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1. Introduction 
 

Renal cell carcinoma (RCC), one of the most common 

cancers of the urinary system, is insidious and difficult to 

diagnose and treat (Jonasch et al. 2021). Clear cell renal cell 

carcinoma (ccRCC) accounts for more than 75% of RCC, of 

which nearly 30% cases have local recurrence and distant 

metastasis after tumor resection, and the 5-year survival rate 

for patients with advanced ccRCC is poor (Du et al. 2017, 

Motzer et al. 2017, Escudier et al. 2019). Although targeted 

therapy and immunotherapy have achieved great success in 

clinical outcomes of patients with metastatic ccRCC, 

resistance to these therapeutic modalities limits the 

percentage of patients with long-lasting responses. Thus, 

elucidating the underlying mechanisms of ccRCC metastasis 

and finding novel clinical indicator and therapeutic target 

for ccRCC are urgently needed. 
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Growth differentiation factor 15 (GDF15), also known 

as macrophage inhibitory cytokine-1 (MIC-1), is a stress-
responsive cytokine belonging to the TGFβ superfamily and 
serves an important role in regulating angiogenesis, 
inflammation and metabolism (Tsai et al. 2018, Baek and 
Eling 2019, Spanopoulou and Gkretsi 2020, Suriben et al. 
2020, Lai et al. 2021). Growing evidences suggest that 
GDF15 is becoming an appealing candidate to treat many 
metabolic diseases such as obesity and type 1 diabetes 
mellitus (Day et al. 2019, Coll et al. 2020, Nakayasu et al. 
2020). Besides, GDF15 is always upregulated in tumor cells 
and participates in tumorigenesis-related activities, including 
cell growth, migration, invasion and metastasis partly via 
activation of EMT pathway, Ras/PI3K pathway and so on 
(Lerner et al. 2016, Li et al. 2016, 2018a, 2020, Lu et al. 
2018, Guo et al. 2021). Nevertheless, the role of GDF15 in 
renal cell cancer and the underlying molecular mechanism 
is largely unknown. 

Matrix metalloproteinases (MMPs) are a family of zinc-

dependent endopeptidases and mediate degradation of 

molecules for adhesion and matrix interactions (Fields 

1991, 2013, Van Doren 2015). MMPs play critical role in 

tumorigenesis and tumor progression, invasion and 

metastasis (Coussens et al. 2002, Egeblad and Werb 2002, 

Roy et al. 2009, Kessenbrock et al. 2010), among them, 

MMP9 is a well-recognized member of MMP family (Zhou 

et al. 2014). Increased level of MMP9 has been implicated 

in renal tumorigenesis and malignant progression (Huang et 
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Abstract.  The prolyl 3-hydroxylase family member 4 (P3H4), is associated with post-translational modification of fibrillar 

collagens and aberrantly activated in cancer leading to tumor progression. However, its role in clear cell renal cell carcinoma 

(ccRCC) is still unknown. Here we reported that P3H4 was highly expressed in renal cancer tissues and significantly positive 

correlated with poor prognosis. Knockdown of P3H4 inhibited the proliferation, migration and metastasis of renal cancer cells in 

vitro and in vivo, and also, overexpression of it enhanced the oncogenic process. Mechanistically, P3H4 depletion decreased the 

levels of GDF15-MMP9 axis and repressed its downstream signaling. Further functional studies revealed that inhibition of 

GDF15 suppressed renal cancer cell growth and GDF15 recombinant human protein (rhGDF15) supplementation effectively 

rescued the inhibitory effect induced by P3H4 knockdown. Moreover, decreased levels of MMP9 caused by inhibition of P3H4-

GDF15 signaling constrained the expression of PD-L1 and suppression of P3H4 accordingly promoted anti-tumor immunity via 

stimulating the infiltration of CD4+ and CD8+ T cells in syngeneic mice model. Taken together, our findings firstly 

demonstrated that P3H4 promotes ccRCC progression by activating GDF15-MMP9-PD-L1 axis and targeting P3H4-GDF15-

MMP9 signaling pathway can be a novel strategy of controlling ccRCC malignancy. 
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al. 2017, Yang et al. 2019, Yue et al. 2020, Dorandish et al. 

2021). Moreover, previous studies showed that MMP2/ 

MMP9 is involved in modulating tumor microenvironment 

via regulating PD-L1 levels, and MPP2/9 inhibitor 

treatment greatly enhances the therapeutic efficacy of PD-1 

blockade (Marshall et al. 2015, Ye et al. 2020). 

