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Abstract: Background: Cancer is a multifaceted disease characterized by unregulated cell proliferation, evasion
of apoptosis, and metastasis. Recent studies have highlighted the importance of extracellular matrix remodeling
and post-translational modifications in tumorigenesis. Prolyl 3-hydroxylase 1 (P3H1), an enzyme involved in col-
lagen hydroxylation, has gained attention for its role in cancer progression. Methods: This study investigates P3H1
expression, prognostic value, and functional relevance across multiple human cancers using a combination of
bioinformatic and experimental approaches. Results: Using The Cancer Genome Atlas (TCGA) data from TIMER2.0
and UALCAN databases, we observed a significant upregulation of P3H1 mRNA and protein in various cancers.
Prognostic analysis using GEPIA2 and KM plotter revealed that high P3H1 expression correlates with poorer overall
survival in colon adenocarcinoma (COAD), kidney renal clear cell carcinoma (KIRC), and liver hepatocellular carci-
noma (LIHC). Further, genetic and promoter methylation analyses showed low mutation frequencies and reduced
methylation of P3H1 in specific cancer types. Functional and pathway enrichment analyses indicated that P3H1
is involved in collagen formation, endoplasmic reticulum activity, and pathways such as ECM-receptor interaction
and PI3K-Akt signaling. Validation by enzyme linked immunosorbent assay in COAD patient serum samples demon-
strated significantly elevated P3H1 levels compared to healthy controls, with an AUC approaching 1.0 by receiver
operating characteristic (ROC) curve analysis. This suggests its potential as a diagnostic biomarker. Additionally,
functional experiments were conducted in COAD cells to assess P3H1'’s role in tumorigenesis. Knockdown of P3H1
in HCT116 cells resulted in a significant reduction in cell proliferation, colony formation, and migratory abilities of
these cells. Conclusion: These findings emphasize P3H1’s relevance in COAD, KIRC, and LIHC pathogenesis and
possible utility in clinical diagnosis.
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Introduction tinues to rise due to factors such as aging popu-

lation, environmental exposure, and lifestyle
Cancer remains one of the leading causes of changes [1, 5]. Common malignancies include
mortality worldwide, with an estimated 19.3 lung, breast, colorectal, prostatic, and liver can-
million new cases and 10 million cancer-related cers, each with distinct etiology and clinical
deaths [1-4]. The global burden of cancer con- behavior [6-10]. Despite advancements in diag-
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nostics and therapy, many cancers still have
poor prognosis due to late detection, aggres-
sive progression, and resistance to convention-
al treatment [11-13]. Therefore, there is an
urgent need for identifying novel biomarkers
and therapeutic targets that can enhance early
diagnosis and improve patient outcome. In this
context, pan-cancer analysis has emerged as a
powerful approach to identify genes or path-
ways that are involved in tumorigenesis across
multiple cancer types, providing broader insight
into cancer biology [14, 15]. This type of analy-
sis allows for the detection of common molecu-
lar alterations that may serve as key drivers of
malignancy, as well as the discovery of cancer-
specific biomarkers that may inform targeted
treatment [16].

Prolyl 3-hydroxylase 1 (P3H1) is an enzyme pri-
marily involved in collagen biosynthesis, con-
tributing to the hydroxylation of proline residues
in collagen [17, 18]. Alterations in collagen
metabolism are increasingly recognized as
key components in tumor microenvironment
remodeling, invasion, and metastasis [19, 20].
Though historically studied for its role in con-
nective tissue diseases, recent research has
begun to explore the involvement of P3H1 in
cancer progression [21]. Emerging evidence
has linked dysregulated P3H1 expression to
various cancer types, including breast, lung,
and head and neck cancers [22]. For instance,
studies have demonstrated overexpression of
P3H1 in breast cancer, where it was associated
with increased tumor invasiveness and poor
clinical outcome [23, 24]. In lung cancer, P3H1
was found to promote tumor growth by modu-
lating extracellular matrix remodeling and inter-
acting with oncogenic signaling pathways [25,
26]. Similarly, in head and neck cancer, high
P3H1 expression correlated with advanced dis-
ease stage and reduced overall survival, sug-
gesting its use as a prognostic marker [24].
Despite these findings, the pan-cancer implica-
tions of P3H1, including its expression patterns
and mechanistic role across different cancer
types, remain largely unexplored.

In this study, we performed a comprehensive
pan-cancer analysis of P3H1, combining in sili-
co and in vitro approaches to elucidate its
expression pattern, functional role, and use as
a therapeutic target across various cancers.
Using publicly available genomic databases,
P3H1 expression levels of multiple tumor types
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were compared to normal tissue counterparts
to identify significant alterations. Furthermore,
we conducted detailed bioinformatic analyses,
including correlation with clinical outcome and
survival, to determine the prognostic signifi-
cance of P3H1 in different cancers. In parallel,
we employed in vitro experiments using various
cancer cell lines to investigate the functional
implications of P3H1 expression. Ultimately,
this research aims to pave the way for further
investigation into P3H1 as a candidate for ther-
apeutic intervention in oncology.

