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Abstract: P4HA2 is one of collagen prolyl 4-hydroxylase (P4H) isoform and increased in several types of human 
cancer. However, the role of P4HA2 during cervical tumorigenesis remains largely unknown. Here, we report that 
the protein level of P4HA2 is significantly increased in cervical cancer tissues. Silencing of P4HA2 inhibits cervical 
cancer cell proliferation, colony formation and migration. We also demonstrate decreased glucose uptake and lac-
tate production in P4HA2 knockdown cells. Mechanistically, P4HA2 promotes cervical cancer cell glycolysis through 
upregulation of PGK1 and LDHA. We find a positive correlation between P4HA2 and PGK1/LDHA expression in 
cervical cancer tissues. Importantly, high expression of P4HA2, PGK1 or LDHA has a significantly shorter overall 
survival period and the survival prediction is enhanced by using combination of P4HA2 and PGK1/LDHA expression. 
Collectively, we identify P4HA2 as a regulator of glycolysis through PGK1 and LDHA, which may serve as a potential 
therapeutic target for cervical cancer.
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Introduction

Cervical cancer is one of the most common 
gynecological malignancies with an estimated 
global incidence of 570,000 cases and nearly 
311,000 deaths in 2018 [1]. Advanced and 
recurrent cervical cancer is generally consid-
ered incurable, and the current therapeutic op- 
tions show limited effectiveness. Thus, there is 
an urgent need for identifying valuable predic-
tive biomarkers and developing novel effective 
therapeutic strategies for cervical cancer.

Mounting evidence has demonstrated that re- 
programmed energy metabolism, an emerging 
hallmark of cancer, facilitates cell growth and 
proliferation [2]. Cancer cells preferentially uti-
lize glucose for energy production and have 
higher rates of glycolysis followed by lactic acid 
fermentation under conditions of normal oxy-
gen tension, which is referred to as the Warburg 
effect [3]. Previous studies have shown that 

proliferation and therapeutic resistance of cer-
vical cancer cells are partially dependent on 
their glycolytic phenotype and several enzymes 
of the glycolytic pathway have been identified 
as potential therapeutic targets [4-8]. There- 
fore, targeting the glycolytic pathway is a prom-
ising strategy to suppress cervical cancer pro- 
gression.

Increased collagen deposition is associated 
with cervical cancer progression and poor pa- 
tient survival [9, 10]. Collagen prolyl 4-hydroxy-
lase (P4H) catalyzes the hydroxylation of proline 
to promote the formation of collagen triple helix 
[11]. Prolyl 4-hydroxylase subunit α2 (P4- 
HA2) is a type of P4H isoform, which is increased 
in several tumors, including hepatocellular car-
cinoma [12], breast cancer [13, 14], lymphoma 
[15], oral carcinoma [16] and papillary thyroid 
cancer [17]. However, the significance of P4HA2 
in tumorigenicity and glycolysis of cervical can-
cer remains largely unknown.

http://www.ajtr.org
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In this research, we aim to explore the role of 
P4HA2 on the biological behavior of cervical 
cancer. Our study reveals that the protein level 
of P4HA2 is significantly increased in cervical 
cancer tissues and P4HA2 is a predictor of poor 
patient outcome. Silencing P4HA2 inhibits ma- 
lignant behavior and glycolysis of cervical can-
cer cells. Moreover, we have also identified a 
link between P4HA2 and two glycolytic enzymes 
(PGK1 and LDHA). Our finding provides a novel 
perspective on how P4HA2 promotes cervical 
cancer and indicates that P4HA2 could serve 
as a potential therapeutic target.

Materials and methods

Human tissue microarray and immunohisto-
chemical analysis

Paired tumor and adjacent non-tumor paraffin 
tissue microarrays of cervical cancer were pur-
chased from Shanghai Zuocheng Biotech 
(Shanghai, China). Immunohistochemical (IHC) 
analysis was performed as previously reported 
[18]. The protein levels of P4HA2, PGK1 and 
LDHA were assessed using a semiquantitative 
method, as previously described [18].

