L))

Check for
updat

Original Article

Bioinformatic analysis of PLOD family member expression and
prognostic value in non-small cell lung cancer

. <1,2,3,4,5# 1,2,3,4,5# 1,2,3,4,5 . 1,2,3,4,5 . 1,2,3,4,5 1,2,3,4,5
Qi Qi , Wuhao Huang , Hua Zhang , Bin Zhang , Xiaoyan Sun , Jun Ma R
1,2,3,4,5 . 1,2,3,4,5
Chaonan Zhu , Changli Wang

'Department of Lung Cancer, Tianjin Medical University Cancer Institute and Hospital, Tianjin, China; *National Clinical Research Center for
Cancer, Tianjin, China; 'Key Laboratory of Cancer Prevention and Therapy, Tianjin, China; “Tianjin’s Clinical Research Center for Cancer, Tianjin,
China; *Tianjin Lung Cancer Center, Tianjin, China

Contributions: (I) Conception and design: C Wang, Q Qi, W Huang; (II) Administrative support: None; (III) Provision of study materials: Q Qi, W
Huang; (IV) Collection and assembly of data: H Zhang, X Sun; (V) Data analysis and interpretation: Q Qi, W Huang, ] Ma, C Zhu; (VI) Manuscript
writing: All authors; (VII) Final approval of manuscript: All authors.

"These authors contributed equally to this work.

Correspondence to: Changli Wang, MD. Huanhuxi Road, Hexi District, Tianjin 300202, China. Email: wangchangli@tjmuch.com.

Background: Procollagen-lysine, 2-oxoglutarate 5-dioxygenases (PLODs) are a group of enzymes that
can mediate the hydroxylation of lysyl to hydroxylysine and participate in the formation of stabilized
collagen. Evidence has demonstrated that PLODs are involved in the steps of tumor progression, including
proliferation, invasion, and metastasis. However, limited information is available on the function of
PLOD1/2/3 in lung cancer. In this study, we investigated the expression patterns and prognostic values of
PLOD:s in patients with lung adenocarcinoma (LUAD) and lung squamous cell carcinoma (LUSC).
Methods: The Oncomine database and UALCAN were used to analyze the mRNA expression levels of
PLOD family members in non-small cell lung cancer (NSCLC). The prognostic values of PLODs were
investigated by the Kaplan—Meier Plotter database. We collected 33 patients with lung cancer to further
verify the expression profiles and prognostic values of PLODs. The Kaplan-Meier method was used
to perform survival curves, and the log-rank test was performed to evaluate the differences in survival.
According to the GSE31210 databset, univariate and multivariate analyses were performed to identify
whether PLODs were independent prognostic indicators for survival. Meanwhile, we investigated the
mutations, potential biological functions and immune relevance of PLODs on the basis of the cBioPortal,
Metascape and TIMER databases respectively.

Results: We found that the mRINA and protein expression levels of PLODs in NSCLC tissues were higher
than those in normal lung tissues. High PLOD1/2/3 expression had significant relevance to poor survival
in LUAD but not in LUSC. In addition, the GSE31210 dataset showed that PLOD1 and PLOD3 were
independent risk factors for relapse-free survival and overall survival (OS) in LUAD. We observed a high
alteration rate of PLODs in LUSC patients, and the genetic alterations of PLODs had significant relevance
to favorable OS. Furthermore, we observed that PLODs were significantly associated with tumor immunity
in lung cancer. The enrichment analysis of the Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway showed that the functions of the PLODs focused on cell cycle, DNA replication, and glycolysis/
gluconeogenesis in LUAD.

Conclusions: These results indicated that PLODs were highly expressed in lung cancer and may be

suitable prognostic markers.
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(PLOD); prognosis
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Introduction

As the most common cause of cancer mortality worldwide,
lung cancer causes approximately 2 million new cases and
1.8 million deaths each year (1). Based on histological
characteristics, lung cancer is categorized into non-small cell
lung cancer NSCLC) and small-cell lung cancer. NSCLC is
the major pathological type of lung cancer, and it is further
categorized into lung squamous cell carcinoma (LUSC) and
lung adenocarcinoma (LUAD). NSCLC is prone to relapse
and metastasis, which generally leads to poor prognosis,
as evidenced by a 5-year survival rate of less than 20% (2).
Despite advanced progress in various treatments, including
surgery, medicine, and radiotherapy, the long-term survival
of NSCLC patients has not evidently improved.

In recent years, the importance of the tumor
microenvironment (TME) in the biological behavior
of tumors has drawn increasing attention. As the main
component of the TME, the extracellular matrix (ECM)
plays a critical role in the development of tumors (3-5).
The ECM is composed of multifarious components,
and collagen is regarded as the most abundant protein.
Increasing studies indicate that the interactions between
collagen and cells may trigger biochemical and biophysical
signals that influence normal biological function and cancer
development (6,7). The collagen precursor is synthesized
in the rough endoplasmic reticulum and subsequently
undergoes a series of processes and modifications, including
lysine hydroxylation. As the critical procedure of collagen
biosynthesis, the hydroxylation of lysyl residues usually
occur at the Y position of the repeating Gly-X-Y motif
and play a key role in the formation of collagen crosslinks
and glycosylation (8,9). Aberrant lysyl hydroxylation is
correlated with the development of some collagen-related
diseases, including cancer (10). The hydroxylation of lysyl to
form hydroxylysine depends on prolyl 4-hydroxylation and
procollagen-lysine,2-oxoglutarate 5-dioxygenase (PLOD).
To date, three PLOD isoforms, PLOD1, PLOD2, and
PLOD3, have been identified and share a high degree of
homology in protein sequences (9). The PLODI1, PLOD?2,
and PLOD3 genes are located at chromosomes 1p36, 3q23—
q24, and 7q36, respectively (9,11,12).