Methods
Sample collection

Atotal of 60 patients diagnosed with colon ade-
nocarcinoma (COAD) and 30 healthy control
subjects were enrolled in this study from
Shoukat Khanum Memorial Cancer Hospital
and Research Centre, Karachi, Pakistan, be-
tween July 1 and December 31, 2022. All par-
ticipants provided written informed consent
prior to their inclusion in the study, ensuring
that they were fully aware of the study objec-
tives and procedures. Venous blood samples
were collected from each individual following
standard phlebotomy protocols under sterile
conditions. Blood samples were obtained in the
morning, after participants had fasted over-
night, to minimize variability’ in serum biomark-
ers. The serum was separated through centrifu-
gation at 3,000 rpm for 10 minutes and stored
at -80°C until further analysis. All procedures
adhered to the ethical guidelines and were
approved by the hospital’s Institutional Review
Board (IRB).

Gene expression analysis using The Cancer
Genome Atlas (TCGA) datasets

TIMER2.0 (http://timer.cistrome.org/) and UA-
LCAN (https://ualcan.path.uab.edu/) are pow-
erful web tools used for cancer research and
genomic data analysis. TIMER2.0 allows re-
searchers to explore gene expression and
tumor immune infiltration across multiple can-
cer types by analyzing RNA-seq data [27]. It
provides insight into immune cell types in the
tumor microenvironment and their correlation
with gene expression. UALCAN is used for inter-
active analysis of RNA-seq expression data
from the TCGA projects, offering customizable
options for differential expression, survival
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analysis, and correlation studies in various can-
cers [28]. In this work, both TIMER2.0 and
UALCAN were used for the pan-cancer expres-
sion analysis of P3H1.

Survival analysis of P3H1

GEPIA2 (http://gepia2.cancer-pku.cn/) and KM
Plotter (https://kmplot.com/analysis/) are wi-
dely used bioinformatic tools for cancer
research. GEPIA2 allows users to analyze RNA-
seq data from TCGA and GTEXx, offering features
like differential expression analysis, survival
analysis, and gene correlation studies across
various cancer types [29]. Kaplan-Meier Plotter
(KM) focuses on survival analysis, utilizing gene
expression data to generate Kaplan-Meier sur-
vival curves [30]. It helps assess the effect of
specific genes on patient survival in different
cancers, providing insight into prognostic bio-
markers. Herein, we used GEPIA2 and KM plot-
ter web sources to conduct pan-cancer survival
analysis on P3H1.

Correlation of P3H1 with clinical variables of
cancer patients

UALCAN (https://ualcan.path.uab.edu/) is a
comprehensive web resource for analyzing can-
cer transcriptome data, offering user-friendly
tools for exploring gene expression, survival
analysis, and clinical data from TCGA and
MET500 databases [28]. UALCAN was used to
evaluate the correlation of P3H1 with clinical
variables of cancer patients.

Genetic mutation and promoter methylation
analysis of P3H1

OncoDB (https://oncodb.org/) is a user-friendly
database designed for cancer genomics re-
search [31]. It integrates multi-omics data,
including gene expression, mutation, copy num-
ber variation, and clinical information from vari-
ous cancer types. OncoDB enables researchers
to explore molecular alterations, perform sur-
vival analysis, and identify potential biomark-
ers. This work used the OncoDB database to
perform genetic mutation and promoter meth-
ylation analysis of P3H1 across the TCGA
datasets.

Correlations of P3H1 with diverse functional
state of the tumor

CancerSEA (http://biocc.hrbmu.edu.cn/Cancer-
SEA/) is a specialized database that focuses
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on single-cell sequencing data to explore can-
cer cell functional state [32]. It provides insight
into the diverse roles of genes across various
cancer types, linking gene expression to cellu-
lar activities like proliferation, metastasis, and
immune response, enabling researchers to
investigate cancer heterogeneity at the single-
cell level. We used CancerSEA database in this
work to explore correlations of P3H1 with
diverse functional states of the tumor.

microRNA (miRNA) prediction and expression
analysis

TargetScan (https://www.targetscan.org/vert_
80/) is a bioinformatic tool designed to predict
mMiRNA target genes in various species, includ-
ing humans [33]. It uses sequence-based algo-
rithms to identify conserved miRNA binding
sites in the 3’ untranslated regions (3'UTR) of
mMRNA. TargetScan helps researchers explore
miRNA-gene interactions, offering insight into
gene regulation, post-transcriptional control,
and the functional impact of miRNA on biologi-
cal pathways and diseases. Herein, TargetScan
was used to predict the P3H1 expression effect
of regulatory miRNA.

Next, expression profiling of the predicted
mMiRNA (has-mir-10a-5p) was done in the blood
samples 60 COAD and 30 normal individuals
using reverse transcription quantitative poly-
merase chain reaction (RT-qPCR). Total RNA,
including small RNAs, was extracted from the
blood using the miRNeasy Mini Kit (Ther-
moFisher, Cat. No. 217004), following the man-
ufacturer’'s protocol. RNA concentration and
purity were assessed using a NanoDrop spec-
trophotometer. For miRNA-specific reverse
transcription, total RNA was reverse tran-
scribed using the TagMan™ Advanced miRNA
cDNA Synthesis Kit (ThermoFisher, Cat. No.
A28007). The reaction was performed accord-
ing to the kit’'s guidelines to convert miRNA,
including hsa-miR-10a-5p, into complementary
DNA (cDNA).

