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Abstract
Clear cell renal cell carcinoma (ccRCC) is the most common subtype of renal cell carcinoma. P4HA3 is a key enzyme in 
collagen biosynthesis and has emerged as important molecules in regulation of proliferation, invasion, and metastasis in 
various tumor types. The role of P4HA3 in the development of ccRCC has remained to be elucidated. Genes expression, 
prognostic, and enrichment analyses were carried out with bioinformatics analysis. The efficiency of P4HA3 knockdown 
was confirmed by real-time quantitative PCR and Western blotting. The cellular functions were analyzed by CCK-8, EdU, 
wound healing, and transwell assays. The levels of related proteins expression were analyzed by Western blotting. P4HA3 
was highly expressed in ccRCC compared with normal tissue samples from the TCGA database. Kaplan–Meier curves 
results showed that the expression level of P4HA3 was significantly negatively correlated with overall survival of patients. 
P4HA3 expression knockdown inhibited the proliferation, migration, and invasion of ccRCC cells, as demonstrated by in vitro 
experiments. In addition, GSEA results revealed that P4HA3 may be related to EMT and involved in the PI3K-AKT-GSK3β 
pathway in ccRCC; this was tentatively confirmed through Western blotting. P4HA3 may induce ccRCC progression via the 
PI3K-AKT-GSK3β signaling pathway and could represent a potential therapeutic target.
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Introduction

Renal cell carcinoma (RCC) is a common cancer and the 
leading cause of cancer-related death globally [1]. The 
most common pathological subtype of RCC is clear cell 
RCC(ccRCC), which accounts for about 80% of cases and 
is characterized by large amounts of lipid droplets in the 
cytoplasm [2]. RCC can be successfully treated with sur-
gery at an early stage; however, approximately one-third 

of patients develop local recurrence or distant metastases 
within several years [3]. In addition, RCC progresses slowly 
and lacks specific clinical manifestations; therefore, about 
20–30% of patients are diagnosed with advanced cancer 
(distant metastasis) at the initial examination [4]. Molecular 
targeted agents, such as tyrosine kinase inhibitors are used 
as first-line therapy for metastatic RCC; however, owing 
to the highly dynamic, adaptive, and heterogeneous tumor 
microenvironment (TME) of RCC, drug resistance develops 
readily [5], and most patients will eventually die because 
of therapy resistance and metastasis [6]. Therefore, it is of 
great necessity to elucidate the essential mechanisms driving 
ccRCC and to identify novel molecular biomarkers with high 
prognostic value and effective therapeutic targets.

The development and progression of tumors are not only 
related to the characteristics of the tumor itself but are also 
closely correlated with the TME [7]. The TME is composed of 
various cellular and non-cellular components. One of the most 
important non-cellular components, the extracellular matrix 
(ECM), provides structural and biochemical support to sur-
rounding cells. The rigidity of the ECM is thought to play 
a critical part in regulating cell growth, differentiation, and 
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maintenance of tissue homeostasis, and malignant tumor ini-
tiation, invasion, and metastasis are frequently associated with 
changes in the ECM [8]. Collagen is the main component of 
the ECM. As the scaffold for cell growth, collagen can induce 
the proliferation, differentiation, and migration of epithelial 
cells. It also plays important parts in maintaining intercellular 
adhesion, restoring tissue integrity, and providing structural 
support and protection for organs. Dysregulation of collagen 
metabolism leads to diverse disorders, including invasive can-
cer [9]. Thus, a better understanding of the metabolic mecha-
nisms of collagen and how collagen affects the progression of 
malignancies will be beneficial for prognostic management 
of cancer patients and the development of new therapeutics.