After the diagnosis of NSCLC, the prognosis needs to be
considered. Although TNM staging could serve as the most
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classic prognostic indicator, other prognostic factors are also
necessary to be identified. Several studies have shown that
abnormal expression levels of some molecules, including
CEA, CA125 and CA153, could be predictive for the
survival of patients with lung cancer (13). Notably, abnormal
expression levels of PLODs are observed in various cancers.
The expression level of PLOD1 in gastrointestinal carcinoma
was elevated, and high expression of PLODI was related to
poor clinical prognosis (14). A previous study reported that
the expression levels of PLOD family members in gastric
cancer were upregulated and associated with shorter overall
survival (OS), initial progression and post progression
survival (15). Additionally, PLOD2 and PLOD3 have been
shown to promote tumor progression and metastasis in
lung cancer and glioma (16,17). Therefore, PLOD family
members could serve as potential prognostic biomarkers.
The molecular characteristics that clarify the interaction
between PLODs and NSCLC have yet to be elucidated. The
investigation between PLOD family members and NSCLC
will contribute to identifying the novel prognostic factors
and potential molecular mechanisms which are related to the
progression of NSCLC.

In this study, bioinformatic analyses of public databases
were performed to investigate the differential expression,
mutation, and prognostic value of PLOD family members.
We analyzed the potential biological functions of PLODs
and further investigated the correlations between PLODs
and immune indicators, including immune-related
molecules and immune-infiltrated cells. Our research
showed that PLODs were highly expressed in NSCLC
tissues compared to normal tissues. High expression levels
of PLODs were significantly related to poor survival in
patients with LUAD. This study may provide an initial
basis for research on PLODs in lung cancer. We present
the following article/case in accordance with the REMARK
reporting checklist (available at https://dx.doi.org/10.21037/
ter-21-73).

Methods
Patients and specimens

A total of 33 patients with NSCLC, including 19 with
LUAD and 14 with LUSC, were included in this study. The
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tumor tissues and matched normal tissues were obtained
during the operation. All patients underwent surgery at
Tianjin Medical University Cancer Institute and Hospital
between 2008 and 2011. Patients with radiotherapy and
chemotherapy before surgery were excluded. All collected
tumor tissues and normal lung tissues were stored at —80 °C
until required. The study was conducted in accordance with
the Declaration of Helsinki (as revised in 2013). The study
was approved by the institutional review board of Tianjin
Medical University Cancer Institute and Hospital (NO.:
bc2020193) and informed consent was taken from all the
patients.

Quantitative RT-qgPCR

Total RNA was extracted from lung cancer and normal
tissues by TRIzol reagent and then qualified and quantified
using a NanoDrop system. One microgram of RNA was
transcribed to cDNA using a Prime-Script™ II 1st Strand
cDNA Synthesis Kit. RT-qPCR was performed using
a CFX96 Real-time System. The PCR conditions were
as follows: 94 °C for 1 min, 55 °C for 1.5 min, and 72 °C
for 5 min, with a total of 30 cycles. GAPDH was used as
the internal control, and QPCR was performed with the
following primers:
PLODI1-Forward: AAGCCGGAGGACAACCTTTTA
PLOD1-Reverse: GCGAAGAGAATGACCAGATCC
PLOD2-Forward: CATGGACACAGGATAATGGCTG
PLOD2-Reverse: AGGGGTTGGTTGCTCAATAAAAA
PLOD3-Forward: AGAAGGTCCGGTGGTTAAAGA
PLOD3-Reverse: CGGCCAGAATCACGTCGTAG
GAPDH-Forward: GGAGCGAGATCCCTCCAAAAT
GAPDH-Reverse: GGCTGTTGTCATACTTCTCATGG

Oncomine analysis

The Oncomine online cancer microarray database (www.
oncomine.org) was used to analyze the mRNA expression
levels of PLOD family members in various cancers. Based
on Student’s t-test, we analyzed the different mRNA
expression levels of PLOD family genes between tumor and
normal tissues. The parameters, including the P-value, fold
change, and gene rank, were established at 0.01, 1.5, and
10%, respectively.

UALCAN
The interactive web portal UALCAN (http://ualcan.path.
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uab.edu) (18) was utilized to analyze the corresponding
expression of the target gene in tumor and normal
specimens on the basis of The Cancer Genome Atlas
(TCGA) database. The corresponding expression of the
gene of interest can be investigated in accordance with the
different tumor subgroups (e.g., tumor stage, histological
subtype, and sex).

Human Protein Atlas

The Human Protein Atlas website (https://www.
proteinatlas.org) (19) contains abundant protein expression
data based on the immunohistochemistry of multifarious
tissues and is composed of the Tissue, Cell, and Pathology
Atlases. In accordance with the immunohistochemistry
images, the protein expression levels of PLOD1/2/3 were
compared between normal and lung cancer tissues.

