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ARTICLE INFO ABSTRACT

Keywords: Objective: In this study, we aimed to determine whether proly4-hydroxylase-III (P4HA3) could be
Colorectal cancer used as a biomarker for the diagnosis of colorectal cancer (CRC) as well as for determining
P4HA3 prognosis.

Tumor microenvironment
Immune cell infiltration
Prognosis

Methods: We used The Cancer Genome Atlas (TCGA) database to analyze P4HA3 expression in
CRC and further investigated the association between P4HA3 and clinicopathological parameters,
immune infiltration, and prognosis of patients with CRC. Enrichment analysis was conducted to
investigate the potential biological role of P4AHA3 in CRC. To verify the results of TCGA analysis,
we performed immunohistochemical staining of 180 clinical CRC tissue samples to probe into the
relationship of P4HA3 expression with lymphocyte infiltration and immune checkpoints
expression.

Results: The expression of P4HA3 was significantly higher in CRC tissues and associated with a
higher degree of malignancy and poorer prognosis in CRC. The results of enrichment analysis
indicated that P4AHA3 may be associated with the epithelial-mesenchymal transition process and
the immune response. Immunohistochemical staining results showed that high PAHA3 expression
was associated with high infiltration levels of CD8" and Foxp3+ TILs and high PD-1/PD- L1
expression. Lastly, patients with CRC co-expressing PAHA3 and PD-1 had a significantly worse
prognosis.

Conclusion: High expression of PAHAS3 is associated with adverse clinical features and immune cell
infiltration in CRC, and has the potential to serve as a biomarker for predicting CRC prognosis.
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1. Introduction

Colorectal cancer (CRC) ranks as the third most prevalent cancer globally [1,2]. In China, CRC has the second-highest incidence and
fourth-highest number of deaths. By 2030, the global incidence of new cases and deaths from CRC is expected to reach 2.45 million and

Abbreviations

AUC area under the curve

CRC colorectal cancer

DSS disease-specific survival

EMT epithelial-mesenchymal transition
GO gene ontology

GSEA gene set enrichment analysis

KEGG Kyoto Encyclopedia of Genes and Genomes
oS overall survival

P4HA3  proly4-hydroxylase-IIT

PD-1 programmed cell death receptor-1

PD-L1 programmed cell death receptor-1 ligand

PFI progression-free interval

ROC receiver operator characteristic curve
TCGA  The Cancer Genome Atlas

TILs tumor-infiltrating lymphocytes

TMA tissue microarray

TME tumor microenvironment

1.22 million, respectively. Recently, there has been a global rise in the occurrence of early-onset CRC [3,4]. Despite the increasing
research on the comprehensive treatment of CRC, most cancer patients do not receive proper or timely diagnosis or treatment because
of the absence of visible signs in the early stages. Therefore, identifying new biomarkers to increase early detection and improve
prognosis has become imperative to reduce CRC mortality.

As the critical component in the tumor matrix, the extracellular matrix is vital in the initiation and progression of diverse ma-
lignancies, such as CRG; it also promotes tumor cell metastasis. Collagen, an important structural protein of the extracellular matrix,
can obstruct the production of chemokines in the tumor microenvironment (TME), thus hindering the anti-tumor immune response
[5].

As a member of the collagen proly4-hydroxylase family in the endoplasmic reticulum, Proly4-hydroxylase-III (P4HA3) is a critical
enzyme for collagen synthesis. Notably, multiple studies have provided evidence indicating the significant impact of PAHA3 expression
on the progression of various cancer types such as colon cancer [6], head and neck squamous cell carcinoma [7], gastric cancer [8],
lung cancer [9], and pituitary adenoma [10]. In the study of CRC, although the literature has reported that PAHA3 shows certain
potential in predicting patient prognosis and influencing the progression of epithelial-mesenchymal transition (EMT), the expression of
P4HAS3 in tumor tissues, its association with patient clinical characteristics, and its relationship with immune cell infiltration have not
been thoroughly investigated.