Cell lines

The cervical cancer cell lines Hela and SiHa 
were purchased from the American Type Cul- 
ture Collection (ATCC). The cells were main-
tained in Dulbecco’s modified Eagle’s medium 
(DMEM; high glucose, Invitrogen) with 10% fetal 
bovine serum (FBS, HyClone) and 1% penicillin/
streptomycin in a humidified atmosphere of 5% 
CO2 at 37°C. 

Reagents 

P4HA2 rabbit polyclonal antibody (13759-1-
AP), PGK1 rabbit polyclonal antibody (17811-1-
AP), LDHA rabbit polyclonal antibody (21799-1-
AP), GAPDH rabbit polyclonal antibody (10494-
1-AP) and secondary antibodies were pur-
chased from Proteintech (Wuhan, China). MTT 
Cell Proliferation and Cytotoxicity Assay Kit 
(C0009) were obtained from Beyotime Bio- 
technology (Shanghai, China). Transwell® Po- 
lycarbonate Membrane (#3422) was obtained 
from Corning (New York, USA).

Bioinformatics analysis

The Gene Expression Omnibus (GEO) databa- 
se and the Oncomine database (https://www.

oncomine.org/) were used to compare the 
mRNA expression of P4HA1, P4HA2 and P4HA3 
in normal cervix tissues and cervical cancer tis-
sues. The cBioPortal (http://www.cbioportal.
org/) was used to investigate the correlation of 
P4HA2 expression with collagen-related gene 
and glycolysis-related gene expression in Cer- 
vical Squamous Cell Carcinoma and Endo- 
cervical Adenocarcinoma (TCGA, Provisional) 
database [19, 20]. GSE7410 compared the 
mRNA expression of three P4H isoforms 
(P4HA1, P4HA2 and P4HA3) in 21 cervical can-
cer patients without lymph node metastasis 
and 19 patients with lymph node metastasis. 
GSE75034 (GPL6884) compared the mRNA 
expression of P4HA2 in 73 cervical cancer 
samples with low hypoxia score and 77 cervical 
cancer samples with high hypoxia score. 
GSE75034 (GPL10558) also compared the 
mRNA expression of P4HA2 in several cervical 
cancer cell lines exposed to normoxic (95% air) 
and hypoxic (0.2% O2) condition. Biological pro-
cesses related to the activities of P4HA2 in cer-
vical cancer were evaluated by GSEA v3.0 soft-
ware [21]. Processing of the data was accord-
ing to the guidelines of these databases.

Kaplan-meier plotter

Kaplan-Meier curves were created using the 
online Kaplan-Meier Plotter website (http://
kmplot.com/analysis/) to analyze the prognos-
tic values of P4HA2, PGK1 and LDHA expres-
sion in 304 patients with cervical cancer [22]. 

MTT assay

Exponentially growing cells were seeded in 
96-well plates at 2,000 cells per well and incu-
bated for 72 hours. 10 μl MTT solution (10 mg/
ml MTT in PBS) was added to each well, and the 
cells were incubated for another 4 hours at 
37°C. Subsequently, 200 μl dimethyl sulfoxide 
(DMSO) was added to dissolve the crystals. 
Then the absorbance values were measured at 
a wavelength of 490 nm using microplate spec-
trophotometry. Each experiment was carried 
out at least three repeats.

Colony-formation assay 

The transfected cells were seeded in 12-well 
plates at an initial cell density of 1,000 cells 
per well. The medium was changed at 3-day 
intervals. After 10-14 days, the cells were wa- 
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shed with PBS, fixed with 4% paraformaldehyde 
for 30 minutes, stained with crystal violet for 
30 minutes at room temperature, and counted 
under a microscope. Each experiment was car-
ried out at least three repeats.

