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Abstract

Background Phosphoglycerate kinase 1 (PGK1) is a metabolic enzyme that participates in various biologi-
cal and pathological processes. Dysregulated PGK1 has been observed in numerous malignancies. However,
whether and how PGK1 affects non-small cell lung cancer (NSCLC) is not yet fully elucidated.

Methods Herein, the non-metabolic function of PGK1 in NSCLC was explored by integrating bioinformatics analyses,
cellular experiments, and nude mouse xenograft models. The upstream regulators and downstream targets of PGK
were examined using multiple techniques such as RNA sequencing, a dual-luciferase reporter assay, Co-immunopre-
Cipitation, and Western blotting.

Results We confirmed that PGK1 was upregulated in NSCLC and this upregulation was associated with poor prog-
nosis. Further in vitro and in vivo experiments demonstrated the promoting effects of PGK1 on NSCLC cell growth
and metastasis. Additionally, we discovered that PGK1 interacted with and could be O-GIcNAcylated by OGT. The inhi-
bition of PGK1 O-GIcNAcylation through OGT silencing or mutation at the T255 O-GlcNAcylation site could weaken
PGK1-mediated NSCLC cell proliferation, colony formation, migration, and invasion. We also found that a low miR-
24-3p level led to an increase in OGT expression. Additionally, PGK1 exerted its oncogenic properties by augmenting
ERK phosphorylation and MCM4 expression.

Conclusions PGKT1 acted as a crucial mediator in controlling NSCLC progression. The miR-24-3p/OGT axis
was responsible for PGK1 O-GIcNAcylation, and ERK/MCM4 were the downstream effectors of PGK1. It appears
that PGK1 might be an attractive therapeutic target for the treatment of NSCLC.
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Background

Lung cancer, comprising small cell lung cancer and non-
small cell lung cancer (NSCLC), is the most prevalent
malignant neoplasm in the respiratory system [1]. The
World Health Organization predicts that lung cancer will
result in 2.2 million new cases and 1.8 million fatalities
by 2020 [2]. Despite the progress made in contemporary
treatments, the prognosis for lung cancer is still unfa-
vorable. Merely 10-20% of patients manage to survive
beyond a period of five years from the time of their initial
diagnosis. A significant proportion of patients succumb
to local recurrence or metastasis. Consequently, further
research into the molecular mechanisms that cause lung
cancer is urgently needed

Phosphoglycerate kinase 1 (PGK1) is an essential meta-
bolic enzyme that catalyzes the conversion of 1,3-bis-
phosphoglycerate into 3-phosphoglycerate, thereby
generating ATP during glycolysis [3]. The canonical func-
tion of PGKI is to participate in the modulation of gly-
colysis [4]. PGK1 also regulates angiogenesis, autophagy
initiation, DNA repair, the binding of plasminogen,
one-carbon metabolism, and serine biosynthesis. The
aberrant expression or different post-translational modi-
fications of PGK1 influences various diseases, such as
neurological impairment, hereditary non-spherocytic
hemolytic anemia, parkinsonism, and myopathy. It has
been discovered that PGK1 has oncogenic properties and
is amplified in various human cancers, including renal
clear cell carcinoma [5], ovarian cancer [6], breast can-
cer [7], colon cancer [8], and liver cancer [9]. In recent
years, the association between PGK1 and lung cancer
has garnered increasing attention. For instance, a meta-
analysis has demonstrated that PGK1 affects lung adeno-
carcinoma prognosis [10]. Another study has reported
a strong correlation between the upregulation of PGK1
and the migratory potential of lung cancer cells [11].
Nevertheless, the precise role of PGK1 in NSCLC is not
yet fully elucidated.

Glycosylation, a ubiquitous post-translational modifi-
cation of proteins, is estimated to occur in over 50% of
all eukaryotic proteins [12]. As a distinctive form of gly-
cosylation, O-GIcNAcylation adds GlcNAc to serine or
threonine residues on proteins. The influence of O-Glc-
NAcylation on protein stability, activity, and subcellular
localization has been well-established through a growing
body of research. Thus far, a multitude of proteins have
been identified as being O-GlcNAcylated [13, 14]. In
the context of colon cancer, it has been confirmed that
PGK1 may undergo reversible and dynamic modification
with O-GlcNAc at threonine 255 (T255) [8]. However,
the current understanding of whether O-GlcNAcylation
modifies PGK1 in NSCLC is considerably restricted.
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Hence, the first objective of this work was to assess
the contribution of PGK1 to the malignant progression
of NSCLC. The secondary objective was to explore the
potential involvement of O-GlcNAcylation in PGK1-
mediated NSCLC progression. The tertiary objective was
to identify the critical molecules and signaling pathways
that are relevant to PGK1. The outcomes of this work fur-
nish new insights into the non-metabolic role and regula-
tory mechanism of PGK1 in NSCLC.

Methods

Bioinformatics and microarray analyses

The present study acquired publicly available sequenc-
ing data from reputable sources, including The Can-
cer Genome Atlas (TCGA), Gene Expression Omnibus
(GEO), Genotype-Tissue Expression (GTEx), cBioPor-
tal for Cancer Genomics, Gene Expression Database of
Normal and Tumor tissues 2 (GENT2), Clinical Prot-
eomic Tumor Analysis Consortium (CPTAC), Human
Protein Atlas (HPA), Cancer Cell Line Encyclopedia
(CCLE), LinkedOmics, and Kaplan—Meier Plotter. The
study utilized a cDNA microarray (MecDNA-HLugC042)
obtained from Outdo Biotech (Shanghai, China).

Cell culture and transfection

Human NSCLC cells (A549 and H1299) and human
embryonic kidney 293 T cells were provided by Pro-
cell (Wuhan, China). The culture medium was DMEM
(Gibco, Carlsbad, CA, USA) containing 10% FBS. To
achieve gene overexpression, the full-length human
PGK1, O-GIcNAc transferase (OGT), or Minichromo-
some maintenance complex component 4 (MCM4) gene
was amplified via PCR and subsequently subcloned into a
pEnter vector (Vigene Biosciences, Jinan, China). Trans-
fections were carried out in A549 and H1299 cells uti-
lizing jetPRIME reagent (Polyplus, Illkirch, France). To
accomplish gene knockdown, shRNA oligos targeting
PGK1, OGT, or MCM4 were inserted into the pLKO.1
lentiviral vector (Addgene, Cambridge, MA, USA). Len-
tiviral particles were generated by transiently transfecting
293 T cells with jetPRIME. Then the packaged lentivi-
ruses were harvested and utilized to infect NSCLC cells
in the presence of 10 pg/ml polybrene (Sigma, St Louis,
MO, USA). To eliminate the O-GlcNAcylation of PGKI,
pcDNA3.1(+)-PGK1 wild-type or mutant (T255V) plas-
mids were obtained from Genewiz (Suzhou, China).
The transfections of plasmids were performed using
the jetPRIME reagent. To upregulate miR-24-3p, RNAi-
mate reagent was used to transfect cells with chemically
synthesized miRNA mimics (GenePharma, Shanghai,
China). All shRNA sequences are shown in (Additional
file 3: Table S1).
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Quantitative real-time PCR (qRT-PCR) and Western
blotting