The cDNA was then subjected to quantitative
real-time PCR (RT-gPCR) using the TagMan™
Fast Advanced Master Mix (ThermoFisher, Cat.
No. 4444557) and specific TagMan™ miRNA
Assay for hsa-miR-10a-5p (ThermoFisher, Cat.
No. 4427975). U6 small nuclear RNA was used
as an internal control for normalization. The
RT-gPCR reaction was carried out in a 96-well
plate using the QuantStudio™ 3 Real-Time PCR
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System (ThermoFisher, Cat. No. A28136). The
relative expression levels of hsa-miR-10a-5p
were calculated using the 2™t method,
comparing COAD patient samples to normal
controls.

Immune infiltration and drug sensitivity analy-
sis of P3H1

GSCA (Gene Set Cancer Analysis, https://guo-
lab.wchscu.cn/GSCA) is a comprehensive data-
base designed for multi-omics data analysis in
cancer research [34]. This web source inte-
grates data on gene mutations, expression,
methylation, and copy number variations, pro-
viding a tool for functional enrichment, pathway
analysis, and immune infiltration studies. In the
current work, GSCA was used for immune infil-
tration and drug sensitivity analysis of P3H1.

Protein-protein interaction (PPI) network con-
struction and gene enrichment analysis

STRING (https://string-db.org/) database is a
comprehensive database focused on PPIs [35].
It integrates data from various sources, includ-
ing experimental studies, computational pre-
dictions, and curated databases, to provide a
comprehensive view of protein interactions
across different organisms. Using this web
source, a PPl network of P3H1 was construct-
ed. The PPl network was then subjected to
gene enrichment analysis using DAVID tool.
DAVID is a bioinformatic tool designed to pro-
vide functional annotation and analysis of gene
lists [36]. It integrates multiple databases to
offer insight into biological processes, molecu-
lar functions, and cellular components associ-
ated with genes of interest. Users can upload
gene lists from various sources, and DAVID per-
forms enrichment analysis to identify over-rep-
resented biological themes and pathways.

Enzyme Linked Immunosorbent Assay (ELISA)

The concentration of P3H1 in serum was mea-
sured using an ELISA kit from Cloud-Clone
Corp., United States of America (USA), following
the manufacturer’'s instructions. A 96-well
microtiter plate was coated with the capture
antibody and incubated overnight at 4°C. After
washing with buffer, blocking buffer was added
for 1 hour at room temperature to prevent non-
specific binding. Serum samples (1:2 dilution)
were added in duplicate, along with standards
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to create a standard curve of P3H1 concentra-
tions. The plate was incubated for 2 hours at
room temperature, followed by five washes and
the addition of a detection antibody, which
incubated for another hour. After washing, a
substrate solution was added and incubated in
the dark for color development. A stop solution
was added to halt the reaction, and optical den-
sity (OD) was measured at 450 nm using a
microplate reader. P3H1 concentrations in
serum samples were calculated from a stan-
dard curve of OD values.

Cell culture

The HCT116 human colorectal carcinoma cell
line was obtained from the American Type
Culture Collection (ATCC, catalog number CCL-
247). Cells were cultured in McCoy’s 5A medi-
um (ATCC-formulated, modified with 10% fetal
bovine serum [FBS] and 1% penicillin-strepto-
mycin) to maintain optimal growth conditions.
Cells were incubated at 37°C in a humidified
atmosphere with 5% CO,. Cells were passaged
at approximately 70-80% confluency by detach-
ing with 0.25% trypsin-EDTA solution and
reseeding at a 1:4 to 1:6 ratio. Cell viability and
density were assessed using trypan blue exclu-
sion, and cultures were regularly monitored to
ensure mycoplasma-free status.

P3H1 knockdown

P3H1 gene knockdown in HCT116 cells was
achieved using Thermo Fisher Silencer™ Select
siRNA targeting P3H1 (Catalog #AM16708).
Cells were transfected with siRNA using Lipo-
fectamine™ RNAIMAX Transfection Reagent
(Thermo Fisher, Catalog #13778150) following
the manufacturer’s instructions. Briefly, cells
were seeded in 6-well plates and allowed to
reach 60-70% confluency. siRNA and Lipo-
fectamine™ RNAIMAX were diluted in Opti-
MEM™  Reduced Serum Medium (Catalog
#31985062), mixed, and added to the cells for
24-48 hours. After transfection, cells were har-
vested for RNA extraction and further assays.

Reverse transcription quantitative polymerase
chain reaction (RT-gPCR) for knockdown ef-
ficiency

Total RNA was extracted using the PureLink™

RNA Mini Kit (Thermo Fisher, Catalog #121-
83018A). cDNA synthesis was performed with
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the High-Capacity cDNA Reverse Transcription
Kit (Thermo Fisher, Catalog #4368814). Real-
time PCR was conducted using PowerUp™
SYBR™ Green Master Mix (Thermo Fisher,
Catalog #A25742) on a real-time PCR system.
GAPDH was used as a housekeeping gene.
Relative quantification of P3H1 expression was
calculated using the 222°t method to assess
knockdown efficiency. Following primers were
used for the amplification of GAPDH and P3H1.