Cell migration assay

The transfected cells were inoculated on top of 
Transwell chambers at an initial cell density of 
20,000 cells per chamber after incubated in 
serum-free medium for 24 hours. Medium was 
supplemented with serum-free DMEM medium 
in the upper chamber, and the lower chamber 
was filled with 10% FBS as a chemoattractant. 
After incubation for 24 hours, cells on the lower 
side were fixed with 4% paraformaldehyde for 
20 minutes, stained with crystal violet for 20 
minutes. Chambers were photographed after 
washing and drying. Each experiment was car-
ried out at least three repeats.

Wound-healing assay

The transfected cells were plated in 6-well 
plates at an initial cell density of 1×105 cells per 
well. On the second day after plating, the cells 
had covered >90% of the bottom of the plates 
as a monolayer, and a pipette tip was used to 
scratch the monolayer across the center of the 
well. After scratching, the plates were replen-
ished with fresh medium and photos taken at 0 
hour were used as the control. Then the plates 
were placed in a 37°C, 5% CO2 incubator for 
additional 24 hours and photos were captured.

Plasmid, siRNA and transduction

Flag-P4HA2 plasmid was generated by PCR 
amplification of sequences obtained from a 
Hela cell cDNA library and cloned into a pc- 
DNA3.1 vector. The following primers were us- 
ed to generate the P4HA2 plasmids: forward 
(5’-CGGGATCCATGAAACTCTGGGTGTCTGC-3’) 
and reverse (5’-CCGCTCGAGTCAGTCAACTTCT- 
GTTGATC-3’). The following oligonucleotide ag- 
ainst genes were used: siRNA against P4HA2-1# 
(5’-CGAGATACTTTCAAGCATTTA-3’), siRNA again- 
st P4HA2-2# (5’-GCGGTACTTTGAGCAGTTATT-3’), 
siRNA against PGK1 (5’-CAAATGGAACACGGA- 
GGATAA-3’) and siRNA against LDHA (5’-CC- 
GAACTGCAAGTTGCTTATT-3’). Transfection was 
performed using Lipofectamine 2000 reagent 
(Invitrogen, USA) according to the manufactur-
er’s recommendations. 

Real-time quantitative PCR and western blot-
ting

Total RNA was isolated from cells using TRIzol 
reagent (Invitrogen, USA) according to the man-
ufacturer’s protocol. RT-qPCR was carried out 
by CFX Real-Time PCR Detection System (Bio-
Rad) using SYBR qPCR Master Mix (TOYOBO). 
The following primer sequences were used: 
P4HA2, sense strand 5’-AGTACCAGGCAATGC- 
TGAGT-3’, antisense strand 5’-CCTCTTCTGTC- 
TACGGGGTG-3’; PGK1, sense strand 5’-GAAC- 
AAGGTTAAAGCCGAGCC-3’, antisense strand 5’- 
GTGGCAGATTGACTCCTACCA-3’; LDHA, sense 
strand 5’-ATTTGGTCCAGCGTAACGTG-3’ and an- 
tisense strand 5’-TGTCCCAAAATGCAAGGAACA- 
3’; β-actin, sense strand 5’-CATGTACGTTGCTAT- 
CCAGGC-3’ and antisense strand 5’-CTCCTTA- 
ATGTCACGCACGAT-3’. All reactions were per-
formed in three repeats. Western blot analysis 
was performed as previously described [18]. 

Measurement of glucose uptake

The glucose analog 2-deoxyglucose (2-DG) 
uptake was estimated in a 96-well plate by 
Glucose Uptake Colorimetric Assay Kit (ab- 
136955, Abcam, Cambridge, MA, USA). Briefly, 
2,000 cells were cultured in serum free medi-
um overnight. Then the cells were incubated 
with 100 µl Krebs-Ringer-Phosphate-HEPES 
(KRPH) buffer containing 2% BSA at 37°C for 
40 minutes. 2-DG was added to the plate for 20 
minutes to simulate glucose uptake in cells. 
Recycling amplification reaction method was 
used to measure the NADPH levels and glucose 
uptake was estimated based on 2-DG uptake. 
Samples were measured at wavelength 412 
nm using a kinetic plate reader. Results were 
normalized by the protein content with a BCA 
protein assay kit in each assay. Each experi-
ment was carried out at least three repeats.