Kaplan—Meier plotter

The prognostic values of PLOD family members were
investigated using the Kaplan-Meier Plotter online
database (www.kmplot.com), which contains gene
expression data and survival-related information of lung
cancer (20). In accordance with the median mRNA
expression, we divided patients with LUAD and LUSC
into high- and low-expression groups. The differences
in survival were compared using statistical parameters,
including the hazard ratio, 95% confidence interval (CI),
and log-rank P value. A P value <0.05 was considered
statistically significant.

cBioPortal

As an open-access online resource, cBioPortal (www.
cbioportal.org) can be utilized to analyze and visualize
multidimensional cancer genomics data (21). In this study,
the LUAD and LUSC datasets (TCGA, PanCancer Atlas)
were used to analyze the genetic alterations in PLODI,
PLOD2, and PLOD3. The genomic profiles contained
mutations, putative copy-number alterations, and mRNA
expression (RNA Seq V2 RSEM with z-scores = £2).
Based on the Kaplan-Meier plot and the log-rank test, we
investigated the correlations between the genetic alterations
of PLODs and survival, including OS and disease-free
survival (DFS), in patients with LUAD and LUSC. In
addition, cBioPortal was applied to assess the correlations
among the PLOD family genes and extract the co-expressed
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genes of PLODs in LUAD and LUSC.

Metascape analysis

Metascape (http://metascape.org) (22) was utilized
to perform pathway and enrichment analyses of the
PLOD1/2/3 and co-expressed genes extracted from
cBioPortal. The co-expressed genes were considered to
have good correlations with PLOD family members at a
Spearman’s correlation coefficient >0.4. In accordance with
Metascape, we carried out enrichment analyses, including
Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analyses. GO analyses were
composed of biological processes, cellular components, and
molecular functions. A P-value <0.05, minimum count of
3, and enrichment factor >1.5 were considered statistically
significant.

Immune-related analysis in the TIMER database

The comprehensive website resource TIMER (http://
cistrome.shinyapps.io/timer) was applied to perform
the systematic investigation of immune infiltrates across
diverse cancers (23). We investigated the correlations
between PLOD family members and tumor-infiltrating
immune cells, including B cells, CD4+ T cells, CD8+ T
cells, neutrophils, macrophages, and dendritic cells, in
LUAD and LUSC. We also explored the relationships of
PLOD expression with immune-related genes, including
programmed cell death 1 ligand 1 [PD-L1 (CD274)], C-X-C
motif chemokine ligand 10 (CXCL10), granzyme A (GZMA),
and granzyme B (GZMB).

Gene Expression Omnibus (GEO) database

Gene expression data and corresponding clinical data
of LUAD patients were downloaded from the Gene
Expression Omnibus (GEO) database. The GSE31210
dataset was used to verify whether PLOD1/2/3 were
independent prognostic indicators. In GSE31210 dataset,
some patients were excluded from the prognosis analysis
due to incomplete clinical data, incomplete resection, or
adjuvant therapy. A total of 204 LUAD patients from the
GSE31210 dataset were enrolled.

Statistical analysis

Overall survival (OS) was calculated from the date of

© Translational Cancer Research. All rights reserved.

Qi et al. PLOD family members in NSCLC

randomization until the date of death from any cause or last
follow-up. Progression-free survival (PFS) was calculated
from the date of randomization until the date of progression
or death from any cause or last follow-up. Post-progression
survival (PPS) was defined as the time from the date of
first progression to second progression or deaths. Relapse-
free survival (RFS) was defined as the time from surgery to
disease relapse or last follow-up.

According to clinical samples, we evaluated the
differential expression of PLODs between NSCLC
tissues and adjacent normal tissues with paired #-test.
The Kaplan-Meier method was used to carry out survival
analyses, and the log-rank test was calculated to evaluate
the differences in survival. On the basis of clinical data
of the GSE31210 dataset, the Cox proportional hazards
regression model was applied to perform univariate and
multivariate analyses. SPSS 25.0 software (SPSS, Chicago,
IL) and GraphPad Prism 8.0 were applied to perform the
analyses mentioned above. The reported P values were
two-sided, and P-value <0.05 was considered statistically
significant.

Results

Transcriptional levels of PLOD family members in
patients with NSCLC

In accordance with the Oncomine database, we investigated
the mRINA expression levels of PLODs in different cancers
(e.g., bladder, liver, and lung cancers; Figure 14). We
also further analyzed the transcriptional levels of PLODs
between tumor and normal tissues in different subtypes
of NSCLC, including LUAD, LUSC, and large cell lung
carcinoma (Table I). In Garber’s dataset (24), the expression
levels of PLOD1 in LUAD (fold change: 1.998), LUSC (fold
change: 1.562), and large cell lung carcinoma (fold change:
4.286) were significantly up-regulated compared with
those in normal tissues. Similar to the results of Garber’s
dataset, Hou ez 4/. (25) found that PLODI is significantly
up-regulated in LUAD (fold change: 1.493) and LUSC
(fold change: 1.604). Regarding the mRNA expression
change of PLOD2, Garber ez al. (24), Landi et al. (26), and
Talbot et al. (27) observed that PLOD?2 is significantly over-
expressed in large cell lung carcinoma (fold change: 4.031),
LUAD (fold change: 3.338), and LUSC (fold change: 3.470).
Moreover, Garber et 4l. (24), Landi et al. (26) and Talbot
et al. (27) observed that PLOD3 is significantly over-
expressed in different subtypes of NSCLC (large cell lung
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Figure 1 Transcriptional levels of PLOD family members in lung cancer. (A) Expression levels of PLOD1, PLOD2, and PLOD3 in
different types of cancers (ONCOMINE database). The parameters were set as follows: P-value: 0.01; fold change: 1.5; gene rank: 10%;
and data type: mRINA. (B) mRINA expression levels of PLODs in normal and cancer tissues in LUAD and LUSC. ***, P<0.001. PLOD,

procollagen-lysine,2-oxoglutarate 5-dioxygenase; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma.

carcinoma: fold change, 2.471; LUAD: fold change, 1.111;
LUSC: fold change, 1.508).

