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Abstract: Background: Collagen, a primary protein component of the extracellular matrix (ECM), undergoes a nota-
ble series of alterations concomitant with the growth of the tumor. Procollagen-lysine,2-oxoglutarate 5-dioxygenase
3 (PLOD3) is involved in the synthesis of collagen and has been associated with a variety of cancers. However, it is
unclear how PLOD3 functions in esophageal squamous cell carcinoma (ESCC). Methods: Differentially expressed
genes between ESCC and adjacent normal tissues were identified using proteomic and transcriptomic analyses.
These genes were then subjected to survival analysis to identify prognostic markers. Immune cell infiltration in
the two subgroups was evaluated. Spearman’s correlation analysis was performed to examine the correlation be-
tween PLOD3 and RBM15 expression in TCGA-ESCC database. shRNA-mediated approach was used to knockdown
RBM15 in ESCC cells. The effects of RBM15 knockdown on PLOD3 expression were assessed by real-time PCR and
Western blot. Moreover, COX algorithm was employed to construct a prognostic signature. Results: PLOD3 was found
to be highly expressed in ESCC patients and correlated with a favorable prognosis. Immune cell infiltration estima-
tion indicated tumor-infiltrating CD4+ T cell was increased in PLOD3-high group. Correlation analysis revealed that
PLOD3 was associated with RBM15 and was closely related to CD4+ T cell infiltration. Moreover, loss-of-function
approaches showed that depletion of RBM15 attenuated PLOD3 expression in ESCC cells. Following univariate and
multivariate Cox regression analyses, PLOD3 and RBM15 were identified as a two-gene prognostic signature for
ESCC. Conclusion: RBM15 enhances tumor-infiltrating CD4+ T Cell abundance in ESCC by regulating PLOD3. Two
new independent prognostic factors, PLOD3 and RBM15, may be useful in predicting the prognosis of ESCC.
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cells

Introduction ma (ESCC) and esophageal adenocarcinoma
(EAC) [2]. ESCC is the predominant histological
type of esophageal carcinoma in the “Asian
esophageal cancer belt” [3]. Currently available

ESCC treatment options include radiation ther-

Esophageal cancer is the seventh most com-
mon malignancy worldwide, accounting for
3.1% of all new cancers in 2020 with 604,000

new cases. It is the sixth leading cause of can-
cer-related mortality, with 544,000 deaths
worldwide in 2020 [1]. Esophageal cancer can
be categorized into two main histological sub-
types with significant regional differences in
incidence: esophageal squamous cell carcino-

apy, chemotherapy, surgery, molecular targeted
therapy, and combinations of these [4]. Despite
advances in treatment, prognosis remains
poor, with a five-year overall survival rate below
20% [5]. Elucidation of the precise molecular
events underlying ESCC development and pro-
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gression and identification of efficient thera-
peutic targets are urgently required to improve
treatment and prognosis.

The tumor microenvironment (TME) is impor-
tant in the pathobiology of cancer and may
have a pro- or anti-tumor effect [6]. The TME is
composed of various cell types, including infil-
trating immune cells, fibroblasts, and extracel-
lular matrix (ECM) [7]. In tissues and organs,
ECM is a highly dynamic structure of cross-
linked proteins [8]. The ECM primarily compris-
es collagen, and changes in collagen deposi-
tion may be associated with cancer develop-
ment and progression [9, 10]. There has been
evidence in previous studies that collagen deg-
radation plays a direct role in ESCC cell inva-
sion, migration, and proliferation [11]. More-
over, collagen is also involved in tumor-associ-
ated immune infiltration [12]. In 3D culture
assays, as a result of a collagen matrix of high
density, T-cell migration was inhibited and col-
lagen fibers were not able to guide T-cells dur-
ing migration [13]. As a result of these findings,
collagen appears to play an important role in
cancer development.

Several processes and enzymatic modifica-
tions, including lysine hydroxylation, occur in
the rough endoplasmic reticulum following the
collagen precursor’s synthesis [14]. Hydroxyla-
tion is a critical step in collagen synthesis, and
usually occurs at the Y position of repeating
Gly-X-Y (Xand Y represent proline or hydroxypro-
line) motifs [15]. Various forms of diseases are
known to be caused by the destruction of col-
lagen by aberrant hydroxylation, including can-
cer [16]. The Procollagen-Lysine,2-Oxoglutarate
5-Dioxygenase (PLOD) family catalyzes lysine
hydroxylation in collagen-like peptides to form
hydroxylysine [17]. The three lysyl hydroxylase
(LH) enzyme isoforms that the PLOD genes
encode are LH1, LH2a/b, and LH3. These en-
zymes use Fe?*, 2-oxoglutarate (2-0G), ascor-
bate, and molecular oxygen to catalyze lysine
hydroxylation of collagens [18]. Procollagen
telopeptides are specifically hydroxylated by
PLOD2, but collagen triple helices are specifi-
cally hydroxylated by PLOD1 and PLOD3 [17].
The enzyme PLOD3 is a multifunctional enzy-
me that can perform lysyl hydroxylase, collagen
galactosyltransferase, and glucosyltransferase
functions [19]. Emerging evidence has associ-
ated PLOD3 with tumorigenesis, immune cell
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infiltration, and genomic instability in various
types of cancer [20]. PLOD3 is highly express-
ed in ovarian cancer, hepatocellular carcinoma,
and lung adenocarcinoma, and may repre-
sent a diagnostic marker for these cancers [15,
17]. PLOD3 knockdown induced caspase-de-
pendent apoptosis by modulating the PKC-
delta signaling pathway in human lung cancer
cells [21]. An increase in PLOD3 expression in
colon adenocarcinomas was associated with
decreased immune regulatory expression and
increased tumor-propagating activity [20].
Although PLOD3 expression is associated with
tumor prognosis in many cancers, how PLOD3
expression is modulated in ESCC remains
elusive.