P4HA3, a member of prolyl 4-hydroxylases (P4Hs) fam-
ily, is a key enzyme in collagen biosynthesis and catalyzes 
post-translational modification and modulate protein folding 
and stability. The P4Hs family is composed of five different 
isoforms: P4HA1, P4HA2, P4HA3, P4HB and P4HTM [10]. 
In recent years, several studies have reported that the P4Hs 
family is up-regulated in multiple tumors and related to poor 
outcomes of patients [11]. For example, P4HA1 can indi-
rectly promote cancer progression by increasing the stability 
of HIF-1α, enhancing tumor cell proliferation and angiogen-
esis; [12] P4HA2 promotes tumor invasion and metastasis by 
depleting vitamin C [13, 14], contacts with HBV [15], and 
increasing collagen deposition [16]; P4HB is associated with 
activation of the MAPK signaling cascade [17] and down-
regulation of tumor chaperone BiP [18, 19]. P4HA3 was the 
last member of the P4H family to be discovered, and several 
studies in recent years have found that P4HA3 participates 
in the progression of various neoplastic diseases, includ-
ing head and neck squamous cell carcinoma (HNSCC) [20], 
gastric cancer [21], lung carcinoma [22], pituitary adenoma 
[23], and colon cancer [24]. Taken together, these results 
indicate that P4Hs family genes are widely involved in the 
progression of various tumors, suggesting potential roles as 
markers and therapeutic targets in tumor patients.

However, P4HA3 has rarely been studied in detail in the 
context of ccRCC. In this study, therefore, we performed a 
multi-level analysis of P4HA3 in ccRCC patients, including 
bioinformatics analysis and in vitro experiments, aiming to 
identify potential therapeutic value and reveal the biological 
role of P4HA3 in ccRCC.

Materials and methods

P4HA3 expression analysis in ccRCC​

RNA-sequencing (RNA-seq) expression profiles and clini-
cal data were downloaded from The Cancer Genome Atlas 
(TCGA) database (https://​portal.​gdc.​cancer.​gov/) for 539 
kidney renal clear cell carcinoma (KIRC) tissues and 72 

adjacent non-tumor tissues. In addition, the GSE53757 
dataset was downloaded from the Gene Expression Omni-
bus (GEO) database (https://​www.​ncbi.​nlm.​nih.​gov/​geo/), 
as a complement to the KIRC data from TCGA. P4HA3 
expression in KIRC was analyzed using the R software 
(version.3.6.3) based on downloaded data in HTSeq-FPKM 
(fragment per kilobase per million) format from the TCGA 
database. To analyze the expression profiles, RNA-seq data 
in FPKM format were converted to TPM (transcripts per 
million reads) format and logged. Mann–Whitney U test was 
used to compare unpaired samples, and paired sample t-test 
was used for paired samples. Next, the HPA (Human Protein 
Atlas) online tool was used to explore the protein expression 
of P4HA3 in KIRC tissues and normal kidney tissues.

Survival analysis and clinical characteristics 
of P4HA3 in ccRCC​

RNA-seq and survival data downloaded from TCGA were 
used for survival analysis. The cut-off value for high and low 
P4HA3 expression was the median value of P4HA3 expres-
sion. Several clinical characteristics including pathologic 
stage, T stage, and histologic grade were also analyzed.

Differential expression and enrichment analyses

The KIRC data were separated into two groups based on 
the median value of P4HA3 expression. The “limma” algo-
rithm was used to identify DEGs (differentially expressed 
genes) [25]. |Fold change (FC)|> 1.5 and p < 0.05 were used 
as the thresholds for differential expression of mRNAs. To 
understand the underlying oncological features of P4HA3, 
the DEGs were analyzed by functional enrichment, includ-
ing GO (gene ontology), KEGG (Kyoto Encyclopedia of 
Genes and Genomes) analyses, and gene set enrichment 
analysis (GSEA). The R packages “clusterProfiler” [26] and 
“ggplot2” were included.

Cell culture

Five cell lines, OSRC2, 786-O, ACHN, 769-P, and Caki-
1(Procell, China), were cultured in RPMI-1640 medium 
(Gibco, USA) with 10% FBS (fetal bovine serum) (Gibco, 
USA) in a cell incubator (37 °C, 5% CO2). These cell lines 
were not contaminated by mycoplasma or bacteria and were 
authenticated by short tandem repeat analysis.