Consequently, this study performed a multilevel analysis of PAHA3 expression in CRC. We utilized The Cancer Genome Atlas
(TCGA) database and clinical tissue microarray (TMA) to investigate the association between P4HA3 and clinicopathological char-
acteristics, as well as prognosis in CRC patients. Furthermore, we predicted the biological function of PAHA3 and examined its cor-
relation with tumor immune infiltration and immune checkpoints. Immunohistochemical staining was conducted on 180 clinical CRC
tissues and their corresponding adjacent normal tissues to detect the expression of PAHA3, programmed cell death receptor-1 (PD-1),
PD-1 ligand (PD-L1), and the infiltration of tumor-infiltrating lymphocytes (TILs; CD4* TILs, CD8 " TILs, and Foxp3+- TILS) to verify the
relationship between P4HA3 and immune cell infiltration. Finally, retrospective clinical data were analyzed to verify whether P4AHA3
influences the prognosis of CRC patients. Our findings elucidate the significance of PAHA3 in the progression of CRC and indicate
P4HAS3 to be a novel prognostic factor for CRC.

2. Material and methods
2.1. Data sources

RNA-seq data of tissue from 647 CRC cases and 51 cases of normal paracancerous tissue and clinical information data were
downloaded and organized from the TCGA database (https://portal.gdc.cancer.gov/). GSE9348 and GSE21815 datasets were obtained
from the geographic database (https://www.Ncbi.nlm.nih.gov/geo/). The RNA-seq data format was Transcripts Per Million (TPM). A
log2(TPM+1) transformation was performed on the TPM values, and the RNA-seq data were normalized by the trimmed mean of M-
values (TMM) method using the calcNormFactors function in the edgeR package. Batch effects were removed using the ComBat
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function of the sva package. PAHA3 expression was categorized into low- and high-expression groups based on the median.
2.2. CRC tissue sample collection and patient information

The 180 CRC and corresponding adjacent normal tissues in this study were obtained from general surgery surgical resection
specimens at the Zhejiang Provincial People’s Hospital. In addition, the general clinical information of these 180 patients from which
the samples were taken including factors such as sex, age, telephone number, operation time, lesion size, site, pathologic type,
infiltration of lymphatic and neural tissues, Tumor-Node-Metastasis (TNM) stage, pathological stage, and degree of differentiation,
were collected.

2.3. TMA construction

The TMA construction method was performed as described in Ref. [11]. All sample tissues were stained with hematoxylin and eosin
(HE). The typical tumor tissues or normal tissues in the paraffin specimens were marked based on the HE-stained sections. Using a
tissue arrayer, tissue cores with a diameter of 1.5 mm were punched out from the marked areas on the donor paraffin blocks. The tissue
cores were transferred to recipient paraffin blocks with a spacing of 0.3 mm between each tissue core. The tissue cores in the paraffin
blocks were incubated at 37 °C for 30 min. Subsequently, the tissue array blocks were sectioned at a speed of 4 pm per revolution using
an automated tissue slicer, and the sections were mounted on glass slides with anti-detachment treatment. Each chip contained a grid
of 18 by 10 tissue spots.

2.4. Immunohistochemical staining

Immunohistochemistry was employed to detect PAHA3, CD4, CD8, PD-1, PD-L1, and Foxp3 expression of TMA samples. After
baking, deparaffinization, hydration, and antigen repair of the tissues, the tissues were treated with hydrogen peroxide and phosphate
buffer to disrupt endogenous peroxidase. The tissues were then incubated overnight at 4 °C with anti-PD-1 (1:100, GT228107,
GeneTech, Shanghai, China), anti-PD-L1 (1:100, GT228007, GeneTech, Shanghai, China), anti-Foxp3 (1:100, ab215206, Abcam,
Cambridge, UK), anti-CD4 (1:1000, ab183685, Abcam, Cambridge, UK), anti-CD8 (1:2000, ab217344, Abcam, Cambridge, UK), and
anti-P4HA3 (1:100, 23185-1-AP, Proteintech, Chicago, USA). The tissues were successively incubated with secondary antibody and
diaminobenzidine chromogen solution. Finally, counterstaining of the slides with hematoxylin was done, followed by dehydration and
mounting. In each experiment, both negative (omission of the primary antibody) and positive controls (with IgG-matched serum) were
included.

2.5. Immunohistochemical scoring criteria

P4HA3 was evaluated using the histochemistry score (H-score) grading system. H-score = > (I x Pi), I = intensity of staining
(categorized as 0, 1, 2, 3 based on staining depth), and Pi = percentage of positive cells. The H-score is between 0 and 300, with larger
values indicating a stronger combined positive intensity. As has been previously described [12], the evaluation of five immune in-
dicators (PD-1, PD-L1, CD4, CD8, and Foxp3) was conducted by determining the number of positive cells based on randomly selected 5
high-power fields (HPFs) at 200 x magnification and calculating the average level.