Using the UALCAN website, the mRNA expression
levels of PLODs in normal and cancer tissues and different
tumor stages were explored. Compared with those in
normal tissues, the expression levels of PLOD1/2/3 in
LUAD and LUSC were significantly higher (Figure 1B),
and these results were consistent with those observed in
the Oncomine database. The expression levels of PLODs
in different tumor stages were also investigated in LUAD
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and LUSC, which indicated that the expression levels of
PLOD1/2/3 in cancer tissues at different tumor stages were
significantly higher than those in normal tissues (Figure 2).
However, the expression levels of PLOD3 in stage IV
LUSC and normal tissues were not significantly different,
which may be attributed to the small sample size of the
stage IV tumor (Figure 2F). We found that the mRNA
expression levels of PLOD1/2/3 among different tumor
stages were not significant.

In addition, according to the Human Protein Atlas
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Table 1 The significant changes of PLODs expression in mRNA level between NSCLC and normal lung tissues (ONCOMINE)

Types of lung cancer vs. lung Fold change P value t-test Ref
PLOD1 Lung adenocarcinoma vs. Normal 1.998 9.07E-04 4.583 Garber et al., 2001
Squamous cell lung carcinoma vs. Normal 1.562 0.031 2.004 Garber et al., 2001
Large cell lung carcinoma vs. Normal 4.286 1.74E-04 6.806 Garber et al., 2001
Lung adenocarcinoma vs. Normal 1.493 1.72E-08 6.255 Hou et al., 2010
Squamous cell lung carcinoma vs. Normal 1.604 1.89E-06 5.548 Hou et al., 2010
PLOD2 Lung adenocarcinoma vs. Normal 3.338 1.09E-20 11.619 Landi et al., 2008
Squamous cell lung carcinoma vs. Normal 3.470 2.14E-11 8.658 Talbot et al., 2005
Large cell lung carcinoma vs. Normal 4.031 3.60E-02 2.528 Garber et al., 2001
PLOD3 Lung adenocarcinoma vs. Normal 1.111 7.00E-03 2.505 Landi et al., 2008
Squamous cell lung carcinoma vs. Normal 1.508 2.18E-09 7.015 Talbot et al., 2005
Large cell lung carcinoma vs. Normal 2.471 7.00E-03 3.435 Garber et al., 2001
PLOD, procollagen-lysine, 2-oxoglutarate 5-dioxygenase; NSCLC, non-small-cell lung cancer.
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Figure 2 Correlation between the mRNA expression of PLODs and tumor stage in patients with lung cancer (UALCAN). Correlation
between PLOD expression and tumor stage in (A,B,C) LUAD and (D,E,F) LUSC. *, P<0.05; **, P<0.01; ***, P<0.001. PLOD, procollagen-

lysine,2-oxoglutarate 5-dioxygenase; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma.

(https://www.proteinatlas.org) (19), we further analyzed the
protein expression patterns of PLOD1/2/3 in LUAD and
LUSC. As shown in Figure 3, PLOD1/2/3 proteins were
not detected in normal tissues, whereas low and moderate
expression levels of PLOD1/2/3 proteins were detected in
LUAD and LUSC. Our results showed that the mRNA and
protein expression levels of PLOD1/2/3 were up-regulated
in patients with NSCLC.
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Correlation of the transcriptional levels of PLOD family
members with the TPS3 mutation in patients with NSCLC

In accordance with the UALCAN website, we analyzed the
correlations of the mRNA levels of PLOD1/2/3 with TP53
mutation in patients with LUAD and LUSC. The results
showed that regardless of whether TP53 was mutated, the
expression levels of PLOD1/2/3 were significantly high in
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Figure 3 Representative immunohistochemistry images of PLOD1, PLOD2, and PLOD?3 in tumors and normal lung tissues (Image credit:
Human Protein Atlas, https://www.proteinatlas.org). (A,B,C) PLOD1/2/3 proteins are not expressed in normal tissues. (D,E,F). Moderate
protein expression levels of PLOD2/3 were detected in LUAD tissues, whereas low protein expression levels of PLODI were found in
LUAD tissue. (G,H,I) Moderate protein expression levels of PLOD1/2/3 were observed in LUSC tissues. PLOD, procollagen-lysine,
2-oxoglutarate 5-dioxygenase; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma.
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LUAD (Figure S1A,B,C) and LUSC (Figure S1D,E,F). We
also found that the expression levels of PLOD1/2/3 from
tumor tissues with the TP53 mutation were significantly
higher than those without the TP53 mutation in LUAD
(Figure S1A,B,C), whereas the TP53 mutation had no
significant effect on the mRNA expression levels of
PLOD1/2/3 in LUSC (Figure S1D,E,F).

Prognostic values of PLOD family members in patients
with NSCLC

Using the Kaplan-Meier Plotter tool, we evaluated the
prognostic values of the mRNA expression levels of
PLOD1/2/3 in patients with lung cancer. The results
indicated that the increased mRINA expression levels of
PLOD1/2/3 were significantly related to inferior OS and
PFES in patients with LUAD (Figure 44,B,C,D,E,F). The
high expression levels of PLOD1/2/3 were not significantly
related to PPS in patients with LUAD (Figure 4G,H,1). For
patients with LUSC, the correlations between the mRNA
expression levels of PLOD1/2/3 and survival (OS, PFS, and
PPS) were not statistically significant (Figure 5).