Short interfering RNA (siRNA) transfection

Three siRNAs were designated by RIBOBIO (Guangzhou, 
China) with the following target sequences: #1 (GGA​TGA​
GGC​AAG​TCT​AGA​A), #2 (GGA​CAC​TGT​TGA​CCC​AAA​
A), #3 (GGA​GTA​CCG​CAT​CAG​CAA​A). OSRC2 and 
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769-P cells were seeded in six-well plates for 24 h. When 
the cell density reached 70%, cells were transfected with 
a mixture containing 125 μl Opti-MEM (Gibco, USA), 
100 pmol siRNA, and 4 μl Lipo-8000(Beyotime, China) 
per well. The medium was replaced after 6 h. The effi-
ciency of P4HA3 knockdown was confirmed by real-time 
quantitative PCR (qRT-PCR, after 48 h) and Western blot-
ting (after 96 h).

qRT‑PCR

Total RNA was isolated from OSRC2 and 769-P cell sam-
ples using SteadyPure Quick RNA Extraction Kit (Agbio, 
China). A NanoDrop2000 spectrophotometer (Thermo 
Scientific, USA) was used to measure the concentration 
of isolated RNA. RNA reverse transcription (total RNA 
1000 ng) was performed with a PrimeScript™ RT reagent 
kit (Takara, Japan). The cDNA products were amplified 
by a two-step PCR method using a CFX Connect system 
(Bio-Rad, USA) with SYBR Green™ Premix Ex Taq™ 
II(Takara, Japan). The primers for β-actin and P4HA3 
were synthesized by Tsingke Biotechnology Co., Ltd. 
(Beijing, China). The relative mRNA values were calcu-
lated by the 2 − ΔΔCt method, where ΔΔCt = ΔCt sam-
ple − ΔCt reference. β-actin was chosen as the internal 
reference gene. The primer sequences were as follows:

β-actin, forward ACA​ACT​TTG​GTA​TCG​TGG​AAGG;
reverse GCC​ATC​ACG​CCA​CAG​TTT​C;
P4HA3, forward GGA​ACA​AGC​CCT​AAG​GCA​ACT;
reverse TGC​TGA​TAT​ACC​GCA​TAG​CTCAA.

Western blot analysis

Total protein extract was prepared with RIPA lysis buffer 
with PMSF (protease inhibitor) and phosphatase inhibi-
tor at a ratio of 100:1:1. The total protein concentration 
was measured by BSA (bovine serum albumin) standard 
curves using a BCA protein assay kit (Solarbio, China). 
The appropriate primary antibodies were incubated at 4℃ 
overnight. Then, after washing with TBST three times, the 
PVDF membranes were incubated with secondary anti-
bodies for 1 h at room temperature. The antibody details 
and dilution ratios are provided in Supplementary Table 1. 
Last, the membranes were washed with TBST three times, 
and protein bands were visualized using a CLINX Chemi-
Scope S6 (Clinx, China) with ECL (enhanced chemilumi-
nescent) (FG grade) (Sorfabio, SS1701, China).

Cell proliferation assays

Cell culture conditions were the same as described above. 
For Cell counting kit-8 (CCK-8) assay, OSRC2 and 769-P 
cells were seeded on 96-well plates at a density of 4000 
cells per well. After 0, 24, 48, 72, and 96 h of incubation, 
10 μl CCK-8 reagent (APExBIO, USA) was added into 
each well for 2 h at 37 °C. The absorbance was measured 
at 450 nm by a Varioskan LUX Multimode Microplate 
Reader (Thermo Fisher Scientific, MA, USA).

For EdU assay, Cell-Light EdU Apollo In Vitro Kit 
(RIBOBIO, Guangzhou, China) was used following the 
manufacturer’s protocol. Then, OSRC2 and 769-P cells 
were observed and photographed in EdU (Cy5) and 
nucleus (DAPI) fluorescence with inverted fluorescence 
microscope (Nikon ECLIPSE Ti, Japan).