2.6. Gene expression and clinicopathologic features

The expression of PAHA3 was evaluated in CRC and adjacent normal tissue samples with multiple data, including TCGA-
COADREAD data, GSE9348, GSE21815 datasets, and TMA. Patients’ clinical information in TCGA-COADREAD and TMA was orga-
nized and grouped, and the relationship between P4HA3 expression and each clinicopathological parameter was analyzed.

2.7. Prognostic value analysis

P4HAS3 expression data and patient survival data from TCGA-COADREAD and TMA were integrated, and the impact of PAHA3 on
patient survival status was assessed using the survival package. Cox regression analyses were also performed for PAHA3 and several
clinical variables. The pROC package was employed to obtain receiver operator characteristic (ROC) curves, which evaluated the
model’s accuracy.

2.8. Functional concentration analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG): single-gene correlation analysis was performed by the
Spearman statistical method, and molecules with correlation with PAHA3 were screened according to the threshold (|Cor|> 0.5 and p
< 0.05). Gene Set Enrichment Analysis (GSEA): the DESeq2 package was used to analyze the changes in gene expression levels between
high and low expression groups of P4AHA3, and obtain the log2FoldChange values. GO, KEGG, and GSEA analysis was then performed
using the clusterProfiler package. Predefined gene sets were obtained from the MsigDB database (https://www.gsea-msigdb.org/gsea/
msigdb/index.jsp).
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Fig. 1. P4HAS3 expression in CRC was analyzed using TCGA COAD-READ and GEO databases, and the correlation of PAHA3 with clinicopathological
features and its prognostic value were assessed using TCGA COAD-READ. (A) P4HA3 expression in unpaired (left) and paired samples (right) in
TCGA. (B) P4AHA3 expression between normal and tumor samples in the GSE9348 and GSE21815 datasets. (C-G) Differential expression of PAHA3 in
TNM staging, pathologic staging, and perineural invasion. Survival curves showing (H) OS, (I) DSS, and (J) PFI between patients with low and high
P4HA3 expression. (K) PAHA3 diagnostic ROC curves for CRC models. (L) The Forest plot representing a one-way Cox univariate regression analysis.
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2.9. Immune analysis
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The enrichment scores of various immune cell subsets in each sample were calculated using the ssGSEA algorithm provided in the R
package — GSVA, enabling the inference of immune cell infiltration levels within individual samples. An analysis was performed to
examine the association between P4AHA3 expression and immune cell infiltration, as well as the expression levels of immunostimu-

latory and immunosuppressive molecules.

2.10. Statistical analysis

T-test/Wilcoxon rank sum test was chosen for the analysis of differences between any two groups. Spearman was chosen for
correlation analysis. The chi-square test/Yates’ correction was used to assess whether there was a difference in the constitutive ratio of
clinical variables/immune-related protein expression between high and low P4HA3 expression groups. In the survival analysis, Cox
regression was used for testing when variables met the assumption of equal proportional risk; otherwise, the log-rank test was chosen.

A

Extracellular matrix organization
Cell-substrate adhesion 4

Regulation of cellular response to growth |
factor stimulus

Transmembrane receptor protein
serine/threonine kinase signaling pathway
Regulation of vasculature development

Cell junction assembly
Negative regulation of cell migration
Regulation of epithelial cell proliferation

B

Collagen-containing 4
extracellular matrix

Endoplasmic reticulum { @
lumen

Cell-cell junction 1 ®

Focal adhesion 1 ®

Cell leading edge 4o

Extracellular matrix

C

PI3K-Akt signaling pathway
Focal adhesion

Human papillomavirus infection
Protein digestion and absorption
Proteoglycans in cancer
ECM-receptor interaction
Regulation of actin cytoskeleton

Cell adhesion molecules

AGE-RAGE signaling pathway in
diabetic complications
Hippo signaling pathway

Phagosome
Amoebiasis

q

RREN

L

Counts

QO 15
O 20
O2s

Mesenchyme development structural constituent ®
Regulation of epithelial cell migration | Glycosaminoglycan binding { @
Cell-cell adhesion via plasma-membrane | -
adhesion molecules Sulfur compound binding { ®
Tissue remodeling S s s
Epithelial to mesenchymal transition {e Heparin binding 1 ©
Actin cytoskeleton reorganization J, Integrin binding {®
0.05 0.10 0.I100115
GeneRatio GeneRatio