The RNA extraction process utilized an RNA extrac-
tion kit from Tiangen(Beijing, China). Reverse tran-
scription was executed with the HiFiScript ¢cDNA
Synthesis Kit from CWBIO(Beijing, China). The SYBR®
Premix EX Taq II kit from TaKaRa (Dalian, China) was
employed for the PCR reactions. The primer sequences
are presented in (Additional file 4: Table S2). Protein
extraction was performed utilizing a commercial kit
(Proteintech, Wuhan, China). Equal quantities of pro-
tein (10-20 pg) were separated on an 8-15% SDS-PAGE
and transferred onto nitrocellulose membranes (Merck
Millipore, Billerica, MA, USA). The antibodies were
acquired from the sources listed below: PGK1(17,811—
1-AP, Proteintech), OGT(11,576-2-AP, Proteintech),
MCM4(13,043-1-AP, Proteintech), O-GlcNAc (MA1-
072, Thermo Fisher Scientific, Waltham, MA, USA),
ERK1+ERK2 (ab184699, Abcam, Shanghai, China),
p-ERK1 (T202)+p-ERK2(T185) (ab214036, Abcam),
and GAPDH (60,004—1-lg, Proteintech). The visualiza-
tion of proteins was achieved through the utilization of
enhanced chemiluminescence (Proteintech).

Detection of cell proliferation, migration,

and invasion

Cell proliferation was measured using the Cell Counting
Kit-8 (CCK-8, Beyotime, Shanghai, China) and colony
formation assays, while the Transwell chambers (Corn-
ing Incorporated, Corning, NY, USA) were employed to
monitor cell migratory and invasive capabilities. These
procedures were conducted in accordance with previ-
ously established protocols [15].

Flow cytometry

The cell cycle and apoptosis protocols were executed in
accordance with the instructions outlined in the cell cycle
analysis kit (C1052, Beyotime) and Annexin V-PE/7-
AAD apoptosis kit (C1062M, Beyotime). Data were col-
lected using a flow cytometer (BD Biosciences, San Jose,
USA).

Xenograft model

The Institutional Animal Care and Use Committee of
the Hubei University of Medicine approved the animal
experiments. BALB/c nude mice (3—4 weeks) were pro-
cured from the Experimental Animal Centre of the Hubei
University of Medicine, and 2x10° cells were subcuta-
neously inoculated into the right flank of mice. Tumor
size was measured weekly for a period of four weeks.
Tumor tissues were subjected to staining with Ki-67
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(27,309-1-AP, Proteintech) or PGK1, following the meth-
odology previously described by our research team [15].

Co-immunoprecipitation (Co-IP)

Co-IP was done using Classic IP/Co-IP kit (Pierce)
according to the manufacturer’s protocol(Thermo Fisher
Scientific). Briefly, cells with indicated treatment were
lysed in IP lysis buffer, and the resulting supernatants
were subjected to incubation with the appropriate anti-
bodies on a rotating wheel. Protein A/G-agarose beads
were introduced to precipitate the complexes. The eluted
proteins were separated through SDS-PAGE and sub-
jected to analysis via Western blotting.

Luciferase assay

The 3-UTR of OGT mRNA, either in its wild-type or
mutant form, was amplified through PCR and subse-
quently subcloned into the pGL3 vector (GenePharma).
Luciferase activity was quantified as previously reported
[16].

RNA-seq

Novogene (Tianjin, China) conducted RNA isolation,
quality control, library preparation, and high-throughput
sequencing using an Illumina HiSeq system (Illumina,
San Diego, CA, USA). Data processing was performed
according to our previous protocol [17]. Log2(fold
change)>1 and FDR<0.05 were established as the cut-
offs for identifying differentially expressed genes (DEGs).
The clusterProfiler R package was utilized to perform
Gene Ontology (GO) annotation and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment of
DEGs [18].

Statistical analysis

The data were presented as means+SD and subjected
to analysis using various methods, including Student’s
t-test, Mann—Whitney U test, ANOVA, Pearson correla-
tion analysis, and Log-Rank test. Significance was set at
P<0.05.

Results

PGK1 is overexpressed in NSCLC

The analysis of RNA-seq data obtained from the TCGA,
GTEx, GENT2, and GEO databases revealed a frequent
upregulation of PGK1 mRNA in both non-paired and
paired NSCLC tissues (Fig. la-c). Genetic alteration
analysis of the NSCLC cohort using the cBioportal tool
demonstrated the presence of PGK1 gene copy-number
gain or amplification (Fig. 1d). Additional investiga-
tion utilizing the HPA and CPTAC programs revealed a
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notable overexpression of PGK1 protein in most malig-
nant tissues, including NSCLC (Fig. le, f). Moreover,
the examination of the CCLE database indicated that
NSCLC cell lines exhibited high levels of PGK1 mRNA
(Fig. 1g). Confirmation of heightened PGK1 mRNA
expression in NSCLC cells was achieved via qRT-PCR
analysis (Fig. 1h). Subsequently, data from TCGA were
extracted to investigate whether PGK1 expression was
correlated with clinicopathological characteristics of
NSCLC patients. Notably, significant associations were
observed between PGKI1 expression and gender, T-stage,
and N-stage (Additional file 5: Table S3). PGK1 mRNA
expression also displayed an increasing trend with the
advancement of N-stage and T-stage (Fig. 1li). Further-
more, metastatic tumors exhibited higher levels of PGK1
mRNA compared to primary tumors (Fig. 1j). It is evi-
dent that PGK1 is important in NSCLC based on these
observations.

PGK1 overexpression in NSCLC predicts poor
prognosis

The survival information was downloaded from the
TCGA platform and subjected to univariate Cox regres-
sion analysis. We discovered that PGK1 was a significant
risk factor for overall survival across diverse cancer types,
including NSCLC (Fig. 2a). Additional risk factors related
to the overall survival of NSCLC patients were presented
in Fig. 2b. According to the multivariate Cox regres-
sion analysis, PGK1 did not attain statistical significance
(Additional file 6: Table S4). Based on the Log-Rank test,
a notable correlation was found between increased PGK1
expression and reduced overall survival (Fig. 2c). Subse-
quently, the prognostic significance of PGK1 was evalu-
ated in different subcategories of NSCLC patients. We
observed that patients with low PGK1 levels exhibited
superior overall survival compared to those with high
PGK1 levels in the following subgroups: NO, T1-T2, and
stage I+1I (Fig. 2d). Similarly, the analyses based on the
GEO and Kaplan—Meier plotter databases revealed a
significant inverse relationship between PGK1 expres-
sion and overall survival (Fig. 2e-g). These findings indi-
cate that PGK1 may serve as a prognostic biomarker for
NSCLC.