Wound healing assay

We used six-well plates for scratch experiments. Cell cul-
ture conditions were the same as described above. The 
monolayer was scratched using a 200 μl (for OSRC2 cells) 
or 10 μl (for 769-P cells) pipette tip when the cell density 
reached about 90%. After cells had been washed twice 
with phosphate-buffered saline (PBS), the cell culture 
medium was replaced with basic RPMI-1640 medium. 
Then cell scratches were photographed with an inverted 
microscope at 0 and 24 h. Image J and GraphPad Prism 8 
(GraphPad Software, Inc.) were used to calculate wound 
areas and for statistical data analysis, respectively.

Migration and invasion assays

The cell migration and invasion assays were performed in 
24-well plates with 8 μm transwell chambers (Jet Biofil, 
China). For the migration assay, 500 μl basal medium with 
10% FBS was added to each well. Then 5 × 104 tumor cells 
were seeded in each chamber with 200 μl of basic RPMI-
1640 medium. About invasion assay, before addition of 
cells, the insides of the transwell chambers were evenly 
spread with Matrigel (Corning, USA) (50 μl per chamber), 
and the plates were placed in an incubator at 37 °C for 2 h. 
Otherwise, the procedure was the same as for the migra-
tion assay. After culture in the incubator for 12 h, the cells 
remaining on the inside of the chambers were removed 
with cotton buds. Then, the cells on the outside of the 
chambers were fixed in 4% multi-formaldehyde for 20 min 
and stained with 0.5% crystal violet for 30 min at room 
temperature. Three fields of view were randomly selected 
to calculate the numbers of migrating and invading cells.
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Statistical analysis

All experiments were repeated three times and all results 
from multiple independent experiments are given as 
mean ± SD (standard deviation), unless otherwise speci-
fied. Differences between two groups were analyzed by Stu-
dent’s t-test. GraphPad Prism 8 was used for data analysis. 
p < 0.05 was considered to indicate statistical significance in 
all experiments. ns, p ≥ 0.05, *, p < 0.05, **, p < 0.01, ***, 
p < 0.001.

Results

P4HA3 is highly expressed in ccRCC and associated 
with poor prognosis of patients

In the KIRC cohort, the expression of P4HA3 in tumor tis-
sues (n = 539) was higher than that in normal kidney tissues 
(n = 72), and there was a statistically significant difference 
in both unpaired and paired comparisons (Fig. 1A, B). As 
supplementary data, we downloaded the GSE53757 data-
set from the GEO database, including 72 ccRCC samples 
and paired normal samples. Through unpaired and paired 
expression analysis, it was further demonstrated that P4HA3 
was up-regulated in ccRCC (Fig. 1C, D). In addition, the 
protein expression of P4HA3 in ccRCC tissue and normal 
renal tubular epithelial tissue was verified using the HPA 
database. It is worth noting that P4HA3 protein was mainly 
distributed in the cytoplasm, and its protein expression in 
tumor tissue was notably higher than that in non-tumor tis-
sue (Fig. 1F, G). These results signified that mRNA and 
protein expression of P4HA3 are significantly increased 
in ccRCC tissues compared with normal kidney tissues. 
Furthermore, in order to explore the relationship between 
the mRNA expression of P4HA3 and the survival time of 
patients with ccRCC, we constructed Kaplan–Meier survival 
curve based on TCGA data. The expression level of P4HA3 
was significantly negatively correlated with overall survival 
of patients (Fig. 1E).

GO and KEGG analysis and GSEA of DEGs

To further investigate the oncogenic mechanism of 
P4HA3 in ccRCC, a differential analysis between high 
and low P4HA3 expression groups was performed based 
on TCGA data. When filter conditions were set to |FC 
|≥ 1.5 and p < 0.05, we identified 498 up-regulated and 
254 down-regulated DEGs. The GO enrichment analysis 
showed that the up-regulated DEGs were mainly enriched 
in ECM structure and metabolism, whereas the down-reg-
ulated DEGs were mostly enriched in apical plasma mem-
brane and membrane transport (Supplementary Fig. 1C, 

D). Furthermore, KEGG enrichment analysis showed that 
the up-regulated DEGs were mainly enriched in PI3K-
AKT signaling pathway, focal adhesion, and protein 
digestion and absorption (Fig. 2A), while the down-reg-
ulated DEGs were mainly enriched in the PPAR signaling 
pathway, carbon metabolism, and bile secretion (Supple-
mentary Fig. 1E). Moreover, we performed hallmark of 
GSEA. The positive correlations with P4HA3 expression 
were mainly related to tumor progression, including EMT, 
the TNF-α signaling pathway, and hypoxia (Fig. 2B). The 
negative correlations were primarily related to cell metab-
olism (Supplementary Fig. 1F).