To further verify whether the PLOD1/2/3 are
independent prognostic factors in patients with LUAD, we
analyzed LUAD patients from the GSE31210 dataset and
evaluated the prognostic impact of PLOD family members
by establishing a Cox proportional hazards model. The
univariate analysis showed that TNM stage and PLOD1/2/3
expression were significantly associated with OS and RFS
(Tables 2,3). Further multivariate analysis confirmed that
PLOD1 and PLOD3 expression were independent risk
factors for OS and RFS in LUAD patients (Tables 2,3). We
did not observe that PLOD2 was an independent risk factor
for OS and RFS, whereas the P value was nearly 0.05 for
OS, which need to be further verified by a large scale of
clinical samples.

Validation of PLODs expression in NSCLC tissues

To further validate the expression levels of PLOD1/2/3,
RT-qPCR was performed to examine the mRNA levels of
PLOD1/2/3 in 33 NSCLC tissues and matched adjacent
normal tissues collected in our hospital. In addition to
PLOD?2 in LUAD, the expression levels of PLOD1/2/3
in NSCLC tissues were significantly higher than those
in matched normal tissues (Figure 64,B,C). Similar to
the results of the bioinformatic analysis, the expression
levels of PLODs were not significantly related to survival

© Translational Cancer Research. All rights reserved.
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in patients with LUSC (Figure 6D,E,F). However, unlike
the results of the bioinformatic analysis, statistically
significant differences were not observed between the
mRNA expression levels of PLODs and OS in patients
with LUAD (Figure 6D,E,F).

Genetic alterations in PLOD family members and their
correlations with OS and DFS in patients with NSCLC

We investigated the genetic alterations in PLOD1/2/3
and their correlations with OS and DFS in patients with
LUAD and LUSC by using the cBioPortal tool. The results
showed that PLODs were altered in 99 out of 510 patients
with LUAD, for a mutation rate of 19.41% (Figure 7A).
The frequency of PLOD3 gene alteration was highest
among PLOD family members (PLOD1: 6%, PLOD2:
8%, PLOD3: 12%; Figure 7B). For patients with LUSC,
the results revealed that PLODs were altered in 181 out of
484 patients, for a mutation rate of 37.40% (Figure S2A). In
contrast, PLOD?2 ranked highest among the three PLOD
genes (PLOD1: 5%; PLOD2: 25%; PLOD3: 14%) in terms
of the frequency of genetic alteration in LUSC (Figure S2B).
Subsequently, the correlations among PLOD1, PLOD?2
and PLOD3 were evaluated in LUAD and LUSC by
analyzing the mRNA expression levels of PLODs. Pearson’s
correlation coefficient was calculated. In LUAD, PLODI1
was significantly and positively correlated with PLOD?2
and PLOD3 and PLOD2 was significantly and positively
correlated with PLOD3 (Figure 7C). In LUSC, PLOD1
was significantly and positively correlated with PLOD?2
and PLOD3 and PLOD2 was significantly and positively
correlated with PLOD3 (Figure S2C), which was similar
to the results from LUAD. The Kaplan—Meier plot and
the log-rank test indicated that the correlation between
the genetic alterations of PLODs and survival was not
statistically significant in patients with LUAD (Figure 7D,
OS: P=0.164; Figure 7E, DFS: P=0.849). For patients with
LUSC, the genetic alterations of PLODs had significant
relevance to favorable OS (Figure S2D, P=0.035) and no
significant relevance to DFS (Figure S2E, P=0.495).

Functional enrichment analysis of co-expressed genes of
PLODs in NSCLC

We obtained the co-expressed genes of PLODs from
cBioPortal. The co-expressed genes with Spearman
correlation coefficients >0.4 were selected to conduct GO
and KEGG pathway analyses in Metascape. As shown in
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Figure 4 Prognostic value of the mRNA expression of PLODs in LUAD (Kaplan-Meier plotter). Relationships between the mRNA
expression of PLODs and (A,B,C) OS, (D,E,F) PFS, and (G,H,I) PPS. PLOD, procollagen-lysine,2-oxoglutarate 5-dioxygenase; LUAD,

lung adenocarcinoma; OS, overall survival; PFS, progression-free survival; PPS, post-progression survival; HR, hazard ratio.

Figure 8, biological processes, including cell division, DNA-
dependent DNA replication, microtubule-based process,
DNA repair, meiotic cell cycle process, DNA conformation
change, positive regulation of cell cycle process, collagen
fibril organization, metaphase plate congression, attachment
of spindle microtubules to kinetochore, DNA integrity
checkpoint, supramolecular fiber organization, response
to hypoxia, cytokinesis, and regulation of DNA metabolic
process, were prominently regulated by the co-expression
genes of PLODs in LUAD (Figure 84). Cellular components,
which included the chromosome centromeric region,
spindle, microtubule-organizing center, condensed nuclear

© Translational Cancer Research. All rights reserved.

chromosome, and spindle midzone, had evident significant
correlations with the co-expression genes of PLODs in
LUAD (Figure 8B). These co-expressed genes also had a
primary influence on molecular functions, such as catalytic
activity acting on DNA, microtubule binding, histone kinase
activity, cell adhesion molecule binding, damaged DNA
binding, DNA replication origin binding, ECM structural
constituent, kinase binding, anaphase-promoting complex
binding, L-ascorbic acid binding, and chromatin binding
(Figure 8C). Subsequently, we further performed a KEGG
pathway analysis and found that the functions of these
co-expressed genes were involved in multiple pathways,
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Figure 5 Prognostic value of the mRINA expression of PLODs in LUSC (in Kaplan-Meier plotter). Relationships between the mRNA
expression of PLODs and (A,B,C) OS, (D,E,F) PES, and (G,H,I) PPS. PLOD, procollagen-lysine, 2-oxoglutarate 5-dioxygenase; LUAD,
lung adenocarcinoma; OS, overall survival; PFS, progression-free survival; PPS, post-progression survival; HR, hazard ratio.

