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Lung adenocarcinoma (LUAD) is a major pathological type of lung cancer. Understanding the mechanism of LUAD at the
molecular level is important for a clinical decision. In this study, we use bioinformatic analysis to explore the prognostic value of
P4HAI in lung adenocarcinoma (LUAD) and the relationship with prognosis and tumor-infiltrating immune cells (TIICs). The
results showed that the expression of PAHAI was significantly higher in tumor tissues than in normal tissues for LUAD
patients. Upregulated PAHA1 was related to stage and T classification. Kaplan-Meier analysis indicated that upregulation of
P4HA1 was significantly related to worse overall survival (OS). Univariate and multivariate Cox analysis indicated P4HA1
remained to be an independent prognostic factor. GSEA showed that several cancer-related and immune-related signaling
pathways exhibited prominently differential enrichment in P4HAI1-high expression phenotype. In addition, the expression of
P4HA1 was significantly correlated with proportion of several TIICs, particularly B cells and CD4+ T cells. In conclusion, our
study confirmed that P4HA1 is a promising biomarker of poor prognosis and relates to immune infiltrates in LUAD.

1. Introduction

Lung cancer is the main cause of cancer-associated mortality
and afflicting the global population [1]. Based on histological
type, lung cancer is classified as non-small cell lung cancer
(NSCLC) and small cell lung cancer (SCLC). NSCLC
occupies 85% of lung cancer cases, which is divided into lung
adenocarcinoma (LAUD), lung squamous cell carcinoma
(LUSC), and large cell lung carcinoma [2]. In recent years,
there has been a clear upward trend in LUAD, and LUAD
has substituted LUSC as the most common histological sub-
type [3]. Although breakthroughs have been gained in diag-
noses and treatments, the 5-year survival rates for LAUD
are still low, and the recurrence rate remains dissatisfactory
[4]. Most patients are at the advanced stages when first diag-
nosed and lose the opportunities of surgery. In the past
decades, cytotoxic chemotherapy was the primary therapy

for advanced patients, but the efficacy reached a plateau.
Although the treatment of targeting driver mutations involv-
ing epidermal growth factor receptor (EGFR) and anaplastic
lymphoma kinase (ALK) fusion oncogenes showed signifi-
cant survival benefits, limited patients could benefit from
them [5, 6]. Recently, several immune checkpoint blockers
including programmed death 1 (PD-1) and its ligand PD-
L1 or cytotoxic T-lymphocyte antigen-4 (CTLA-4) exhibit
extraordinary clinical effects in NSCLC [7, 8]. Tumor-
infiltrating immune cells (TIICs) have been a hot area of
research along with the rapid development of immunother-
apy [9, 10]. Increasing evidence proved that TIICs play piv-
otal roles in the development and progression of several
human cancers [11]. However, the specific mechanism of
TIICs in lung adenocarcinoma remains unclear.

Collagen constitutes and affects the tumor microenviron-
ment (TME) via remodeling extracellular matrix (ECM) by
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degradation and redeposition. Moreover, collagen facilitates
malignancy infiltration, invasion, migration, and angiogene-
sis [12]. Prolyl hydroxylation influences the structure and
function of proteins by posttranslational protein modifica-
tion. Collagen constitutes the primary substrate of prolyl
hydroxylation [13]. Prolyl-4-hydroxylase (P4H) is of great
significance for collagen biosynthesis, because 4-
hydroxyproline residues are essential for the stability of the
collagen triple helix [14]. P4Hs are tetrameric isoenzymes
comprising two alpha subunits (catalytic) and two beta sub-
units (encoded by P4HB). The P4H family contains
P4HAI, P4HA2, P4HA3, and P4HB, and all of these genes
enable encoding proteins in collagen biosynthesis [13]. It is
worth noting that PAHA1 is the primary isoform in most
cells and determines the activities of P4H [15]. Previous evi-
dence indicated that elevated PAHA1 expression was related
to poor prognosis in some solid cancers, such as pancreatic
cancer, head and neck cancer, high-grade gliomas, breast
cancer, prostate cancer, and oral cancer [16-20]. However,
the correlation between P4HA1 expression and LUAD
remains uninvestigated. So, this study was aimed at shedding
light on the prognostic value and underlying mechanism of
P4HALI in LUAD. Besides, for the first time, we investigated
the association between P4HA1 expression and abundance
of TIICs.