P4HA3 knockdown inhibits proliferation, migration, 
and invasion of ccRCC cells

As P4HA3 was abundantly expressed in OSRC2 and 769-P 
cell lines (Fig. 3A, B), these two cell lines were chosen for 
further exploration the effects of P4HA3 knockdown on cell 
biological function. To this end, we designed three siRNAs 
that were transiently transfected into OSRC2 and 769-P cells 
to silence the expression of P4HA3. As shown in Fig. 3C–E, 
the knockdown efficiency of the third siRNA was the high-
est, so we chose this siRNA for subsequent tumor biology 
experiments. The results of the CCK-8 and EdU assay 
showed that high P4HA3 expression had positive effects on 
ccRCC cell proliferation (Fig. 4A–D). Then, the results of 
the wound healing and transwell assay (including migra-
tion and invasion assays) showed that inhibition of P4HA3 
expression reduced the migration and invasion abilities of 
OSRC2 and 769-P cells (Fig. 4E–H). These results suggest 
that P4HA3 may promote ccRCC migration and invasion 
in vitro.

P4HA3 may promote the migration and invasion 
of ccRCC via EMT

The results of the GSEA showed that the highest normal-
ized enrichment score (NES) was that of EMT; therefore, we 
focused on the mechanism of EMT. We selected the top 50 
EMT-related genes from the EMTome database (http://​www.​
emtome.​org/) [27] and analyzed their correlations with the 
expression of P4HA3. As shown in Supplementary Fig. 2, 45 
EMT-related genes were significantly related to the expres-
sion of P4HA3; therefore, we speculated that P4HA3 might 
enhance the migration and invasion capability of ccRCC 
via EMT progression. Western blotting was performed to 
verify the protein expression of common EMT marker pro-
teins (Fig. 5A). The results showed that expression levels 
of mesenchymal proteins zinc finger E-box binding 1(Zeb-
1), N-cadherin, Slug, and Snail were decreased to varying 
degrees in the P4HA3 knockdown group, whereas levels 
of epithelial protein E-cadherin were relatively increased, 

http://www.emtome.org/
http://www.emtome.org/
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compared with the control group. Taking the above data 
together, we speculate that P4HA3 may be involved in EMT, 
which in turn promotes migration and invasion of ccRCC.

P4HA3 may promote EMT through the PI3K/AKT/
GSK‑3β cascade

Since the KEGG enrichment analysis showed that the up-
regulated DEGs were mainly enriched in PI3K-AKT sign-
aling pathway (Fig. 2A), we performed Western blotting to 

Fig. 1   P4HA3 level is increased in ccRCC and associated with poor 
prognosis. A, B The expression of P4HA3 among multiple tumors 
and corresponding normal tissues in TCGA database. C, D The 
expression of P4HA3 between tumor and adjacent normal tissues in 
unpaired (C) and paired (D) analyses based on GSE53757 dataset. E 