It has been found that m6A methylation is the
most prevalent modification in eukaryotic
MRNA, and it is closely linked to tumor progres-
sion [22]. As a key regulator in m6A methyla-
tion modification, RBM15 has been confirmed
to be involved in cancer progression [23, 24].
It interacts with other proteins to form a com-
plex called the “m6A writer complex”, which is
responsible for depositing m6A marks onto
RNA molecules. Previous studies have shown
that laryngeal squamous cell carcinoma (LSCC)
was characterized by an overexpression of
RBM15, which regulated the stability of m6A-
based TMBIM6 mRNA and facilitated LSCC
progression [23]. In this study, PLOD3 expres-
sion characteristics were analyzed in esopha-
geal tumor tissues in order to investigate its
role in ESCC. Here we found high PLOD3 ex-
pression was associated with increased
CD4+ T cell levels and a favorable prognosis.
Moreover, we demonstrated that RBM15 regu-
lates PLOD3 expression in ESCC. Our findings
may provide novel prognostic biomarkers and
therapeutic targets for ESCC.

Materials and methods
Patient information and tissue samples

Samples of tumor tissues and adjacent non-
cancerous tissues were collected from nine-
teen ESCC patients who underwent surgery
with curative intent at the Affiliated Huai'an
No. 1 Hospital of Nanjing Medical University. All
resected specimens were formalin-fixed and
paraffin-embedded for subsequent immuno-
histochemistry (IHC) analysis. Written informed
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Table 1. Primers used for plasmid construction and Realtime PCR

Primer Sequence (5’-3’)

shScramble-forward
shScramble-reverse
shPLOD3-2-forward
shPLOD3-2-reverse
shPLOD3-3-forward
shPLOD3-3-reverse
shRBM15-1-forward
shRBM15-1-reverse
shRBM15-2-forward
shRBM15-2-reverse
RBM15-RT-forward
RBM15-RT-reverse
sgRBM15-1-forward
sgRBM15-1-reverse
sgRBM15-2-forward
sgRBM15-2-reverse
sgNS-forward
sgNS-reverse

GATCGGGTTCTCCGAACGTGTCACGTTTCCGAAGAAACGTGACACGTTCGGAGAATTTTTC
AATTGAAAAATTCTCCGAACGTGTCACGTTTCTTCGGAAACGTGACACGTTCGGAGAACCC
GATCGGGGGATCTTTCAGAACCTCAACGCGAACGTTGAGGTTCTGAAAGATCCTTTTTC
AATTGAAAAAGGATCTTTCAGAACCTCAACGTTCGCGTTGAGGTTCTGAAAGATCCCCC
GATCGGGGGTGTGTGGAATGTACCATACCGAAGTATGGTACATTCCACACACCTTTTTC
AATTGAAAAAGGTGTGTGGAATGTACCATACTTCGGTATGGTACATTCCACACACCCCC
GATCGGGCGCGGAATACAAGACTCTGAACGAATTCAGAGTCTTGTATTCCGCGTTTTTC
AATTGAAAAACGCGGAATACAAGACTCTGAATTCGTTCAGAGTCTTGTATTCCGCGCCC
GATCGGGGCAAGCTAGAAGAAGAACACACGAATGTGTTCTTCTTCTAGCTTGCTTTTTC
AATTGAAAAAGCAAGCTAGAAGAAGAACACATTCGTGTGTTCTTCTTCTAGCTTGCCCC
TCCCACCTTGTGAGTTCTCC

GTCAGCGCCAAGTTTTCTCT

CACCGCGACGACCCGCAACAATGAA

AAACTTCATTGTTGCGGGTCGTCGC

CACCGAGCCGCGAGTATGATACCGG

AAACCCGGTATCATACTCGCGGCTC

CACCGTGCGAATACGCCCACGCGAT

AAACATCGCGTGGGCGTATTCGCAC

consent was provided by all enrolled subjects,
and the study protocol was approved by the
Huai'an No. 1 People’s Hospital's Committee
(No. YX-2021-078-01). A clinical summary is

given in Supplementary Table 1.