In this study, we demonstrated that PAHA1 was upregu-
lated in tumor tissues compared to normal tissues in LUAD.
Overexpression of PAHA1 was related to adverse prognosis.
GSEA indicated that the PAHA1-high expression phenotype
correlated with several cancer-related and immune-related
signaling pathways, such as ubiquitin-mediated proteolysis,
P53 signaling pathway, mismatch repair, nucleotide excision
repair, cell cycle, DNA replication, TGF- 3 signaling pathway,
PI3K/AKT/mTOR signaling pathway, IL1 mediated signal-
ing pathway, regulation of macroautophagy, targets in acti-
vated B lymphocyte, and hypoxia. Analysis of immune
infiltration showed that expression of PAHA1 was related to
infiltrating levels of several TIICs, particularly B cells and
CD4+ T cells.

2. Materials and Methods

2.1. Data Collection and Preprocessing. The level 3 gene
expression data (project: TCGA-LUAD, workflow type:
HTSeq-FPKM) and corresponding clinical information were
downloaded from The Cancer Genome Atlas (TCGA) data-
base, which contained 535 tumor samples and 59 normal
samples. Then, FPKM data was converted into TPM data
(log2-transformed) for the following analysis. Four microar-
ray datasets (GSE30219, GSE31210, GSE68465, and
GSE72094) from the Gene Expression Omnibus (GEO) data-
base (https://www.ncbinlm.nih.gov/geo/) were reprocessed
and normalized using Limma package in R and were used
to validate the results.

2.2. P4HA1 Gene Expression Analysis. The expression of
P4HAL1 in various cancers, including LUAD, was analyzed
using the TIMER (https://cistrome. shinyapps.io/timer/)
database with TCGA data. The TCGA-LUAD dataset,
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including 535 tumor tissues and 59 normal tissues, was
applied for P4HA1 differential expression analysis.
GSE30219, including 85 normal tissues and 14 normal tis-
sues, was used for verification.

2.3. Profiling of Genes Coexpressed with PAHAI. LinkedO-
mics (http://www.linkedomics. org/login.php) is a public
database for online analysis of multiomics data across 32 can-
cer types from the TCGA database [21]. Coexpressed genes
with P4AHA1 were identified using Pearson’s correlation anal-
ysis. The association results were displayed in volcano plot
and heat maps. We further validated the results using
Pearson’s correlation analysis and Spearman correlation
analysis in the cBioPortal database (http://cbioportal.org).
A protein-protein interaction (PPI) network was constructed
based on the Pearson correlation coeflicient (|cor|>0.4,
P <0.01) between P4HA1 and the coexpressed genes to
predict the potential targets of P4HAlin the STRING
database (https://string-db.org/)[22]. In addition, we used
Cytoscape (v3.8.0) to visualize the network.

2.4. The Relationship between P4HAI1 Expression and
Prognosis in LUAD. The clinical information of LUAD was
downloaded from the TCGA database, which contained the
gender, age, TNM stage, follow-up time, and survival status
of 513 patients. Then, we explored the effect of aberrant
expression of P4HAI on clinicopathologic characteristics.
Patients with complete clinical information and follow-up
time > 30 days were used further for survival analysis. Three
datasets (GSE31210, GSE68465, and GSE72094) with
follow-up information were used for validation.

2.5. Gene Set Enrichment Analysis (GSEA). GSEA was per-
formed using GSEA software (v.4.0.3), which is a powerful
method to test whether a set of previous defined genes shows
statistical significance between two biological states [23]. In
this study, GSEA was carried out to explore different function
phenotypes between high-expression and low-expression
P4HA1 groups. We chose c2.cp.kegg.v6.0.symbols.gmt,
¢5.go.v7.2.symbols.gmt and h.all.v7.2.symbols.gmt as the
annotated gene set. FPKM was converted into TPM data
(log2 transformed) for GSEA. We set 1000 times for gene
set permutations per analysis. Evaluation of enrichment
pathways for each phenotype used nominal P value, false dis-
covery rate (FDR) g values, and normalized enrichment
scores (NES).