The prolyl 3-hydroxylase family member 4 (P3H4) 

(alias SC65), a kind of small molecular compounds 

belonging to quinone, is clarified as a protein associated 

with the association complex (SC) (Chen et al. 1992, 

Gruenwald et al. 2014, Ochs RL 2017). It’s related with 

cerebral ischemia-reperfusion and hypertension, and 

gradually function of P3H4 in cancer has been elucidated 

(Weliky et al. 1975, Li et al. 2018b, Wan et al. 2018, Hao et 

al. 2020, Jin et al. 2021, Lee et al. 2021). However, the 

function of P3H4 in ccRCC is largely unknown. Here, we 

demonstrated that P3H4 was significantly upregulated in 

ccRCC tissues and its high expression was correlated with 

worse prognosis in ccRCC patients. Functional and 

mechanistic studies revealed that P3H4 drived ccRCC 

malignant behavior and mediated tumor immune-

suppression via upregulating GDF15-MMP9-PD-L1 axis. 

Collectively, these findings indicated the clinical potential 

of P3H4-GDF15-MMP9 signaling axis as novel therapeutic 

targets for better outcomes of ccRCC patients. 
 

 

2. Methods and materials 
 

2.1 Patients and clinical samples 
 

Human ccRCC and normal renal tissues were collected 

from 229 patients who were operated surgery at the 

Urology Department of the Chinese People’s Liberation 

Army (PLA) General Hospital (Beijing, China) from 

January 2012 to December 2020. All samples of cancer 

tissue had been pathologically confirmed as ccRCC 

according to the 2011 Union for International Cancer 

Control TNM classification of malignant tumors. All 

patients were informed and signed a consent on the use of 

clinical specimens for scientific research. This study was 

approved by the ethics committee of the Chinese People’s 

Liberation Army (PLA) General Hospital. Tissue 

microarray was constructed in our laboratory. 

 

2.2 Cell lines 
 

Human immortalized renal epithelial cell 293T and 

ccRCC cell lines ACHN, 786-O, Caki-1, Caki-2 and SN12 

were preserved in our laboratory. Fetal bovine serum (FBS) 

was purchased from EVERY GREEN (Hangzhou, China). 

The medium of high glucose-DMEM, RPMI-1640 and 

McCoy's 5A were purchased from VIVICUM bioscience 

(Beijing, China). All the cells were cultured in medium 

containing 10% FBS and 1% penicillin/streptomycin at 

37℃ in 5% CO2. 293TN and SN12 were cultured in 

DMEM. ACHN cells were cultured in MEM medium, and 

786-O were cultured in RPMI-1640 medium. Caki-1 and 

Caki-2 cells were cultured in McCoy’s 5A medium. When 

the cells reached 80–90% confluence, digestion and passage 

were performed with trypsinization. 

2.3 Plasmid construction, transfection, and infection 
 
Short hairpin RNA (shRNA) sequences targeting human 

P3H4, oligonucleotides were designed and synthesized by 
BGI (Shenzhen, China) and cloned into pLKO.1 vector. The 
expressions of GDF15 were silenced with siRNA 
oligonucleotides. Overexpression of P3H4 plasmids were 
designed by BGI. 

Lentivirus were generated in 293T cells. Cells were 
transfected with 6 μg vector plasmids and 4.5 μg psPAX2 
and 1.5 μg pMD2-VSVG using the standard calcium 
chloride transfection method. Calcium transfection kit was 
purchased from Macgene Biotech (Beijing, China). 48 h 
and 72 h after transfection, viral supernatant containing 
released viruses was collected and filtered through 0.45 μm 
filter. Target cells were infected with virus and 10 ug/ml 
polybrene for 24 hours. Later, infected cells were selected 
with 2 μg/mL puromycin (Sigma, USA) for three or four 
days until they were stable.  

Knockdown of P3H4 plasmids were transfected into 
SN12 and Caki-2 cells with 72 hours. Knockdown of 
GDF15 plasmid was transfected into SN12 cells. 
Overexpression of P3H4 plasmids were transfected into 
Caki-1 cells.  

 

2.4 Western blot 
 
Cells were lysed on ice for 30 minutes supplemented 

with RIPA buffer plus phosphatase inhibitors and protease 
inhibitors. After centrifugation with 12,000 r.p.m. for 15 
minutes at 4°C, the liquid supernatant was collected for 
protein concentration quantification (BCA methods). For 
western blot analysis, 20 μg of protein extracts were loaded 
to 10% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis gels and transferred to nitrocellulose 
membranes. To prevent non-specific binding of antigens, 
the membrane was incubated with 5% bovine serum 
albumin in TBST buffer for 1 h at room temperature. 
Different regions were picked with primary antibodies 
against P3H4 (Proteintech, #15288-1-AP), GDF15 
(Proteintech, #27455-1-AP), and MMP9 (Proteintech, 
#10375-2-AP) overnight at 4℃. β-actin was used as a 
loading control. After cleaning three times with TBST 
buffer for 5 minutes each time, the membranes were 
incubated with HRP-conjugated secondary antibodies for 1 
h at 37℃ temperature. The target proteins were visualized 
with Super ECL Detection Reagent (Thermo Fisher 
Scientific). The information of antibodies was listed in 
Supplementary Table 1. 