Cell culture

HEK293T and human ESCC cell lines, includ-
ing Kyse-30, Kyse-150 and TE1, were acquir-
ed from the Chinese Type Culture Collection.
DMEM supplemented with 10% fetal bovine
serum FBS and 1% penicillin/streptomycin was
used for cell culture at 37°C in humidified air
with 5% CO,. All cells were tested negative for
the presence of mycoplasma.

Vector construction

Short hairpin RNA (shRNA) sequences targeting
PLOD3 and RBM15, synthesized by Genscript,
were cloned into the lentivirus shRNA ex-
pression plasmid pLVshRNA-puro (Inovogen
Tech). The expression vector pCDNA3.1-PLOD3
(Youbio) containing the PLOD3 cDNA was used
to subclone PLOD3 into the lentiviral vector
pLenti-EFs-BSD for overexpression. To knock-
down RBM15 in Kyse150 cells, which had pre-
viously been transduced with Cas9-expressing
lentivirus, small guide RNAs (sgRNAs) targeting
exon regions of the RBM15 gene were designed
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and synthesized. The sgRNA sequences were
then inserted into the LentiGuide-Puro vector,
which allows for sgRNA expression under the
U6 promoter. In Table 1, the primer sequences
were listed.

Quantitative proteomics using liquid chroma-
tography tandem mass spectrometry (LC-MS/
MS)

The protein extraction kit was used to extract
the proteins (Thermo Fisher). The DDA spec-
trum library was built. For DDA and DIA mode
analysis, LC-MS/MS was employed. DDA and
DIA data were assessed using the R statisti-
cal framework, Biognosys Spectronaut version
9.0, and Proteome Discoverer 2.2 (PD 2.2,
Thermo) platform. The PD program (version
2.2) was used to analyze the DDA MS raw files,
and peak lists were compared to the protein
database. The MS proteomics data were
uploaded using the iProX partner repository
and the dataset number PXD020230 to the
ProteomeXchange Consortium (http://proteo-
mecentral.proteomexchange.org).

Western blot
Total proteins were isolated from cells using

Radioimmunoprecipitation assay (RIPA). Equal
amounts of the protein samples were added to
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4-12% SDS-PAGE gels to separate the proteins
and then transferred to 0.45 ym PVDF mem-
branes. After blocking with 5% no-fat milk in
TBST for 1 h, primary antibodies were per-
formed overnight at 4°C, followed by incuba-
tion with appropriate secondary antibodies for
1 h. The results were visualized on ChemiDoc
XRS+ system (Bio-Rad). The antibodies used in
this study are as follows: PLOD3 (1:1000,
Proteintech), RBM15 (1:2000, Proteintech),
GAPDH (1:50000, Proteintech).

Immunohistochemistry

Paraffin-embedded blocks from ESCC tumor
and para-cancerous tissues were sectioned
into slices placed on pre-coated slides. After
deparaffinization, antigen retrieval, and block-
ing, the samples were washed with PBS. They
were then incubated with the PLOD3 antibody
(1:25000, Proteintech) at 4°C overnight, and
with the secondary antibody at room tempera-
ture for 2 h. Subsequently, DAB chromogen and
hematoxylin staining were applied to visualize
Immunoreactivity. IHC staining was quantified
using histochemical scoring (H-score) evalua-
tion, which considered staining intensity (i) as
well as the proportion of stained cells at each
intensity level (Pi), which ranged from O to 300.
There were four values for the i values: O for
negative positive, 1 for low positive, 2 for posi-
tive, and 3 for high positive. To evaluate Pi, IHC
profiler for Imagel) system was used and the
percentage of stained intensity was displayed
on the interface visually. The total of i multi-
plied by Pi yields the final H-score, as seen by
the equation below: H-score = (0xPO) + (1xP1)
+ (2xP2) + (3xP3) [25].

Immunofluorescence staining

As described previously, after deparaffiniza-
tion, antigen retrieval, and blocking, the sec-
tions were incubated with the primary antibody
at 4°C overnight. The following day, the sec-
tions were washed three times in PBS for 5
minutes each. Fluorescently labeled secondary
antibodies were then applied at 37°C for 1
hour in the dark. The slides were again washed
with PBS three times for 5 minutes each. To
stain the nuclei, the sections were mounted
using a DAPI-containing mounting medium
(Beyotime), ensuring light protection. Finally,
images were captured using a confocal fluores-
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cence microscope, and fluorescence intensity
was quantified using Imagel) software. The
antibodies used in this study are as follows:
PLOD3 (1:500, Proteintech), RBM15 (1:500,
Proteintech), CD4 (1:500, Abcam).

Transwell invasion assays

For transwell invasion assays, 2x10* ESCC
cells were resuspended in serum-free DMEM
and added to the upper chamber, then DMEM
containing 10% serum was added to the lower
chamber. After 48 hours of incubation at 37°C,
cells in the upper chamber were gently erased
with cotton buds, fixed with 4% paraformalde-
hyde and stained with 0.1% crystal violet solu-
tion. The number of invasive cells was quanti-
fied using the ImageJ system.