including the cell cycle, DNA replication, glycolysis/
gluconeogenesis, homologous recombination, central carbon
metabolism in cancer, p53 signaling pathway, pathways
in cancer, and PI3K-Akt signaling pathway (Figure §D).
In addition, we also performed enrichment analyses of the
co-expressed genes of PLODs in LUSC (Figure S3). In
terms of biological processes, the co-expressed genes of
PLODs from LUSC were enriched in extracellular structure
organization, protein hydroxylation, cell-substrate adhesion,

© Translational Cancer Research. All rights reserved.

posttranslational protein modification, respiratory system
development, response to hypoxia, basement membrane
assembly, protein folding, collagen metabolic process,
peptidyl-lysine oxidation, and endoderm development
(Figure S3A). The cellular components of these genes
from LUSC were observed in the endoplasmic reticulum
lumen, ECM, focal adhesion, Golgi cisterna membrane, and
endoplasmic reticulum chaperone complex (Figure S3B).
The molecular functions of these genes from LUSC were
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Table 2 Univariate and multivariate analyses of overall survival for patients with lung adenocarcinoma
Univariate analysis Multivariate analysis
Variable
HR 95% Cl P value HR 95% CI P value

Gender (Male vs. female) 1.686 0.818-3.476 0.157 - - -
Age, years (>60 vs. <60) 1.271 0.617-2.619 0.515 - - -
Smoking (Smoker vs. nonsmoker) 1.908 0.918-3.966 0.084 - - -
PLOD1 Group

TNM stage (Il vs. ) 4.297 2.092-8.828 <0.001 3.290 1.568-6.900 0.002

PLOD1 expression (High vs. low) 4.312 1.762-10.555 0.001 3.290 1.312-8.247 0.011
PLOD2 Group

TNM stage (Il vs. ) 4.297 2.092-8.828 <0.001 3.377 1.593-7.158 0.001

PLOD2 expression (High vs. low) 3.079 1.370-6.921 0.006 2.246 0.964-5.232 0.061
PLOD3 Group

TNM stage (Il vs. ) 4.297 2.092-8.828 <0.001 3.664 1.763-7.614 0.001

PLOD3 expression (High vs. low) 2.931 1.304-6.589 0.009 2.376 1.043-5.413 0.039

HR, hazard ratio; Cl, confidence interval; PLOD1, Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 1; PLOD2, Procollagen-lysine,
2-oxoglutarate 5-dioxygenase 2; PLOD3, Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 3.

Table 3 Univariate and multivariate analyses of relapse-free survival for patients with lung adenocarcinoma

Univariate analysis

Multivariate analysis

Variable
HR 95% CI P value HR 95% Cl P value

Gender (Male vs. female) 1.397 0.819-2.384 0.220 - - -
Age, years (>60 vs. <60) 1.570 0.908-2.714 0.106 - - -
Smoking (Smoker vs. nonsmoker) 1.430 0.837-2.443 0.190 - - -
PLOD1 Group

TNM stage (Il vs. 1) 3.443 2.977-5.996 <0.001 3.017 1.687-5.397 <0.001

PLOD1 expression (High vs. low) 2.391 1.342-4.259 0.003 1.860 1.019-3.395 0.043
PLOD2 Group

TNM stage (Il vs. 1) 3.443 2.977-5.996 <0.001 2.986 1.657-5.382 <0.001

PLOD2 expression (High vs. low) 1.985 1.141-3.451 0.015 1.488 0.826-2.678 0.186
PLOD3 Group

TNM stage (Il vs. 1) 3.443 2.977-5.996 <0.001 2.818 1.607-4.941 <0.001

PLOD3 expression (High vs. low) 3.433 1.867-6.313 <0.001 2.961 1.597-5.490 0.001

HR, hazard ratio; Cl, confidence interval; PLOD1, Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 1; PLOD2, Procollagen-lysine,
2-oxoglutarate 5-dioxygenase 2; PLOD3, Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 3.
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Figure 6 Expression and prognostic value of PLODs in clinical samples, including LUAD and LUSC. (A,B,C) mRNA expression of
PLOD1/2/3 in LUAD and LUSC tissues and matched normal tissues analyzed by RT-qgPCR. (D,E,F) Relationship between the mRNA
expression of PLODs and OS in LUAD and LUSC. *, P<0.05; ***, P<0.001. PLOD, procollagen-lysine,2-oxoglutarate 5-dioxygenase;

LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; OS, overall survival.

involved in L-ascorbic acid binding, ECM structural
constituent, disulfide oxidoreductase activity, calcium ion
binding, transferase activity, transferring hexosyl groups,
protein-lysine 6-oxidase activity, cell adhesion molecule
binding, and collagen binding (Figure S3C). For the KEGG
analysis of these genes from LUSC, we found three related
pathways: ECM-receptor interaction, protein processing in
endoplasmic reticulum, and glycosaminoglycan biosynthesis-
chondroitin sulfate/dermatan sulfate (Figure S3D).

