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Background: Large numbers of studies have identified that procollagen-lysine, 2-oxoglutarate 5-dioxygenase (PLOD) family 
members play important roles in tumorigenesis and tumor progression in various cancers. However, the expression pattern, clinical 
value and function of PLOD family have yet to be analyzed systematically and comprehensively in bladder urothelial carcinoma 
(BLCA).
Methods: We investigated the transcriptional levels, genetic alteration, biological function, immune cell infiltration, data on survival 
of PLODs in patients with BLCA based on UALCAN, the Cancer Genome Atlas (TCGA) database, Gene Expression Profiling 
Interactive Analysis (GEPIA), TIMER, STRING, cBioPortal and GSCALite databases. Gene ontology (GO) analysis and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) were performed in R software using the Cluster Profiler Bioconductor package. 
Protein–protein interaction (PPI) network was established by STRING and visualized by using R version (3.6.3) software. Survival 
analysis was performed using the packages “survminer”.
Results: The mRNA and protein expression patterns of PLOD family members were noticeably increased in BLC compared with 
normal tissue. The mRNA expression levels of PLOD1-2 genes were significantly correlated with histological subtypes and PLOD1 
was significantly correlated with pathological stage. Furthermore, the high expression levels of PLOD1-2 were remarkably associated 
with poor overall survival (OS) in BLCA patients, meanwhile high expression levels of PLOD1 and PLOD3 were markedly associated 
with poor progression-free interval (PFI). In co-expression gene analysis, 50 genes were primarily associated with the differentially 
expressed PLODs in BLCA. Functional enrichment analysis revealed that protein hydroxylation, collagen fibril organization, and 
lysine degradation were key biological functions of PLODs in BLCA. Moreover, PLOD family genes were identified as being 
associated with the activities of tumor-infiltrating immune cells and closely associated with immune responses in BLCA.
Conclusion: PLOD family members might serve as potential therapeutic targets and prognostic markers for BLCA patients’ survival.
Keywords: bladder cancer, PLODs, immune infiltration, prognosis, biomarker

Introduction
Globally, BLCA is the leading cause of cancer death and the common malignant tumor of the urinary system.1 In the 
United States, there are expected to be approximately 82,290 new cases of bladder cancer and 16,710 new deaths in 
2022, according to research.2 Generally, bladder cancer is classified as NMIBC or MIBC.3 There is a high risk of distant 
metastases and death in 15% to 25% of the cases of NMIBC which progress to MIBC.4 A third of newly diagnosed 
patients with urothelial carcinomas of the bladder have MIBC, which can be localized or metastatic.5 Recently, the 
overall survival rate of patients bearing bladder cancer has improved due to early diagnosis, robotic surgery, and 
immunotherapy.6 However, the prognosis of patients with bladder cancer remains unsatisfactory due to the low use of 
neoadjuvant (NAC) chemotherapy.7 Nevertheless, conventional NAC adoption continues to give unpredicted over 
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staging at final pathological report after radical cystectomy with curative intent. This is due to still limited ability of 
accurate and tailored management. Thus, presence of pN-positive disease and positive surgical margins (and their 
location) significantly affected survival rates.8–10 Despite radical surgery and radiotherapy, one-quarter of muscle- 
invasive bladder cancer patients still have a poor prognosis.11 Furthermore, tumor microenvironment which consists of 
cancer cells, immune cells, and extracellular matrix in BLCA is highly heterogeneous,12,13 which may result in different 
clinical responses to the same treatments.14,15 The recurrence rate in NMIBC ranges from 50% to 70%, whereas the 
occurrence of distant metastases in MIBC ranges from 50% to 80%.16 Because of the high incidence and recurrence rate 
of bladder cancer, it is urgent to explore the molecular mechanism of the occurrence and development of bladder cancer. 
Over conventional pathological markers, immunohistochemical components have been advocated and explored together 
with clinical ready-to-use biomarkers.17–20 In spite of this, the lack of high-quality data and prospective validation still 
hampers the adoption of these tools. Molecular biomarkers represent an intriguing weapon in this scenario both 
considering diagnostic, neoadjuvant and adjuvant setting.21–24 Therefore, identification of reliable markers for improving 
the prognosis of urothelial carcinomas of the bladder are urgently required.