Wound healing assays

ESCC cells were seeded into 6-well cultural
plates, and when 80% confluency was reached,
artificial wounds were scratched with 10 uL
pipette tips. Subsequently, serum-free DMEM
was added after three washes with PBS. Cells
were observed and photographed using a
microscope at O, 12, 24, and 36 hours, and
the average width was calculated using the
Image J system to compare cell migration rates.

Cloning formation assays

For the clone formation assays, 2x10° cells
were seeded per well in 6-well plates in tripli-
cate. The medium was changed every 2 days
during cell growth. After 2-week incubation,
cells in plates were fixed with 4% paraformal-
dehyde and stained with 0.1% crystal violet.
In the end, the Image J system was used for
counting.

Cell proliferation assays

MTT Cell Proliferation and Cytotoxicity Assay
Kit (Beyotime) was used for cell proliferation
ability. 2x10° cells were seeded into 96-well
plates in five replicates. After 2 h, MTT solu-
tion was added. After continued incubation for
4 h at 37°C, Formazan solution was added. As
mentioned above, MTT reagent and Formazan
solution were added daily for 4 consecutive
days. The plates were placed at 37°C for at
least 4 h after the last addition of Formazan
solution. Finally, absorbance was detected at
570 nm.

Am J Cancer Res 2024;14(11):5486-5503
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Data acquisition and treatment

The gene expression matrix (HTSEQ-Counts,
HTSEQ-FPKM, n__.....=82, n . =11), clinical
survival data (n=82) and the phenotype data
(n=82) for ESCC were acquired from Genomic
Commons Data Portal GDC (https://portal.gdc.
cancer.gov/) of The Cancer Genome Atlas
(TCGA) database. The data were pretreated
and integrated using “tidyverse” R package.
The matrix including gene expression, survival,
and clinical index was used to perform the
nomogram Cox model.

Construction of cox risk model

PLOD3-related DEGs in the 82 ESCC samples
were used for univariate and multivariate cox
regression. A correlation between expression
of each gene and overall survival (0S) was cal-
culated using the “Survival” R package. The
final screening of independent prognostic vari-
ables (prognostic characteristic genes) was
performed using multivariate cox regression
analysis. The risk score was calculated as
the follow: risk score = (exp-genel * coef-
genel) + ... (exp-gene n * coef-gene n). Based
on the median risk score, patients were divided
into high- and low-risk groups.

Survival prediction was assessed using time-
dependent receiver operating characteristic
(ROC) curves, an area under the ROC curve
(AUC) value was calculated using the Time ROC
package in R to measure prognosis and predict
accuracy.

DEGs associated with PLOD3 and functional
enrichment analysis

The 82 ESCC samples were divided into
PLOD3-high and PLOD3-low subgroups, accord-
ing to the median of PLOD3 expression level.
The DEGs between the two groups were then
determined using “Deseq 2” R package, and
visualized via volcano plot and heatmap. The
threshold we referred to here is fold change > 2
and P-value < 0.05. “ClusterProfiler” R package
was used to perform the Gene Ontology (GO)
and pathway Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment enriched by the
DEGs, and the results were visualized by bub-
ble diagram.
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Identification of PLOD3-related hub genes

Protein-protein interaction networks (PPI) were
constructed using STRING (https://cn.string-
db.org/), and visualized using Cytoscape
(v3.7.2). According to CytoHubba, each gene in
the network is ranked by its contribution to the
network. In the following analysis, we selected
the 50 top hub genes.

Immune microenvironment estimate analysis

For reliable immune score assessment, the
RNA sequencing and clinical data were used,
and the infiltrating proportion of six types of
immune cells infiltration were calculated by
tumor immune estimation resource (TIMER)
algorithm using ImmunedeconV R software.
The distribution of the immune cell infiltration
in each sample were showed by heatmap. The
correlation of gene expression and the abun-
dance of infiltrated immune cells were analyz-
ed using spearman’s correlation, P < 0.05 was
considered statistically significant (*P < 0.05).

Statistical analysis

GraphPad Prism v6 and SPSS 19.0 were used
for statistical analysis. Data were initially evalu-
ated with a normal distribution using the
Shapiro-Wilk method and homogeneity of vari-
ance using the Levene method. One-way analy-
sis of variance (ANOVA) with post hoc Tukey’s
test or two-tail Student t test was applied to
analyze quantitative data, while the nonpara-
metric x? test was used to analyze qualitative
data. When the data did not fit to the criteria
of homogeneity of variance or normal distribu-
tion, non-parametric tests such as Mann-
Whitney and Kruskal-Wallis were used. Stati-
stical significance was defined P < 0.05 (*P <
0.05, **P < 0.01, ***P < 0.001).

