 h, we observed the wounds at 
identical positions. ImageJ was utilized to measure the mean 
healing area.

Subcutaneous xenograft model

Six-week-old female Balb/c nude mice (20 g) were obtained 
from Vital River Laboratory Animal and randomly divided 
into two groups (n = 4 each). 1 × 106 HCT15 cells transfected 
with PGM3 shRNA or scramble were subcutaneously 
injected into the right inguinal region of the mice. The ani-
mals were sacrificed after four weeks to dissect the tumor 
tissues. The Laboratory Animal Center Affiliated to Capital 
Medical University approved our animal studies.

Luciferase reporter assay

TCF wild-type (TOPFlash) or mutated control (FOPFlash) 
luciferase reporter plasmids were purchased from Beyotime 
Biotechnology. At 24 h posttransfection, we adopted Dual-
Luciferase Reporter Assay System (Promega) for measuring 
luciferase activities, with Renilla activity being the internal 
reference.

Cellular fractionation

SW480 cells were cultured in 10-cm culture dishes and 
transfected with flag-PGM3 plasmid. About 24 h later, the 
cells were harvested. The Nuclear and Cytoplasmic Protein 

Extraction Kit (Beyotime Biotechnology) was adopted to 
separate cytosolic and nuclear fractions.

Statistical analysis

Results were represented by mean values ± standard error of 
the mean (SEM). GraphPad Prism 5.0 was utilized for statis-
tical analysis. Comparison across several groups was com-
pleted using one-way analysis of variance (ANOVA), while 
that between two groups was completed with unpaired stu-
dent’s t-tests (*P < 0.05, **P < 0.01).

Results

High PGM3 expression in CRC

We first analyzed the mRNA expression data from TCGA 
and GEO database to clarify the expression level of PGM3 
in CRC. As can be seen in Figure 1(A), PGM3 expression 
was dramatically upregulated in CRC tissues compared 
with normal or adjacent normal tissues in TCGA database 
(P < 0.01). Further verification in two independent GEO CRC 
data sets (GSE20916 and GSE110224) also confirmed that 
PGM3 expression was higher in CRC as compared to healthy 
tissues (Figure 1(B)). The protein expression level of PGM3 in 
CRC was explored using the HPA database. Notably, PGM3 
was not expressed in normal colon tissues, whereas medium 
and high expression levels of PGM3 can be observed in colon 
cancer tissues (Figure 1(C)).

Moreover, PGM3 mRNA and protein levels were meas-
ured in five CRC cell lines (SW480, HCT116, HT29, HCT15, 
and RKO) and human normal colorectal epithelial cell line 
NCM460. Compared to NCM460 cells, PGM3 expression 
was shown to be much higher in CRC cell lines, particularly 
in RKO and HCT15 cells (Figure 1(D) and (E)).

PGM3 knockdown suppresses CRC cells 
proliferation and migration

To discover whether PGM3 altered the proliferation of CRC 
cells, HCT15 and RKO cells were transduced with siRNAs to 
knockdown PGM3 expression. As illustrated in Figure 2(A) 
and Figure S1A-B, both cell lines transduced with PGM3 
siRNAs had significantly lower PGM3 mRNA and protein 
levels compared to non-target scrambled siRNA (NS). The 
cell viability of HCT15 cells was considerably reduced at 72 h 
after siRNA treatment compared with NS cells as determined 
by CCK-8 assays (Figure 2(B)). Similar results were observed 
in RKO cells (Figure S1C). Repressed cell proliferation via 
PGM3 knockdown was also confirmed by colony formation 
assays (Figure 2(C)). Moreover, PGM3 knockdown resulted 
in a substantial decrease in EdU incorporation in an EdU 
proliferation assay in HCT15 (Figure 2(D)). Besides, the role 
of PGM3 in cell apoptosis was also investigated. Our results 
demonstrated that PGM3 knockdown did not significantly 
induce cell apoptosis (Figure S1D). These results indicate 
that PGM3 knockdown affects CRC cell proliferation but 
not apoptosis.