(See figure on next page.)
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PGK1 promotes NSCLC growth and metastasis

both in vitro and in vivo

To comprehensively describe the biological function
of PGK1 in NSCLC, we selected two NSCLC cell lines
(A549 and H1299) that exhibited a moderate expres-
sion level of PGK1 for the follow-up studies (as depicted
in Fig. 1h). Our initial approach was to deplete endog-
enous PGK1 expression by shRNA (Fig. 3a, b). The
CCK-8, colony formation, and Transwell assays showed
that the depletion of PGK1 inhibited the proliferative,
colony-forming, migratory, and invasive abilities in both
cell lines (Fig. 3c-e). By flow cytometry analysis, it was
found that PGK1 depletion caused cell cycle arrest in
GO/G1 phase as well as cell apoptosis (Fig. 3f-g). Subse-
quently, an animal experiment was conducted to validate
the impact of PGK1 on tumorigenesis, wherein tumor
growth curves, tumor weights, and Ki-67 (proliferation
biomarker) levels were documented. As anticipated, a
noteworthy suppression of tumor growth was observed
upon the depletion of PGK1 (Fig. 3h-j). The second meth-
odology involved upregulating PGK1 expression through
the utilization of overexpression plasmids (Fig. 4a, b).
The subsequent functional experiments provided evi-
dence that the enforced expression of PGK1 in A549 and
H1299 cells considerably augmented cell proliferation,
colony formation, migration, invasion, cell-cycle progres-
sion, and decreased cell apoptosis (Fig. 4c-g). Thus, PGK1
overexpression is the main factor responsible for NSCLC
progression.

OGT-mediated O-GlcNAcylation is essential

for PGK1-driven NSCLC progression

OGT catalyzes the process of O-GlcNAcylation. To
explore the influence of OGT on PGKI, an initial assess-
ment of OGT expression in NSCLC tissues was con-
ducted, followed by modulation of its expression in
NSCLC cells. Data from the TCGA, GENT2, and GEO
databases demonstrated that NSCLC tissues expressed
higher levels of OGT mRNA (Fig. 5a). After integrating
the analysis of GEO and TCGA data, we found that OGT
expression was also negatively associated with over-
all survival (Additional file 1: Figure S1). Based on the
results of qRT-PCR and Western blotting analyses, the

Fig. 1 Expression analysis of PGK1 in NSCLC tissues and cell lines. a Comparison of PGKT mRNA expression in NSCLC samples and normal samples
using the TCGA and GTEx databases. b Differential mRNA expression of PGK1 between NSCLC tissues and normal tissues based on the GENT2
database. ¢ Assessment of PGKT mRNA levels in tumors and normal tissues of NSCLC patients from the GEO database. d PGK1 mutations and copy
number alterations in NSCLC tissues examined by the cBioPortal database. e The protein levels of PGK1 in various normal and tumor tissues

from the CPTAC database. f PGK1 protein expression across different tumor tissues in the HPA database. g The mRNA expression of PGK1 in tumor
cell lines from the CCLE database. h Identification of PGKT mRNA expression in NSCLC cells using gRT-PCR. (i) The association between PGK1 mRNA
expression and tumor stage by analyzing the TCGA dataset. (j) The mRNA levels of PGK1 in primary and metastatic NSCLC specimens from the TCGA

cohort. 'P<0.05, “P<0.01, "P<0.001, and ns, not significant
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Fig. 2 Survival analysis of NSCLC patients based on PGK1 expression. a Univariate Cox regression analyses in various TCGA cohorts. b Forest plots
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modulation of PGK1 expression in A549 and H1299 cells
was achieved through the utilization of shRNA or pEN-
TER-OGT (Fig. 5b, c). Co-IP assays showed that OGT
interacted with PGK1 and affected its O-GlcNAcyla-
tion (Fig. 5d). A reduction in PGK1 O-GlcNAcylation
occurred when OGT was suppressed. Notably, the
manipulation of OGT did not alter PGK1 protein expres-
sion. By performing in vitro functional assays, it was
determined that OGT played a promotive role in the
growth and metastasis of NSCLC cells (Fig. 5e-g). To
address whether O-GlcNAcylation directly regulates
the function of PGK1, a T255 mutant was generated to
abolish the putative O-GlcNAc site on PGK1. The results
indicated that the T255 mutant effectively abrogated
PGK1 O-GlcNAcylation (Fig. 6a). Meanwhile, in vitro
and in vivo experiments displayed that the T255 mutant
reduced NSCLC cell growth and metastasis (Fig. 6b-f).
Moreover, the mutation of the PGK1 O-GlcNAcylation
site exhibited the potential to mitigate the stimulatory
effects of OGT overexpression on cellular growth and
metastasis (Fig. 6g-i). The above observations demon-
strate that OGT-mediated PGK1 O-GlcNAcylation is a
key player in the malignant progression of NSCLC.

OGT expression is negatively controlled

by miR-24-3p

To uncover the cause of the elevated OGT expression in
NSCLC, our analysis focused on miRNAs due to their
crucial role in regulating gene transcription. By utilizing
a range of analytical tools such as TargetScan, miRDB,
and miRWalk, we identified three miRNAs that exhibited
potential binding affinity with OGT (Fig. 7a). Correla-
tion analysis using the LinkedOmics database revealed
that only miR-24-3p had a significant negative correla-
tion with OGT in NSCLC (Fig. 7b). To assess whether
OGT expression was modulated by miR-24-3p, NSCLC
cells were treated with miR-24-3p mimics. Through
qRT-PCR and Western blotting, it was discovered that
miR-24-3p mimics inhibited the mRNA and protein
expression of OGT (Fig. 7c, d). According to TargetScan,
OGT contains a conserved binding site for miR-24-3p in
its 3'-UTR (Fig. 7e). The confirmation of the direct bind-
ing between miR-24-3p and OGT 3'-UTR was achieved
through the utilization of a dual-luciferase reporter assay

(See figure on next page.)
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(Fig. 7f). To figure out whether miR-24-3p/OGT axis was
involved in NSCLC progression, a series of functional
assays were conducted. We observed that the introduc-
tion of miR-24-3p resulted in a reduction in cell growth
and metastasis. However, these effects were reversed
upon the overexpression of OGT (Fig. 7g-i). Hence, miR-
24-3p acts as a negative regulator of OGT in NSCLC.