2.6. Evaluation of Tumor-Infiltrating Immune Cells. TIMER
was applied to evaluate the abundance of TIICs. We used
the “gene module” to investigate the relationship between
P4HA1 expression and specific TIIC subsets in LUAD, which
was displayed by scatterplots with Spearman’s correlation
coefficients. In order to visualize the survival difference
between the expression levels of PAHA1 in each immune sub-
set, we utilized the “survival module” to draw survival curves
for immune infiltrating cells and P4HA1 with log-rank test.
“SCNA module” was applied for investigating the relation-
ship between somatic copy number alterations (SCNAs) of
P4HA1 and TIICs in LUAD. SCANs were analyzed based
on GISTIC 2.0, containing arm-level deletion, deep deletion,
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FiGUrk 1: P4HAL1 expression levels in different types of human cancers. The PAHA1 expression was analyzed in various tumor tissues and
adjacent normal tissues through the TIMER database. (*P < 0.05, **P < 0.01, and ***P < 0.001).
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FIGURE 2: Expression level of PAHALI in tumor and normal tissues. (a) Higher expression of PAHA1 was observed in tumor tissues than
normal tissues in TCGA samples (P < 0.001). (b) Overexpression of PAHA1 was observed in 57 matched tumors than adjacent normal
tissues in TCGA samples (P < 0.001). (c) Higher expression of PAHAI was observed in tumor tissues than normal tissues in GSE30219

(P <0.001).

high amplification, diploid/normal, and arm-level gain. The = proportions of 28 TIICs. Spearman’s test was utilized to eval-
distribution of each immune subset at different somatic copy =~ uate associations between PAHA1 expression and proportion
number status of PAHAI in LUAD was visualized by box = of TIICs. P value < 0.05 was considered statistically
plots. Two-sided Wilcoxon rank-sum test was used to esti-  significant.

mate the statistical significance.
Then, we used the TISIDB (http://cis.hkuhk/TISIDB/  2.7. Statistical Analysis. All statistical analyses were processed

index.php) database [24] to further explore the relations  using R software (v.3.6.1). All data was preprocessed by Perl.
between the PAHA1 expression with immune subtypes and First, we made use of Mann-Whitney U test and Wilcoxon
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signed-rank test to probe the differential expression of
P4HA1 between matched and unmatched samples. Next,
we utilized Mann-Whitney U test,
logistic regression to analyze the relationship between clini-
copathological characteristics and

Kruskal-Wallis test, and

the P4HAI1 expression.
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F1GURE 3: Coexpression genes of PAHA1 in LUAD. (a) Volcano plot showing the global PAHAT1 highly correlated genes identified by Pearson
test. Red indicates positively correlated genes, and green indicates negatively correlated genes. (b, ¢) Heat maps showing top 50 genes
positively and negatively correlated with P4AHAL. (d-f) The top 3 genes coexpressed with PAHA1 were verified in the cBioPortal database.
(g) PPI network of PAHA1 was constructed using Cytoscape.

The association between P4HA1 expression and overall sur-
vival was analyzed by Kaplan-Meier method using the log-
rank test. Univariate cox analysis was used to evaluate the
correlation between overall survival and clinicopathological
characteristics. Multivariate cox analysis was used to further
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FI1GURE 4: The relationship between PAHA1 expression and clinicopathologic features: (a) stage, (b) T classification, (c) N classification, (d) M
classification, (e) age, and (f) gender in TCGA-LUAD cohort; (g) stage in GSE72094, (h) stage in GSE31210, and (i) N classification in
GSE68465.



TaBLe 1: Association between P4HA1 expression and
clinicopathologic characteristics using logistic regression.

- - Total  Odds ratio in P4AHA1 P

Clinical characteristic .
(N) expression value

Age (<65 vs. >65) 494 0.78 (0.55-1.12) 0.177
Gender (female vs. male) 513 1.40 (0.98-1.99) 0.057
Stage (I vs. II/III/IV) 505 1.60 (1.28-2.29) 0.009
Tumor status (T1 vs. <
T2/T3T4) 510 221 (1.52-3.25) 0.001
Lymph node (NO vs.
N1/N2/N3) 501 1.52 (1.05-2.20) 0.028
Distant metastasis (M0 5 225 (0.97-5.65)  0.066
vs. M1)

evaluate the impact of PAHA1 expression on the prognosis
independent of other clinicopathological features (such as
age, gender, stage, tumor status, lymph node status, and dis-
tant metastasis status). The cut-off value of PAHA1 expres-
sion depended on the median value. P<0.05 was
considered statistically significant.