— Ecm proteoglycans
— Epithelial to mesenchymal transition in CRC

— Focal adhesion PI3K/Akt/mTOR signaling
pathway
— PI3K/Akt signaling pathway

Melanoma 1¢
Complement and coagulation J,
cascades

Hedgehog signaling pathway 1*

0.060.090.12
GeneRatio

F

— Immunoregulatory interactions between a
lymphoid and a non-lymphoid cell

— Cytokine-cytokine receptor interaction

— Pd-1 signaling

" — P<0.001 FDR<0.001 " — P<0.001 FDR<0.001 — P<0.001 FDR<0.001
5 06 — P=0.013 FDR=0.010 <] — P<0.001 FDR<0.001 2 — P=0.013 FDR=0.010
& & 04+ 3 0.50 1 — P=0.037 FDR=0.028
t 04 = b
E £ £ 0254
5 024 § 021 5
i & ”E" 0.00
R R e P 0.0 ORI~ —Sn s s s s smEER s <
[ [T T A\ [T T \
o [ ‘ H ‘ ‘ ‘ ‘ i) ° L | ’[ ‘IMIO\MH ﬂ\'\ (N} \W HII\ H‘\ [y ‘\ JHI
3 501 T 50 3 501
£ E €
B 254 B 251 % 251
2 = 2
g 0.0 % 0.04 é 0.0 -
8 251 r r , ® 251 T T T 8 251 T T T
0 10000 20000 30000 0 10000 20000 30000 0 10000 20000 30000
Rank in ordered dataset Rank in ordered dataset Rank in ordered dataset
- 10 -
] 6 = 6
5 5.° = & e g
o = S< S ~ 2= S A40.
o O%3 Z%g 23 2 S5
5 5= 6= S i4 5 = 5=
c oo c 5 g o4 e
2 sk2 1 SE ¢ S SE -
7 - ~ < i sl
£ A L P R b £
3 ¢ ‘Spearman g 1 . Spearman & Spearman & . «Spearman 5 —2 “ Spearman &~
& 6 R=0.007 i R=0.824 W 4 R=0836 & R=0.788 | R 460 i
| . ° Pp=01850_ 0 P<0.001 P<0001_d P<0.001 P<0.001 2.
01 2 3 4 5 01 2 3 45 1 2 3 4 5 01 2 3 4 5 01 2 3 4 5 01 2 3 4 5
Expression of P4HA3 Expression of P4HA3 Expression of P4HA3 Expression of P4AHA3 Expression of P4AHA3 Expression of P4HA3
Log,(TPM+1) Log,(TPM+1) Log,(TPM+1) Log,(TPM+1) Log,(TPM+1) Log,(TPM+1)

Fig. 2. Enrichment analysis of the PAHA3 gene. (A-C) GO and KEGG enrichment analysis of PAHA3. (D-F) GSEA analysis of PAHA3. (G) Correlation

analysis of PAHA3 and EMT markers.
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All statistical analyses in this study were performed using R version [4.2.1]. Data were analyzed using stats [4.2.1], car [3.1-0],
survival [3.3.1], pROC [1.18.0], rms [6.3-0], GSVA [1.46.0], DESeq2 [1.36.0], sva [3.44.0], clusterProfiler [4.4.4]. Data visualiza-
tions were created by the ggplot [3.3.6]. Significance was set at a bilateral p-value <0.05. *(P < 0.05), **(P < 0.01), ***(P < 0.001), ns
(P > 0.05).
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Fig. 3. Correlation between P4HA3, immune cells, and immune checkpoint markers in patients with CRC. (A) Analysis of molecular and immune
infiltration score correlation. In this lollipop plot, the circle’s size and the bar’s length indicate the correlation’s strength. The shade of the color
reflects the significance level represented. (B) Correlation between P4HA3 expression and CD8 T cells, T helper cells, Treg infiltration, and their cell
marker expression. (C) Heatmap of P4HA3 co-expression with immunostimulatory and immunosuppressive molecules. (D) Correlation between
P4HA3 expression and immunostimulatory molecules ICOS, ICOSLG, CD40, and inhibitory molecules PDCD1, CD274, and CTLA4 in patients
with CRC.
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3. Results
3.1. Analysis of results based on public database data

3.1.1. P4HAS3 expression, correlation with clinicopathologic features, and prognostic value in TCGA COAD-READ and Gene Expression
Omnibus databases