PGK1 activates the MAPK/ERK pathway

To investigate how PGK facilitates NSCLC progression,
we conducted RNA-seq experiments utilizing A549
cells with and without PGK1-knockdown. We observed
that the knockdown of PGK1 increased 1774 genes
and decreased 2065 genes (Fig. 8a, b, Additional file 7:
Table S5). DEGs were analyzed using GO and KEGG
(Fig. 8¢, d). Notably, the downregulated genes were pre-
dominantly enriched in the MAPK pathway. Consider-
ing that ERK is a key component of the MAPK pathway,
the protein expression of p-ERK and ERK was examined
via Western blotting (Fig. 8e). By knocking down PGK1,
the activity of ERK was reduced (measured as p-ERK to
ERK ratio). Subsequently, U0126 (an inhibitor of MAPK/
ERK) was added to determine if PGK1-mediated malig-
nant phenotypes were associated with the MAPK/ERK
pathway. Our findings demonstrated that U0126 exerted
suppressive effects on cell growth and metastasis, which
were, however, counteracted by the overexpression of
PGK1 (Fig. 8f-h). These data imply that PGK1 triggers the
activation of MAPK/ERK in NSCLC.

PGK1 upregulates the expression of MCM4

To ascertain the key genes regulated by PGK1, we con-
ducted qRT-PCR on the same RNA samples to verify the
sequencing data. MCM4, MCM5, TOP2A, and PPT1
were selected based on their relative abundance, fold
change, and adjust p-value (Fig. 9a). In line with our
expectations, the knockdown of PGK1 notably reduced
mRNA levels of MCM4, MCM5, TOP2A, and PPT1
(Fig. 9b). Among these genes, MCM4 exhibited the
strongest positive correlation with PGK1 in NSCLC from
the TCGA database (Fig. 9c). The data obtained from
the TCGA, GENT2, and GEO databases confirmed that
MCM4 was highly expressed in NSCLC tissues (Fig. 9d-
f). Meanwhile, the results of survival analysis from GEO

Fig. 3 Knockdown of PGK1 suppresses NSCLC growth and metastasis. a The expression of PGKT mRNA was detected using gRT-PCR. b The
expression of PGK1 protein was analyzed through Western blotting. ¢ Cell proliferation was assessed via the CCK-8 assay. d The Colony formation
assay was utilized to evaluate the cell colony-forming ability. e The Transwell assay was employed to measure cell migration and invasion. f Flow
cytometry was conducted to examine cell cycle distribution. g Flow cytometry was performed to monitor cell apoptosis. h Representative images
of xenograft tumors in nude mice. i Assessment of the size and weight of xenograft tumors in nude mice. j Immunohistochemical examination

of PGK1 and Ki-67 expression in tumors dissected from nude mice. P<0.05, P<0.01,and "~ P<0.001



Tian et al. Biology Direct (2024) 19:1

Page 8 of 18

a === ShNC b AN 2 C ~ 25+ A549
m— ShPGK1-1 & & & = ShNC E o4 — shNC 17
c e ShPGK1-2 S & c 0877  mmm ghPGK1-1 8] — shPGK1-1 5
s 1.5 -% e ShPGK1-2 % 1-2 —o= shPGK1-2
2 S -
3 — ax -_— PGK1 2 =2
o . ~— o S 0.6- ok ok [ -
% (| ok 3 5 — |T| S 0.5
< 1.0 < .% — m [e] T T T T
z - D e = c/\PDH S 0 24 48 72 9%
4 2 0. 25 Time (h)
C g E 2'0_ — ShNC H1299
? 05+ o |w— e e |PGK1 & o] 3 ——  ShPGK1-1 ] s
° Q 2 $ 159 —— shPGK1-2
s I GAPDH 3 3 104
° = o= = ¢ 0.0- ‘é’ 0.5
0.0= A549 H1299 o T T T
A549 H1299 = ShNC 0 24 48 72 9
ShPGK1-1 Time (h)
hNC shPGK1-1 shPGK1-2 150 ck12 f A549
d = i o shPGK1-2 shNC shPGK1-1  shPGK1-2 & — GO/G1
g § 150 S
2 5 = m— G2IM
0 S 100 2 100
< @ 7
S S 50
9] Q<
s o
2 é 50 3 0 T
N 3 . .
g 2 8 Soe
0 SF
A549 H1299 H1299
A549 5 — GO/G1
[ — ShNg 11 c 150 = S
hNC hPGK1-1 shPGK1-2 400 === shPGK 8
ST ° i "“1 e ShPGK1-2 3 e G2IM
5 ——— £ 100
3 < 300 —— g .
2 2 ~ 2
2 | g 200 g 0
® ® 3 ec’p’\pﬂ’
=z N
S & 100 g . FOL
3 S8
c
- 0- shNC shPGK1-1 ShPGK1-2 — ShNC
2 Jorutoaes Gromasew| 2 Joruieas o1UR(1270%)| 2 JaruL s O1URET2%)|
Migration  Invasion N " ) m= shPGK1-1
H1299 ® s | ® e ; . m== ShPGK1-2
ShNC  shPGK1-1 shPGK1-2 ,;,— ShNC e / i £ g E 5
I 400 m— ShPGK1-1 2 # . o 4 3 £ ——
- = ShPGK1-2 & s S 8 50 o
o oruughsm arireons|  Jorumieso oureove|  Jorueszo | oumiosmo| m
= 5 300 e e CT N~
s ‘?‘—) Grurase| 2 Joruosen Grorasw| e Toruinasn QHURG 0% 'é 15
@ 3 200 s
> Q ® K P S 10
g c R e . 5
IS 8 . b i el ]
2 S 100 ! 5 ﬁt g 5
= o s B 8 o
301-LL91 48%) O1-LR(3.94%)| |01-LL(B4 38%) 01-LR(10.13%)| |01-LL(86.38%) orrE10%| QO
Migration  Invasion e L S o O A349  H1200
h Tl i shNC shPGK1-1 shPGK1-2
w Py EN
a -
shPCK1-1 @ & o g W ¢
shrek12 N @ P - o
e
0 1icm 2 3 4 5 6 77 8 !t
i o
049 ——
5 I r
e 203
£ 5 AR
2 T 02 %
3 4 shPGK1-2 shPGK1-2
2 g 01 & @
Z E shPGK1-1 ] , shPGK1-1 ] "
" "
5 0.0 shNC shNC
2
RN N
o 1 2 3 4 é‘Qo"*‘Qe"*‘ 0 10 20 30 40 50 0 10 20 30 40
Time (weeks) PN % PGK1 positive cells % Ki-67 positive cells

Fig. 3 (Seelegend on previous page.)