PLOD proteins are the lysyl hydroxylase involved in the lysyl hydroxylation of collagen.25 In collagen cross-linking and 
deposition, lysyl hydroxylation is catalyzed by PLOD, which is composed of three members including PLOD1, PLOD2, and 
PLOD3.26 Aberrant expressions of PLOD1/2/3 which are regulated by multiple cytokines, transcription factors, as well as 
miRNA species might participate in tumorigenesis and tumor development,25,27 indicating that targeting PLOD family 
members might act as a potential strategy for cancer therapy. There is growing evidence that collagen deposition and cross- 
linking promote the progression of cancer by enhancing cancer cell proliferation, invasion, and migration.28 Further 
understanding of how PLOD is regulated during cancer development may identify signaling pathways that can be targeted 
to inhibit its activity that are involved in cell growth and survival. Recent studies have shown that members of the PLOD 
family demonstrated a critical role in the development and progression of cancer including pancreatic, lung, and gastric 
cancer.29–31 To data, there is no research about the effect of PLOD family in BLCA.

With the use of online databases, platforms, and a variety of data sets, we investigated the expression levels and 
prognosis of PLODs in BLCA in the current study. It is hoped that this study will give insight into the molecular 
mechanism of BLCA and uncover potential new therapeutic targets and prognostic biomarkers.

Materials and Methods
Ethics Statement
According to the First Affiliated Hospital of Nanchang University Ethics Committee, this study was approved (approval 
number 2020157). The datasets were obtained from public databases, and all data were collected with written consent.

Patients and Sample Collection
The comparison of BLCA tissues with corresponding non-cancer tissues was carried out on 20 pairs of radical 
cystectomy patients in the general surgery department of the first Affiliated Hospital of Nanchang University 
(Nanchang, China) from September 2021 to September 2022.

Cell Lines and Cell Culture
Both cell lines (T24 and BIU), which were obtained from the ATCC, were cultured in DMEM and MEM media, 
respectively. The remaining one cell line SV-HUC-1 was maintained in F-12K medium. In addition to FBS (5%), 
penicillin (100 IU/mL) and streptomycin (100 mg/mL), the media were supplemented with these substances. In an 
incubator, cell lines were maintained at 37°C with 5% CO2 in a humidified atmosphere.

Quantitative Reverse Transcription PCR (qRT-PCR)
The expression level of PLODs’ mRNA was quantified using qRT-PCR. The primers were listed as follows: Human 
PLOD1_F:GCCGTTTGTGTCCCTGTTCTTC; Human PLOD1_R:ATGCTGTGCCAGGAACTCTTCC; Human 
PLOD2_F:GACAGCGTTCTCTTCGTCCTCA; Human PLOD2_R:CTCCAGCCTTTTCGTGGTGACT; Human 
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PLOD3_F:CGAGTGTGAGTTCTACTTCAGCC; Human PLOD3_R:CCAGAAGTTGGACCACAGCTTG; GAPDH 
forward GTCTCCTCTGACTTCAACAGCG, GAPDH reverse: ACCACCCTGTTGCTGTAGCCAA. The first step 
was to generate the cDNA by extracting RNA from 20 pairs of bladder cancer and adjacent normal tissues and bladder 
cancer cell lines (T24 and BIU) by Trizol Reagent (Cowin Biotech Co., Ltd., China) according to the manufacturer’s 
protocol. All qRT-PCRs were conducted under the constant settings (95 °C for 10 min, 40 cycles of 95°C for 15s and 60  
°C for 1 min) using the PerfectStart Green qPCR SuperMix kit (TransGen Biotech Co, Ltd, China).