The migration and invasion of CRC cell lines were meas-
ured using wound healing assays and transwell assays. PGM3 
knockdown in HCT15 was found to disrupt the cells’ wound 
closing behavior (Figure 2(E)). Transwell assays revealed that 
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knockdown of PGM3 limits the migration of CRC cells with-
out consistent effects on invasion (Figure 2(F)).

PGM3 depletion reduces tumor growth in vivo

To determine the tumorigenic capacity of PGM3, HCT15 
cells stably transfected with NS and shPGM3 were subcuta-
neously injected into the mice, respectively. Tumor develop-
ment was slower in the shPGM3 group compared to the NS 
group (Figure 3(A)). And knockdown of PGM3 in HCT15 
cells markedly reduced the size and weight of tumor (Figure 
3(B) and (C)). The tumor-promoting role of PGM3 in CRC 
is proved by these in vivo experiments. Taken together, we 
concluded that PGM3 is necessary for CRC cell growth.

PGM3 over-expression promotes CRC cell 
proliferation and migration

Since PGM3 knockdown decreased CRC cell proliferation 
and migration, the effect of PGM3 over-expression was 
investigated. Flag-PGM3 and empty vector plasmid were 
separately transfected into SW480 cells. Real-time PCR 
analysis indicated that PGM3 mRNA level was elevated 
in PGM3 over-expression SW480 cells compared with in 
SW480/vector cells (Figure 4(A)). Western blotting analysis 
also revealed that PGM3 protein level was higher in SW480/
PGM3 cells compared with in the SW480/vector cells 
(Figure 4(B)). CCK-8 assays and colony formation assays 
showed a significant difference in cell proliferation activity 

Figure 1.  PGM3 is over-expressed in CRC. (A) In TCGA database, PGM3 level was found to be higher in CRC tissues than in normal tissues. (B) Variation in PGM3 
mRNA expression level between normal tissues and CRC based on GEO data sets (GSE20916 and GSE110224). (C) Representative immunohistochemistry images 
of PGM3 in CRC and non-cancerous colon tissues derived from the HPA database. The scale bar is 100 μm. (D) PGM3 mRNA expression levels in CRC cells and 
normal colonic NCM460 cells. (E) PGM3 protein levels in CRC cells and NCM460 were measured using western blotting. (A color version of this figure is available in 
the online journal.)
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Figure 2.  PGM3 is necessary for CRC proliferation and migration. (A) Non-specific siRNA or PGM3 siRNA was transfected into HCT15 cells. 48 h after transfection, 
cells were harvested, and PGM3 level was measured using western blotting. (B) Cell proliferation after PGM3 silencing in HCT15 cell lines was determined by CCK-8 
assay. (C) Non-specific siRNA or PGM3 siRNA was transfected into HCT15 cells. After two weeks, crystal violet staining was used to examine the colony formation.  
(D) Graphical representation of EdU images and quantification of EdU-positive cells in HCT15 cells after PGM3 knockdown. The scale bar is 100 μm. (E) Wound healing 
assays were used to examine migration of PGM3 knockdown HCT15 cells. The images of wound closure are presented at 0 or 24 h after scratching. (F) Transwell 
assays were used to look at the potential migration and invasion of PGM3 knockdown HCT15 cells. Following a 24 h culture period, the number of migratory and 
invaded cells was counted. The scale bar is 100 μm. (A color version of this figure is available in the online journal.)
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between SW480/PGM3 cells and the control SW480/vector 
cells, indicating that PGM3 promotes SW480 cell prolifera-
tion (Figure 4(C) and Figure S2A). EdU proliferation assay 
showed that PGM3 over-expression increases EdU incor-
poration in SW480 (Figure 4(D)). Besides, we detected the 
effect of PGM3 over-expression on apoptosis and found that 
PGM3 over-expression did not alter apoptosis compared 
to control cells (Figure S2B). In addition, wound healing 
and transwell assays were performed to measure the effect 
of PGM3 over-expression on cell migration and invasion. 
Over-expression of PGM3 led to increased cell migration 
(Figure 4(E) and (F)), but it did not affect invasion in SW480 
(Figure 4(F)). These data demonstrated that over-expres-
sion of PGM3 dramatically promoted the proliferation and 
migration of colon cancer cells.