Tian et al. Biology Direct (2024) 19:1 Page 9 of 18

~ 3—
a == pEnter b ?}\\e‘ 5 \(\,\,0?’ m= pEnter Cc E —e— pEnter ]*
. —MPGK1-OE 9 Q o PGK1-OE 8 2- — poki-oe
c * ~
g - 1Pck1 2 — e
8 4 — 3 £ 08 —_ E
5 < " W |crpDH O S} T T T T
< 3 o, £ 0.6 0 24 48 72 9
% © s Time (h)
i s £ 3 H1299
& 2 ® PGK1 g 047 E —— pEnter :l*
A & g g 27
2 14 T - 2 024 g
s : g GAPDH 5 3
0= - — x 0.0- 9
A549 H1299 A549 H1299 o 24 48 72 9
Time (h)
== pEnter f PGK1-OE
pEnter PGK1-OE 950~ PGKI-OE A549 H1299
” N . - 9 150 — G0/G1 * 150 ] GO0/G1
8 o004 M M 3 < m— ——
S 2 ] m— G2M S m— G2/M
S 5o S 100 £ 100
3 £ 2
5 100 LRV B 2
B o 50 o 50
o o o) o [5]
T 0 I 8 0 8 0
A549 H1299 A < @ s @
‘ s Q/&@' RS Q/é@ RS
e T e o T
pEnter PGK1-OE ABAY g‘é’:ﬁr_OE < — <
; % 2 g E PGK1-OE o Asao
< 400 ™ pEnter - 3 10 —
.‘E '.E' 4 Q1-UL(6.36%) Q1-UR(3.05%) NE HQ1-ULB.51%) Q1-UR(1.51%). 8
2 o 300 . . £ 8
> S ., ®3 %y 3 6
P 5 D < <2 SR 2
< g 200 2% 54 ; £
5 2 < ¢ +] ' o 2
] O 100 g,
5 b o b
E " o1-LL@6.43% Q1-LR@AB%)| 301-(L(89.93%) Q1-LR2.05%) §
0 ot 1ot ot o7 o 0 00 W5
FITC-A FITC-A o

Migration Invasion
. === pEnter
pEnter PGK1-OE H1299 === PGK1-OE pEnter PGK1-OE

*
r 1 2 JoruLcees) o1-UR@Ts%| 2 JarulEssn

G1-UR(4.00%)

Migration

H1299
P

H1299
Cells per field

Q1-LLET.24%) Q1-LR(4.06%) Q1-LLET11%) Q1-LR(.02%)
T T T T i T T T
10t 108 10° 107 10¢ 10° 10° 107
0 FITC-A FITCA

Percentage of apoptotic cells (%)

; 5 Migration  Invasion
Fig. 4 Overexpression of PGK1 enhances NSCLC growth and metastasis. a The quantification of PGK1 mRNA was accomplished using gRT-PCR. b
The analysis of PGK1 protein expression was conducted via Western blotting. ¢ The evaluation of cell proliferation was performed utilizing the CCK-8
assay. d The assessment of cell colony-forming ability was executed through the utilization of the colony formation assay. e The measurement
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(See figure on next page.)

Fig.5 PGK1 interacts with and is O-GlcNAcylated by OGT. a The evaluation of OGT mRNA levels in both tumor and normal tissues of NSCLC
patients from the TCGA, GENT2, and GEO databases. b The detection of OGT mRNA expression was performed using gRT-PCR. ¢ The analysis of OGT
protein expression was conducted through Western blotting. d Co-IP was employed to investigate the interaction between PGK1 and OGT. e The
assessment of cell proliferation was accomplished by means of the CCK-8 assay. f The monitoring of cell colony-forming ability was executed using
the colony formation assay. g The measurement of cell migration and invasion was carried out utilizing the Transwell assay. 'P<0.05, “P<0.01,

and "'P<0.001
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Fig. 6 O-GlcNAcylation regulates PGK1 function. a The detection of O-GIcNAcylation levels was performed through immunoprecipitation. b-d

The impact of PGKT mutation on NSLCL cell growth, migration, and invasion was assessed using the CCK-8, colony formation, and Transwell assays,
respectively. @ An animal experiment was conducted to evaluate the effect of PGK1 mutation on tumor growth. f Immunohistochemical staining

of Ki-67 in xenograft tumors from the nude mice. g-i Cell growth, migration, and invasion in different groups were separately measured by the CCK-8,
colony formation, and Transwell assays. MUT, pcDNA3.1(+)-PGK1 wild-type plasmid; MUT, pcDNA3.1(+)- PGKT mutant plasmid. "P<0.05,P<001
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Fig. 7 miR-24-3p binds to and negatively modulates OGT expression. a Venn diagram depicting the intersection of predicted miRNAs targeting

OGT. b The relationship between OGT and miRNAs in NSCLC patients was examined via LinkedOmics analysis. € gqRT-PCR was employed to detect
OGT mRNA expression. d Western blotting was utilized to analyze OGT protein expression. e TargetScan was used to predict miR-24-3p binding sites
in the 3'-UTR of OGT mRNA. f Direct interaction between miR-24-3p and OGT was confirmed by the dual-luciferase reporter assay. g The assessment
of cell proliferation was accomplished via the CCK-8 assay. h The monitoring of cell colony-forming ability was executed using the colony formation
assay. i The measurement of cell migration and invasion was carried out utilizing the Transwell assay. P <0.05, 'P<0.01, and *P>0.05

(See figure on next page.)

Fig. 8 MAPK/ERK pathway is activated by PGK1. a The RNA-seq data was visualized using Volcano plots. b The Heatmap was generated
with the RNA-seq data. ¢ GO analysis of DEGs. d KEGG enrichment analysis of DEGs. e The ERK and p-ERK expression levels were detected
through the utilization of Western blotting. f The CCK-8 assay was employed to accomplish the assessment of cell proliferation. g The
execution of monitoring cell colony-forming ability was achieved by utilizing the colony formation assay. h The Transwell assay was utilized
for the measurement of cell migration and invasion. "P<0.05,"P<0.01
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and TCGA indicated that high expression of MCM4 was
associated with shorter overall survival (Additional file 2:
Figure S2). Thus, MCM4 was chosen for further study.
To validate the modulation of MCM4 by PGK1, Western
blotting analysis was conducted, revealing that MCM4
protein expression was suppressed in A549 and H1299
cells with PGK1 knockdown (Fig. 9g). To explore whether
MCM4 was involved in PGK1-mediated NSCLC progres-
sion, MCM4 expression was silenced by shRNA (Fig. 9h).
The functional experiments demonstrated that MCM4
silencing repressed cell proliferation, colony formation,
migration, and invasion (Fig. 9i-k). Additionally, the res-
toration of MCM4 expression abolished the inhibited
proliferation, colony formation, and invasion of NSCLC
cells that were caused by PGK1 knockdown (Fig. 10a-c).
It was noteworthy that the mutation of the PGK1 O-Glc-
NAcylation site could inhibit p-ERK and MCM4 levels in
A549 and H1299 cells (Fig. 10d). Therefore, MCM4 is a
crucial downstream target of PGK1 in NSCLC.