Results
PLOD3 is highly expressed in ESCC

Using LC-MS/MS, we analyzed the protein pro-
files of ESCC tissues with the adjacent normal
tissues to identify proteins that were differen-
tially expressed in ESCC. A total of 5,305 pro-
teins were detected, 283 of which were differ-
entially expressed between ESCC and adjacent
non-tumor tissues (Figure 1A). GO molecular
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Figure 1. PLOD3 highly expressed in ESCC and correlated with favorable prognosis. A. Using LC-MS/MS, a volcano
plot demonstrating the proteins that differ in expression between tumor specimens and surrounding tissue is dis-
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played. Volcano plot presents the log2 fold change (x-axis) and significance (-log10*adjusted p-value; y-axis) with
significantly downregulated and upregulated proteins shown in blue and red, respectively (adjust P < 0.05 and
|[log2FC| > 0.5). B. Venn diagram showing the overlapping genes identified by proteome data and transcriptome
data. C. Forest showing the prognosis of the DEGs in ESCC. D. The overall survival (OS) curve of high- and low-PLOD3
groups in TCGA ESCC data set. E. The expression level (TPM) of PLOD3 in ESCC compared to adjacent normal
samples. F. IHC score for PLOD3 in ESCC tumor and adjacent tissue. Paired, two-tailed Student’s t-test. G. Repre-
sentative IHC images (Magnification, x20) for PLOD3 in ESCC tumor and adjacent tissue.

function analysis indicated that the differen-
tially expressed proteins were associated with
cadherin binding, cell adhesion molecule bind-
ing, extracellular matrix structural constituents,
and other important functions (Supplement-
ary Figure 1A). KEGG pathway and Gene Set
Enrichment Analysis (GSEA) analyses also sug-
gested that cell adhesion molecule, adherens
junction, and focal adhesion pathways were
enriched (Supplementary Figure 1B, 1C). Fur-
ther, by overlapping proteome data with tran-
scriptome data from TCGA-ESCC, we identified
31 genes with transcriptome alterations refle-
cting their proteome dysregulation (Figure 1B).

Next, we analyzed the correlation of these
genes with prognosis and found that the
expression of PLOD3, INTS7, and BCAT1 was
significantly associated with favorable progno-
sis (Figure 1C). PLOD3 exhibited the most pro-
nounced prognostic value in ESCC, so we
focused on its biological functions in subse-
quent analyses. The prognostic value of PLOD3
expression in ESCC was validated by gene
expression profiling interactive analysis (GEPIA)
and the Kaplan-Meier Plotter Database, reveal-
ing that elevated expression of PLOD3 indi-
cated longer OS in ESCC (Figure 1D and
Supplementary Figure 1D). Compared to adja-
cent non-tumor tissues, PLOD3 was more high-
ly expressed at both RNA and protein levels in
ESCC tissues (Figure 1E and Supplementary
Figure 1E). Immunohistochemistry analysis
showed that PLOD3 staining intensity was
higher in tumor tissues than in adjacent non-
tumor tissues (Figure 1F, 1G).

PLOD3 knockdown inhibits ESCC cell prolifera-
tion, migration and invasion

To investigate its function in ESCC cells, we
silenced PLOD3 in Kyse30 and Kysel50 cells
using shRNA lentivirus (Figure 2A). First, we
found that PLOD3 knockdown reduced the pro-
liferation of ESCC cells (Figure 2B, 2C). Next,
we confirmed the stemness of cells after
PLOD3 knockdown using a colony formation

5492

assay and found that knockdown decreased
the colony formation ability of Kyse30 cells, but
caused no significant effects in Kysel150 cells
(Supplementary Figure 2A, 2B). Furthermore, to
investigate the migration capacity, transwell
and wound healing assays were conducted. We
found that PLOD3 knockdown significantly
inhibited the migration and invasion of ESCC
cells (Figure 2D-G). Taken together, our results
suggested that PLOD3 altered the proliferation,
migration, and invasion of ESCC cells.