PGM3 activated the Wnt/β-catenin signaling 
pathway

It has been reported that HBP gene signature has a strong 
relationship with the activity of Wnt/β-catenin signaling.16 

Moreover, Wnt/β-catenin pathway activation plays a vital 
role in the development and progression of CRC.17 Therefore, 
we tested whether PGM3 affects β-catenin signaling in CRC. 
Western blotting analysis was performed to measure the 
expression levels of β-catenin and its downstream targets 
including c-Myc and cyclin D1 in PGM3 over-expression and 
knockdown cells. As shown in Figure 5(A), PGM3 down-
regulation decreased total β-catenin levels and its down-
stream targets. In turn, over-expression of PGM3 elevated 
the expression of β-catenin, c-Myc, and cyclin D1 in SW480 
cell lines (Figure S3A), whereas β-catenin mRNA level indi-
cated no apparent differences in the PGM3 over-expression 
or knockdown cells (Figure 5(B) and Figure S3B), suggest-
ing β-catenin regulation at the posttranscriptional level. 
To further establish whether Wnt/β–catenin pathway was 
activated by PGM3 in CRC cells, we conducted a luciferase 
experiment with the TOP/FOP Flash reporter. A significant 
reduction of the luciferase activity was observed in HCT15 
cells when PGM3 was knockdown by siRNA (Figure 5(C)), 
and our results showed that PGM3 increased luciferase activ-
ity dramatically in SW480 cells (Figure S3 C). These results 

Figure 3.  PGM3 knockdown limits tumor growth in vivo. (A) PGM3 KD or negative control HCT15 cells were injected into nude mice, and tumor growth was monitored 
during the indicated weeks (four mice per group). (B and C) Xenograft weight and size were measured. (A color version of this figure is available in the online journal.)
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Figure 4.  PGM3 promotes progression of CRC. (A) Empty vector or flag-PGM3 plasmid was transfected into SW480 cells. 24 h after transfection, RNA was extracted 
and analyzed with real-time PCR. (B) Empty vector or flag-PGM3 plasmid was transfected into SW480 cells. 24 h after transfection, cells were harvested, and western 
blotting was performed to detect PGM3 protein level. (C) Cell proliferation after PGM3 over-expression in SW480 cells was determined by CCK-8 assay. (D) Graphical 
representation of EdU images and quantification of EdU-positive cells in PGM3-over-expressed SW480 cells. The scale bar is 100 μm. (E) Wound healing assays were 
used to examine migration of PGM3 over-expression SW480 cells. The images of wound closure are presented at 0 or 24 h after scratching. (F) Transwell assays were 
used to look at the potential migration and invasion of PGM3 over-expression SW480 cells. Following a 24-h culture period, the number of migratory and invaded cells 
was counted. The scale bar is 100 μm. (A color version of this figure is available in the online journal.)
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Figure 5.  Wnt/β-catenin signaling pathway is activated by PGM3. (A) Non-specific siRNA or PGM3 siRNA was transfected into HCT15 cells. 48 h after 
transfection, cells were collected, and western blotting was performed to detect β-catenin, c-Myc, and cyclin D1 protein levels. (B) Non-specific siRNA or PGM3 
siRNA was transfected into HCT15 cells. 48 h after transfection, RNA was extracted and analyzed with real-time PCR. (C) The indicated siRNA and TOP/ FOP 
Flash reporter plasmid were co-transfected into HCT15 cells. 48 h later, luciferase activity was measured. (D) Empty vector or flag-PGM3 plasmid was transfected 
into SW480 cells. 24 h after transfection, β-catenin expression level in the nuclear and cytoplasm was assessed by western blotting. (E) PGM3 plasmid was 
transfected into SW480 cells, which were then treated with or without 50 μM CHX, western blotting was used to detect β-catenin level. (F) PGM3 plasmid was 
transfected into SW480 cells, which were then treated with or without 25μM KYA1797K, CCK-8 was used to examine cell proliferation. (A color version of this 
figure is available in the online journal.)