Measurement of lactate production

Lactate production was measured using L-La- 
ctate Assay kit (ab65331, Abcam, Cambridge, 
MA, USA). Briefly, 2×106 cells were resuspend-
ed in lactate assay buffer and the supernatant 
was collected. Then the reaction mix buffer was 
added according to the manufacturer’s proto-
col. Samples were measured at wavelength 
450 nm using a microplate reader. Lactate pro-
duction was calculated with formula provided 
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by the manufacturer. Each experiment was car-
ried out at least three repeats.

Statistical analysis

GraphPad Prism (Version 6.01, GraphPad So- 
ftware, Inc., USA) was used for all statistical 
analyses. The data in current study were pre-
sented as mean ± SD. Student’s t tests were 
used to determine statistical significance be- 
tween experimental groups. The significance of 
the relationship between P4HA2 and collagen-
related or glycolysis-related gene expression 
was determined using the Pearson correlation 
coefficient. Significant differences in overall 
survival (OS) time were assessed with the Cox 
proportional hazard (log-rank) test. P-value 
<0.05 was considered significant. 

Results

Increased expression of P4HA2 in cervical 
cancer

In order to address the role of P4HA2 in cervi-
cal cancer, we compared the expression of 
P4HA2 in normal cervix and cervical cancer 
from the Oncomine database. It revealed that 
the mRNA expression of P4HA2 in cervical can-
cer was higher than that in normal cervical tis-
sues (Figure 1A). Immunohistochemistry analy-
sis using the tissue microarray (including 62 
paired cervical cancer and adjacent normal 
cervical tissues) showed that the protein level 
of P4HA2 was significantly upregulated in cervi-
cal cancer compared to adjacent normal tis-
sues (Figure 1B and 1C). According to GSE7410 
database, P4HA2 expression was also signifi-
cantly upregulated in cervical cancer with 
lymph node metastasis, compared to cervical 
cancer without lymph node metastasis (Figure 
1D). Although the expression of the other P4H 
isoform P4HA1 was increased in cervical can-
cer (Figure S1A), there was no difference in cer-
vical cancer with and without lymph node 
metastasis (Figure S1B). Hypoxia has been 
reported to induce the expression of P4HA2 
[23]. In this study, we confirmed that P4HA2 
mRNA expression was elevated in hypoxic con-
ditions of cervical cancer cell lines (GSE75034/
GPL10558, Figure S1C) and upregulated in cer-
vical cancer patients with high degree of hypox-
ia score (GSE75034/GPL6884, Figure S1D). 
Moreover, Kaplan-Meier log rank analysis sh- 
owed significant correlation between high ex- 

pression of P4HA2 and poor OS in cervical can-
cer patients (Figure 1E).

The effect of P4HA2 on cervical cancer cell 
malignant behavior

To examine the function of P4HA2 in cervical 
cancer, we silenced P4HA2 expression in a 
panel of cervical cancer cell lines (Hela and 
SiHa) with two different siRNAs (siP4HA2-1# 
and siP4HA2-2#). Cell proliferation was exam-
ined by MTT and colony formation assay. After 
silencing P4HA2, the growth of Hela and SiHa 
cell was significantly decreased (Figure 2A). 
Similarly, significant reduction in the number of 
colonies of Hela and SiHa cell transfected with 
P4HA2 siRNA was also observed (Figure 2B). 
Transwell and wound healing assays further 
demonstrated that knockdown of P4HA2 sig-
nificantly reduced cervical cancer cell migra-
tion (Figure 2C and 2D). Moreover, the expres-
sions of collagen deposition related genes 
(Col1A1, Col4A1, Col4A5, Col5A1, Col5A2 and 
Col7A1) were significantly correlated with P4- 
HA2 in cervical cancer cohort from TCGA (Figure 
S2). These findings indicate that the develop-
ment and progression of cervical cancer is 
accompanied by P4HA2.