Correlation analysis between PLOD expression and tumor
immumnity

Using the TIMER database, we analyzed the relationship
between the transcriptional expression of PLODs
and various immune-infiltrating cells in LUAD and
LUSC. The results showed that the expression levels of
PLOD1/2/3 had significant relevance to the infiltrating

© Translational Cancer Research. All rights reserved.

levels of some immune-related cells (Figure S4), whereas
the correlations between PLOD expression and immune-
infiltrating cells were not evident. In addition, we further
analyzed whether PLOD expression was associated
with some immune-related molecules, including PD-
L1 (CD274), CXCL10, GZMA, and GZMB, in LUAD
and LUSC (Figure S5). In LUAD, the results showed
that CD274 was significantly and positively correlated
with PLODI1, PLOD2, and PLOD3; CXCL10 was
significantly and positively correlated with PLODI,
PLOD2, and PLOD3; GZMA was significantly and
positively correlated with PLOD2; and GZMB was
significantly and positively correlated with PLODI,
PLOD2, and PLOD3 (Figure S5A,C,E,G). In LUSC,
PLOD1 was significantly and negatively correlated with
GZMA and GZMB (Figure S5F,H), and PLOD2 was
significantly and positively correlated with CXCL10
(Figure S5D). Notably, the correlations between PLOD?2
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carcinoma; OS, overall survival; DFS, disease-free survival.

expression and immune-related genes were more obvious
compared with those between PLOD1/3 expression and
immune-related genes in LUAD.

Discussion

The importance of PLOD family genes has drawn
increasing attention due to their critical role in the synthesis
of collagen. Previous studies indicated that PLODs are
involved in various malignant behaviors of tumors, such
as proliferation, invasion, and metastasis (16,17,28,29).
The important roles of PLODs have been reported in the
development and progression of several tumors, whereas the
prognostic values and potential functions of PLODs have
yet to be comprehensively elucidated in lung cancer. We
performed bioinformatic analyses, including transcriptional
expression, genetic alteration, prognostic value, potential
function, and immunity-related evaluations, for PLOD
family members in NSCLC. In this study, we found that the
mRNA and protein expression levels of PLOD1/2/3 were
up-regulated in NSCLC tissues. Furthermore, RT-qPCR
was used to validate the mRNA expression differences
of PLODs in NSCLC tissues and matched normal lung
tissues. Based on bioinformatic analysis, we observed
that a high PLOD1/2/3 expression level has significant

© Translational Cancer Research. All rights reserved.

relevance for poor OS and PFS in patients with LUAD. In
addition, PLOD1 and PLOD?3 could serve as independent
risk factors for survival in LUAD patients. Interestingly,
the clinical samples collected in our hospital revealed that
the prognostic values of PLOD1/2/3 were not statistically
significant in patients with LUAD. We considered that
the results of the lack of survival difference in the clinical
samples are attributed to the small sample size.

In recent years, the important roles of PLOD family
members in tumor biological behavior and prognosis
have received increasing attention. At present, the
correlation between PLOD1 and lung cancer has not
been investigated. In other types of tumors, the abnormal
expression of PLODI is linked with cancer progression
and prognosis (14,30). Yamada ez a/. (30) found that
PLODI played an essential role in the proliferation,
migration, and invasion of bladder cancer and might be
a target of treatment for bladder cancer. Yamada and
colleagues have also demonstrated that high PLOD1
expression was significantly associated with inferior
survival. Our study also found that high expression of
PLOD1 was significantly related to poor OS and PFS
in patients with LUAD. As the key enzyme catalyzing
the hydroxylation of lysyl to form hydroxylysine,
PLOD? critically affects the formation of stable collagen
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Figure 8 Functional enrichment analysis of the coexpressed genes of PLODs in LUAD (Metascape). (A,B,C) GO enrichment analysis,
including BP, CC, and MF. (D) KEGG enrichment analysis. PLOD, procollagen-lysine,2-oxoglutarate 5-dioxygenase; LUAD, lung
adenocarcinoma; GO, Gene Ontology; BP, biological processes; CC, cellular components; MF, molecular functions; KEGG, Kyoto

Encyclopedia of Genes.

crosslinks (31,32). Increasing evidence has shown that the
overexpression of PLOD?2 facilitates cancer progression
(16,17,29). Du et al. (16) reported that the high expression
of PLOD?2 significantly enhanced the migration of lung
cancer cells in vitro, while the knockdown of PLOD?2
weakened the metastasis of lung cancer cells in vivo in
a mouse model. Du et 4/. (16) also investigated the high
expression of PLOD2 was significantly relevant to poor
prognosis in patients with LUAD but not in patients
with LUSC. We found similar prognostic results for
PLOD?2 in LUAD and LUSC. Similar to the function of
PLOD? in lung cancer, PLOD3 plays an important role
in the metastasis of lung cancer (28). In addition, PLOD3
participates in the therapeutic effect of lung cancer (33).
Baek and colleagues have shown that the knockdown of
PLOD3 decreases chemoresistance and radioresistance by
promoting apoptosis in lung cancer (33).