Correlation among overall survival and P4HA3 expression of ccRCC 
based on TCGA database. F, G IHC results of P4HA3 in ccRCC 
(G) and normal kidney tissues (F) from HPA database. *p < 0.05, 
**p < 0.01, ***p < 0.001
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verify whether the expression of PI3K and AKT proteins 
(both in total and phosphorylation) changed. The results 
showed that the knockdown of P4HA3 decreased the phos-
phorylation of PI3K and also AKT. In addition, several stud-
ies have found that the transcriptional activity of SNAIL1 
is mainly mediated by the phosphorylation of GSK-3β 
[28–31], which is a downstream protein of the PI3K-AKT 
signaling pathway. Therefore, we also verified the expres-
sion of GSK-3β proteins (both in total and phosphoryla-
tion). Western blotting results showed that the expression 
of phosphorylation of GSK-3β decreased with knockdown of 
P4HA3 (Fig. 5B). Therefore, next, we treated OSRC2 cells 
in P4HA3 knockdown group with GSK-3β inhibitor 1 (Med-
ChemExpress, China), and Western blotting results showed 
that the originally inhibited EMT-related proteins, includ-
ing N-cadherin, E-cadherin, and snail, reverted to varying 
degrees compared to knockdown group (Fig. 6A), indicating 
that GSK-3β could inhibit EMT. All together, these data 
suggested P4HA3 might promote EMT through the PI3K/
AKT/GSK-3β cascade.

Discussion

Hydroxylation of proline residues is vital for the stability of 
triple-helical collagen structure, and regulation of collagen 
hydroxylation has a significant effect on the properties of the 
ECM and thus the behavior of cells [32]. As key enzymes 
in collagen biosynthesis, members of the P4H family have 
emerged in recent years as important molecules in the regu-
lation of proliferation, invasion, and metastasis in several 
tumor types. Although P4HA3 was the last member of the 
P4H family to be discovered, many studies have found that 
it is extensively involved in the advancement of several non-
neoplastic diseases, such as atherosclerosis, atrial fibrosis 

and pulmonary fibrosis [33, 34], as well as various neoplas-
tic diseases, including lung cancer, HNSCC, gastric cancer, 
colon cancer and pituitary adenoma. For example, Nakasuka 
et al. demonstrated that TGF-β could regulate amino acid 
metabolism by promoting the expression of P4HA3, which 
may ultimately enhance the malignant behavior of lung can-
cer cells in both vitro and vivo [22]. In vitro studies have 
also shown that P4HA3 can promote tumor progression via 
EMT in HNSCC [20]. In gastric cancer, P4HA3 has been 
proved to enhance motility and invasiveness of cancer cells 
[21], leading to unfavorable OS of patients. In colon cancer, 
Zhou et al. found that miR-1266-3p could inhibit colon can-
cer growth and EMT by targeting P4HA3 [35]. At the same 
time, P4HA3 could promote the growth and metastasis of 
colon cancer by affecting the TGF-β/Smad signaling path-
way [24]. In pituitary adenomas, data obtained by Long et al. 
suggest that COL6A6 could block the PI3K-AKT signaling 
pathway by inhibiting P4HA3, thereby preventing pituitary 
adenoma growth and invasion [23]. However, the role of 
P4HA3 has not been well studied in ccRCC. In this study, 
based on bioinformatics analysis, supplemented by in vitro 
validation, we demonstrate that P4HA3 can be considered 
as an emerging cancer therapeutic target.

In this study, we observed higher expression of P4HA3 in 
ccRCC tissues compared with normal samples based on both 
TCGA and GEO data (Fig. 1A–D). Using Kaplan–Meier 
prognostic curve (Fig. 1E), we confirmed that the mRNA 
expression of P4HA3 was negatively correlated with sur-
vival time of ccRCC patients. We then performed in vitro 
experiments and found that knockdown of P4HA3 resulted 
in a certain inhibition of the proliferation, migration, and 
invasion capabilities of tumor cells (Fig. 4A–H). To further 
study the detailed role of P4HA3, we carried out KEGG 
analyses and GSEA on the DEGs of P4HA3. KEGG path-
way enrichment analysis demonstrated that these DEGs were 