Immune microenvironment evaluation be-
tween PLOD3-high and -low subgroups

Immune microenvironment dysregulation im-
pacts the anti-tumor immune response and
thus affects overall survival in human cancer.
To further explore the connection between high
PLOD3 expression and favorable outcome in
ESCC, the infiltrated immune cells in the TME
were assessed using the TIMER algorithm. The
abundance of infiltrating CD4+ T cells, neutro-
phils, and myeloid dendritic cells was signifi-
cantly higher in the PLOD3-high subgroup (Fig-
ure 3A). Further, in the PLOD3 subtypes, we
identified immune checkpoint genes including
CD274 (PD-L1), PDCD1 (PD-1), LAG3 (CD223),
HAVCR2, CTLA4, PDCD1LG2, SIGLEC15, and
TIGIT. The findings demonstrated that the
PLOD3-high group had greater expression lev-
els of SIGLEC15, HAVCR2, CTLA4, and PD-
CD1LG2 than the PLOD3-low group (Figure 3B).
There was no difference in other genes be-
tween the two groups (Figure 3B). These results
demonstrate that PLOD3 was associated with
immune cell infiltration, especially of CD4+ T
cells, neutrophils, and myeloid dendritic cells.
To validate the infiltration of CD4+ T cells in
tumor tissues with high and low PLOD3 expres-
sion in vivo, immunofluorescence staining was
performed on tumor tissue sections. PLOD3
was labeled in red, and CD4+ T cells were
labeled in green to assess their distribution
and expression levels within the tumor tissues.
The results demonstrated a strong positive cor-
relation between PLOD3 expression and CD4+
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T cell infiltration. Linear regression analysis
indicated a strong correlation with a coefficient
of determination (R?=0.926), signifying a good
fit of the regression line. The p-value was less
than 0.001, indicating statistical significance.
These findings suggest that high PLOD3 expres-
sion may be associated with enhanced CD4+ T
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cell infiltration in the tumor microenvironment
(Figure 3C, 3D).

Identification of PLOD3-related DEGs in ESCC
To further study the impact of PLOD3 in the pro-

cess of ESCC progression, tumor tissue sam-
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ples were divided into PLOD3-high and -low
subgroups according to the median of the
expression PLOD3, and the DEGs in the PLOD3-
high vs. -low group were assessed with a th-
reshold of fold change > 2 and P < 0.05. We
identified 227 significantly highly expressed
genes in the PLOD3-high subgroup and 194
in the PLOD3-low subgroup (Figure 4A, 4B;
Supplementary Table 2). KEGG analysis show-
ed that genes in the PLOD3-high group were
mainly related to PI3K-Akt signaling, focal
adhesion, and human papillomavirus infection
pathways (Figure 4C; Supplementary Table 3),
along with the biological processes of ex-
tracellular matrix organization, extracellular
structure organization, and cell-substrate adhe-
sion (Figure 4D; Supplementary Table 3). These
findings indicated that PLOD3-high patients
exhibited higher levels of ECM and cell adhe-
sion-related genes than those in the PLOD3-
low group. Furthermore, genes highly express-
ed in the PLOD3-low subgroup were predomi-
nantly enriched in retinol metabolism pathways
(Figure 4E) and in the biological processes of
epidermis development, epidermal cell differ-
entiation, and skin development (Figure 4F).
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Determination of PLOD3-related hub genes

We analyzed the hub genes associated with
PLOD3 among the 421 DEGs identified in
Figure 3. A PPI network was first construct-
ed using these 421 DEGs, and the results
revealed two obvious subnetworks among the
upregulated and downregulated genes in the
PPI network (Figure 5A). The rank of each pro-
tein was calculated using cytoHubba, and the
top 50 hub genes were identified (Figure 5B;
Supplementary Table 4). These hub genes were
highly expressed in the PLOD3-high group
(Figure 5C; Supplementary Table 4). According
to the previous section GO results (Supple-
mentary Table 3), these hub genes were primar-
ily ECM- and focal adhesion-related.

RBM15 modulates PLOD3 expression in ESCC
cells

We used the sequence-based SRAMP databa-
se of mBA modification site predictors (https://
www.cuilab.cn/sramp) to predict the m6A lo-
cus in PLOD3 mRNA in order to better explore
the mechanism underlying the expression of

Am J Cancer Res 2024;14(11):5486-5503
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PLOD3 in ESCC cells. The results showed that
two m6A recognition sites with high confidence
in the coding sequence (CDS) of PLOD3 (Figure
6A). We further confirmed m6A modification on
PLOD3 mRNA through GETx database (Figure
6B). Given the potential role of m6A on PLOD3,
we want to know which m6A regulator modu-
late PLOD3 expression in ESCC. Correlation
analysis revealed that 14 m6A regulators were
significantly correlated with PLOD3 (Figure 6C).
Next, we analyzed the correlation of these 14
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genes with prognosis in ESCC and found that
the expression of RBM15 was significantly ass-
ociated with favorable prognosis (Figure 6D,
6E). Therefore, we hypothesized that RBM15
may regulate PLOD3 expression in ESCC cells.
To confirm this, we measured the expression of
PLOD3 in ESCC cells after the knockdown of
RBM15. Upon RBM15 knockdown, PLOD3 dis-
played an apparent decrease in ESCC cells

(Supplementary Figure 3A, 3B). To further vali-
date the regulatory role of RBM15 on PLOD3 in
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sion of 50 hub-genes in PLOD3-high group.

ESCC cell lines, we conducted rescue experi-
ments by overexpressing PLOD3 in RBM15
knockdown Kysel50 cells via lentiviral trans-
duction. Western blot was performed to assess
the efficiency of lentiviral infection (Figure 6F).
The results demonstrated that PLOD3 overex-
pression significantly rescued cell proliferation
in RBM15 knockdown Kysel50 cells (Figure
6G). Similarly, when PLOD3 was overexpressed
in RBM15 knockdown cells, it was observed
that PLOD3 rescued the decrease in cell inva-
sion caused by RBM15 knockdown (Figure 6H,
6l1). These findings suggest that RBM15 plays
a critical role in mediating the oncogenic func-
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tions of PLODS3, particularly in promoting cell
proliferation and invasion in ESCC cells.