GAPDH-F 5’-~ACCCACTCCTCCACCTTTGAC-3’, GA-
PDH-R 5-CTGTTGCTGTAGCCAAATTCG-3’; P3-
H1-F 5-CTGCAGCACACACCTTCTTC-3’, P3H1-R
5-ACAGCTTCCTGTGGCTGTTC-3'.

Cell proliferation assay

Cell proliferation was assessed using the
CellTiter 96® AQueous One Solution Cell Pro-
liferation Assay (MTS assay, Fisher Scientific,
Catalog #G3580). Cells were seeded in 96-well
plates at a density of 2,000 cells per well and
allowed to attach overnight. The MTS reagent
was added to each well and incubated for 1-4
hours at 37°C. Absorbance was measured at
490 nm using a microplate reader, and the
data was analyzed to assess cell viability.

Colony formation assay

To evaluate the effect of P3H1 knockdown on
colony formation, Gibco™ Cell Culture Freezing
Media (Thermo Fisher, Catalog #12648010)
was used to prepare single-cell suspensions.
Approximately 500 cells were plated in 6-well
plates and incubated for 10-14 days in com-
plete McCoy’s 5A medium. Colonies were then
fixed with methanol, stained with Crystal Violet
Staining Solution (Thermo Fisher, Catalog
#R40052), and counted under a microscope.

Wound healing assay

Cells were cultured in 6-well plates until re-
aching 100% confluency. A sterile 200 pL
pipette tip was used to create a uniform scratch
across the monolayer. The cells were then
washed twice with phosphate-buffered saline
(PBS) to remove debris and incubated in serum-
free McCoy’s 5A medium. Images were cap-
tured at O and 24 hours post-scratch using a
phase-contrast microscope to measure wound
closure.
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Statistical analysis

Data were analyzed using IBM SPSS Statisti-
cal software for Windows, version 22.0 (IBM
Corporation, Armonk, NY, USA) and GraphPad
software (GraphPad Software, Inc., La Jolla, CA,
USA). Results from the ELISA were statistically
analyzed using an unpaired t-test. Additionally,
the area under the curve (AUC) was calculated
to evaluate the diagnostic performance of
P3H1 concentration in distinguishing between
COAD samples and normal controls. *P < 0.05,
**P < 0.01, and ***P < 0.001 were considered
significant.

Results

P3H1 expression across multiple human can-
cers

To investigate the differential expression of
P3H1 in human cancers, we analyzed its
expression levels in the TCGA dataset using
TIMER2.0 and UALCAN databases. As shown
in Figure 1A and 1B, P3H1 mRNA expression
was significantly upregulated in several cancer
types, including BLCA, BRCA, CHOL, COAD,
ESCA, GBM, HNSC, KIRC, KIRP, LIHC, LUAD,
LUSC, PRAD, READ, STAD, THCA, and UCEC.
However, no statistically significant differences
in P3H1 expression were observed in CESC,
PAAD, PCPG, and SKCM. Additionally, P3H1
protein levels were found to be elevated in
BRCA, COAD, OV, KIRC, UCEC, LUAD, PAAD,
HNSC, GBM, and LIHC (Figure 1C).

Prognostic value of P3H1 across multiple hu-
man cancers

The prognostic significance of P3H1 across
various human cancers was assessed using
GEPIA2 and the KM plotter tool. Figure 2A dis-
plays a heatmap of survival outcomes in differ-
ent cancers based on P3H1 expression from
TCGA data by GEPIA2. COAD, KIRC, and LIHC
notably exhibited higher hazard ratios (HRs),
indicating a poorer prognosis with elevated
P3H1 expression (Figure 2A). Figure 2B and
2C show KM plots from GEPIA2 and KM plotter
for COAD, KIRC, and LIHC, where high P3H1
expression is consistently associated with sig-
nificantly worse overall survival (0S), highlight-
ing an increased mortality risk in patients with
elevated P3H1 levels.
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Figure 1. Pan-cancer expression analysis of Prolyl 3-Hydroxylase 1 (P3H1) using TIMER2.0 and UALCAN databases. A. The mRNA expression levels of LEPREL
(Leprecan-like Protein 1, also known as P3H1) across various tumor types compared to normal tissue samples were analyzed using TIMER2.0. B. Pan-cancer mRNA
expression analysis of LEPRE1 (P3H1) across various cancers and normal samples using UALCAN. C. Differential protein expression of P3H1 in various cancers
using UALCAN. *P < 0.05 and ***P < 0.001.
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Figure 2. Prognostic significance of Prolyl 3-Hydroxylase 1 (P3H1) expression with overall survival in multiple cancer
types. A. Survival map generated from GEPIA2 showing the hazard ratio (HR) of P3H1 across various cancers. B.
Kaplan-Meier overall survival curves for high and low P3H1 expression groups in colon adenocarcinoma (COAD),
kidney renal clear cell carcinoma (KIRC), and liver hepatocellular carcinoma (LIHC), using GEPIA2. C. Survival curves
from the KM Plotter for COAD, KIRC, and LIHC. Patients are grouped into high and low P3H1 expression categories,
with statistical data indicating that high P3H1 expression was significantly correlated with poor prognosis in all three

cancer types. P < 0.05.