Knockdown of P4HA2 inhibits glycolysis in cer-
vical cancer cells

To characterize the function of P4HA2 in gly-
colysis, GSEA analysis was performed using 
TCGA data for 309 samples from cervical can-
cer. Gene sets of HALLMARK_GLYCOLYSIS 
(NES=2.074, P<0.01), REACTOME_GLYCOLYSIS 
(NES=2.397, P<0.01) and MOOTHA_GLYCOLY- 
SIS (NES=1.996, P<0.01) were highly enriched 
in P4HA2-high expression group (Figure 3A). It 
reveals that the expression of P4HA2 is posi-
tively correlated with gene expression signa-
tures involved in response to glycolysis. Then 
we detected decreased glucose uptake and 
lactate production in P4HA2 knockdown Hela 
and SiHa cells (Figure 3B and 3C). These re- 
sults indicate that P4HA2 affects cervical can-
cer cell glycolysis.

P4HA2 promotes glycolysis through PGK1 and 
LDHA

To figure out the mechanism of P4HA2 involved 
in glycolysis, we analyzed correlation between 
the expression of P4HA2 and glycolysis-related 
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genes in the TCGA cervical cancer dataset. As 
shown in Figure 4A, P4HA2 expression was po- 
sitively correlated with glycolysis-related genes 
(PGK1, LDHA, PKM2, ENO1, PFKFB4, ALODA, 
PFKP and PFKFB3). Then we tried to investi-
gate whether P4HA2-enhanced glycolysis in 
cervical cancer was dependent upon top two 
related genes PGK1 and LDHA. A real-time PCR 
analysis showed that knockdown of P4HA2 
reduced PGK1 and LDHA mRNA levels (Figures 
4B, S3A), whereas overexpression of P4HA2 
had the opposite effect (Figure 4C). We also 
found that PGK1 and LDHA protein levels were 
reduced in P4HA2-silenced cells (Figure S3B). 
To complement loss-of-function studies, Hela 
and SiHa cells were transfected with P4HA2 
expression plasmid or with a control empty vec-
tor. Overexpression of P4HA2 increased glu-
cose uptake and lactate level, whereas knock-
down of PGK1 or LDHA significantly reduced 
glucose uptake and lactate level induced by 
P4HA2 (Figure 4D-G). These findings suggest 
that P4HA2 promotes cervical cancer cell gly-
colysis through PGK1 and LDHA.

Association of P4HA2 expression with PGK1/
LDHA expression in cervical cancer

To further evaluate the relationship among 
P4HA2, PGK1 and LDHA in cervical cancer tis-
sues, IHC analysis were performed. We ob- 
served that the protein level of P4HA2 was pos-
itively correlated with PGK1 at a statistically 
significant level (R2=0.1581, P=0.0014; Figure 
5A and 5B). Similar results were obtained bet- 
ween P4HA2 and LDHA (R2=0.1254, P=0.0048; 
Figure 5A and 5C). These data verify the asso-
ciation of P4HA2 expression with PGK1 and 
LDHA expression from clinical evidence.

Increased P4HA2/PGK1/LDHA expression is 
associated with poor survival in cervical can-
cer patients

To emphasize the prognostic role of P4HA2-
induced glycolysis in cervical cancer patients, 
the online Kaplan-Meier Plotter website was 
used to analyze the prognostic values of P4- 
HA2, PGK1 and LDHA expression in 304 pa- 