TCGA database and two Gene Expression Omnibus (GEO) Series (GSE) were analyzed, and the results showed that P4AHA3
expression was markedly elevated in CRC tissues than in the adjacent normal tissues (Fig. 1A and B). Subsequently, evaluation of the
expression profile of PAHA3 in association with the degree of tumor malignancy revealed that PAHA3 expression was significantly
higher in T stage (T3 and T4), N stage (N1 and N2), pathological stages (stages IIl and stages IV), and perineural invasion, but there was
no difference in PAHA3 expression in M stages (Fig. 1C-G). Therefore, the assumption that PAHA3 is associated with a higher degree of
tumor malignancy is reasonable. The overall survival (OS), disease-specific survival (DSS), and progression-free interval (PFI) were
characterized using Kaplan-Meier curves for patients with low and high P4HA3 expression, aiming to investigate the prognostic
significance of P4HA3 in predicting the prognosis of CRC patients. The results showed that the OS, DSS, and PFI of patients with CRC
with high PAHA3 expression were significantly lower than those with the low P4HA3 expression group (Fig. 1H-J). Moreover, the ROC
curve revealed high diagnostic accuracy of PAHA3 for CRC (Fig. 1K; AUC = 0.818; confidence interval = 0.768-0.869). A one-way Cox
analysis was conducted to ascertain whether PAHA3 is a prognostic factor for survival outcomes. Based on reports in the literature and
conjunction with the clinical information contained in the TCGA database, several clinical variables that may be associated with CRC
prognosis were selected for Cox regression analysis along with PAHA3 (Table S1) [13]. The analysis revealed that age, T-stage, N-stage,
M-stage, pathological stage, lymphatic invasion, and P4HA3 all affected the survival time of patients (Fig. 1L).

3.1.2. Functional enrichment of P4HA3 based on TCGA COAD-READ

To investigate the potential biological functions and associated pathways linked to PAHA3 expression, we conducted GO and KEGG
enrichment analyses on molecules pertinent to PAHA3 expression. Our analysis revealed that biological processes were predominantly
enriched in cell-matrix adhesion, epithelial-to-mesenchymal cell transition, and epithelial cell migration (Fig. 2A). Regarding cellular
components, enrichment was primarily observed in the collagen-containing extracellular matrix. Furthermore, functional molecular
analyses highlighted a significant enhancement in structural components of the extracellular matrix (Fig. 2B). KEGG analysis indicated
notable enrichment in phosphoinositide-3-kinase/Akt (PI3K/Akt) signaling and extracellular matrix-receptor interactions (Fig. 2C).
Subsequently, we analyzed the differential expression patterns between high and low P4HA3 expression groups and conducted GSEA
on the list of differentially expressed genes. GSEA analysis revealed that the EMT process (Fig. 2D) and PI3K-Akt signaling were
significantly enriched (Fig. 2E). Interestingly, cytokine interactions and PD-1 signaling were also significantly different (Fig. 2F). Thus,
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we further analyzed the correlation between PAHA3 and EMT-related markers. We observed that P4AHA3 expression was positively
correlated with a variety of EMT molecular markers, including N-cadherin, vimentin, snail, twistl, and MMP2 (Fig. 2G). Based on
these enrichment results, we speculated that high P4HA3 expression might be associated with the EMT process and immune response.

3.1.3. Correlation between P4HA3 expression and immune cell infiltration and immune checkpoints in TCGA COAD-READ

The findings from the enrichment analysis indicated a potential association of PAHA3 with immune response. Further analysis was
conducted using data from the TCGA to explore the relevance of PAHA3 to immune cell infiltration and immune checkpoints. The
correlation analysis results between PAHA3 and immune cell score were visualized using a lollipop plot (Fig. 3A). Results showed that
P4HAS3 correlated with 22 TILs, including Th1 cells, Tem cells, Regulatory T (Treg) cells, Tgd cells, Tcm cells, CD8 T cells, and Th17
cells. Individual analysis revealed that the PAHA3 high-expression group exhibited significantly higher enrichment scores for CD8 T
cells, T helper cells, and Treg cells than did the PAHA3 low-expression group. In addition, PAHA3 expression was linked to the
expression of CD8A, CD4, and Foxp3 (Fig. 3B). Besides, it was observed that PAHA3 expression was positively correlated with the
expression of most immunosuppressive and immunostimulatory checkpoints (Fig. 3C), such as the immunosuppressive checkpoints
PDCD1 (PD-1), CD274 (PD-L1), and CTLA-4 and the immunostimulatory checkpoints CD40, ICOS, and ICOSLG (Fig. 3D). Thus, PAHA3
may have a relationship with the immune response to CRC.