Correlation of P3H1 expression with clinical
variables

Correlations of P3H1 expression with different
clinical variables of COAD, KIRC, and LIHC were
evaluated using UALCAN database. In Figure
3A, left plot shows that the P3H1 expression
was significantly (p-value < 0.05) upregulated
in stages 1 to 4 of COAD compared to normal
tissue, with the highest expression in stages 2
and 4. The middle plot reveals a significantly
(p-value < 0.05) higher expression of P3H1 in
African-American, Caucasian, and Asian COAD
patient groups (Figure 3A). In terms of gender
(right plot), both females and male COAD
patients exhibited significantly (p-value < 0.05)
higher P3H1 expression compared to normal
tissues (Figure 3A). Figure 3B shows a similar
trend, with P3H1 expression significantly (p-val-
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ue < 0.05) increased in all KIRC 1 to 4 cancer
stages compared to normal tissues (Figure 3B).
When stratified by race, P3H1 expression was
notably (p-value < 0.05) higher in African-
American and other racial groups of KIRC
patients relative to normal controls (Figure 3B).
Additionally, both male and female had a signifi-
cantly (p-value < 0.05) higher expression of
P3H1 than normal tissues, as seen in the gen-
der-specific plot (Figure 3B). Figure 3C reveals
significantly (p-value < 0.05) elevated P3H1
expression across all LIHC stages (1 to 4) com-
pared to normal samples (Figure 3C). Regarding
racial differences, P3H1 expression was signifi-
cantly (p-value < 0.05) high in African-American,
Caucasian, and Asian LIHC patients as com-
pared to the normal controls (Figure 3C). In the
gender-based analysis, both males and females
again exhibited significantly (p-value < 0.05)
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Figure 3. Correlation of LEPRE1 (Leprecan-like Protein 1, also known as P3H1) expression with clinical variables in
colon adenocarcinoma (COAD), kidney renal clear cell carcinoma (KIRC), and liver hepatocellular carcinoma (LIHC)
using the UALCAN database. A. P3H1 expression in COAD based on cancer stage, patient race, and gender. B. P3H1
expression in KIRC based on cancer stage, patient race, and gender. C. P3H1 expression in LIHC based on cancer

stage, patient race, and gender. *P < 0.05.

higher P3H1 expression compared to normal
tissues (Figure 3C).

Genetic mutations and promoter methylation
analysis of P3H1

Genetic mutations and promoter methylation
analysis of P3H1 was conducted using OncoDB
database. Figure 4A and 4B summarize P3H1
mutation subtypes in COAD, KIRC, and LIHC. In
COAD, various mutation types were observed,
including missense mutations, intron muta-
tions, silent mutations, and nonsense muta-
tions, with a mutation frequency of 2.7% across
433 patients (Figure 4A, 4B). In KIRC, a single
splice site mutation was identified with a muta-
tion frequency of 0.3% in 287 patients (Figure
4A, 4B). Across LIHC, two missense mutations
were detected, corresponding to a mutation
frequency of 0.5% in 373 patients (Figure 4A,
4B). These findings indicate that P3H1 muta-
tions occur at low frequencies in these cancers.
Figure 4C and 4D present the results of pro-
moter methylation analysis of P3H1 across
COAD, KIRC, and LIHC. The analysis reveals dif-
ferential methylation patterns between cancer
and normal samples, with most cancer sam-
ples in COAD and KIRC patient groups exhibit-
ing lower levels of methylation compared to
normal tissues (Figure 4C, 4D). Meanwhile, in
the LIHC patient group, no significant differ-
ence in promoter methylation level of P3H1
was noted relative to control samples (Figure
4C, 4D).

Correlation of P3H1 with diverse functional
states, miRNA prediction, and validation analy-
sis

Initially, the correlations of P3H1 expression
with diverse clinical states of COAD, KIRC, and
LIHC were analyzed using CancerSEA data-
base. In Figure 5A and 5B, P3H1 expression
was correlated (negatively and positively) with
different stats, including apoptosis, EMT (epi-
thelial-to-mesenchymal transition), DNA dam-
age repair, and quiescence in these cancers
(Figure 5A, 5B). Furthermore, Figure 5C shows
the TargetScan-based predicted miRNA target-
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ing P3H1, highlighting evolutionary conserva-
tion across various species. Results of this
analysis suggested that miR-10a-5p was highly
conserved in humans and other organisms,
supporting a regulatory role of this miRNA in
P3H1 expression. Furthermore, Figure 5D pro-
vides the validation of hsa-miR-10a-5p expres-
sion in COAD (n = 60) vs normal (n = 30) blood
samples using RT-qPCR. The box plot shows
significantly (p-value < 0.01) lower expression
of hsa-miR-10a-5p in COAD blood samples
compared to normal samples. This implies that
downregulation of miR-10a-5p may contribute
to the dysregulation of P3H1 in COAD, poten-
tially influencing cancer progression.