Figure 1. Increased expression of P4HA2 in cervical cancer. A. Analysis of P4HA2 expression in normal cervix and 
cervical cancer from GSE6791 dataset available at Oncomine (https://www.oncomine.org/), *P<0.05. B. Immuno-
histochemistry analysis of P4HA2 protein in cervical cancer and adjacent normal tissues. Scale bar =50 μm. C. IHC 
score of PAHA2 in cervical cancer and adjacent normal tissues, *P<0.05. D. P4HA2 mRNA expression in cervical 
cancer with and without lymph node metastasis from GSE7410 dataset, *P<0.05. E. Kaplan-Meier log rank analysis 
in cervical cancer patients with low or high P4HA2 levels from TCGA database, *P<0.01. ANT, adjacent normal tis-
sue; LN, lymph node.
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Figure 2. The effect of P4HA2 on cervical cancer cell malignant behavior. A. Cell viability of P4HA2-silenced Hela and SiHa cells with two different siRNAs, *P<0.05 
versus siNC group. B. Colony formation was examined in Hela and SiHa cells from siNC, siP4HA2-1# and siP4HA2-2# groups, *P<0.05 versus siNC group. C. Transwell 
migration assay in Hela and SiHa cells from siNC, siP4HA2-1# and siP4HA2-2# groups. The number of cells per field was counted, *P<0.05 versus siNC group. D. 
Wound healing assay in Hela and SiHa cells from siNC, siP4HA2-1# and siP4HA2-2# groups, *P<0.05 versus siNC group.
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Figure 3. Knockdown of P4HA2 inhibits glycolysis in cervical cancer cells. A. Gene sets enrichment analysis showed that the gene set of HALLMARK_GLYCOLYSIS, 
REACTOME_GLYCOLYSIS and MOOTHA_GLYCOLYSIS were enriched in the P4HA2-high group from cervical cancer samples. NES, normalized enrichment score; FDR, 
false discovery rate. B. Glucose uptake in Hela and SiHa cells from siNC, siP4HA2-1# and siP4HA2-2# groups, *P<0.05 versus siNC group. C. Lactate production in 
Hela and SiHa cells from siNC, siP4HA2-1# and siP4HA2-2# groups, *P<0.05 versus siNC group. 
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tients with cervical cancer. Kaplan-Meier log 
rank analysis showed that patients whose 
tumors with high PGK1 or LDHA expression lev-
els had a significantly shorter OS period (Figure 
6A and 6B), consistent with results of P4HA2. 
We further analyzed prognosis of patients with 
different expression levels of P4HA2 and PGK1 
or LDHA. High P4HA2/PGK1 and P4HA2/LDHA 
groups showed shorter survival times com-
pared to low P4HA2/PGK1 and P4HA2/LDHA 
expression groups (Figure 6C and 6D). More- 
over, P4HA2high/PGK1high/LDHAhigh group had a 
poorer prognosis compared to P4HA2low/PG- 
K1low/LDHAlow group (Figure 6E). The survival 
prediction was enhanced by using both P4HA2 
and PGK1/LDHA expression. Overall, these re- 
sults indicate that P4HA2 and PGK1/LDHA are 
poor prognostic factors in cervical cancer 
patients.

Discussion

In the current study, we revealed that P4HA2 
promoted glycolysis in cervical cancer cells via 
its downstream effecters PGK1 and LDHA. 
Importantly, our results further demonstrated 
that increased expression of P4HA2/PGK1/
LDHA was associated with poor OS in cervical 
cancer patients. Therefore, we provided a previ-
ously unappreciated mechanism to explain the 
role of P4HA2 in glycolysis. Together with previ-
ous results in hepatocellular and breast ductal 
carcinoma [12-14], our data extended the prog-
nostic value of P4HA2 in patients with cervical 
cancer.

Collagen is a main component of extracellular 
matrices (ECM) and usually enhances the gr- 
owth and migration of cancer cells [24, 25]. As 
one of the key regulator enzymes for collagen 
homeostasis, P4HA2 has been reported to be 
overexpressed in several malignancies [12-17]. 
Consistent with these studies, we showed that 
the expression of P4HA2 was increased in cer-
vical cancer based on the Oncomine database. 
Immunohistochemical staining also revealed 

elevated protein level of P4HA2 in cervical can-
cer tissues compared to adjacent non-tumor 
tissues. Moreover, we also found the correla-
tion between lymph node metastasis and high 
P4HA2 expression, while the association with 
other members of P4H (P4HA1 and P4HA3) 
were not found. These data suggest that P4HA2 
may play important roles in cervical cancer.