Data Acquisition and Processing
In order to investigate the distribution of the PLOD genes in normal bladder tissues, we used the Genotype-Tissue 
Expression (GTEx) database, which can be found at https://www.gtexportal.org/.A database of 33 types of cancer was 
downloaded from The Cancer Genome Atlas (TCGA), which includes gene expression data (HTSeq-FPKM), clinico
pathological data, immune subtypes, survival data, and stemness scores (RNA-based). In order to perform the difference 
analysis, we used the Limma package from Bioconductor. A gene with an average count value greater than 1 was 
excluded. p<0.05 was considered, as well as |log2 (FC)|>1.0.

UALCAN
The database (http://ualcan.path.uab.edu) collected RNA-seq and clinical data of 31 cancer types from TCGA,32 which 
provided a useful platform for analyzing gene expression in tumor and normal tissue. We used this database to examine 
the relationship between gene expression levels and clinicopathological characteristics in bladder cancer. p-value <0.05 
(*), p-value <0.01 (**) and p-value <0.001 (***).

GEPIA Dataset
A new interactive web server has been developed for the analysis of RNA sequencing data derived from 9736 tumors and 
8587 healthy samples from the TCGA and GTEx datasets.33 In our study, we obtained data about PLOD1/2/3 mRNA 
expressions and clinical prognosis from the GEPIA database.

Human Protein Atlas
Immunohistochemistry-based expression data are collected in Human Protein Atlas (https://www.proteinatlas.org), which 
confirm whether the expression at the mRNA and protein levels matched.34 HPA was used to collect representative IHC 
images of PLOD family in patients with BLCA and normal tissues.

Timer
TIMER (cistrome.shinyapps.io/timer) is an effective tool to show a comprehensive understanding of tumor-immune 
interactions.35 In BLCA samples, we investigated the associations among tumor purity, CD4+ T, CD8+ T immune cell 
infiltration, and mRNA expression levels of real hub genes based on the TIMER database.

String
With STRING, it is possible to search online for known protein interactions. We used STRING to create a network of 
mutations for PLODs and their neighboring genes that are frequently altered.

GSCALite
GSCALite (bioinfo.life.hust.edu.cn/web/GSCALite/) provides a platform for analyzing genomic cancer data.36 Based on 
an online database, we examined the interaction between miRNA and PLODs. Then we analyzed the relationship 
between miRNAs and clinicopathological characteristics. Kaplan–Meier Plotter was utilized to illustrate the correlation 
between the hub miRNAs expression between high- and low-risk groups and disease progression of BLCA via 
R software from the R package survminer.
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Results
Aberrant Expression of PLOD Family Genes in Patients Bearing BLCA
To begin, the mRNA expression levels of the three PLOD family genes were analyzed in the BLCA samples based on 
TCGA dataset (https://portal.gdc.cancer.gov/). As showcased in Figure 1A-C, the transcription levels of PLOD1/2/3 were 
significantly higher in patients bearing BLCA compared with normal samples. Our next step was to analyze the mRNA 
transcription levels of PLOD family members in BLCA patients based on the UALCAN database. As showcased in 
Figure 1D-F, comparing BLCA tissues with normal tissues, PLOD1 and PLOD3 mRNA levels were significantly 
elevated, while there was no significant difference in the expression of PLOD2. In order to further validate this 
conclusion, we further carried out a quantitative real-time PCR (RT-qPCR) analysis of 20 pairs of cancerous and 
adjacent normal tissues. As showcased in Figure 1G-I, according to the results, BLCA tissue displayed significantly 
increased transcriptional levels of PLOD1/2/3 (p < 0.05) compared to normal tissue. As shown in Figure S1, the 
transcriptional levels of PLOD1/2/3 (p < 0.05) were also significantly elevated in T24 and BIU bladder cancer cell lines 
compared with that in SV-HUC-1 cell line. Based on the HPA database, the protein levels of PLOD1/2/3 members were 
analyzed in BLCA patients following transcriptional analysis. As shown in Figure 2A-F, the expression levels of 
PLOD1–3 proteins were dramatically higher in BLCA tissues than in adjacent normal bladder tissues. Based on the 
above findings, we concluded that the expression of PLOD1/2/3 was significantly elevated in BLCA tissue compared 
with normal tissue at both mRNA and protein levels.