3. Results

3.1. P4HA1 Expression at mRNA Level in Various Cancers. As
shown in Figure 1, PAHA1 was significantly upregulated in
many solid malignant tumors, such as BLCA (bladder
urothelial carcinoma), BRCA (breast invasive carcinoma),
COAD (colon adenocarcinoma), HNSC (head and neck
squamous cell carcinoma), KIRC (kidney renal clear cell
carcinoma), KIRP (kidney renal papillary cell carcinoma),
LUAD (lung adenocarcinoma), LUSC (lung squamous cell
carcinoma), PRAD (prostate adenocarcinoma), READ
(rectum adenocarcinoma), STAD (stomach adenocarci-
noma), THCA (thyroid carcinoma), and UCEC (uterine
corpus endometrial carcinoma). Conversely, PAHA1 was
significantly downregulated in KICH (kidney chromo-
phobe) and LIHC (liver hepatocellular carcinoma). The
results indicated that P4HA1 might play different roles
in a variety of tumors.

3.2. P4HA1 Expression in LUAD Tissues and Normal Tissues.
We collected 535 tumor tissues and 59 normal tissues with
gene expression data from the TCGA database. Then, we
used Mann-Whitney U test to compare the differential
expression between the normal and tumor groups. Signifi-
cantly higher P4HA1 expression was found in tumor tissues
compared with normal tissues (P < 0.001) (Figure 2(a)). We
used the Wilcoxon signed-rank test to probe the expression
of PAHA1 in 57 paired tumor and adjacent normal tissues.
Overexpression of PAHA1 was also observed in tumor tissues
(P <0.001) (Figure 2(b)). The similar results were also found
in a GEO dataset (GSE30219) (P < 0.001) (Figure 2(c)).

3.3. Identification P4HAI-Related Genes and PPI Network
Construction. To better understand the biological signifi-
cance of PAHA1 in LUAD, we used the function module of
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LinkedOmics to explore the coexpressed genes related to
P4HA1 from 515 LUAD samples in TCGA. As shown in
Figure 3(a), 3279 genes (dark red dots) were significantly
positively correlated with P4HA1, while 4473 genes (dark
green dots) were significantly negatively related with
P4HA1 [false discovery rate (FDR) < 0.01]. The top 50 sig-
nificant genes positively/negatively correlated with P4HA1
are shown in the heat maps (Figures 3(b) and 3(c)). Then,
we used the coexpression module of the cBioPortal database
to validate the result (Figures 3(d)-3(f)), which showed that
PLOD2, ERO1A, and PGK1were highly relevant to PAHAL.
Considering insight into the interaction between P4HAI
protein and effector proteins, we utilized the STRING online
database to construct a PPI network based on the Pearson
correlation coefficient (|cor | >0.40, FDR < 0.01). The result
was visualized by Cytoscape (Figure 3(g)).

3.4.  Associations between P4HAl  Expression and
Clinicopathological Characteristics in LUAD Patients. 513
LUAD cases with clinical information from TCGA were ana-
lyzed. Elevated P4AHA1 expression in LUAD was significantly
associated with the stage (P=0.008), T classification
(P <0.001), and M classification (P =0.027) (Figures 4(a)-
4(f)). Logistic regression used P4AHA1 expression as an inde-
pendent classified variable (based on the median value). The
results demonstrated that overexpression of P4AHA1 was
prominently correlated with poor prognostic factors involv-
ing more advanced stage (stage I vs. I/III/IV, P =0.009)
and greater primary tumor size (T1 vs. T2/T3/T4, P < 0.001
) and weakly related to metastasis status (MO vs. M1, P=
0.066) (Table 1). Then, we verified the results in GSE72094,
GSE31210, and GSE68465, as shown in Figures 4(g)-4(i).
These results revealed that upregulated PAHA1 tend toward
poor prognosis for LUAD patients.