Numerous studies suggest that malignant 
tumor is not only a genetic disease, but also an 
energy metabolic disease, and oncogenic alter-
ations actively reprogram metabolism in cancer 
cells [2]. Warburg effect, which is a phenome-
non that cancer cells heavily rely on glycolysis 
for energy metabolism even when the oxygen 
supply is sufficient, is considered a metabolic 
signature related to the occurrence and devel-
opment of cancer [3]. This abnormal glycolysis 
of cancer cells promotes glucose uptake and 
lactate production. A recent study implicates 
that the expression of P4HA1 contributes to gly-
colysis and hypoxic response during cancer 
development [26]. This prompted us to explore 
whether P4HA2 could regulate glycolysis in cer-
vical cancer. In current study, GSEA analysis 
demonstrated that the glycolysis pathway was 
significantly enriched in response to high 
expression of P4HA2 in cervical cancer pa- 
tients. The hypothesis was also supported by 
the fact that silencing P4HA2 was accompa-
nied by reduced glucose uptake and lactate 
level in cervical cancer cells. In this context, we 
identified a novel role of P4HA2 in promoting 
cervical carcinogenesis through glycolysis. 

The coding genes of key glycolysis-related en- 
zymes are directly responsible for the regula-
tion of glycolysis, including ALDOA, ENO1, HK2, 
LDHA, PFKP, PGK1, PKM2, PDK1, PFKFB2, 
PFKFB3, et al. To figure out the mechanism by 
which P4HA2 regulates glycolysis, we utilized 
TCGA databases for bioinformatics analysis to 
examine the correlation between P4HA2 and 
glycolysis-related genes and confirmed that LD- 
HA and PGK1 were the potential downstream 

Figure 4. P4HA2 promotes glycolysis through PGK1 and LDHA. (A) The correlation between the mRNA expression 
of P4HA2 and glycolysis-related genes based on TCGA cervical cancer dataset. (B) PGK1 and LDHA mRNA expres-
sion in Hela cells treated with siP4HA2-1# and siP4HA2-2#, *P<0.05 versus siNC group. (C) PGK1 and LDHA mRNA 
expression in Hela cells transfected with P4HA2 expression plasmid, *P<0.05. (D and E) Glucose uptake (D) and 
lactate production (E) were measured in Hela and SiHa cells transfected with P4HA2 expression plasmid and PGK1 
siRNA as indicated, *P<0.05 versus siNC group. **P<0.05 versus siPGK1 group. (F and G) Glucose uptake (F) and 
lactate production (G) were measured in Hela and SiHa cells transfected with P4HA2 plasmid and LDHA siRNA as 
indicated, *P<0.05 versus siNC group. **P<0.05 versus siLDHA group.
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Figure 5. Association of P4HA2 expression with PGK1/LDHA expression in cervical cancer. A. IHC analysis of P4HA2, PGK1 and LDHA in cervical cancer tissues. 
Scale bar =50 μm. B. Positive correlation of P4HA2 IHC score with PGK1 IHC score (R2=0.1581, P=0.0014). C. Positive correlation of P4HA2 IHC score with LDHA 
IHC score (R2=0.1254, P=0.0048).
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targets of P4HA2. PGK1, one of two ATP-ge- 
nerating enzymes in glycolysis, has been re- 
ported overexpressed in numerous malignan-
cies. PGK1 is a promoter of metastasis in colon 
cancer and gastric cancer [27, 28]. It is also a 
potential survival biomarker in breast cancer 
and endometrial cancer [29, 30]. PGK1 regu-
lates energy homeostasis and is regulated by 
multiple mechanisms [31]. The protein modifi-
cation of PGK1 is essential for its function. For 
example, the acetylation of PGK1 enhances its 
enzymatic activity and promotes liver cancer 
development [32]. Moreover, phosphorylated 

PGK1 promotes its mitochondrial translocation 
and regulates mitochondrial pyruvate utiliza-
tion [33]. LDHA, the other glycolysis-related 
enzyme, catalyzes the conversion of pyruvate 
to lactate in the final step of glycolysis. Cu- 
mulative studies demonstrate LDHA is aber-
rantly highly expressed in several cancer types, 
which is associated with the progression of 
cancer [34]. In cervical cancer, HPV E6/p53 
induces down-regulation of miR-34a/LDHA axis 
and facilitates tumor growth and invasion [35]. 
A recent study shows that nuclear LDHA senses 
intracellular reactive oxygen species (ROS) to 