 

2.5 RNA extraction and qRT-PCR 
 

TRIzol reagent (Invitrogen) was used to extract total 

RNA. Complementary DNA was synthesized with 

ProtoScript®  ⅡFirst-Strand cDNA Synthesis Kit (E6300S, 

NEB, USA) according to the manufacturer’s instruction. 

Afterwards, the mRNA expression levels of genes were 

detected with NovoStart®  SYBR Green SuperMix Plus 

(E096-01A, novoprotein, China). Relative mRNA 

expressions were normalized to peptidylprolyl isomerase A 

(PPIA) with the 2−ΔΔCT method. The primer sequences used 

are listed in Supplementary Table 1. 
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Table 1 P3H4 expression was associated with 

clinicopathological parameters in ccRCC 

Clinicopathological 

parameters 
n 

P3H4 expression 
P 

Low High 

Gender  

Male 156 101 45 
0.019 

Female 70 37 33 

Age (years)  

<65 166 106 60 
0.098 

≥65 60 31 20 

Tumor diameter (cm)  

<4 72 33 39 
0.002 

≥4 154 39 115 

Fuhrman  

1-2 199 177 22 
0.001 

3-4 27 12 15 

 

 

2.6 RNA-sequence(seq) analysis 
 
Total RNA was extracted from cells using TRIzol 

reagent and sent to BMK Corporation. The heatmap was 
performed by BMKCloud, and the phyper function of R 
software is used for enrichment analysis to calculate the P 
value, and then perform FDR correction on the P value. Q 
value < 0.05 is regarded as significant enrichment. 

 
2.7 Primary renal cancer cell culture 
 
Tumor specimens from two renal cell cancer patients 

were isolated with collagenase digestion and transported to 
the lab within 10 min. After removing blood clots, the 
samples were rinsed with sterile phosphate-buffered saline 
(PBS) twice and cut into small fragments in a size of about 
1 mm3. Then, the fragments were incubated with collagenase 
of 1% (Solarbio) in a gently shaking water bath. After 
incubation with collagenase, the rest of samples were 
collected and put into 24 well plates. Cells were isolated 
and divided for culture using F medium containing 25% 
Ham’s F-12 nutrient mix (Thermo Fisher Scientific, 
Carlsbad, CA) supplemented with 10% FBS. 

 

2.8 Immunohistochemical staining 

 

For P3H4/GDF15/MMP9 staining, tissue microarrays 

were obtained from the tissue bank at Urology Department 

of the Chinese PLA General Hospital, Beijing, China. IHC 

was performed on the samples from the human RCC tissues 

and mouse xenografted tumors, as described previously. In 

brief, paraffin tissue sections were deparaffinized by xylene, 

rehydrated using graded ethanol, and blocked with 3% 

hydrogen peroxide for eliminating endogenous peroxidase 

activity, after which tissue sections were incubated with 

primary antibodies. Then, HRP-conjugated secondary 

antibody and DAB substrates were used for staining. IHC 

staining score analysis was used to figure the cases with 

high or low expression of targeted protein. The expression 

was assessed as follows: the percentage of positive cells 

was scored as 1, <25%, 2, 25–50%, 3, 50–75%, 4, >75% 

and the intensity of IHC staining was scored as 0, negative, 

1, weak, 2, moderate, 3, strong. Total score =positive 

percentage × intensity. 

 

2.9 MTT cell growth assay 
 

Transfected and control ccRCC cells (3000 cells/well) 

were seeded into 96-well plates, and cultured for 0 h, 24 h, 

48 h, 72 h, 96 h at 37 °C with 5% CO2. The viability of 

cells was assessed using a CellTiter-Blue®  (CTB) cell 

viability assay (CTB169, Promega, Beijing, China). Every 

24h of testing, using 20 μl of MTT reagent to each well at 

different time points, cells were incubated for 2 h at 37℃. 

The absorbance was measured at a wavelength of 490 nm.  

 

2.10 Cell migration assay 
 

Cancer cells (5×104/well) were planted in 200μl of 

medium without FBS seeding on the upper chamber with 

Matrigel-uncoated (356224, BD Biosciences). The lower 

chamber was filled with 500 μl medium containing 15% 

FBS. After incubated for 24 h at 37°C in 5% CO2, cells 

were fixed with 4% paraformaldehyde and the migrated 

cells were stained by 0.5% crystal violet (C8470, Solarbio, 

china), photographed and counted under a light microscope. 