1526   Experimental Biology and Medicine   Volume 247   September 2022

imply that PGM3 stimulates the Wnt/β–catenin pathway in 
CRC cells. Next, immunoblotting was used to see if PGM3 
affects the nuclear location of β-catenin. We discovered that 
the nuclear β-catenin increased after over-expressing PGM3 
in SW480 cells (Figure 5(D)). Therefore, the oncogenic effects 
of PGM3 could be attributed to PGM3-mediated activation 
of Wnt/β-catenin signaling, as PGM3 elevated luciferase 
activity of TOPFlash reporter and upregulated β-catenin 
and its downstream targets. Subsequently, we performed 
cycloheximide (CHX) chase experiment to examine the 
mechanism behind the rise in β-catenin expression caused 
by PGM3 over-expression. The degradation rate of β-catenin 
was slower in SW480 cells that were transfected with PGM3 
plasmid compared with cells treated with control empty vec-
tor (Figure 5(E) and Figure S3D). According to these findings, 
PGM3 increased β-catenin protein expression via lowering 
its degradation.

Moreover, pharmacological inhibition of Wnt/β-catenin 
pathway with KYA1797K inhibited SW480/PGM3 cell prolif-
eration and migration (Figure 5(F) and Figure S3E-F), which 
supported the finding that upregulation of Wnt/β-catenin 
pathway was responsible for PGM3 induced promotion of 
cell viability and migration.

PGM3 enhances β-catenin expression and 
promotes cell proliferation and migration by 
elevating O-GlcNAcylation level

UDP-GlcNAc, the main end product of the HBP, is the sub-
strate for the O-GlcNAcylation processes. Accordingly, we 
test whether O-GlcNAc level is regulated by PGM3 in colon 
cancer. Western blotting analysis was utilized to measure 
the amounts of O-GlcNAc in PGM3 knockdown cell lines. 
We observed that O-GlcNAc level positively correlates with 
PGM3 expression (Figure 6(A)). Meanwhile, PGM3-induced 
O-GlcNAc expression can be suppressed by O-GlcNAc 
transferase inhibitor OMSI-1 (Figure 6(B)).

Given that β-catenin expression is positively related to 
O-GlcNAcylation level,18–21 we then looked into whether 
the elevation in β-catenin level observed upon PGM3 
over-expression via increasing O-GlcNAcylation level. As 
expected, OMSI-1 significantly reversed PGM3-caused 
increased β-catenin expression (Figure 6(C)), and fur-
ther inhibited proliferation and migration of PGM3 over-
expression cells (Figure 6(D) and Figure S4A). The effect of 
increased O-GlcNAcylation on tumor proliferation was then 
investigated, as shown in Figure 6(E) and (F) and Figure S4B, 
addition of 50 mM UDP-GlcNAc was adequate to restore 
the repressive effects on cell proliferation and migration of 
PGM3 RNAi cells. These results indicate that PGM3 enhances 
β-catenin expression and accelerates cancer progression by 
promoting O-GlcNAcylation level.

Discussion

Aberrant expression of PGM3 has been found in various 
types of cancer and plays different roles in tumorigene-
sis. For example, PGM3 inhibition downregulates protein 
glycosylation and triggers a sustained unfolded protein 
response (UPR), and then to cell death in pancreatic can-
cer, while PGM3 over-expression results in gemcitabine 

resistance.12 Similarly, suppression of the PGM3 function 
by a specific inhibitor FR054 improves the susceptibility of 
pancreatic cancer cells to a pan-RAS inhibitor.14 PGM3 inhi-
bition through FR054 induces breast cancer growth arrest 
and apoptosis.15 Meanwhile, PGM3 expression is elevated in 
prostate cancer samples, suggesting a pro-oncogenic role for 
PGM3.22 In a separate study, PGM3 knockdown accelerates 
sulforaphane-induced cell death in LNCaP prostate cancer 
cells, indicating that PGM3 could be used as a therapeutic 
target.13 However, the expression and functions of PGM3 in 
CRC are still unknown. We discovered that PGM3 is substan-
tially upregulated in CRC and serves a function in CRC cell 
proliferation and migration.