Figure 6. P4HA2/PGK1/LDHA expression is associated with 
poor survival in cervical cancer patients. A and B. Kaplan-Mei-
er analysis of patient survival stratified by P4HA2 and PGK1 
or LDHA level from TCGA database. C and D. Kaplan-Meier 
analysis of patient survival stratified according to the combi-
nation of P4HA2 and PGK1 or LDHA. E. Kaplan-Meier analysis 
of patient with high or low P4HA2/PGK1/LDHA expression. 
High/low, gene expression above/below the median level.
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produce α-hydroxybutyrate for HPV16 E7-in- 
duced cervical cancer development [36]. He- 
rein we provide evidence that P4HA2 affects 
glycolysis in cervical cancer cells through PGK1 
and LDHA. We show that silencing P4HA2 
decreased expression of PGK1 and LDHA. In 
addition, knockdown of PGK1 or LDHA reversed 
P4HA2-induced glycolysis. Furthermore, we 
also observed the association of P4HA2 with 
PGK1/LDHA protein levels in cervical cancer 
tissues. However, additional studies are need-
ed to explore the mechanism by which P4HA2 
regulates PGK1 and LDHA. 

Two recent studies have demonstrated that 
P4HA2 is a predictor of poor outcome in pa- 
tients with hepatocellular and breast ductal 
carcinoma [12, 13]. Our data also showed that 
high expression of P4HA2, PGK1 or LDHA had a 
significantly shorter OS period. Moreover, the 
survival prediction was enhanced by using 
combination indicates of P4HA2, PGK1 and 
LDHA. These results indicate that glycolysis 
induced by P4HA2 plays a critical role in cervi-
cal cancer progression. Further studies are rec-
ommended to investigation the underlying 
mechanisms.

In summary, we have identified a novel function 
of P4HA2 in regulating glycolysis in cervical 
cancer. The observations also show the impor-
tant role of P4HA2 in cervical cancer malignant 
behavior. Moreover, our findings suggest that 
combination of P4HA2 and PGK1/LDHA is a 
promising biological marker for prognosis of 
cervical cancer patients. Taken together, these 
findings indicate that P4HA2 is a promising 
therapeutic target for cervical cancer.
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Figure S1. P4HA2 expression is elevated in hypoxic condition. A. Expressions of P4HA1 and P4HA3 in normal cervix and cervical cancer from GSE6791 dataset 
available at Oncomine (https://www.oncomine.org/), *P<0.05. B. P4HA1 and P4HA3 mRNA expression in cervical cancer with and without lymph node metastasis 
from GSE7410 dataset. C. P4HA2 mRNA expression in hypoxic condition and normal condition of cervical cancer cell lines from GSE75034 dataset. D. P4HA2 mRNA 
expression in cervical cancer patients with high and low degree of hypoxia score, *P<0.05. LN, lymph node; ns, not significant.
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Figure S2. Association of P4HA2 expression with collagen deposition related genes. Positive correlation of P4HA2 
expression with Col1A1 (R2=0.04, P=4.153e-4), Col4A1 (R2=0.03, P=6.394e-4), Col4A5 (R2=0.06, P=1.393e-5), 
Col5A1 (R2=0.09, P=1.19e-8), Col5A2 (R2=0.04, P=4.629e-4) and Col7A1 (R2=0.08, P=1.28e-9) expressions based 
on TCGA database.

Figure S3. P4HA2 promotes glycolysis through PGK1 and LDHA. A. PGK1 and LDHA mRNA expression in SiHa cells 
treated with siP4HA2-1# and siP4HA2-2#, *P<0.05 versus siNC group. B. PGK1 and LDHA protein levels in Hela cells 
treated with siP4HA2-1# and siP4HA2-2#.