Fig. 2   KEGG analysis and GSEA of up-regulated DEGs. A The KEGG enrichment analysis of the up-regulated DEGs. B The hallmark of 
GSEA of the up-regulated DEGs
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mainly involved in ECM, cell adhesion, and the PI3K-AKT 
signaling pathway (Fig. 2A). GSEA demonstrated signifi-
cant enrichment for EMT among the DEGs (Fig. 2B). In 
addition, there is evidence that collagen biosynthesis and 
deposition are closely related to the EMT process in cancer 
progression [36]; as P4HA3 is one of the key enzymes in 
collagen biosynthesis, we speculated that P4HA3 might be 
associated with EMT in ccRCC. To this end, we examined 
some common EMT-linked proteins to determine whether 
they were altered in P4HA3 knockdown cells through West-
ern blotting analyses. The results showed that expression 
of the epithelial marker E-cadherin was increased, whereas 
that of mesenchymal markers (N-cadherin, Snail, Slug, and 
Zeb-1) was decreased, although vimentin expression did not 
seem to change significantly (Fig. 5A). These results provide 

preliminarily verification of the involvement of P4HA3 in 
EMT. Previously, Wang et al. demonstrated in vitro that 
P4HA3 could promote HNSCC cell proliferation, migra-
tion, and invasion by inducing EMT [20]. Nakasuka et al. 
demonstrated that TGF-β promotes the malignant behav-
ior of NSCLC cells by promoting the expression of P4HA3 
[22]. Zhou et al. found that P4HA3 could promote EMT by 
affecting the TGF-β/Smad signaling pathway [24]. There-
fore, we speculate that P4HA3 may promote the invasion 
and metastasis of ccRCC through EMT.

When epithelial cells undergo EMT, they cells lose their 
junctions and apical-basal polarity, and undergo cell shape 
remodeling and gene expression reprogramming, which 
increases the motility of tumor cells and enables the devel-
opment of aggressive phenotypes [37]. Therefore, EMT is 

Fig. 3   P4HA3 expression of five ccRCC cell lines and verification of 
knockdown efficiency. A, B The mRNA and protein levels of P4HA3 
in ccRCC cell lines, named OSRC2,769-P, Caki-1, ACHN and 786-O 
measured by RT-PCR (A) and Western blotting (B). C, D The knock-

down efficiencies of P4HA3 in OSRC2 (C) and 769-P (D) cells were 
detected by RT-PCR. E The knockdown efficiency of P4HA3 in 
OSRC2 cells was detected by Western blotting
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closely related to tumor invasion and metastasis. The pro-
gression of EMT is regulated by several signaling pathways, 
including TGF-β, PI3K–AKT, MAPK, JNK, Wnt/β-catenin, 
Notch, Hedgehog, and JAK-STAT. These signaling pathways 
interact and together regulate epithelial plasticity responses 
that may progress to EMT, a prerequisite for cancer cell 
invasion and dissemination [38]. In pituitary adenomas, data 

from Long et al. suggest that P4HA3 promotes tumor EMT 
through the PI3K–AKT pathway [23]. Our KEGG analysis 
showed that the up-regulated DEGs were mainly enriched 
in the PI3K–AKT signaling pathway (Fig. 2A), suggest-
ing that P4HA3 may promote EMT by participating in the 
PI3K–AKT signaling pathway, and thus promote the metas-
tasis of ccRCC.

Fig. 4   P4HA3 knockdown inhibits proliferation, migration, and 
invasion of ccRCC cells. A, B The CCK-8 assay of OSRC2 (A) and 
769-P (B) cells. C, D The EdU assay of OSRC2 (C) and 769-P (D) 
cells. E, F Wound healing assay of OSRC2 (E) and 769-P (F) cells. 

G, H Transwell assay (including detection of migration and invasion 
abilities) of OSRC2 (G) and 769-P (H) cells. Yellow bar = 50  μm. 
*p < 0.05, **p < 0.01, ***p < 0.001
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In addition, gene expression changes that contribute to 
suppressing epithelial phenotypes and activating mesenchy-
mal phenotypes are regulated by multiple transcription fac-
tors, including SNAIL, TWIST, and ZEB. Their expression 
is activated in the early stage of EMT and thus they have a 
central role in tumor EMT progression [39]. SNAIL1 (the 
coding protein is snail) and SNAIL2 (the coding protein is 
slug) repress the transcription of epithelial genes by fasten-
ing to E‑box DNA sequences, while activating the transcrip-
tion of mesenchymal genes, which in turn play an important 
role in tumorigenesis to activate the EMT program [40]. The 
transcriptional activity of SNAIL1 is mainly mediated by the 
phosphorylation of glycogen synthase kinase-3β (GSK-3β) 
[28], and various signaling pathways can indirectly increase 