Discussion

Many tumors are known to be affected by PGK1. Never-
theless, the precise role of PGK1 in NSCLC remains elu-
sive. This study has confirmed the distinct upregulation
of PGK1 in NSCLC, which is a major contributor to poor
prognosis. Functionally, elevated expression of PGK1 is
necessary for NSCLC growth and metastasis. Mechanis-
tically, the miR-24-3p/OGT axis governs O-GlcNAcyla-
tion, which is indispensable for PGK1-mediated NSCLC
progression. Moreover, both ERK and MCM4 have been
identified as downstream targets of PGK1 (Fig. 10e). To
our knowledge, this is the first comprehensive report to
integrate multiple data from bioinformatics analyses, cel-
lular experiments, and nude mouse xenograft models, to
examine the oncogenic role of PGK1 in NSCLC.

NSCLC is a disease with high mortality and morbid-
ity, and altered glucose metabolism has been identified
as a distinguishing feature. Extensive documentation
has shown enhanced glucose absorption and heightened
glycolytic pathway activity in NSCLC [19, 20]. Conse-
quently, there is a growing emphasis on glycometabo-
lism-related enzymes. Although the canonical activities
of these enzymes are typically linked to the regulation of
carbohydrate and energy metabolism, certain enzymes

(See figure on next page.)
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have been discovered to possess non-canonical or non-
metabolic functions [21]. The dysregulated expression
of metabolic enzymes with such properties is pivotal in
controlling gene transcription, cell survival, DNA dam-
age repair, cell-cycle progression, and apoptosis [22—24].
Thus, comprehending the non-classical roles of glycome-
tabolism-related enzymes can offer valuable biomarkers
for tumor prognosis and treatment. According to a previ-
ous report, PGK1 serves not only as a metabolic enzyme
but also as an oncogene, contributing to tumorigenesis
and progression [4]. In this study, we primarily investi-
gated the non-metabolic function of PGK1 in NSCLC.
Our findings from multiple assays, including CCK-8, col-
ony formation, Transwell, and flow cytometry, revealed
that the knockdown of PGK1 inhibited NSCLC cell pro-
liferation, colony formation, migration, and invasion,
while inducing GO/G1 cell cycle arrest and apoptosis.
Additionally, tumorigenicity experiments displayed that
PGK1 knockdown suppressed tumor formation in nude
mice. Our results provide insight into the mechanisms
underlying NSCLC progression and highlight PGK1 as a
promising therapeutic target for NSCLC.

PGK1 undergoes diverse post-translational modifica-
tions that contribute to its multifaceted functions. For
example, acetylation of PGK1 initiates hypoxia-induced
autophagy and sustains tumor growth [25]. Phosphoryla-
tion of PGK1 enhances glycolysis by altering substrate
affinity, thereby promoting tumorigenesis [26]. When
PGK1 is ubiquitinated, the oncogenic AKT/mTOR path-
way is inactivated [27]. PGKI1 succinylation is capable
of influencing epileptic seizures [28]. O-GlcNAcylation
at T255 activates PGK1 and mediates its mitochondrial
translocation [8]. Notably, O-GlcNAcylation has gradu-
ally become a research hotspot in recent years. Numer-
ous diseases, including cardiovascular ailments, diabetes,
and cancers, have been linked to aberrant O-GlcNAcyla-
tion [13, 29]. In NSCLC, we identified PGK1 as a protein
that interacted with OGT and was O-GlcNAcylated.
The inhibition of PGK1 O-GlcNAcylation through OGT
silencing or T255 mutation could weaken PGK1-induced
malignant phenotypes in NSCLC cells. Based on the con-
firmation of the importance of OGT-mediated O-Glc-
NAcylation in the non-metabolic function of PGK, our
work delves further into the factors that modulate OGT

Fig. 9 MCM4 expression is upregulated by PGK1. a The ranking of differential gene expression was performed using RNA-seq data. b The detection
of mRNA expression for specific genes was accomplished through gRT-PCR. ¢ The examination of the correlation between PGK1 and chosen genes
was conducted by utilizing the TCGA database. d-f The assessment of MCM4 mRNA expression in NSCLC tissues was carried out via the utilization
of TCGA, GENT2, and GEO databases. g The Western blotting technique was employed to validate the protein expression of MCM4. h Analysis

of MCM4 expression by gRT-PCR and Western blotting. i-k The CCK-8, colony formation, and Transwell assays were utilized to independently
measure cell growth, migration, and invasion across different groups. 'P<0.05, 'P<0.01,and " P<0.001
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expression. It is widely acknowledged that gene expres-
sion is subject to regulation by various mechanisms, such
as non-coding RNAs, alternative splicing, DNA methyla-
tion, histone acetylation, and transcriptional initiation.
Previous studies have suggested that certain miRNAs can
regulate OGT expression [30, 31]. According to our find-
ings, decreased miR-24-3p acted as a pivotal modulator
in maintaining OGT abundance. Thus, we have reason to
believe that a low miR-24-3p level leads to an increase in
OGT expression, thereby facilitating the O-GlcNAcyla-
tion of PGK1, ultimately resulting in the manifestation
of its non-metabolic function. However, the correlation
between O-GlcNAcylation and the non-canonical func-
tion of PGK1 warrants thorough investigation.

PGK1 exhibits oncogenic properties by affecting mul-
tiple signaling pathways and effector molecules. For

instance, the relationship between PGK1 and CXCR4/
CXCL12/B-catenin has been established in gastric can-
cer and hepatocellular carcinoma [32, 33]. PGK1 has
been linked to AKT phosphorylation in oral squamous
cell carcinoma [27]. In liver cancer, PGK1 suppresses cell
death through modulation of PRAS40, while in colon
cancer, it upregulates the expression of EGR1, a metas-
tasis-related factor [9, 34]. In this investigation, we found
that the malignant progression of NSCLC was facilitated
by PGK1 through the activation of ERK. The findings are
consistent with a prior study showing PGK1 positively
regulates ERK [5]. MCM4, an essential member of the
minichromosomal maintenance protein family, has been
shown to play a crucial role in numerous human cancers,
particularly in NSCLC [35, 36]. Here, we demonstrated
that high levels of MCM4 were positively related to the
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malignant phenotypes of NSCLC cells. Meanwhile, PGK1
modulated MCM4 expression, leading to its upregulation
in NSCLC. Our study uncovers novel regulatory mecha-
nisms underlying ERK pathway activation and MCM4
upregulation in NSLCL. However, further investigation is
required to fully elucidate the intricate interplay between
PGK1, ERK, and MCM4.