The Association Between PLOD Family Genes and the Clinicopathological Parameters 
in Patients with BLCA
We investigated the correlation between the expression of PLODs’ mRNA and clinicopathological parameters in this 
study, including histological subtypes and pathological stage using the UALCAN data and GEPIA database. As 
showcased in Figure 3A-C, we further confirm the correlation between three PLOD family members gene expressions 
and histological subtypes using the UALCAN web tool. The expression of PLOD1-2 expressed higher in non-papillary 
tumor than that in papillary tumor, while there was no difference for PLOD3 between non-papillary tumor and papillary 
tumor. As showcased in Figure 3D-F, the higher the clinical stage, the more the PLOD1 gene expression. The mRNA 
expressions of PLOD2 and PLOD3 were not associated with patients’ pathological stages. Taken together, results showed 
that mRNA expression levels of PLOD1-2 were significantly correlated with histological subtypes and PLOD1 was 
significantly correlated with pathological stage.

The Prognostic Values of mRNA Expression of PLOD in Patients Bearing BLCA
With the help of Kaplan–Meier survival curves, we evaluated the association between differentially expressed PLOD 
members and BLCA prognosis according to the TCGA BLCA data. The OS curves of the PLOD1/2/3 are demonstrated 
in Figure 4A, C and E, respectively. Our results showed that higher mRNA expression PLOD1 (HR = 1.75, 95% CI: 
1.31–2.36, and p < 0.001) and PLOD2 (HR = 1.52, 95% CI: 1.14–2.04, and p = 0.005) were markedly associated with 
poorer OS in BLCA patients, while the mRNA expression in PLOD3 was not associated with OS of BLCA patients. 
A study was also conducted to investigate the prognostic roles of differentially expressed PLOD members in the PFI of 
patients with BLCA. The results showed that higher mRNA expression of PLOD1 (HR = 1.62, 95% CI: 1.21–2.18, and 
p = 0.001) and PLOD3 (HR = 1.52, 95% CI: 1.12–2.06, and p = 0.007) were associated with shorter PFI, while the 
mRNA expression of PLOD2 had no effect on the PFI of ccRCC patients (Figure 4B, D and F). Taken together, they 
might be used as indicators for predicting clinical outcome in BLCA.

Independent Prognostic Value of mRNA Expression Levels of PLOD Family Members 
in Terms of OS in Patients Bearing BLCA
The independent prognostic value of these genes was assessed via the TCGA database based on Cox proportional hazards 
model.37 Using univariate Cox regression analysis, we found that higher mRNA expression of PLOD1 (HR = 1.380, 95% CI: 
1.152–1.654, and p < 0.001) was significantly associated with shorter OS. Multivariate analysis for OS revealed that higher 
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mRNA expressions of PLOD1 (HR = 1.328, 95% CI: 1.099–1.605, and p = 0.003) showed an independent association with 
shorter OS of patients with BLCA. In total, the results indicated that PLOD1 might act as an independent prognostic factor for 
cancer survival and suggested that the increased expression of PLOD1 might play a significant role in the progression of BLCA 
(Supplementary Table 1).