The elevated level of O-GlcNAcylation in colon cancer 
has been described, and the reasons and consequences of this 
higher level have been partially uncovered.21,23 For example, 
O-GlcNAc transferase (OGT) is upregulated in colon cancer 
cells compared with normal cells, OGT impacts progression 
of colon cancer cells.23 Our data showed that the O-GlcNAc 
level was regulated by PGM3 in CRC. The tumor-promoting 
effect of PGM3 was completely blocked by the OGT inhibi-
tor, indicating that PGM3-mediated O-GlcNAcylation plays 
a crucial role in CRC progression.

Accumulated evidence has demonstrated that 
O-GlcNAcylation is linked to a variety of biological activi-
ties, including transcription, translation, epigenetics, and 
signaling transduction. Although studies have revealed a 
connection between increased O-GlcNAcylation expression 
and colon tumor development, the mechanisms by which 
aberrant O-GlcNAcylation expression regulates colon tumor 
progression have yet to be thoroughly understood.24,25 Here, 
we found that PGM3-mediated O-GlcNAcylation regu-
lated β-catenin activities, the activity of β-catenin was sup-
pressed by PGM3 knockdown or O-GlcNAc transferase 
inhibitor, suggesting that the oncogenic Wnt/β-catenin 
signaling pathway is presumably maintained in part by 
PGM3-mediated O-GlcNAcylation. Our data have shown 
that the β-catenin inhibitor KYA1797K moiety abrogated the 
tumor-promoting effects of PGM3 (Figure 5(F)). It has been 
proven that several molecules related to tumorigenesis and 
development are regulated by O-GlcNAcylation, including 
Yes-associated protein, phosphoglycerate kinase 1, glucose-
6-phosphate dehydrogenase, and so on.26–28 Whether these 
molecules participate in PGM3-mediated CRC carcinogen-
esis should be explored in future studies.

Wnt/β-catenin pathway is critical to tumorigenesis. 
Multiple studies have suggested that β-catenin protein level 
and activity are related to a variety of biological processes in 
cancer.17 Over-expression of β-catenin, which occurs in 80–
90% of CRC cases, is a crucial molecular event in CRC car-
cinogenesis.29 Cellular β-catenin level is regulated by various 
mechanisms.30 Further investigation of the processes that 
activate β-catenin could provide a useful model for studying 
the molecular basis of CRC and developing targeted anti-
cancer therapeutics. Hence, decreasing β-catenin activity by 
targeting PGM3 could have an antitumor effect.

In conclusion, the findings of this research indicate that 
PGM3 serves a function in proliferation and migration of 
colon cancer cells. Blockade of PGM3 has potent antitumor 
effects via disruption the O-GlcNAcylation of β-catenin in 
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Figure 6.  PGM3 enhances β-catenin activity and accelerates cell proliferation by elevating O-GlcNAcylation level. (A) Non-specific siRNA or PGM3 siRNA was 
transfected into HCT15 cells. 48 h after transfection, cells were harvested, and O-GlcNAc protein level was measured using western blotting. (B) PGM3 plasmid was 
transfected into SW480 cells, which were then treated with or without 30μM OMSI-1 for 24 h, O-GlcNAc protein level was measured using western blotting.  
(C) PGM3 plasmid was transfected into SW480 cells, which were then treated with or without 30μM OMSI-1 for 24 h, β-catenin, c-Myc, and cyclin D1 protein levels 
were measured by western blotting. (D) PGM3 plasmid was transfected into SW480 cells, which were then treated with or without 30μM OMSI-1, CCK-8 was used to 
examine cell proliferation. (E) PGM3 siRNA was transfected into HCT15 cells, which were then treated with or without 50 mM UDP-GlcNAc for 24 h, O-GlcNAc level 
was analyzed by western blotting. (F) PGM3 siRNA was transfected into HCT15 cells, which were then treated with or without 50 mM UDP-GlcNAc, CCK-8 was used 
to examine cell proliferation. (A color version of this figure is available in the online journal.)
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CRC cells. Thus, targeting PGM3 may be a novel therapeutic 
intervention for colon cancer treatment.
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