Conclusions

Our findings suggest that PGK1 acts as an oncogene in
NSCLC, with its function dependent on the miR-24-3p/
OGT axis mediated-O-GlcNAcylation. PGK1 promotes
NSCLC progression by activating ERK and upregulating
MCM4. In-depth research on PGK1 may offer a novel
and promising treatment for NSCLC.

Abbreviations

PGK1 Phosphoglycerate kinase 1
NSCLC Non-small cell lung cancer
TCGA The Cancer Genome Atlas
GEO Gene Expression Omnibus

GENT2 Gene Expression Database of Normal and Tumor tissues 2
GTEx Genotype-Tissue Expression

CELE Cancer Cell Line Encyclopedia

HPA Human Protein Atlas

CPTAC Clinical Proteomic Tumor Analysis Consortium

OGT O-GIcNAC transferase

MCM4 Minichromosome maintenance complex component 4
gRT-PCR  Quantitative real-time PCR

CCK-8 Cell Counting Kit-8

Co-IP Co-immunoprecipitation

DEGs Differentially expressed genes

GO Gene Ontology
KEGG Kyoto Encyclopedia of Genes and Genomes
3"-UTR 3'-Untranslated region

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513062-023-00448-9.

Additional file1: Kaplan-Meier curves for all NSCLC patients based on
OGT expression from the TCGA and GEO databases.

Additional file2: Kaplan-Meier curves for all NSCLC patients based on
MCM4 expression from the TCGA and GEO databases.

Additional file3: Sequences of shRNAs
Additional file4: Primer sequences for gRT-PCR

Additional file5: Associations between PGK1 expression and clinico-
pathological parameters in NSCLC

Additional file6: Multivariate Cox regression analyses of overall survival in
patients with NSCLC

Additional file7: Differentially expressed genes identified by RNA-seq

Acknowledgements
Not applicable.

Author contributions
All authors contributed to the study conception and design. Material prepara-
tion, data collection, and analysis were performed by TT, YL, XD, QR, JL, TL, YL,

Page 17 of 18

WEF, SL, and YZ. The first draft of this manuscript was written by HZ and LS. All
authors read and approved the final manuscript.

Funding

This work was supported by the Natural Science Foundation of Hubei Prov-
ince (N0.2022CFB491), the Advantages Discipline Group (Medicine) Project in
Higher Education of Hubei Province (2021-2025) (N0.2022XKQT2), the Central
Guidance on Local Science and Technology Development Fund of Hubei
Province (N0.2022BGE270), the Immunoradiotherapy research fund project of
Chinese Medical Association Radiation Oncology Branch (No.Z-2017-24-2108),
the Foundation for Free Exploration of Hubei University of Medicine (No.
FDFR201802), and the Innovation Project for graduates of the Hubei University
of Medicine (NO. JC2022013 and JC2022016).

Availability of data and materials
All data generated or analyzed during this study are included in this published
article.

Declarations

Ethics approval and consent to participate
All experiments involving the use of animals were approved by the Institu-
tional Animal Care and Use Committee of the Hubei University of Medicine.

Consent for publication
Not applicable.

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

Author details

1Departmeh‘[ of Biochemistry, School of Basic Medicine, Hubei University

of Medicine, Shiyan 442000, Hubei, China. 2Department of Clinical Oncology,
Taihe Hospital, Hubei University of Medicine, Shiyan 442000, Hubei, China.

Received: 26 September 2023 Accepted: 19 December 2023
Published online: 02 January 2024

References

1. XuJ, ZhouW,Yang F, Chen G, Li H, Zhao Y, et al. The beta-TrCP-FBXW2-
SKP2 axis regulates lung cancer cell growth with FBXW?2 acting as a
tumour suppressor. Nat Commun. 2017;8:14002.

2. DongX, LiuY,Deng X, Shao J,Tian S, Chen S, et al. C1GALT1, negatively
regulated by miR-181d-5p, promotes tumor progression via upregulating
RACT in lung adenocarcinoma. Front Cell Dev Biol. 2021;9: 707970.

3. LiuX SunC, ZouK, Li C, Chen X, Gu H, et al. Novel PGK1 determines
SKP2-dependent AR stability and reprograms granular cell glucose
metabolism facilitating ovulation dysfunction. EBioMedicine. 2020,61:
103058.

4. FuQ Yu Z Phosphoglycerate kinase 1 (PGK1) in cancer: A promising
target for diagnosis and therapy. Life Sci. 2020;256: 117863.

5. HeY,Wang X, LuW, Zhang D, Huang L, Luo Y, et al. PGK1 contributes to
tumorigenesis and sorafenib resistance of renal clear cell carcinoma via
activating CXCR4/ERK signaling pathway and accelerating glycolysis. Cell
Death Dis. 2022;13:118.

6. Gou R, HuY,LiuO,DongH, Gao L, Wang S, et al. PGK1 is a key target for
anti-glycolytic therapy of ovarian cancer: based on the comprehensive
analysis of glycolysis-related genes. Front Oncol. 2021;11: 682461.

7. LiY,WangS, Zhang X, Yang R, Wei X, Yan R, et al. Expression characteristics
and significant prognostic values of PGK1 in breast cancer. Front Mol
Biosci. 2021;8: 695420.

8. NieH, JuH, Fan J, Shi X, Cheng Y, Cang X, et al. O-GIcNAcylation of PGK1
coordinates glycolysis and TCA cycle to promote tumor growth. Nat
Commun. 2020;11:36.

9. ZhangT,WangY,YuH, Zhang T, Guo L, Xu J, et al. PGK1 represses
autophagy-mediated cell death to promote the proliferation of liver
cancer cells by phosphorylating PRAS40. Cell Death Dis. 2022;13:68.


https://doi.org/10.1186/s13062-023-00448-9
https://doi.org/10.1186/s13062-023-00448-9

Tian et al. Biology Direct (2024) 19:1

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

Yang Y, CuiH, Li D, Gao Y, Chen L, Zhou C, et al. Prognosis and immu-
nological characteristics of PGK1 in lung adenocarcinoma: a systematic
analysis. Cancers (Basel). 2022;14:5228.

. Chang YC, Chan MH, Li CH, Yang CJ, Tseng YW, Tsai HF, et al. Metabolic

protein phosphoglycerate kinase 1 confers lung cancer migration by
directly binding HIV Tat specific factor 1. Cell Death Discov. 2021;7:135.
Ma J, Wu C, Hart GW. Analytical and biochemical perspectives of protein
O-GlcNAcylation. Chem Rev. 2021;121:1513-81.