Figure 1 Transcriptional expression of PLOD1/2/3 genes was evaluated between bladder cancer tissues and adjacent normal bladder tissues based on the TCGA and GTEx 
databases (A-C). Different PLOD1/2/3 members were expressed in BLCA and normal bladder tissues based on UALCAN (D-F). qRT-PCR was used to detect the mRNA 
levels of PLOD1/2/3 in BLCA tissues and paired-adjacent normal bladder tissues (G-I). ns indicates not significant; *p < 0.05; **p < 0.01; ***p < 0.001. 
Abbreviations: PLOD, procollagen-lysine, 2-oxoglutarate 5-dioxygenase; BLCA, bladder urothelial carcinoma.
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Alteration in the Frequency of PLOD Family Genes in BLCA Patients
Data from the cBioPortal database were used to identify the frequency of genetic changes in each of the three PLOD 
genes among BLCA patients. Genetic alterations of PLODs are shown in Figure 5A, and the frequency of genetic 
alterations according to the cBioPortal database is shown in Figure 5B. The BLCA dataset indicated that the percentage 
changes of DNA alterations of PLODs were 0.6% (PLOD1), 3% (PLOD2), and 2.9% (PLOD3), respectively. Our next 
step was to examine the relationship between changes in PLOD gene expressions and prognosis of BLCA based on the 
cBioPortal database. In this study, Kaplan–Meier curves were used to determine the overall survival as well as the 
progression-free survival (PFS) of BLCA patients with altered or unaltered mRNA expression levels of PLOD1/2/3. As 
shown in Figure 5C, the alteration of PLOD genes in BLCA patients were closely related to OS (p = 0.0395), and 
patients bearing BLCA with altered PLOD gene expression showed a markedly shorter PFS (p = 0.007293) compared to 
those with unaltered PLOD gene expression (Figure 5D).

Predicted Functions and Pathways of the Changes in PLODs and the 50 Most 
Frequently Altered Neighbor Genes in Patients with BLCA
In order to better understand the underlying mechanisms of PLOD family members in BLCA, we built a network of 
PLOD family members and their functionally related genes. Based on the cBioPortal database, we identified the top 50 
genes associated with PLOD family members and PPI network was built using STRING database (Figure 6A). The 
results showed that the protein hydroxylation-related genes including PLOD1/PLOD2/P4HA2/PLOD3/P3H4/P3H1 were 
significantly related to PLOD mutations in BLCA patients. With the use of R packages ggplot2 v3.3.2, a gene ontology 
enrichment analysis was conducted on three aspects: biological process, cell composition, and molecular function.38 

Biological processes (BP) such as GO:0018126 (protein hydroxylation), GO:0030199 (collagen fibril organization), 

Figure 2 The expression levels of PLOD1–3 proteins were observed between BLCA tissues and normal bladder tissues (A–F). Scale bar = 100μm. 
Abbreviations: PLOD, procollagen-lysine, 2-oxoglutarate 5-dioxygenase; BLCA, bladder urothelial carcinoma.
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GO:0032963 (collagen metabolic process), GO:0030198 (extracellular matrix organization) and GO:0043062 (extra
cellular structure organization) were significantly regulated by PLOD alterations in BLCA. Cellular components (CC), 
including GO:0005788 (endoplasmic reticulum lumen), GO:0062023 (collagen-containing extracellular matrix), 
GO:0005791 (rough endoplasmic reticulum), GO:0030867 (rough endoplasmic reticulum membrane) and GO:0030131 
(clathrin adaptor complex) were significantly associated with the PLOD alterations. In addition, PLOD mutations also 
affected the molecular functions (MF), such as GO:0031418 (L-ascorbic acid binding), GO:0016706 (oxidoreductase 
activity, acting on paired donors, with incorporation or reduction of molecular oxygen, 2-oxoglutarate as one donor, and 
incorporation of one atom each of oxygen into both donors), GO:0048029 (monosaccharide binding), GO:0051213 
(dioxygenase activity) and GO:0019842 (vitamin binding). An analysis of KEGG pathways revealed that PLOD 
mutations in BLCA were associated with an enrichment in lysine degradation (Figure 6B and Supplementary Table 2).

The Expression of PLOD Family Members is Correlated with Immune Infiltration 
Levels in BLCA
With the help of TIMER database, we examined the relationship between immune infiltration and PLOD expression in BLCA to 
explore the immune microenvironment. As shown in Figure 7A-C, all members of the PLOD family were associated with 
negative tumor purity, according to the results. The abundance of CD8 + T cell, macrophages, neutrophil cell and dendritic cells 
showed positive association with the expressions of PLOD family members. A negative correlation was observed between 
PLOD1 expression and B cell infiltration, whereas there was no correlation between PLOD2 and PLOD3 expression and B cell 
infiltration. Significantly positive correlation was found between PLOD2/3 expression and CD4+T cell infiltration, while 
PLOD1 expression showed no correlation with the CD4 + T cells. With the TIMER, we analyzed the relationship between 
different somatic copy number alterations and immune cell infiltration in BLCA samples. As showcased in Figure 7D-F, results 