3.5. Role of P4HA1 in LUAD Patient Survival. In the TCGA-
LUAD cohort, Kaplan-Meier analysis showed that patients
with high P4AHA1 expression exhibited worse outcome than
those with low P4HA1 expression (log-rank P=0.001)
(Figure 5(a)). The univariate Cox regression analysis uncov-
ered that PAHA1 expression (HR =1.43, 95% CI: 1.18-1.74,
P <0.001), stage (HR=1.68, 95% ClI:1.44-1.95, P <0.001),
T classification (HR =1.52, 95% CI:1.24-1.86, P < 0.001), N
classification (HR =1.73, 95% CI: 1.44-2.07, P < 0.001), and
M classification (HR =1.81, 95% CI: 1.00-3.28, P =0.048)
were related to overall survival. We further established mul-
tivariate Cox regression model. The results indicated that
P4HA1 expression (HR =1.26, 95% CI: 1.03-1.53, P =0.021
), stage (HR = 2.25,95% CI:1.46-3.48, P < 0.001), and M clas-
sification (HR =0.27, 95% CI:0.09-0.88, P=0.029) were
independent predictive factors of prognosis for LUAD
patients (Figures 5(b) and 5(c)). Then, we used the
GSE72049 cohort (Figures 5(d)-5(f)), GSE68468 cohort
(Figures 5(g)-5(i)), and GSE31210 cohort (Figures 5(j)-
5(1)) to confirm the prognostic value of PAHAI. The results
also indicated that overexpressed PAHA1 related to unfavor-
able outcome and served as an independent prognostic
biomarker.
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FIGURE 5: Survival-associated analysis of PAHA1 in LUAD. Overexpressed P4HA1 is correlated with poor prognosis and serves as an
independent unfavorable prognostic factor in TCGA-LUAD cohort (a-c), GSE72049 cohort (d-f), GSE68468 cohort (g-i), and GSE31210
cohort (j-1). Green forest maps are univariate Cox analysis, and red forest maps are multivariate Cox analysis.

3.6. GSEA. In order to explore the signaling pathways that
P4HA1 may regulate or influence, we performed GSEA
between the high/low-P4HA1 expression groups based on
TCGA data. GSEA revealed that significant differences
caused by P4HAl in multiple cancer-associated and
immune-associated signaling pathways, and the details are
showed in Table 2. Gene sets including ubiquitin-mediated
proteolysis, P53 signaling pathway, mismatch repair, nucleo-
tide excision repair, cell cycle, DNA replication, TGF beta
signaling pathway, PI3K/AKT/mTOR signaling, and hypoxia

were differentially activated in the PAHA1-high expression
phenotype (Figures 6(a)-6(1)).

NES: normalized enrichment score; NOM: nominal;
FDR, false discovery rate.

3.7. Association between P4HAI Expression and Tumor-
Infiltrating Immune Cells. To investigate the potential associ-
ation between P4HA1 and different immune cell infiltrations,
we used the TISIDB database. The landscape of the associa-
tion between P4AHA1 expression and abundance of 28 TIICs
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TaBLE 2: Gene sets enriched in high PAHAL1 expression phenotype.

Gene set name NES NOM P val FDR g val
KEGG_ubiquitin_mediated_proteolysis 2.346 0 0.002
KEGG_cell_cycle 2.096 0 0.017
KEGG_P53_signaling_pathway 1.876 0.008 0.050
KEGG_mismatch_repair 1.846 0.002 0.051
KEGG_nucleotide_excision_repair 1.967 0.010 0.035
KEGG_DNA_replication 1.769 0.015 0.059
KEGG_TGF_beta_signaling pathway 1.828 0.018 0.051
Hallmark PI3K_AKT_mTOR_signaling 2.079 0.002 0.007
Hallmark_hypoxia 2.195 0 0.003
GO_regulation_of_macroautophagy 2.065 0.006 0.012
GO_interleukin_1_mediated_signaling_pathway 2.161 0.008 0.008
Shaffer IRF4_targets_in_activated_B_lymphocyte 2.263 0 0