ShiQ, Shen Q, LiuY, ShiY, Huang W, Wang X, et al. Increased glucose
metabolism in TAMs fuels O-GIcNAcylation of lysosomal Cathepsin

B to promote cancer metastasis and chemoresistance. Cancer Cell.
2022;40:1207-22.

Zhu'Y, Hart GW. Targeting O-GlcNAcylation to develop novel therapeu-
tics. Mol Aspects Med. 2021;79: 100885.

Hu Q TianT, Leng YH, Tang YH, Chen S, Lv YY, et al. The O-glycosylating
enzyme GALNT2 acts as an oncogenic driver in non-small cell lung
cancer. Cell Mol Biol Lett. 2022;27:71.

Dong X, Chen C, Deng X, LiuY, Duan Q, Peng Z, et al. A novel mechanism
for CIGALTT in the regulation of gastric cancer progression. Cell Biosci.
2021;11:166.

Shen L, Xia M, Deng XZ, Ke Q, Zhang CY, Peng F, et al. A lectin-based
glycomic approach identifies FUT8 as a driver of radioresistance in
oesophageal squamous cell carcinoma. Cell Oncol. 2020;43:695-707.

Yu Z, Ouyang L. Identification of prognosis-related hub genes of ovarian
cancer through bioinformatics analyses and experimental verification.
Medicine (Baltimore). 2022;101: e30374.

Vanhove K, Derveaux E, Graulus GJ, Mesotten L, Thomeer M, Noben JP,
et al. Glutamine addiction and therapeutic strategies in lung cancer. Int J
Mol Sci. 2019;20:252.

Chen PH, Cai L, Huffman K, Yang C, Kim J, Faubert B, et al. Metabolic diver-
sity in human non-small cell lung cancer cells. Mol Cell. 2019;76:838-51.
Liu P, Sun SJ, AiYJ, Feng X, Zheng YM, Gao Y, et al. Elevated nuclear locali-
zation of glycolytic enzyme TPI1 promotes lung adenocarcinoma and
enhances chemoresistance. Cell Death Dis. 2022;13:205.

Xu D, Shao F, Bian X, Meng Y, Liang T, Lu Z. The evolving landscape of
noncanonical functions of metabolic enzymes in cancer and other
pathologies. Cell Metab. 2021;33:33-50.

Lu S, Wang Y. Nonmetabolic functions of metabolic enzymes in cancer
development. Cancer Commun (Lond). 2018;38:63.

Jiang J, Peng L, Wang K, Huang C. Moonlighting metabolic enzymes

in cancer: new perspectives on the redox code. Antioxid Redox Signal.
2021;34:979-1003.

Feng X, Zhang H, Meng L, Song H, Zhou Q, Qu C, et al. Hypoxia-induced
acetylation of PAKT enhances autophagy and promotes brain tumorigen-
esis via phosphorylating ATG5. Autophagy. 2021;17:723-42.

Zhang Y, Yu G, Chu H, Wang X, Xiong L, Cai G, et al. Macrophage-associ-
ated PGK1 phosphorylation promotes aerobic glycolysis and tumorigen-
esis. Mol Cell. 2018;71:201-15.

Jiang Q, Wang Z, Qi Q, Li J, Xin Y, Qiu J. INncRNA SNHG26 promoted the
growth, metastasis, and cisplatin resistance of tongue squamous cell
carcinoma through PGK1/Akt/mTOR signal pathway. Mol Ther Oncolytics.
2022,24:355-70.

LuoY,Yang J, Zhang L, Tai Z, Huang H, Zhang H, et al. PGK1 succinyla-
tion modulates epileptic seizures and the blood-brain barrier. Exp Anim.
2023;72:475-89.

Yu F, Zhang Q, Liu H, Liu J, Yang S, Luo X, et al. Dynamic O-GIcNAcylation
coordinates ferritinophagy and mitophagy to activate ferroptosis. Cell
Discov. 2022;8:40.

Yan W, Cao M, Ruan X, Jiang L, Lee S, Lemanek A, et al. Cancer-cell-
secreted miR-122 suppresses O-GlcNAcylation to promote skeletal
muscle proteolysis. Nat Cell Biol. 2022,24:793-804.

Huang W, Chen L, Zhu K, Wang D. Oncogenic microRNA-181d binding
to OGT contributes to resistance of ovarian cancer cells to cisplatin. Cell
Death Discov. 2021;7:379.

Zieker D, Konigsrainer I, Tritschler |, Loffler M, Beckert S, Traub F, et al.
Phosphoglycerate kinase 1 a promoting enzyme for peritoneal dissemi-
nation in gastric cancer. Int J Cancer. 2010;126:1513-20.

Ai J,Huang H, Lv X, Tang Z, Chen M, Chen T, et al. FLNA and PGK1 are
two potential markers for progression in hepatocellular carcinoma. Cell
Physiol Biochem. 2011;27:207-16.

Page 18 of 18

34. Ahmad SS, Glatzle J, Bajaeifer K, Buhler S, Lehmann T, Konigsrainer |, et al.
Phosphoglycerate kinase 1 as a promoter of metastasis in colon cancer.
Int J Oncol. 2013;43:586-90.

35. Huang C, Lei C, Pan B, Fang S, Chen Y, Cao W, et al. Potential prospective
biomarkers for non-small cell lung cancer: mini-chromosome mainte-
nance proteins. Front Genet. 2021;12: 587017.

36. XuY,Yang X, SiT,YuH, LiY, Xing W, et al. MCM4 in human hepatocellular
carcinoma: a potent prognostic factor associated with cell proliferation.
Biosci Trends. 2021;15:100-6.

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

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	The oncogenic role and regulatory mechanism of PGK1 in human non-small cell lung cancer
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Bioinformatics and microarray analyses

	Cell culture and transfection
	Quantitative real-time PCR (qRT-PCR) and Western blotting
	Detection of cell proliferation, migration, and invasion
	Flow cytometry
	Xenograft model
	Co-immunoprecipitation (Co-IP)
	Luciferase assay
	RNA-seq
	Statistical analysis
	Results
	PGK1 is overexpressed in NSCLC

	PGK1 overexpression in NSCLC predicts poor prognosis
	PGK1 promotes NSCLC growth and metastasis both in vitro and in vivo
	OGT-mediated O-GlcNAcylation is essential for PGK1-driven NSCLC progression
	OGT expression is negatively controlled by miR-24-3p
	PGK1 activates the MAPKERK pathway
	PGK1 upregulates the expression of MCM4
	Discussion
	Conclusions
	Anchor 29
	Acknowledgements
	References