 

2.11 In vivo mice assay 
 

4 weeks-old BALB/c male nude mice (Vital River 

Laboratory Animal Technology Co., Beijing, China) were 

used to prepare the mouse orthotopic xenograft tumor 

model. Before injection of mice, Luc-SN12 shNC or Luc-

SN12 shP3H4 cells (1×106) were re-suspended in 100μl of 

sterilized PBS, and later mixed with Matrigel (1:1). Cells 

were injected orthotopically into the subcapsular space of 

left kidney of nude mice and marked different groups. Mice 

were maintained according to rules outlined by the 

International Animal Welfare Recommendations and in 

accordance with the local institutional animal welfare 

guideline. Four weeks later, the primary and metastatic 

tumors were harvested, measured, photographed and fixed 

for further histopathological analysis. 

4-6 weeks-old BALB/c male mice were purchased to 

prepare the mouse orthotopic xenograft model and the steps 

were the same as mentioned above. Renca cells were 

cultured to interfere different groups. After 15 days, tumors 

were harvested and the results were analyzed.  

 

2.12 Statistics 
 

The Cancer Genome Atlas (TCGA) database was 

analyzed using UALCAN to determine gene expression and 

correlation in 533 ccRCC and 72 normal kidney samples. 

GraphPad Prism software version 8.0 was used to analyze 

all data. Results are expressed as Means ± S.D. from at least 

3 independent experiments. Student’s T Test was used for 

comparing two groups data and one-way ANOVA followed 

by individual comparisons with Dunnett’s test was use for  
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Fig. 1 High expression of P3H4 is related to the worse outcome of ccRCC patients, A TCGA database analyses 

showed the high expression of P3H4 in ccRCC tissues than that in non-tumor renal tissues, B Survival cures from 

TCGA cohort showed that ccRCC patients with high P3H4 had a short overall survival (P < 0.001), C High 

expression of P3H4 was associated with more nodal metastasis in ccRCC based on the TCGA dataset analysis, D 

Western blot analyses showed the expression of P3H4 in ccRCC and corresponding non-tumor renal tissues at protein 

level (n = 4), E Score analysis of IHC staining showed the high expression of P3H4 in ccRCC tissues (n =142) than 

that in non-tumor renal tissues (n =229), F Representative images of IHC staining demonstrated the expression level 

of P3H4 was associated with tumor grade in ccRCC tissues, G Kaplan–Meier survival analysis indicated that high 

expression of P3H4 was associated with poorer survival of patients with ccRCC (P<0.05), In all panels, *, P<0.05, **, 

P<0.01, ***, P<0.001 
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comparing more than two groups data. Correlations of gene 

expression were determined with the Pearson’s coefficient 

test. Kaplan–Meier plots and log-rank tests were used for 

the overall survival analysis and progression free survival 

analysis. P value <0.05 was considered statistically 

significant. 

 

 

3. Results 
 

3.1 P3H4 is highly expressed in ccRCC and 
associated with worse outcome 

 

In order to investigate the role of P3H4 in ccRCC, we 

analyzed the expression of P3H4 in ccRCC and normal 

tissues in TCGA database. The Ualcan analysis website 

(http://ualcan.path.uab.edu/) was used to show the P3H4 

mRNA levels in 533 patients with ccRCC and 72 normal 

counterparts. Clinical samples analysis showed that P3H4 

was highly elevated in tumors compared to normal tissues 

(Fig. 1A). Importantly, its high expression correlates with 

higher risk of distal nodal metastasis and worse overall 

survival (Figs. 1B and 1C). Further, western blot confirmed 

high expression of P3H4 in ccRCC tissues (Fig. 1D). To 

validate the clinical role of P3H4 in ccRCC, we performed 

IHC staining with anti-P3H4 antibody in renal cancer tissue 

samples and normal tissues. The data showed that P3H4 

was significantly upregulated in tumor tissues (Fig. 1E) and 

high expression of P3H4 was in positively correlated with 

poorly differentiated grade (Fig. 1F). In addition, statistical 

analysis showed that expression of P3H4 in ccRCC was 

associated with gender, tumor diameter and Fuhrman 

nuclear grade (Table 1). Moreover, ccRCC patients with 

high expression of P3H4 had adverse overall survival and 

progression free survival (Fig. 1G). These results 

demonstrated that P3H4 was a novel risk factor for ccRCC. 

 

 

3.2 Overexpression of P3H4 promotes ccRCC 
proliferation and migration 

 

Since P3H4 is predominantly overexpressed in ccRCC, 

we sought to determine whether P3H4 plays critical role in 

the proliferation of renal cancer cells. We first detected the 

P3H4 expression in a series of renal cancer cell lines. 