Immune infiltration and drug sensitivity analy-
sis of P3H1

The correlations of P3H1 expression with
immune infiltrates and drug sensitivity were
evaluated using the GSCA database. In COAD,
P3H1 expression showed significant negative
correlations with certain immune cell types,
particularly Th17 and Tcm (central memory T
cells) (Figure 6A). This suggests that higher
expression of P3H1 is associated with reduced
infiltration of these specific immune cells in
COAD. For KIRC, P3H1 expression exhibited
significant negative correlations with immune
cell types like Thl7, Tcm, and Tfh (follicular
helper T cells) (Figure 6B). This implies that in
KIRC, higher P3H1 expression was linked with
decreased infiltration of these immune cells. In
LIHC, P3H1 expression had significant negative
correlations with Tfh, Th17, Tcm, and Effector
Treg cells (Figure 6C). This indicates that ele-
vated P3H1 expression in LIHC was also asso-
ciated with a reduction in the presence of these
immune cell types. Furthermore, Figure 6D pro-
vides an analysis of the correlation between
P3H1 expression and drug sensitivity, using the
Genomics of Drug Sensitivity in Cancer (GDSC)
database through GSCA. The correlation analy-
sis showed that P3H1 expression was moder-
ately correlated with the resistance to specific
drugs like axitinib, sorafenib, and dasatinib,
with positive correlations (Figure 6D). These
drugs are typically used in cancer therapy, sug-
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P3H1 mutation subtypes in COAD by combined DNA-seq and RNA-seq analyses
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Figure 4. Mutation and promoter methylation analysis of Prolyl 3-Hydroxylase 1 (P3H1) across colon adenocarcinoma (COAD), kidney renal clear cell carcinoma
(KIRC), and liver hepatocellular carcinoma (LIHC) using the OncoDB database. A. Mutation subtypes of P3H1 in colon adenocarcinoma (COAD), kidney renal papillary
cell carcinoma (KIRP), and liver hepatocellular carcinoma (LIHC) based on combined DNA-seq and RNA-seq analyses. B. Visual representation of P3H1 mutation
positions and their distribution across protein domains (P4Hc and 20G-Fell_Oxy_3 domains) in COAD, KIRP, and LIHC. C. Significant methylation probes for P3H1
(highlighted in yellow) in COAD, KIRP, and LIHC cancer samples, comparing methylation levels between cancer and normal tissues. D. Methylation profile across the
P3H1 gene body and promoter regions in COAD, KIRP, and LIHC cancer types, displaying beta values of significant probes. P < 0.05.
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Figure 5. Correlation of Prolyl 3-Hydroxylase 1 (P3H1) with functional states, MicroRNA (miRNA) prediction, and expression analysis. A. Heatmap showing the cor-
relation of P3H1 with various functional states across different cancer, including colon adenocarcinoma (COAD), kidney renal clear cell carcinoma (KIRC), and liver
hepatocellular carcinoma (LIHC) using the CancerSEA database. B. Heatmap specifically showing the correlation of P3H1 with various functional states across
COAD, KIRC, and LIHC using the CancerSEA database. C. Predication and sequence alignment of the miRNA (hsa-miR-10a-5p) that regulates P3H1 expression using
TargetScan database. D. Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR)-based expression analysis of the predicted miRNA (hsa-miR-10a-

5p) in COAD and normal tissue samples. **P < 0.01.
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Figure 6. Correlation analysis of Prolyl 3-Hydroxylase 1 (P3H1) expression with immune infiltration and drug sensitivity in colon adenocarcinoma (COAD), kidney renal
clear cell carcinoma (KIRC), and liver hepatocellular carcinoma (LIHC). A. Correlation between P3H1 expression and immune cell infiltration in COAD. B. Correlation
between P3H1 expression and immune cell infiltration in KIRC. C. Correlation between P3H1 expression and immune cell infiltration in LIHC. D. Correlation between
P3H1 mRNA expression and drug sensitivity in cancer cell lines from the Genomics of Drug Sensitivity in Cancer (GDSC) database. P < 0.05.
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gesting that high P3H1 expression may influ-
ence the sensitivity of cancer cells to such
treatment.

Gene enrichment analysis of PH3P1

The PPI network analysis of P3H1, constructed
by the STRING database, reveals that P3H1 is
part of a tightly connected cluster of proteins,
including COL1A1, COL1A2, COL5A1, P4HB,
SERPINH1, and others (Figure 7A). Gene enrich-
ment analysis further clarified the biological
significance of these interactions. In Figure 7B,
cellular component (CC) enrichment analysis
showed that the most enriched terms are asso-
ciated with the endoplasmic reticulum chaper-
one complex, fibrillar collagen trimer, and the
collagen-containing extracellular matrix. These
terms point to P3H1'’s role in the endoplasmic
reticulum, where it participates in post-transla-
tional modification and collagen formation.
Figure 7C represents molecular function (MF)
enrichment, and highlights significant enrich-
ment for procollagen-proline 4-dioxygenase
activity, peptidyl-proline hydroxylation, and col-
lagen-binding activity. These functions are criti-
cal for hydroxylation of proline residues in col-
lagen, a modification that is essential for the
stability and functionality of collagen fibers. In
Figure 7D, biological process (BP) enrichment
analysis emphasizes that the P3H1-associated
network is involved in processes such as the
negative regulation of post-translational pro-
tein modification, peptidyl-proline hydroxyl-
ation, and collagen fibril organization. This sug-
gests that P3H1 plays a key role in regulating
the modification, assembly, and structural in-
tegrity of collagen in the extracellular matrix.
Finally, Figure 7E shows pathway enrichment
analysis, where key pathways like ECM-receptor
interaction, AGE-RAGE signaling in diabetic
complications, and the PI3K-Akt signaling path-
way are significantly enriched. These pathways
indicate that P3H1 and its associated proteins
not only influence collagen structure and extra-
cellular matrix remodeling but also participate
in cellular adhesion, signaling, and potentially
in disease mechanisms related to metabolism
and inflammation, such as fibrosis, cancer, and
diabetic complications.