Figure 3 Relationship between mRNA expression of distinct PLOD1/2/3 members and individual histological subtypes of patients bearing BLCA (A-C). The correlations 
between PLOD1/2/3 mRNA levels and clinical stages in BLCA patients were evaluated with violin plots using data from the GEPIA database (D-F). *p < 0.05; ***p < 0.001. 
Abbreviations: PLOD, procollagen-lysine, 2-oxoglutarate 5-dioxygenase; BLCA, bladder urothelial carcinoma.
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revealed the SCNA of PLOD1/3 was significantly correlated to the infiltrating levels of CD8+ T cells, CD4+ T cells, neutrophils, 
and dendritic cells, while that of PLOD2 was in significant connections with the infiltrating levels of CD8+ T and CD4+ T cells.

Possible Regulatory Mechanisms of PLODs’ mRNA Expression in BLCA Patients
Individual miRNAs can regulate a wide range of genes, and an individual target gene can be co-regulated by several miRNAs. 
miRNAs are also known to regulate gene expression. According to the GSCALite database, we showed the related miRNAs 

Figure 4 Prognostic value of PLOD1/2/3 mRNA expression levels in BLCA. Relationships between PLOD1/2/3 mRNA expression levels and OS of BLCA patients were 
conducted using R software based on TCGA data (A, C and E). Relationships between PLOD1/2/3 mRNA expression levels and PFI of BLCA patients were analyzed using 
R software based on TCGA data (B, D and F). 
Abbreviations: PLOD, procollagen-lysine, 2-oxoglutarate 5-dioxygenase; BLCA, bladder urothelial carcinoma.
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lists that were related to PLODs. As shown in Figure 8A, there were four miRNAs (miR-145-5p, miR-124-3p, miR-548t-5p 
and miR-7-5p) regulating POLD1, 15 miRNAs (miR-145-5p, miR-26a-5p, miR-3157-5p, miR-520h, miR-514a-3p, miR- 
1197, miR-1267, miR-514b-3p, miR-3166, miR-96-5p, miR-330-3p, miR-382-5p, miR-513a-3p, miR-548d-3p and miR-369- 
3p) regulating PLOD2, and 2 (miR-491-5p and miR-369-3p) regulating PLOD3.Then, we continue to investigate the 
relationship between these miRNAs and the prognosis of bladder cancer. Based on the data, four (miR-145-5p, miR-96-5p, 
miR-382-5p, miR-369-3p) of them have a significant correlation with overall survival in patients with BLCA (Figure 8B-E). 

Figure 5 The genetic alterations of PLOD1/2/3 in BLCA (A). Alteration frequency of PLOD1/2/3 according to the cBioPortal database (B). Kaplan-Meier plots and Log rank 
tests revealed OS and PFS of BLCA patients with or without PLOD1/2/3 alterations (C and D). 
Abbreviations: PLOD, procollagen-lysine, 2-oxoglutarate 5-dioxygenase; BLCA, bladder urothelial carcinoma.
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Figure 6 Protein–protein interaction network of PLOD1/2/3 and the 50 neighboring genes related to the mutations of PLOD1/2/3 in BLCA (A). Gene ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) functional enrichment analysis of PLOD1/2/3 and the 50 neighboring genes related to the mutations of PLOD1/2/3 in 
BLCA (B). 
Abbreviations: PLOD, procollagen-lysine, 2-oxoglutarate 5-dioxygenase; BLCA, bladder urothelial carcinoma.
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Figure 7 Correlation between PLOD genes and immune cell infiltration in BLCA (A–C). A comparison of tumor infiltration levels in BLCA with different somatic copy 
number alterations for PLODs (D–F) (TIMER). *p < 0.05; **p < 0.01; ***p < 0.001. 
Abbreviations: PLODs, procollagen-lysine,2-oxoglutarate 5-dioxygenases; BLCA, bladder urothelial carcinoma.
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Figure 8 (A) MiRNA–target mRNA pairs in modular intersection genes regulated by miRNAs. Twenty miRNAs (blue circle) and three target PLODs (yellow circle) were 
included in the network. Arrow widths indicate the degree of correlation between PLODs and miRNA. The prognostic value of the expression levels of miRNA in BLCA 
patients (B-E). 
Abbreviations: PLODs, procollagen-lysine; 2-oxoglutarate 5-dioxygenases; BLCA, bladder urothelial carcinoma.
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According to the results above, miRNA-PLODs regulatory networks may be important regulators of PLODs expression and 
may also be valuable prognostic markers and therapeutic targets for patients with BLCA.