Western blot analyses showed higher level of P3H4 in 

ccRCC cells than that in HEK293TN cells (Fig. 2A). Then 

we selected Caki-1 with relative low expression of P3H4 to 

transfect with plasmid containing the coding sequence of 

P3H4, and overexpression of it was confirmed by qRT-PCR 

and western blot analyses, respectively (Fig. 2B). Compared 

to vector-transfected cells, P3H4 overexpression significantly 

increased the cell numbers cultured 48 hours later in Caki-1 

cell. (Fig. 2C). In addition, transwell migration assay 

showed that increased P3H4 could also enhance the 

migration ability of ccRCC cell (Fig. 2D). These evidences 

suggest P3H4 play an oncogenic role in ccRCC. 

 

3.3 Inhibition of P3H4 suppresses growth and 
metastasis of ccRCC cells 

 

Inversely, Caki-2 and SN12 cells with relatively high 

expression of P3H4 were transfected with three shRNAs 

targeting P3H4 and the knockdown effect was confirmed by 

western blot (Fig. 3A). Then, the in vitro and in vivo 

functional studies were performed to analyze the effect of 

P3H4 silencing on ccRCC cell growth and metastasis. 

Firstly, knockdown of P3H4 in SN12 and Caki-2 cells 

highly constrained cell proliferation (Fig. 3B) and cell 

migration (Fig. 3C). Later, flow cytometry showed that 

inhibition of P3H4 induced robust cell apoptosis (Fig. 3D). 

Meanwhile, we built two primary clear cell renal cancer cell 

lines from fresh tumor tissue samples and generated 

primary ccRCC cells stably overexpressing shP3H4 which 

 

Fig. 2 P3H4 overexpression promotes cell proliferation and migration in ccRCC, A: The expression of P3H4 in one 

human immortalized renal epithelial cell and five ccRCC cells was analyzed by western blot analyses, B: Plasmid-

mediated transfection was used to overexpress the P3H4 in Caki-1 cells, and the expression level of P3H4 was 

confirmed by qRT-PCR and western blot analyses, respectively, C: Cell numbers showed that overexpression of P3H4 

promoted ccRCC cells growth, D: Transwell assay suggested that the migration ability of ccRCC cells was increased 

after overexpression of P3H4, compared to control cells. In all panels, *, P<0.05, **, P<0.01, ***, P<0.001 
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Was found to efficiently reduce P3H4 expression (Fig. 3E). 

In accordance with previous results, dWownregulation of 

P3H4 in primary ccRCC cells also significantly suppressed  

 

 

the proliferation and survival (Fig. 3F). 

Furthermore, we performed xenograft studies in nude 

mice to determine the effects of P3H4 on tumorigenesis. 

 

 

 

Fig. 3 Downregulation of P3H4 blocks both tumor growth and metastasis in ccRCC cells, A: Three shRNAs were 

used to downregulate the expression of P3H4 in SN12 and Caki-2 cells, and the knockdown of P3H4 was confirmed 

by western blot analyses, B: Cell numbers showed interference of P3H4 reduced ccRCC cells proliferation, C: 

Transwell assay showed migration ability of ccRCC cells was decreased with knockdown of P3H4, D: Apoptosis was 

examined by flow cytometry and results showed the percentage of cell death was increased with P3H4 knockdown, E: 

Primary renal cancer cells were cultivated with depletion of P3H4 and cell numbers were reduced and western blot 

assay tested the effect of P3H4, F: Cell numbers demonstrated constrained proliferation ability of ccRCC cells with 

decreased expression of P3H4, G: SN12 cells after knockdown of P3H4 were orthotopically injected into nude mice, 

and ex vivo bioluminescent imaging showed tumor weights were decreased (n = 4 mice per group), H: IHC staining 

with antibodies against Ki-67 in xenograft tumors derived from SN12 cells with P3H4 silencing, I: HE staining 

confirmed the lung metastasis, and the incidence of metastasis was indicated in right panel (n =5 mice per group), In 

all panels, *, P<0.05, **, P<0.01, ***, P<0.001 
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Fig. 4 P3H4 promotes ccRCC progression through stimulating GDF15 expression, A: RNA-sequencing was 

performed on SN12 cells transfected with or without shRNA targeting P3H4, and the genes with significant changes 

were indicated by heat map, B: The expression of GDF15 in SN12 cells after knockdown of P3H4 were analyzed by 

western blot analysis and qRT-PCR, C: IHC staining analysis in ccRCC tissue array showed the positive correlation 

between the expressions of P3H4 and GDF15 (P<0.05), D: Two siRNAs were used to downregulate the expression of 

GDF15 and western blot analysis showed the decreased level of GDF15 in SN12 cells, E: Cell numbers showed the 

cell growth activity was significantly reduced after GDF15 silencing, F Transwell assay showed silencing GDF15   
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SN12 cells with knockdown of P3H4 which stably 

expressed luciferase were orthotopically transplanted into 

nude mice, and the tumor weights were assessed after 4 

weeks. Results showed that P3H4 knockdown dramatically 

decreased tumor growth (Fig. 3G). IHC staining also 

confirmed the decreased expression of Ki67 in P3H4 

knockdown groups compared to control counterparts (Fig. 