RBM15 increase tumor-infiltrating CD4+ T cell
in ESCC

Given that RBM15 positively regulate PLOD3,
we investigated whether RBM15 expression in
ESCC was also associated with CD4+ T cell
abundance. The results showed that infiltrated
CD4+ T cells and neutrophils were significantly
higher in the RBM15-high subgroup, which is
consistent with PLOD3 results (Figure 7A).
Further, we also shown that the expression lev-
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els of SIGLEC15 was higher in the RBM15-high
group than the RBM15-low group (Figure 7B).
There was no difference in other genes be-
tween the two groups (Figure 7B). These results
indicated that RBM15 affects tumor-infiltrating
CD4+ T cell in ESCC through modulating PLOD3
expression. To further investigate the relation-
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ship between RBM15 expression and CD4+ T
cell infiltration, we performed a similar analysis
using immunofluorescence staining for RBM-
15. The correlation between RBM15 intensity
and CD4+ T cell counts was assessed. As
shown in the scatter plot, a positive correlation
was observed between RBM15 expression and

Am J Cancer Res 2024;14(11):5486-5503
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CD4+ T cell counts. Linear regression analysis
revealed a coefficient of determination (R?=
0.602), indicating a moderate correlation, with
a statistically significant p-value of 0.008.
These results suggest that RBM15 expression
may also be linked to CD4+ T cell infiltration
within the tumor microenvironment (Figure 7C,
7D).

Validation of prognostic value of PLOD3 and
RBM15 expression in ESCC

To confirm the prognostic value of PLOD3 and
RBM15, these two genes were subjected to
univariate Cox and multivariate Cox regression.
The Cox risk model was built and each patient’s
risk score was computed based on the ex-
pression of PLOD3 and RBM15. Subgroups of
high- and low-risk patients were identified
based on the median risk score (Figure 8A).
Compared to patients in the low-risk group,
individuals in the high-risk group saw worse
outcomes (Figure 8B). We found that the two
prognostic signatures were negatively associ-
ated with risk score (Figure 8B), indicating that
low levels of these genes could predict a high-
risk score in ESCC. Using the ROC curve, the
area under the curve ranged from 0.579 to
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0.761 for 1-, 2-, 3-, and 4-year prognoses
(Figure 8C). Our findings suggest that PLOD3
and RBM15 could be an effective two-gene
prognostic signature to be used in ESCC.

Discussion

ESCC is a complex disease involving multiple
gene alterations and aberrant overexpression
of oncogenic proteins. A comprehensive tran-
scriptomic and proteomic analysis of ESCC can
provide more reliable information than that
obtained from the proteome or transcriptome
alone. In this study, we integrated transcrip-
tomic and proteomic data to explore potential
diagnostic markers for ESCC. Our results
showed that PLOD3 was upregulated at both
the mRNA and protein levels in ESCC tissues.
High PLOD3 expression was associated with
favorable prognosis in patients with ESCC.
Further analysis showed that PLOD3 expres-
sion was associated with CD4+ T cell infiltration
in ESCC tissues. Subsequent analysis demon-
strated that RBM15 promotes PLOD3 expres-
sion in ESCC cells.

Recently, an increasing number of omics app-
roaches have been applied to diagnose cancer

Am J Cancer Res 2024;14(11):5486-5503
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and predict differentiation and progression.
Differentially expressed proteins were discov-
ered by Wang et al. to be engaged in metabolic
processes and pathways associated with the
extracellular matrix (ECM) via iTRAQ and 2D-
LC-MS/MS techniques [26]. Similarly, in our
proteomics analyses, we found that metabo-
lism- and ECM-related proteins were the most
distinctly differentiated between ESCC tumors
and adjacent tissues. Furthermore, we com-
bined transcriptomic and proteomic data to
identify differentially expressed transcripts
and proteins between healthy and diseased tis-
sue, but few genes showed consistent expres-
sion at the transcriptional and translational
levels (Figure 1B). Such results may have
occurred due to clinical heterogeneity among
ESCC tumors, post-transcriptional mRNA modi-
fications, or protein modifications [27-29].
Combining the omics results and clinical fea-
tures, we found that PLOD3 expression was
significantly correlated with ESCC prognosis.
PLOD3 overexpression relative to healthy tis-
sue has been reported in gastric, colorectal,
pancreatic, and lung cancers [30-33], and in
our present findings. Notably, high PLOD3
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expression was associated with favorable prog-
nosis in ESCC, which is inconsistent with results
for hepatocellular carcinoma and lung cancer
[33, 34]. This discrepancy may be due to tis-
sue-specific effects. The PLOD3-STAT3 interac-
tion in lung cancer is linked to disease progres-
sion and a dismal prognosis [33]. However,
STAT3[, one of the two STAT3 isoforms, is an
independent protective prognostic factor in
ESCC patients that has a significant associa-
tion with longer overall survival and recurrence-
free survival [35]. The function of PLOD3 will
likely change due to the tissue-specific gene
expression.