Discussion
Due to the critical role in collagen synthesist, PLOD family genes have gained increased attention. There is increasing 
evidence that PLODs play a key role in tumorigenesis and the prognosis of cancer, yet functions of PLODs in BLCA remain 
still unclear.39–41 We analyzed the expression level, genetic alteration, potential function, immunity-related evaluations and 
prognostic value of PLOD family members in BLCA, in order to propose potential therapeutic and prognostic strategies for 
BLCA patients. In this work, our results showed that PLOD1–3 in BLCA showed a high level of expression.

PLOD1 belongs to the PLOD family of proteins that is responsible for lysyl hydroxylation which acts specifically as 
a telopeptide lysyl hydroxylase. PLOD1 has been studied extensively in cancer studies over the past few years. A previous 
study found that the expression of PLOD1 was increased in gastric cancer tissues and higher expression of PLOD1 was 
significantly associated with both shorter PFS and OS.42 Yuan et al found that high expression of PLOD1 could increase the 
proliferation and colony formation of U87 cells by activating the HSF1 signaling pathway, suggesting PLOD1/HSF1 as an 
effective therapeutic target for gliomas.43 Studies have reported that PLOD1 promoted lung cancer through E2F1 activation 
and proposed a rationale for targeting the PLOD1/E2F1 axis to treat lung cancer.44 The previous study revealed that PLOD1 
promoted tumorigenesis and metastasis in osteosarcomas, providing a potential therapeutic strategy for treatment.45 A recent 
study found that PLOD1 expression was directly regulated by miR-140-5p in bladder cancer cells, and aberrant expression of 
PLOD1 significantly contributed to bladder cancer development.46 In our study, we further proved that the high expression 
level of PLOD1 was significantly correlated with higher histological subtypes and pathological stage. In addition, PLOD1 
over-expression was associated with shorter OS and PFS, suggesting PLOD1 might act as a tumor-promoting oncogene in 
BLCA patients. Multivariate Cox regression analyses showed that high PLOD1 expression independently predicted a poor 
prognosis in BLCA patients. According to our results, PLOD1–3 was closely related to CD8+ T cells, neutrophils, macro
phages, and dendritic cells. Researchers previously found that neutrophil adhesion to fibronectin could result in hydroxylysine 
which was a product of PLOD being released into the extracellular space further to affect the morphology and cytoskeleton of 
attached cells.47,48 Therefore, we hypothesized that PLOD1 expression was related to immune infiltration in BLCA and could 
function as a potential marker of the tumor immune microenvironment. Taken together, the present study showed that the 
PLOD1 might be a promising prognostic and therapeutic target for patients bearing BLCA.