3H). Moreover, lung metastasis was detected and results 

indicated that inhibition of P3H4 suppressed ccRCC cell 

metastasis (Fig. 3I). Taken together, these data indicate 

P3H4 plays a vital role in ccRCC growth and metastasis. 

 

3.4 GDF15 acts as a downstream effector of P3H4 to 
promote ccRCC progression 

 

To understand the mechanisms underlying P3H4 

function in ccRCC cells, we performed RNA sequencing of 

SN12 cells with or without P3H4 silencing and found 

growth differentiation factor 15 (GDF15), which plays 

pivotal role in regulating metabolism and tumor progression 

(Bucalo et al. 2018, Assadi et al. 2020), was remarkably 

changed (Figs. 4A and 4B). Western blot assays and qRT-

PCR confirmed that P3H4 knockdown greatly downregulated 

GDF15, expression (Fig. 4B). Moreover, TCGA dataset and 

IHC staining revealed positive correlation between GDF15 

and P3H4 in ccRCC tissues (Fig. 4C). Since the role of 

GDF15 has not been elucidated, we knockdown GDF15 

with siRNAs in SN12 cells and decreased its expression 

(Fig. 4D).  Functional analysis revealed that decreased 

GDF15 expression significantly inhibited renal cancer cell 

growth and migration (Fig. 4E and 4F). Moreover, 

recombinant human GDF15 (rhGDF15) could notably 

promote the proliferation and migration of SN12 cells (Figs. 

4G-4I). Importantly, rhGDF15 could rescue the inhibition 

of cell growth and migration induced by P3H4 knockdown 

in SN12 cells (Figs. 4J-4L). Therefore, P3H4 promotes 

ccRCC progression via upregulation of GDF15.  

Since GDF15 plays important roles in carcinogenesis 

(Zhang et al. 2019, Ahmed et al. 2021, Buchholz et al. 

2021, Guo et al. 2021), we further explored its expression 

by IHC staining in ccRCC tissues. Results showed that 

GDF15 was highly expressed in ccRCC patients and its 

high expression was associated with tumor grade (Fig. 4M 

and 4N). Meanwhile, survival analysis indicated that 

ccRCC patients with high expression of GDF15 had shorter 

overall survival and progression free survival (Fig. 4O). In 

conclusion, dysregulation of P3H4-GDF15 axis enhanced 

ccRCC progression. 

 

 

3.5 Inhibition of P3H4-GDF15 axis represses MMP9 
related signaling pathway 

 

Recent studies showed matrix metalloproteinases2/9 

(MMP2/9) played important roles in tumor invasion which 

could be regulated by GDF15 (Griner et al. 2013), and 

revealed its oncogenic function in ccRCC (Ma et al. 2012, 

Qian et al. 2018, Lee et al. 2019). RNA-sequencing and 

western blot assays revealed the downregulation of 

MMP2/9 in SN12 cells with knockdown of P3H4 (Figs. 5A 

and 5B), which indicated the underlying role of MMPs in 

P3H4-GDF15 axis. Previous studies showed the regulation 

of MMPs by GDF15 mainly through EMT pathway and 

Ras/Erk pathway in tumor tissues (Abd El-Aziz et al. 2007, 

Griner et al. 2013). Surprisingly, western blot assays 

suggested the depletion of P3H4 or GDF15 could inhibit 

EMT process and Ras signal activation. (Fig. 5C and 5D). 

Meanwhile, overexpression of GDF15 after knockdown of 

P3H4 could upregulate the expression of MMP2/9 and its 

related pathway molecules in SN12 cells (Fig. 5E). These 

results showed MMP2/9 participate in the role of P3H4-

GDF15 axis in ccRCC.  

Furthermore, TCGA database and IHC staining revealed 

a positive correlation between GDF15 and MMP9 levels in 

renal cancer (Figs. 5A and 5F), and histoscores showed the 

high level of MMP9 in tumor tissues (Fig. 5G). Survival 

analysis suggested high expression of MMP9 was 

associated with the worse outcome of patients with ccRCC 

(Fig. 5H). IHC staining analyses showed the co-expression 

of P3H4 and MMP9 in ccRCC tissues had shorter prognosis 

(Fig. 5I). The TCGA database also showed the positive 

correlationship among P3H4, GDF15 and MMP9 (Fig. 5B) 

and ccRCC patients with high level of P3H4/GDF15/ 

MMP9 had the worst outcome (Fig. 5C). Therefore, P3H4/ 

GDF15/MMP9 axis was a promising prognostic factor for 

patients with ccRCC. 