In our report, the enrichment analysis of the KEGG
pathway showed that the functions of PLOD family
members focus on the cell cycle, DNA replication, and
glycolysis/gluconeogenesis in LUAD. PLOD family
members also participate in the p53 signaling pathway.
Yamada et al. (30) reported that the proportion of cells
in the GO/G1 phase in bladder cancer cells treated with
a PLODI1 inhibitor was significantly higher than that in
the control cells. The same result was observed in bladder
cancer cells with knockdown of PLOD1 in this study (30).
DNA replication is a vulnerable biological process and can

© Translational Cancer Research. All rights reserved.

cause genomic instability, which leads to the initiation and
progression of cancer (34). A pathway analysis indicated
that PLODs also participate in the p53 signaling pathway.
Previous studies have shown that the p53 signaling pathway
has a key role in multiple cellular processes, including the
cell cycle and cancer progression (35,36). TP53 can encode
the p53 protein and is identified as a tumor suppressor gene
with a high-frequency mutation in cancer. Wild-type TP53
can weaken tumor progression, whereas TP53 mutations
can strengthen tumor development and facilitate the escape
from tumor cell death (37). In our study, we found that the
mRNA expression levels of PLODs from tumor tissues
with the TP53 mutation were significantly higher than
those without the TP53 mutation in LUAD but not in
LUSC. In recent years, the important role of metabolism
has attracted increasing attention in cancer. Several studies
have demonstrated that glycolysis significantly influences
the antitumor immunity of T cells and tumor growth
(38,39). In the future, the association between PLODs and
glycolysis should be further explored in LUAD. Compared
with LUAD, the pathway analysis of LUSC revealed that
PLODs were involved in ECM-receptor interaction,
protein processing in the endoplasmic reticulum, and
glycosaminoglycan biosynthesis. The enrichment analysis
of GO also indicates that PLODs focus on the ECM.
Numerous studies have demonstrated that the ECM plays
a critical role in cancer progression (3-5). The formation
of collagen, the most abundant component of the ECM, is
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regulated by PLOD family members. Increasing evidence
has demonstrated that abnormal collagen deposition and
crosslinking can participate in malignant biological processes,
including proliferation, invasion, and migration (40-42).

Evading immune surveillance and attack is an important
hallmark of cancer (43). Recently, immunotherapies targeting
immune checkpoint proteins, including programmed cell
death 1 and PD-L1, have shown remarkable clinical efficacy
in various cancers (44-46). Nevertheless, a majority of
patients with cancer are not sensitive to immune checkpoint
blockade. The molecular profiles clarifying the resistance of
immune checkpoint blockade have yet to be comprehensively
investigated. In our report, the results show that the
expression levels of PLOD1/2/3 have significant relevance to
the infiltrating levels of some immune-related cells. PLODs
are also associated with several immune-related genes,
including CD274, CXCL10, GZMA, and GZMB. CXCL10,
GZMA, and GZMB are considered as key genes related
to activated T cells and immune cytolytic activity (47,48).
Further analysis showed that the expression of PLOD2 had
the most evident correlations with immune-related genes
in LUAD. To the best of our knowledge, the correlation
between PLOD2 and tumor immunity has not been
investigated. In the future, the effect of PLOD2 on tumor
immunity should be deeply explored.

Some limitations were observed in our study. First,
data analyses are mainly performed in online databases.
The number of clinical samples with LUAD and LUSC
was small, and the difference in survival could not be
accurately evaluated. Thus, our results should be confirmed
by further study based on abundant clinical sample data.
Second, because the data are derived from public databases,
some clinical characteristics were lacking and could not be
obtained to improve the statistical reliability and validity.
Finally, the potential molecular mechanisms of PLOD
family members in lung cancer were not investigated.

Conclusions

In conclusion, our study demonstrated that the mRINA and
protein expression levels of PLOD1/2/3 were up-regulated
in LUAD and LUSC tissues. High expression levels of
PLOD1/2/3 were significantly related to poor OS and
PFS in LUAD but not in LUSC. In addition, PLOD1 and
PLOD?3 could serve as independent risk factors in LUAD.
We also observed a high alteration rate of PLODs in
patients with LUSC and the genetic alterations of PLODs
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had significant relevance to favorable OS in these patients.
Furthermore, we found that PLOD family members were
significantly associated with immune-infiltrating cells and
immune-related genes in LUAD and LUSC. Interestingly,
compared with PLOD1/3 expression, PLOD?2 expression
in LUAD had the most evident correlations with immune-
related genes (i.e., CD274, CXCL10, GZMA, and GZMB).
Therefore, PLODs may be used as suitable prognostic
markers in the future.
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Figure S4 Correlation between the expression levels of PLOD family members and immune-infiltrating cells in LUAD and LUSC. (A) Correlation between PLOD1 expression and B cell, CD8+ T cell, CD4+ T cell, macrophage, neutrophil, and dendritic cell in LUAD and
LUSC; (B) Correlation between PLOD?2 expression and B cell, CD8+ T cell, CD4+ T cell, macrophage, neutrophil, and dendritic cell in LUAD and LUSC; (C) Correlation between PLOD3 expression and B cell, CD8+ T cell, CD4+ T cell, macrophage, neutrophil, and
dendritic cell in LUAD and LUSC. PLOD, procollagen-lysine,2-oxoglutarate 5-dioxygenase; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma.
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Figure S5 Correlation between the expression levels of PLOD family members and immune-related genes, including CD274, CXCL10, GZMA, and GZMB, in LUAD and LUSC. (A,B)
Correlation between the expression levels of PLOD1/2/3 and CD274 in LUAD and LUSC; (C,D) Correlation between the expression levels of PLOD1/2/3 and CXCL10 in LUAD and
LUSCG; (E,F) Correlation between the expression levels of PLOD1/2/3 and GZMA in LUAD and LUSC; (G,H) Correlation between the expression levels of PLOD1/2/3 and GZMB in

LUAD and LUSC. PLOD, procollagen-lysine,2-oxoglutarate 5-dioxygenase; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; PD-L1 (CD274), programmed cell death
1 ligand 1; CXCL10, C-X-C motif chemokine ligand 10; GZMA, granzyme A; GZMB, granzyme B.
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