PLOD2, which is a gene that encodes an enzyme responsible for catalyzing the post-translational modification of 
collagens, is the main enzyme that mediates stabilized collagen crosslinks.49 PLOD2 overexpression has been linked to 
poor outcomes in various cancers in several studies. Some scholars had found that PLOD2 expression was upregulated and 
positively related to the metastasis of breast cancer, thus providing a potential therapeutic target of breast cancer.50 Song et al 
found an association between high PLOD2 expression and poor outcomes in glioma patients.51 Li et al found that PLOD2 was 
significantly upregulated in cervical cancer (CESC) and positively associated with poor prognosis, indicating that PLOD2 
might act as a novel diagnostic and prognostic marker for CESC patients.52 In addition, many articles have reported that 
PLOD2 is regulated by many other factors. For example, PLOD2 was regulated by hypoxia-inducible factor-1α (HIF-1α) to 
promote sarcoma metastasis and by miRNA-26a-5p and miR-26b-5p to inhibit bladder cancer cell aggressiveness.53,54 In our 
study, compared to normal tissues, BLCA tissue expressed higher levels of PLOD2. Furthermore, a high PLOD2 expression 
was significantly correlated with poor OS and markedly correlated with higher histological subtypes, suggesting an oncogenic 
role of PLOD2. Recent studies found a significant correlation between PLOD2 and infiltrating immune cells including 
neutrophils in several cancers,30,52,55 suggesting that PLOD2 acts as an important modulator of the tumor immune micro
environment. In osteosarcoma, PLOD2 was highly expressed, which was related to poor prognosis and associated with 
immune cell infiltration.56 These observations were in accordance with our findings that PLOD2 was closely related to the 
infiltration of immune cells (CD8+ T cells, neutrophils, macrophages, and dendritic cells), suggesting that PLOD2 might be 
potentially utilized as a new target for immunotherapy of BLCA.

PLOD3 is a membrane-bound homodimeric enzyme that hydroxylates lysyl residues in collagen-like peptides, which 
involved in the biosynthesis of several collagens and glycosylation activity.57 Emerging evidence suggests that PLOD3 is 
involved in tumorigenesis in various cancer types. PLOD3 knockdown suppressed renal cell carcinoma malignance via 
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inhibiting TWIST1-mediated activation of β-catenin and AKT signaling and also inhibited tumor growth in lung cancer 
through regulating the PKC-delta signaling pathway.57,58 The PLOD3 gene is upregulated in gastric cancer, which promotes 
its progression.59 Through p53-independent regulation of the p21 pathway in gliomas, PLOD3 silencing suppressed cell 
proliferation and induced G1 phase arrest.60 In our study, PLOD3 is overexpressed in BLCA. The expression of PLOD3 was 
significantly related to shorter PFI and markedly correlated with higher histological subtypes. There was a significant 
correlation between PLOD3 mRNA levels and immune cell infiltrations including CD8+ T cell, CD4+ T cell, macrophage, 
neutrophil, and dendritic cell, suggesting that PLOD3 might regulate the tumor microenvironment.

Interestingly, we found a positive correlation between PLOD gene expression levels and immune cell infiltration and 
tumor-immune interactions, indicating the immune infiltration possibly slowed down the growth of tumors and metastases 
through its specific mechanisms, which might provide insight into biomarkers for immune therapy in BLCA. In the current 
research, there is a close relationship between PLODs’ alteration and the prognosis of patients bearing BLCA, but future 
experimental researches are needed to confirm the mechanisms of PLODs in cancer development. We also observed the 
genetic alterations of PLODs had significant relevance to poor OS and PFS in these patients. Based on the GO and KEGG 
pathway enrichment analysis, the biological functions of PLODs were mainly involved in protein hydroxylation, dioxygenase 
activity and lysine degradation, providing insights into a potential underlying mechanism of carcinogenesis.

Conclusions
The study explored the mRNA and protein expression and prognostic value of PLODs in BLCA. Our results indicated 
that the mRNA expressions of PLOD1–3 were upregulated and found to be significantly correlated with poor prognosis 
in patients bearing BLCA. PLOD1–3 mRNA expressions were found to be significantly related to clinical cancer stages 
and histological subtypes in BLCA. PLOD1 expression might serve as an independent prognostic factor for BLCA based 
on univariate and multivariate Cox regression analyses. Combined with immune-cell infiltration analysis, we found that 
many immune cells in BLCA were associated with PLOD1–3 expression. These results suggested that PLOD family 
members might be able to serve as potential therapeutic targets and prognostic markers for patients with BLCA.
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