 

3.6 P3H4 facilitates tumor-mediated immune-
suppression via regulating MMP9/PD-L1 axis 

 

MMP2/9 inhibitor was reported to diminish both mRNA 

and protein levels of PD-L1 (Wei et al. 2018, Zhao et al. 

2018), and combination of MMP9 inhibitor and anti-PD1 

antibody to treat cancer had shown good prospects (Imai 

and Takaoka 2006, Zhu and Li 2018, Smith et al. 2019, Ye 

et al. 2020). Western blot and qRT-PCR showed that P3H4 

silencing decreased PD-L1 expression in 786-O cells (Figs. 

6A and 6B). Besides, the downregulation of GDF15 using 

reduced cell migration ability. G: Western blot analysis showed that the protein level of GDF15 was increased after 

treating rhGDF15 protein. H: Cell numbers showed the increased proliferation ability after treating rhGDF15 protein in 

SN12 cells. I: Transwell assay showed migration ability of ccRCC cells was upregulated with rhGDF15 protein. J: 

Levels of P3H4 and GDF15 were detected by western blot analysis after knockdown of P3H4 with or without rhGDF15 

protein. K: Cell numbers showed the ability of growth was rescued by rhGDF15 protein after P3H4 knockdown. L: 

Transwell assay showed migration ability of ccRCC cells was upregulated with rhGDF15 protein after silencing P3H4. 

M: Histoscores of GDF15 showed the higher level of it in tumor patients. N: Representative images of IHC staining 

demonstrated the expression level of GDF15 was associated with tumor grade in ccRCC tissues. O: Survival curves 

based on IHC staining indicated the poorer outcome of ccRCC patients with high expression of GDF15 than those with 

low level of GDF15 (P<0.05). In all panels, *, P<0.05, **, P<0.01, ***, P<0.001. 
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siRNA in 786-O cells also suppressed the expression of PD-

L1 (Fig. 6C). Moreover, rhMMP9 protein rescued the 

decreased expression of PD-L1 caused by knockdown of 

P3H4 (Fig. 6D). These results suggested the potential role 

of P3H4/GDF15/MMP9 axis in immunosuppression via 

 

 

upregulating the expression of PD-L1. 

To investigate the role of P3H4 in modulation of tumor 

microenvironment, m-shP3H4 plasmid sequences were 

transfected into renca cells, and the knockdown effect was 

confirmed by western blot and qRT-PCR (Figs. 6E and 6F).  

 

 

Fig. 5 Positive regulation of MMP9 related signaling pathway through P3H4-GDF15 axis in ccRCC, A: RNA-

sequencing was performed in SN12 cells with P3H4 silencing, and heat map showed the decreased levels of MMP2/9 

after knockdown of P3H4, B: Western blot assays showed the expression of MMP2/9 in SN12 cells with P3H4 

knockdown, C: Western blot assays showed the downregulation of EMT pathway and Ras/Erk pathway with 

decreased level of P3H4, D: Western blot illustrated the inactivated EMT pathway and Ras/ERK pathway after 

knockdown GDF15 in SN12 cells, E: Western blot showed rhGDF15 protein rescued the level of EMT pathway and 

Ras pathway induced by P3H4 knockdown, F: IHC staining analysis in ccRCC tissue array showed the positive 

correlation between the expressions of P3H4 and MMP9 (P<0.05), G: IHC staining analysis showed the high 

expression of MMP9 in ccRCC tissues, H: Survival analysis showed worse outcome of patients with upregulation of 

MMP9 based on IHC staining, I: Survival analysis suggested high expression of both P3H4 and MMP9 in ccRCC 

patients had shorter outcome than other groups. In all panels, *, P<0.05, **, P<0.01, ***, P<0.001. 
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Fig. 6 P3H4 regulates tumor-associated immunosuppression by activating MMP9-PD-L1 axis. A, B: Western blot 

analysis and qRT-PCR showed the decreased expression of PD-L1 in 786-O cells after P3H4 knockdown, 

respectively. C: Western blot analysis illustrated the decreased level of PD-L1 in 786-O cells with GDF15 silencing. 