3.2. Analysis of results based on clinical samples

3.2.1. P4HA3 expression in CRC tissues and normal paracancerous tissues in clinical tissue samples
The expression of P4HA3 in 180 CRC tissues and their paired normal paracancerous tissues was examined by immunohisto-
chemistry to verify the high expression of PAHAS3 in patients with CRC as shown in TCGA and GSE datasets (Fig. 4A). Evaluation of the

Table 1
Correlation between P4HA3 expression and clinicopathological parameters.

Characteristic P4HA3"% P4HA3Meh P value

N 131 49

Gender, n (%) 0.642
Male 80 (71.4 %) 32 (28.6 %)
Female 50 (74.6 %) 17 (25.4 %)

Age (years), n (%) 0.019
<65 75 (80.6 %) 18 (19.4 %)
>65 56 (65.1 %) 30 (34.9 %)

T-stage, n (%) 0.008
T1 8 (100 %) 0 (0 %)
T2 27 (90 %) 3 (10 %)
T3 76 (71.7 %) 30 (28.3 %)
T4 20 (57.1 %) 15 (42.9 %)

N-stage, n (%) < 0.001
NO 76 (80.9 %) 18 (19.1 %)
N1 37 (78.7 %) 10 (21.3 %)
N2 18 (47.4 %) 20 (52.6 %)

M-stage, n (%) 0.235
MO 129 (74.1 %) 45 (25.9 %)
M1 2 (40 %) 3 (60 %)

Pathologic stage, n (%) 0.018
stagel 7 (100 %) 0 (0 %)
stage II 69 (80.2 %) 17 (19.8 %)
stage IIT 53 (65.4 %) 28 (34.6 %)
stage IV 2 (40 %) 3 (60 %)

Tumor site, n (%) 0.394
Rectum 65 (75.6 %) 21 (24.4 %)
Colon 65 (69.9 %) 28 (30.1 %)

Histological type, n (%) 0.221
Adenocarcinoma 123 (71.5 %) 49 (28.5 %)
Mucinous adenocarcinoma 7 (100 %) 0 (0 %)

Degree of differentiation, n (%) 0.040
Moderately differentiated 120 (76.9 %) 36 (23.1 %)
Poorly differentiated 8 (50 %) 8 (50 %)

Vascular recidivism, n (%) 0.356
No 116 (74.4 %) 40 (25.6 %)
Yes 15 (65.2 %) 8 (34.8 %)

Lymphatic recidivism, n (%) 0.013
No 101 (78.3 %) 28 (21.7 %)
Yes 30 (60 %) 20 (40 %)

Neurorecidivism, n (%) 0.134
No 121 (75.2 %) 40 (24.8 %)
Yes 10 (55.6 %) 8 (44.4 %)
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H-score of PAHA3 revealed a significant upregulation of PAHA3 expression in patients with CRC in paired and unpaired comparisons
(Fig. 4B). This observation aligns with the outcomes obtained from the analysis conducted on public databases.

3.2.2. Correlation between P4HA3 expression and clinicopathologic parameters in clinical tissue samples

Further correlation analysis of PAHA3 expression with clinicopathological parameters was performed based on the histochemical
scores of P4AHA3 in 179 CRC tissues (1 sample had missing clinical information). P4HA3 expression was classified using the mean
histochemical score as the threshold, designating PAHA3 scores below the mean as low expression (n = 130) and P4HAS3 scores equal to
or exceeding the mean as high expression (n = 49). The results showed that the older the patients (>65 years), the higher the P4AHA3
expression. In addition, patients with high P4HA3 expression exhibited higher T stages, N stages, pathological stages, and fewer
differentiated tumor cells. Notably, high PAHA3 expression was also associated with lymphatic infiltration. In contrast, PAHA3
expression was not associated with sex, M stage, tumor site, tumor histological typing, vascular involvement, or neurological
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involvement (Table 1). These results were consistent with those in TCGA. Based on this differential expression of PAHA3 in patients
with CRC and clinicopathological correlation results, we hypothesized that PAHA3 may correlate with an increased malignancy level
in patients with CRC.