Validation of P3H1 expression in the serum of
COAD patients

ELISA was used to assess the P3H1 level in
serum samples from the patients with COAD (n
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= 60) and healthy subjects (n = 30). The COAD
group demonstrates a significantly (p-value <
0.001) higher serum concentration of P3H1
compared to the control group (Figure 8A).
Figure 8B depicts a ROC curve, which evalu-
ates the diagnostic efficacy of P3H1 in distin-
guishing between COAD patients and healthy
controls. The curve shows the trade-off be-
tween sensitivity (true positive rate) and speci-
ficity (false positive rate), with the area under
the curve (AUC) approaching 1.0 (Figure 8B).
This near-perfect AUC suggests that P3H1 has
excellent diagnostic accuracy for identifying
COAD patients from the control group, and may
be a reliable biomarker for the disease.

P3H1 knockdown and functional assays

The effects of P3H1 knockdown on the prolif-
eration, colony formation, and migratory abili-
ties of HCT116 cells were analyzed to evaluate
the biological significance of P3H1 in COAD.
After P3H1 knockdown, its expression was
assessed to confirm the knockdown efficiency
of P3H1-specific siRNA (si-P3H1). Figure 9A
indicated a significant reduction in P3H1 mRNA
levels in si-P3H1-treated cells compared to
control cells (Ctrl-HCT116), validating the effec-
tiveness of the knockdown approach (Figure
9A). Figure 9B presents cell proliferation assay
results, which revealed that silencing P3H1
results in a marked decrease in cell prolifera-
tion rates of si-P3H1 cells compared to the
Ctrl-HCT116 cells (Figure 9B). In Figure 9C and
9D, colony formation capacity - a measure of
long-term cell survival and anchorage-indepen-
dent growth - was assessed. Representative
images and quantification indicated a substan-
tial reduction in colony numbers in the si-P3H1
cells compared to the Ctrl-HCT116 cells (Figure
9C, 9D). Finally, the wound healing assay, dis-
played in Figure 9E-G, showed the effect of
P3H1 knockdown on cell migration. Compared
to Ctrl-HCT116 cells, the si-P3H1-treated cells
exhibit slower wound closure over 24 hours, as
depicted in the wound closure images (Figure
9F). Collectively, these findings indicate that
P3H1 knockdown impairs cell proliferation, col-
ony formation, and migration in HCT116 cells,
highlighting P3H1 as a potential oncogenic fac-
tor in COAD progression.

Discussion

Cancer is a leading cause of morbidity and mor-
tality worldwide, characterized by uncontrolled
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cell proliferation and ability to invade other tis-
sues [37, 38]. With over 18 million new cases
diagnosed globally in 2023, cancer’s burden is
rising, necessitating urgent advancement in
prevention, detection, and treatment strategies
[39]. The complexity of cancer biology is further
compounded by its heterogeneity, both within
and between tumor types [40, 41]. This diver-
sity leads to variable patient outcomes, under-
scoring the need for tailored therapeutic
approaches. Traditionally, cancer research has
focused on individual types of malignancy, lim-
iting our understanding of common mecha-
nisms that underlie tumorigenesis [41]. Recent
advances in genomics and bioinformatics have
facilitated the exploration of shared molecular
signatures across various cancers, revealing
therapeutic targets and biomarkers that tran-
scend specific cancer types [42, 43]. This pan-
cancer analysis allows researchers to identify
key players in tumor biology that may serve as
universal biomarkers for diagnosis and progno-
sis. The increasing understanding of the shared
molecular pathways across different cancers
necessitates a pan-cancer analysis approach
[44]. Pan-cancer studies can uncover global
trends in tumor biology, reveal genetic and
epigenetic alterations common to multiple can-
cer types, and identify therapeutic targets that
may improve treatment efficacy across diverse
patient populations [45, 46]. Moreover, such
studies enhance our understanding of cancer
biology and provide insight into how tumor
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microenvironments may differ based on tissue
of origin, which can influence treatment
response [46].

In this study, we analyzed P3H1 expression
across multiple human cancers using compre-
hensive methodology. Our analysis indicated a
substantial increase in P3H1 mRNA and pro-
tein levels in several cancer types. This wide-
spread upregulation of P3H1 in various cancers
supports the hypothesis that it may play a role
in tumorigenesis or tumor progression.

Notably, our findings align with previous studies
that have reported elevated P3H1 expression
in BRCA and LUAD. For instance, Shah et al.
demonstrated that P3H1 enhances tumor
growth and metastasis in BRCA [23], possibly
through its role in collagen synthesis and mod-
ulation of the extracellular matrix (ECM). Si-
milarly, a study by Wu et al., in LUAD indicated
that P3H1 contributes to the aggressive behav-
ior of tumors through the regulation of collagen
deposition and tumor microenvironment modu-
lation [24]. However, the absence of significant
P3H1 expression alterations in certain cancer
types (e.g., CESC, PAAD, PCPG, and SKCM)
highlights the need for context-specific analy-
ses, as the biological roles of genes can differ
significantly depending on the cancer type.