D: Western blot analysis showed the upregulation of PD-L1 after P3H4 silencing with rhMMP9 compared to cells  
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MTT assays showed that inhibition of P3H4 constrained the 
proliferation of renca cells (Fig. 6G). Later, we 
orthotopically transplanted renca cells with or without 
P3H4 interference into BALB/c mice. The weight of tumors 
were assessed after 18 days, and results showed smaller of 
tumor tissues in shP3H4 groups compared to control groups 
(Fig. 6H). HE staining of Lung tissues revealed that 
downregulation of P3H4 dramatically repressed metastasis 
ability of renal cancer cells (Fig. 6I). Furthermore, we 
conducted IHC staining and results showed that both the 
intratumor infiltration of CD4+ and CD8+ T cells and 
cytotoxic activity marked by granzyme B were remarkably 
increased in shP3H4 groups (Fig. 6J), indicating that P3H4 
deprivation triggers robust anti-tumor immunity. Meanwhile, 
we also found a positive correlation between P3H4 
expression and PD-L1 level in clinical specimens (Fig. 6K). 
The tissue samples of TCGA database showed the positive 
relationship between P3H4 and infiltration of CD4+ and 
CD8+ T cells (Supplementary Figs. 6A and 6B). Taken 
together, these results for the first time showed the novel 
role of P3H4 in tumor-mediated immunosuppression. 

 

 

4. Discussion 

 
Although it has provided that P3H4 gene could behave 

as oncogene in cancer progression (Hao et al. 2020), the 
function of P3H4 in ccRCC is largely unknown. In this 
study, we firstly proved that the expression of P3H4 was 
aberrantly increased in ccRCC, which promoted cell 
proliferation and metastasis in vitro and in vivo, and 
predicted the worse survival of patients with ccRCC. 
Furthermore, functional studies showed that GDF15 and 
MMPs, which were regulated by P3H4, participated in the 
progression of ccRCC. Moreover, we demonstrated that 
inhibition of P3H4-GDF15-MMP9 axis could suppress the 
immune system to constrain tumor progression by 
decreasing PD-L1 protein levels, suggesting that 
manipulating the inhibitor of P3H4-GDF15-MMP9 axis 
may synergize with the immune checkpoint blockade 
therapy in ccRCC patients.   

Notably, our study revealed GDF15 worked as the 

downstream of P3H4 in tumor progression and knockdown 

of P3H4 significantly decreased mRNA and protein levels 

of GDF15, thus, it will be interesting to find out how P3H4 

regulates GDF15 in ccRCC. P3H4 usually services as 

posttranslational modification (Hudson and Eyre 2013) and 

we guest that it may participate in regulating the regulator 

of GDF15 during transcription and translation. Moreover, 

we firstly explored the function of GDF15 in ccRCC and 

found its oncogenic role in promoting cancer cells 

proliferation and migration.  

Recent studies also reported that GDF15 acts on 

 
 
immune cells and promotes cancer by mediating immune 
escape in the tumor microenvironment (Lodi et al. 2021), 
and our results showed that constrained level of GDF15 
highly decreased expression of PD-L1, providing a novel 
mechanism for GDF15 in immunosuppression. Meanwhile, 
as a metabolic signature for cachexia in patients with cancer 
(Lerner et al. 2015), it will also be interesting to uncover 
the metabolic role of GDF15 in ccRCC and explore its 
clinical potential as therapeutic target.  

Particularly, MMP9 inhibitor modulated tumor immune 
surveillance by regulating PD-L1 and the combination of 
MMP inhibitors and anti-PD-1 was used to treat gastric and 
esophageal cancers in the phase III clinical trial (64). We 
found that rhMMP9 could rescued the downregulation of 
PD-L1 caused by knockdown of P3H4 or GDF15 in 
ccRCC, and these evidences suggested the role of MMP9 in 
immunosuppression in ccRCC. Also, it’s worthy to clarify 
whether the combination of MMP9 inhibitors and anti-PD-1 
drugs can treat patients with ccRCC. Later, it’s interesting 
to study that the efficiency of GDF15 inhibitor in ccRCC 
and the combination of immunotherapy. 

 

 

5. Conclusions 

 
Our study detailedly investigates the expression levels, 

clinical significances, and functions of P3H4 and its 

downstream effector GDF15 in ccRCC, and identifies a 

novel P3H4-GDF15-MMP9 axis in tumor-mediated 

immunosuppression via regulating PD-L1, providing 

potential targets for the prognosis and treatment of patients 

with ccRCC. 
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RCC renal cell carcinoma 

ccRCC

 

clear cell renal cell carcinoma 

TCGA The Cancer Genome Atlas 

OS overall survival 

PFS progression-free survival 

HE hematoxylin and eosin 

IHC immunohistochemistry 

qRT-PCR  quantitative real-time PCR 

EMT epithelial-mesenchymal transition 

P3H4 the prolyl 3-hydroxylase family member 4 

GDF15 Growth differentiation factor 15 

rhGDF15 GDF15 recombinant human protein  

MIC-1 macrophage inhibitory cytokine-1  

MMPs Matrix metalloproteinases 
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