3.2.3. Correlation of P4HA3 expression with immune infiltration and immune checkpoints in clinical tissue samples

We further explored the relationship between PAHA3 and immune cell infiltration as well as immune checkpoint expression in the
tumor microenvironment. According to the literature, in the tumor microenvironment of CRC, the expression of immune-related
proteins in the tumor stroma is more clinically significant [14-16]. Therefore, we investigated the expression of PAHA3 in CRC as
well as the expression of CD4, CD8, Foxp3, PD-1, and PD-L1 in CRC stroma using immunohistochemical staining (Fig. 5A). We
observed a significant increase in the expression of CD4 ", CD8", and Foxp3+ TILs within the tumor stroma. In addition, the expression
of PD-1 and PD-L1 was also elevated in the tumor stroma (Fig. 5B). We employed the average stain scores of PAHA3 and five other
immune-related indicators as thresholds to categorize the expression levels of each indicator in the tissue samples as either high or low
expression for subsequent correlation analysis. The correlation analysis showed that PAHA3 expression was correlated with CD8,
Foxp3, PD-1, and PD-L1 expression in the tumor stroma. Nonetheless, there was no significant correlation observed between P4HA3
expression and CD4 expression in the tumor stroma (Table 2, Fig. S1). Simultaneously, we observed a marked increase in CD8™,
Foxp3+, PD-1+, and PD-L1+ cells in the tumor stroma in the high P4HA3 expression group compared with that in the low P4HA3
expression group. Nevertheless, the high PAHAS expression group exhibited no notable disparity in the number of CD4 " TILs compared
with the low P4HA3 expression group (Fig. 5C). Based on these results, it is reasonable to speculate that PAHA3 may affect immune cell
infiltration in the TME of CRC and may be associated with immunosuppression.

3.2.4. High P4HA3 expression predicts poor prognosis of clinical patients with CRC

We obtained prognostic information to further analyze whether P4HA3 expression affects the prognostic situation of patients
through multiple follow-ups of patients with clinical CRC. First, we analyzed the OS of patients at years 5, 7, 10, and at the end of
follow-up. Our findings revealed that patients exhibiting high expression of PAHA3 had a lower OS (Fig. 6A). Subsequently, we divided
patients with CRC into subgroups based on their clinicopathological features. Subgroup survival analysis showed that high P4HA3
expression was associated with clinical prognosis for most variables: male sex, age >65 years, tumor size >3 c¢m, tumor size >5 cm,
stage I + II, NO stage, and MO stage (Fig. 6B). In addition, we categorized PAHA3 and PD-1 expression into high-risk (P4HA3 high/PD-1
high), intermediate-risk (P4HA3 high/PD-1 low, PAHA3 low/PD-1 high), and low-risk groups (P4HA3 low/PD-1 low). Kaplan-Meier
survival analysis demonstrated a notable divergence in OS across the three groups (P = 0.013; Fig. 6C). The prognosis was the poorest
in the high-risk group. The time-dependent ROC curve (AUC, 0.772) indicated that P4HA3 exhibited prognostic efficacy (Fig. 6D).
Furthermore, we also performed a one-way Cox regression analysis of multiple clinical variables and PAHA3 (Table S2). The results
showed that high age, high N stage, high M stage, high pathological stage, high P4HA3 expression, low degree of differentiation,
lymphatic infiltration, and tumor size (>5 cm) were associated with poor prognosis in CRC patients (Fig. 6E). These data indicate that
P4HAS3 is an unfavorable prognostic factor for CRC patients.

4. Discussion

P4HAS3, an indispensable enzyme in the biosynthesis of collagen, its high expression is closely associated with cancer. Collagen
forms the skeletal structure of the extracellular matrix in the TME, imparting rigidity and tensile strength and influencing cell pro-
liferation, invasion, and migration [17]. Collagen has been reported to be over-deposited in tumor tissues [18]. When
collagen-encoding genes are highly expressed, patients with CRC exhibit worse OS [19]. Moreover, higher collagen levels have been
observed in patients with CRC developing liver metastases [20]. Through bioinformatics analysis and molecular mechanism studies,

Table 2

Correlation analysis of PAHA3 expression with the expression of immune-related markers in the CRC stroma.
Characteristic P4HA3Y P4HA3Mh P value
n 131 49
CD4, n (%) 0.926
cD4ov 93 (73.2 %) 34 (26.8 %)
CD4hish 37 (72.5 %) 14 (27.5 %)
CD8, n (%) 0.033
cpglew 87 (78.4 %) 24 (21.6 %)
cpghish 42 (63.6 %) 24 (36.4 %)
FOXP3, n (%) 0.002
FOXP3'*" 128 (75.7 %) 41 (24.3 %)
FOXP3hish 3(27.3%) 8 (72.7 %)
PD-1, n (%) 0.006
PD-1%°% 91 (80.5 %) 22 (19.5 %)
pD-1high 40 (61.5 %) 25 (38.5 %)
PD-L1, n (%) 0.016
PD-L1% 99 (78 %) 28 (22 %)
PD-L1Mieh 32 (60.4 %) 21 (39.6 %)
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some researchers have found that PAHA3 overexpression promotes the malignant progression of melanoma, which can be reversed by
inhibiting PAHA3 expression [21]. In addition, Zhang et al. [22] and Long et al. [10] found that PAHA3 may modulate the PI3K-Akt
pathway to promote the progression of clear-cell kidney cancer and pituitary adenoma growth and metastasis. Notably, Zhou et al. [6]
and Nakasuka et al. [9] suggested that PAHA3 accelerates the developmental process of colon cancer and non-small cell lung cancer by
promoting EMT through the TGF-f pathway. Recently, the outcomes of a comprehensive analysis across various human cancers
revealed that P4HA3 expression level is more closely related to immune cells [23]. Moreover, in a study on gastric cancer, P4AHA3
promoted immune cell infiltration, highlighting its potential to be a therapeutic target for immunotherapy in gastric cancer [8].