in various types of cancer is shown in Figure 7(a). In LUAD,
P4HAI expression was positively correlated with the abun-
dance of central memory CD8 T cell (rho =0.191, P < 0.001
), activated CD4 T cell (rho = 0.184, P < 0.001), and activated
dendritic cell (rho=0.176, P <0.001) and was inversely
related to the abundance of the activated B cell
(rho=-0.221, P<0.01), immature B cell (tho=-0.173, P
<0.001), type 17 helper cell (rho =-0.168, P < 0.001), and
eosinophil (rho=-0.331, P<0.001) (Figures 7(b)-7(h)).
Then, we explore the relationship between P4AHAIL expres-
sion and immune subtypes, as shown in Figure 7(i), PAHA1
expression was significantly related to immune subtypes in
LUAD (P <0.001).

TIMER was further used to explore the association
between P4HA1 expression and immune infiltrating levels
based on the TCGA-LUAD cohort. The results showed that
B cells and CD4+ T cells had a significantly negative correla-
tion with the expression of P4AHA1 in LUAD (P <0.001,
Figure 8(a)). Kaplan-Meier plots for TIICs and P4HAI
expression indicated that B cells and dendritic cells of
immune infiltration significantly influenced the prognosis
in LUAD patients (P <0.05, Figure 8(b)). Boxplots for
SCNAs of PAHAL suggested that arm-level deletion and high
amplification of PAHA1 were closely correlated with six infil-
trating immune cells in LUAD (Figure 8(c)). However, the
potential mechanism of the interplay between P4HA1 and
TIICs deserves further study and exploration.

4. Discussion

ECM is a noncellular structure and offers physical scaffolds
involving collagens, proteoglycans, fibronectin, elastin, lami-
nins, and microfibrillar proteins for a variety of cells [25].
The collagens are major elements of ECM and play pivotal
roles in maintaining various tissue structures. Meanwhile,
collagens also have other plentiful, significant functions, such
as cell adhesion, cell migration, tissue remodeling, and
dynamic interaction between cells [26]. Previous researches
reported that either increased [27] or decreased [28] deposi-
tion of collagens might be associated with increased malig-
nancy. Collagen prolyl 4-hydroxylase (P4H) is an «a2pf2

tetramer and plays a vital role in all collagen deposition and
biosynthesis, because the P4H residues are indispensable to
fold the polypeptide chains of newly synthesized collagen
into stable triple helix molecules [13, 14, 26, 29]. Moreover,
P4H is essential for regulating the hypoxia-inducible factor
la (HIF-1a) [30-32]. HIF-1 facilitates ECM remodeling
through upregulating expression of P4HA1, P4HA2, and
PLOD2 in hypoxic fibroblasts, which results in tumor inva-
sion and metastasis [33]. P4HA1 is considered to be the
major isoform of the P4H, which mediates three-
dimensional folding of newly synthesized collagen and con-
tributes to the majority activities of P4H [15, 34].

In our study, the PAHA1 expression at the mRNA level
analyzed by the TIMER database was found to be upregu-
lated not only in LUAD but also in various cancerous tissues.
Meanwhile, upregulation of PAHA1 has been validated to
facilitate carcinogenesis and progression of several cancers.
In breast cancer, upregulated P4HA1 was crucial for HIF-
la stabilization, cancer metastasis, and chemoresistance
[19, 35]. In gliomas, overexpression of P4HA1 facilitated
neovascularization by transdifferentiating glioma stem cells
to endothelial cells and stabilization of vascular base mem-
branes, which contributed to tumor progression and pre-
dicted poor prognosis of gliomas [18, 36]. In prostate
cancer, Chakravarthi et al. proved that overexpression of
P4HA1 was essential for tumor growth and invasion
in vitro and in vivo and regulated by microRNA-124 [20].
In liver cancer, Feng et al. validated that miR-30e enabled
to downregulate the expression of PAHAI at both mRNA
and protein levels and inhibited the proliferation of tumor
cells [37]. In pancreatic cancer, Cao et al. found that the
P4HA1-HIF1l« loop acted as a crucial regulator in glycolysis
and oncogenesis and might serve as a promising therapy tar-
get [17]. A recent study showed a signature involving
P4HA1, PLOD1, KDM3A, PLOD2, and ASPH predicted
prognosis in various cancers including LUAD using bioinfor-
matic analysis [38]. However, to the best of our knowledge,
the expression and significance of P4AHA1 in LUAD have
not been investigated so far.