the activity of SNAIL1 by affecting GSK-3β-mediated phos-
phorylation. The WNT and PI3K-AKT pathways inhibit 
SNAIL1 phosphorylation through promoting GSK-3β 
phosphorylation [31], while Notch and nuclear factor-κ B 
(NF‑κB) signaling disrupt GSK-3β-SNAIL1 interactions 
[29, 30]. They all increase the stability of SNAIL1, which 
in turn makes SNAIL1 continue to play a transcriptional 
regulatory part in the nucleus. Like SNAIL1, MAPKs can 
increase the activity of TWIST1 through phosphorylation 
at Ser68 [41]. Moreover, TWIST1 and SNAIL1 can syner-
gistically induce the expression of ZEB1 [42]. The results 
of Western blotting experiments in this study indicated that 
three transcription factor proteins SNAIL, SLUG, and ZEB1 
may be involved in the process by which the PI3K-AKT 

Fig. 5   P4HA3 links to EMT and PI3K-AKT-GSK3β pathway in 
ccRCC. A Western blot analysis of Zeb-1, N-cadherin, E-cadherin, 
vimentin, slug and snail expression in OSRC2 cells. B Western 

blot analysis of PI3K, p-PI3K, AKT, p-AKT, GSK3β and p-GSK3β 
expression in OSRC2 cells. The relative expression of the target pro-
teins was shown on the right. *p < 0.05, **p < 0.01, ***p < 0.001
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signaling pathway promotes EMT. Moreover, the expression 
of phosphorylation of PI3K, AKT, and GSK3β decreased 
with knockdown of P4HA3 (Fig. 5B). After treated with 
GSK-3β inhibitor, the expression of N-cadherin, E-cad-
herin, and Snail in P4HA3 knockdown group was somewhat 
restored (Fig. 6A). All together, we drew a possible sche-
matic diagram of the regulation of EMT by P4HA3 via the 

PI3K-AKT-GSK3β signaling pathway in ccRCC (Fig. 6B); 
however, this requires subsequent experimental verification.

This study had some limitations. First, the expression 
and prognostic significance of P4HA3 were analyzed using 
online databases; more local clinical data are needed to 
validate the results. Second, only in vitro experiments were 
performed; the results were not verified in vivo. Finally, 

Fig. 6   P4HA3 regulates EMT via PI3K-AKT-GSK3β signaling path-
way in ccRCC. A Western blot analysis of N-cadherin, E-cadherin, 
and snail expression in OSRC2 cells after treated with GSK-3β inhib-
itor 1 (5 μM) for 36 h. The relative expression of the target proteins 
was shown on the right. B At the bottom of the figure, most of the 

DEGs involved in PI3K-AKT-GSK3β signaling pathway belong to 
the parts of ECM, integrin, growth factor (GF) and receptor tyrosine 
kinase (RTK).This schematic diagram was created with Biorender.
com. *p < 0.05, **p < 0.01, ***p < 0.001
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the specific mechanism by which P4HA3 promotes tumor 
migration and invasion through EMT has not yet been 
explored.

Conclusions

Taken together, our results suggest that: (1) P4HA3 is highly 
expressed in ccRCC and has negative correlation with prog-
nosis of ccRCC patients; (2) decreased P4HA3 expression 
inhibits tumor proliferation, invasion, and metastasis in 
KIRC; and (3) P4HA3 may induce EMT by participating 
in the PI3K-AKT-GSK3β signaling pathway. In conclusion, 
our study suggests that P4HA3 may induce tumor progres-
sion through the PI3K-AKT-GSK3β signaling pathway and 
that this may be a key step in the development of ccRCC. 
Therefore, P4HA3 has potential as an emerging target for 
the treatment of ccRCC.
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