Furthermore, the prognostic significance of
P3H1 was assessed using Kaplan-Meier sur-
vival analyses, revealing that high P3H1 expres-
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sion correlates with poorer survival outcomes
in COAD, KIRC, and LIHC. These findings are
consistent with previous literature indicating
that elevated P3H1 levels are associated with
adverse prognoses in various cancers. For
instance, Li et al. found that high P3H1 expres-
sion correlates with worse overall survival in
BRCA [47], supporting our results in LIHC. The
mechanism by which P3H1 influences cancer
prognosis may involve its role in ECM remodel-
ing. As a prolyl 4-hydroxylase, P3H1 is crucial
for collagen modification, impacting tumor stiff-
ness and extracellular matrix integrity. Studies
have shown that alterations in collagen archi-
tecture can facilitate tumor invasion and me-
tastasis, thereby influencing patient survival
[48, 49]. This suggests that P3H1 may serve as
both a biomarker for poor prognosis and a ther-
apeutic target for modulating ECM dynamics in
cancer.

Our investigation into the correlation between
P3H1 expression and clinical variables further
elucidates its possible role in cancer biology.
We observed significant upregulation of P3H1
in COAD across all stages compared to normal
tissues, indicating that P3H1 expression may
correlate with disease progression. This finding
aligns with previous reports that have demon-
strated a gradual increase in P3H1 expression
corresponding to tumor advancement [17, 50].
Further analysis of genetic mutations and pro-
moter methylation of P3H1 revealed low muta-
tion frequencies in COAD, KIRC, and LIHC, sug-
gesting that P3H1 expression is primarily regu-
lated at the transcriptional level rather than
through mutations. The differential methylation
patterns observed in COAD and KIRC, with
lower methylation levels in cancer samples
compared to normal tissues, suggest a mecha-
nism of upregulation through hypomethylation.
These findings are supported by previous stud-
ies that have reported similar patterns of pro-
moter hypomethylation leading to increased
gene expression in various cancers. For ins-
tance, a study by Zolota et al., reported that
hypomethylation of genes involved in ECM
remodeling can lead to increased tumor aggres-
siveness [51]. However, the lack of significant
methylation differences in LIHC indicates that
alternative regulatory mechanisms may govern
P3H1 expression in this cancer type. The find-
ings of this study also demonstrate that P3H1
expression negatively correlates with the infil-

786

tration of specific immune cell types in COAD,
KIRC, and LIHC. This suggests that higher P3H1
levels may contribute to an immunosuppres-
sive tumor microenvironment, which could facil-
itate tumor progression and resistance to ther-
apy. Previous research has identified similar
trends, with certain proteins linked to immune
evasion in various cancers [52, 53].

The pathway enrichment analysis emphasizes
the crucial role of P3H1 in significant cancer-
related pathways, including ECM-receptor inter-
action and PI3K-Akt signaling. These pathways
are essential for regulating various cellular
processes, such as tumor growth, metastasis,
and treatment resistance, which are pivotal in
the progression of cancer. The ECM-receptor
interaction pathway is particularly important as
it facilitates communication between tumor
cells and the extracellular matrix, influencing
cellular behavior and metastatic potential [54].
Similarly, the PI3K-Akt signaling pathway is
well-known for its role in cell survival, prolifera-
tion, and metabolism, making it a key player in
cancer cell dynamics [55]. Given the involve-
ment of P3H1 in these pathways, targeting
P3H1 could offer promising therapeutic bene-
fits for cancer management.

This study presents several strengths and limi-
tations regarding the role of P3H1 in cancer.
One of its main strengths is the comprehensive
pan-cancer analysis utilizing robust datasets
like TCGA, which allows for reliable cross-vali-
dation of results. The research effectively links
P3H1 expression with patient survival out-
come and clinical variables, enhancing the clini-
cal relevance of its findings. Additionally, the
investigation of molecular mechanisms, such
as immune infiltration and miRNA regulation,
offers insight into cancer progression and treat-
ment response. However, there are limitations,
including the influence of confounding factors
and the lack of longitudinal data, which may
restrict the interpretations of the results.
Addressing these limitations in future studies
will be essential for deepening the understand-
ing of P3H1 as a biomarker or therapeutic
target.

Conclusion
This study highlights the significant role of

P3H1 in various human cancers, particularly
COAD, KIRC, and LIHC. The comprehensive
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analysis demonstrates that P3H1 expression is
upregulated in multiple cancer types, correlat-
ing with poor prognosis and adverse clinical
variables. The investigation into genetic muta-
tions and promoter methylation reveals low
mutation frequencies, suggesting that P3H1
dysregulation may primarily stem from epigen-
etic mechanisms rather than genetic altera-
tions. Furthermore, the study uncovers critical
relationships between P3H1 expression and
immune cell infiltration, indicating an impact
on the tumor microenvironment and immune
response. The validation of P3H1 as a diagnos-
tic biomarker in COAD patients, evidenced by
significantly elevated serum levels, emphasizes
its potential utility in clinical settings. Overall,
these findings pave the way for further explora-
tion of P3H1 as a therapeutic target and bio-
marker in cancer management. Additional stud-
ies will elucidate its functional mechanisms
and interactions within the tumor landscape.
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