In the present study, we collected LUAD expression pro-
file data from the TCGA database and GEO database and
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verified that PAHA1 expression was increased prominently in
tumor tissues compared to normal tissues. We further inves-
tigated the association between P4HA1 expression and clini-
copathologic features. We found that overexpression of
P4HA1 was tightly associated with advanced clinical stage,
larger primary tumor size, and shorter survival time. These
results were consistent with the studies mentioned above.
Univariate and multivariate Cox analyses also confirmed that
elevated P4AHA1, advanced stage, and distant metastasis were
independent factors to predict poor OS in LUAD patients.
These results showed that PAHA1 may serve as an oncogene
and promote carcinogenesis and invasion in LUAD.

To explore coaltered genes along with P4HAIL, we
employed LinkedOmics to draw coexpression heat maps.
The results were confirmed in the cBioPortal database. We
found that PLOD2, EROIL, and PGK1 were most highly
coaltered along with PAHA1. Then, we constructed a PPI net-
work based on these coaltered genes. PLOD2, ERO1L, and
PGKI1 were also identified as interacting partners of the
P4HA1 protein. PLOD2 was reported to promote migration
by inducing collagen reorganization and was regulated by
the PI3K/AKT signaling pathway in NSCLC [39]. EROIL
overexpressed and contributed to a poor prognosis via mod-
ulating cell cycle-related molecules in NSCLC [40]. PGK1
was demonstrated to interact with MetaLnc9 and lead to
the activation of the AKT/mTOR signaling pathway [41].

Furthermore, we explored the functions of P4AHAI in
LUAD using GSEA based on TCGA data. We found the fol-
lowing pathways significantly enriched in the high-P4HA1
expression phenotype, such as ubiquitin-mediated proteoly-
sis, P53 signaling pathway, cell cycle, mismatch repair, nucle-
otide excision repair, DNA replication, TGF-f signaling
pathway, PI3K/AKT/mTOR signaling pathway, IL1 medi-
ated signaling pathway, regulation of macroautophagy, tar-
gets in activated B lymphocyte, and hypoxia. All these
pathways are classical cancer-related and immune-related
biological processes and pathways. The ubiquitination path-
way is widely involved in the regulation of cell cycle, prolifer-
ation,  apoptosis,  differentiation, = damage  repair,
inflammation, immunity, and almost all other life activities
[42]. Aberrant ubiquitin pathway has been functionally

linked to the development and progression of many human
diseases, including human tumors [43]. In lung cancer, it
was reported that TRIM59 induced ABHD5 ubiquitination,
leading to its proteasome-dependent degradation, whereas
ABHDS5 deficiency leads to metabolic reprogramming of
macrophages and activation of NLRP3 inflammatory micro-
somes, generating an inflammatory environment for tumor
development [44]. The transforming growth factor-beta
(TGF-p) is a member of a superfamily of cytokines which
plays an important role in normal development and homeo-
stasis. A growing number of studies have demonstrated that
the TGF signaling pathway plays an important role in the
migration, invasion, and metastasis of lung cancer [45, 46].
DNA mismatch repair is an important genetic mechanism
for maintaining DNA homeostasis in cells. Its defects will
result in a phenotype called microsatellite instability (MSI),
which recently received increasing attention as a significant
biomarker to predict the response to cancer immunotherapy
[47]. The genotype of mismatch repair genes has also been
reported to be associated with the development of lung can-
cer. The PI3K/AKT/mTOR pathway is a signal transduction
pathway that is involved in the regulation of a variety of cel-
lular functions and is essential for the regulation of cell
growth and metabolism [48]. It is closely associated with
the development of non-small cell lung cancer and disease
progression [49]. Inhibition of this pathway is considered a
promising strategy for targeted therapy [50]. Nucleotide exci-
sion repair (NER) inhibits tumorigenesis caused by muta-
tions of genes through repairing structurally unrelated
DNA damage [51]. P53 is the most commonly mutated gene
in human cancers. Mutated P53 loses its original cancer-
suppressive effect. Compared with wild-type P53, mutant
P53 is less sensitive to degradation, resulting in its high
expression in vivo [52]. In our study, we found that the ubiq-
uitin pathway, cell cycle pathway, TGF-  pathway, mismatch
repair, nucleotide excision repair, PI3K/AKT/mTOR path-
way, and P53 signaling pathway were upregulated in the
P4HA1-high expression group. We speculate that the ubiqui-
tin pathway, TGF-f pathway, and PI3K/AKT/mTOR path-
way promote tumorigenesis by regulating cell cycle,
interfering with apoptosis and autophagy. Tumorigenesis in
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somatic copy number alterations (SCNA) and abundance of immune in