However, the specific contribution of P4HA3 to the progression of CRC remains uncertain. Therefore, we investigated the biological
significance of PAHA3 in CRC progression from multiple perspectives. Our findings showed a prominent upregulation of P4HA3
expression in patients with CRC, which correlated significantly with various clinicopathological parameters in patients with CRC.
Moreover, the higher the T-stage, N-stage, and pathological stages, the higher the expression level of P4HA3, indicating a potential role
of P4HA3 in promoting the malignant progression of CRC. Notably, GO, KEGG, and GSEA analyses revealed that PAHA3 may be
associated with the EMT process. EMT promotes tumor immunosuppression and immune escape because tumor cells with a mesen-
chymal phenotype are less susceptible to attack by autoimmune cells [24,25]. Moreover, various cytokines released by immune cells
can in turn promote EMT, which further promotes the formation of immunosuppressive TME [26]. Interestingly, a robust correlation
also exists between EMT and PD-L1 [27,28]. The rate of PD-L1 positivity is much higher in patients with the mesenchymal phenotype
than in those with the epithelial phenotype [29].

What’s more, to investigate the relationship of P4HA3 with the immune response, we performed an analysis using the TCGA
database. Notably, our findings demonstrated that PAHA3 was positively correlated with immune cell infiltration, immunosuppressive
molecules, and immunostimulatory molecule expression. GSEA showed that PAHA3 was associated with the PD-1 signaling pathway.
In addition, immunohistochemical staining showed increased CD8" TIL infiltration into the stroma of tumors in the high P4HA3
expression group. Therefore, we hypothesized that high PAHA3 expression might have an effect on immune cell infiltration in TME of
CRC. The well-established understanding within the scientific community affirms the immuno-suppressive functions of PD-1+ TILs,
PD-L1+ cells, and Tregs in the TME, helping tumor cells evade T cell attacks. Our study confirmed that increased numbers of Tregs in
the stroma and higher protein expression of PD-1 and PD-L1 are associated with elevated P4HA3 expression. These observations
suggest that high PAHA3 expression may be associated with the formation of an immunosuppressive TME.

Our evaluation of survival in patients with CRC stratified into high and low P4HA3 expression groups revealed that patients with
high PAHA3 expression had significantly poorer prognoses. Additionally, in the pathological stages I + II, NO, MO, and moderately
differentiated subgroups, patients exhibiting high P4HA3 expression had significantly shorter survival times. This finding suggests that
P4HAS is an ideal prognostic marker for early CRC. Notably, we found that patients had a significantly worse prognosis when P4HA3
was co-overexpressed with PD-1. This introduces a novel perspective regarding the impact of PAHA3 on patient prognosis. This study
showed that P4HA3 is a CRC prognostic factor closely linked to the immune response.

Nevertheless, this study has some limitations. First, the investigation was primarily restricted to bioinformatics analysis and clinical
sample studies and lacked the validation of basic experiments. Second, although it was found that high PAHA3 expression may be
associated with EMT and immune cell infiltration, the exact mechanism of action remains unclear. Therefore, additional compre-
hensive studies are warranted to validate and elucidate these aspects.

5. Conclusions

The findings of this study established a strong correlation between elevated PAHA3 expression and increased malignancy as well as
unfavorable prognosis among patients with CRC. PAHA3 may be linked to immune cell infiltration in the tumor stroma. The results also
showed that patients with CRC had a significantly poorer prognosis when P4HA3 and PD-1 were co-expressed. Therefore, PAHA3 could
be a novel biomarker for CRC that correlates with prognosis and immune infiltration.
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