turn results in increased activity of signaling pathways asso-
ciated with tumor suppression, such as mismatch repair
pathways and nucleotide excision repair. However, the devel-
opment of tumor depends on the unbalance between pro-

filtrates of P4HAI.

moting factors and tumor-suppressing factors. These are
famous signaling pathways related to tumorigenesis, tumor
development, and immune response. Therefore, it is not dif-
ficult to conclude that PAHA1 may be tightly correlated with
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the development and progression of LUAD. In addition, fur-
ther exploration of the exact mechanism associated with
P4HAL1 is of enormous significance.

Compelling evidence manifested that the development
and growth of tumor not only depend on the intrinsic factors
of tumor cells but also on the composition of the tumor
microenvironment (TME) [53-55]. The TME is a compli-
cated network, which is rich in various infiltrating immune
cells, endothelial cells, fibroblasts, and extracellular matrix
[56]. The molecular features of neoplastic cells interact with
TIICs dynamically in TME, which may inhibit or promote
the tumor growth [57]. In recent years, with the satisfying
results of immunotherapy, the exploration of infiltrating
immune cells for diagnostic and prognostic value has become
a hot research topic. Currently, no researchers have reported
the relationship between P4HA1 and immune infiltration.
Hence, we carried out immune-related analysis using TISIDB
and TIMER. The results of TIMER indicated a substantial
explicit connection of P4HA1 expression with infiltration
levels of CD4+ T cells and B cells in LUAD. Cumulative sur-
vival curves indicated that dendritic cells and B cells had a
huge impact on the prognosis of LUAD patients. The results
of the TISIDB database indicated that PAHA1 expression was
positively correlated with the abundance of the central mem-
ory CD8+ T cell, activated CD4+ T cell, and activated den-
dritic cell and was inversely related to the abundance of the
activated B cell, immature B cell, type 17 helper cell, and
eosinophil. Tumor-infiltrating B lymphocytes (TIBs) can be
observed in all stages of lung cancer development, and abun-
dance differs between stage and histological subtypes, which
indicated that B lymphocytes exert a central role in lung can-
cer progression [58, 59]. TIBs were confirmed to secrete che-
mokines and cytokines and maintain the structure and
function of the tertiary lymphoid structure in TME of cancer
[60]. The presence of TIBs is extremely beneficial for long-
term overall survival (OS), recurrence-free survival (RFS),
or disease-specific survival (DSS) of NSCLC [61]. Therefore,
P4HA1 can be served as a promising biomarker related to
prognosis and immune infiltration for LUAD patients. The
underlying mechanism between TIICs and P4AHA1 deserves
further research and exploration.

However, this study has some limitations. First, the
results were not proven at the protein expression level. Sec-
ond, our results were only validated in the public database
and not in clinical specimens. Last, the exact mechanisms
of PAHA1 involved in the development of LUAD were not
clarified in this study. Therefore, prospective studies in clin-
ical samples and mechanism researches in vivo and vitro
are urgently required.

5. Conclusions

In general, increased P4HA1 expression has a profound
impact on oncogenesis and progression of LUAD. Overex-
pression of PAHAL1 is associated with poor prognosis. Besides,
P4HA1 might participate in the development of LUAD
through the following pathways, such as ubiquitin-mediated
proteolysis, P53 signaling pathway, mismatch repair, nucleo-
tide excision repair, cell cycle, and DNA replication. Mean-
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while, aberrant P4HA1 expression is associated with
different abundance of immune infiltrating cells (CD4+ T cells
and B cells) in LUAD. Therefore, PAHA1 is a promising prog-
nostic and immune-related biomarker for LUAD patients.
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