Several studies have indicated that PLOD3 is
involved in cell proliferation, migration, and
invasion [36-38]. The results of this study align
with those of earlier investigations. Tumor pro-
gression is associated with abnormal cell dif-
ferentiation. Interestingly, the experimental
results obtained in the present study indicate
that high expression of PLOD3 in ESCC cells
can promote tumor cell proliferation and inva-
sion, contradicting our findings that high PLOD3
expression indicates positive ESCC prognosis.
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This suggests that PLOD3 can inhibit ESCC pro-
gression through pathways other than invasion
and proliferation. In this study, ESCC samples
were divided into high- and low-expression
groups according to PLOD3 expression, and a
series of DEGs between the groups was identi-
fied. These DEGs were mainly enriched in ex-
tracellular structure organization, extracellular
matrix organization, epidermis development,
skin development, and epidermal cell differen-
tiation. In comparison to individuals with high
and moderate differentiation, patients with
esophageal cancer who have poor differentia-
tion have a worse prognosis [39]. Thus, our
results suggest that abnormal epidermal cell
differentiation and development caused by low
PLOD3 levels may have been partially respon-
sible for the poor prognosis of these patients.

Tumor-infiltrating immune cells play a critical
role in cancer development and closely associ-
ated with clinical outcome [40, 41]. A higher
density of CD4+ T cells within the tumor is
associated with a more favorable prognosis
and improved survival rates in many cancers
[42]. In colorectal cancer, higher levels of
CD4+ T cell infiltration have been correlated
with better outcomes and longer overall surviv-
al [43]. Here, we found that the abundance
of infiltrated CD4+ T cells were significantly
higher in PLOD3-high subgroup than in the
PLOD3-low subgroup, and the PLOD3-high sub-
group had a favorable outcome. Our results
consistent with the colorectal cancer study.
These results suggested that high PLOD3 lev-
els were associated with more infiltrating
CD4+ T cells through ECM, potentially explain-
ing why high PLOD3 expression was correlated
with favorable outcome in ESCC.

Dysregulation of m6A regulators has been
observed in tumor, and their altered expression
is associated with tumor progression, metasta-
sis, and prognosis [44]. RBM15 promotes cell
proliferation, invasion and accelerate the malig-
nant progression of laryngeal squamous cell
carcinoma (LSCC) through altering TMBIM6
stability [23]. In this study, we found that
RBM15 positively regulates PLOD3 expression
and high expression of RBM15 predicted a
favorable overall survival rate in patients with
ESCC. This result is different from LSCC study,
may be a result of different tissue system. It is
not clear at this point whether RBM15 directly
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binding to m6A site in PLOD3, then promotes
its expression. This should be evaluated
further.

Although the present study reveals the pattern
of PLOD3 and RBM15 expression and its poten-
tial clinical significance in ESCC, it has some
limitations. For instance, additional clinical and
paired adjacent normal tissues need to be
gathered to identify the expression of immune
response genes, PLOD3, and RBM15 in ESCC.
Co-culture of ESCC cells and activated immune
cells should be performed to investigate the
functions of infiltrated immune cells in ESCC.
Additional research is needed to clarify the
mechanism by which PLOD3 regulates cell
proliferation, migration, and invasion. Finally,
because some analyses were performed retro-
spectively, missing data were inevitable, lead-
ing to a limited sample size during the selection
of participants. Larger sample numbers are
thus needed for additional research.

Conclusion

In summary, our results show that RBM15 pro-
mote tumor-infiltrating CD4+ T cell abundance
by regulating PLOD3 expression. We also pres-
ent PLOD3 and RBM15 as two novel molecular
biomarkers for predicting the prognosis and
overall survival in ESCC, with the potential to
optimize treatment decisions. Further prospec-
tive cohort studies are warranted to elucidate
this association, and further research should
be performed to investigate the prognostic
value of PLOD3 and RBM15 in ESCC.
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Supplementary Table 1. Summary of clinical characteristics of the 19 esophageal squamous cell
carcinoma patients

Variables All cases (N=19; %)
Gender

Male 17 (89.5)

Female 2 (10.5)
Age (year)

<65 6 (31.6)

> 65 13 (68.4)
Size (cm)

<4 3(15.8)

>4 16 (84.2)
Grade

Poor 4(21.1)

Moderate 10 (52.6)

Well 5(26.3)
Lymph node status

0 12 (63.2)

>1 7 (36.8)

NOTE: The numbers in parentheses indicate the percentages of tumors with a special clinical.
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Supplementary Figure 1. Analysis of signaling pathways. (A-C) GO (A), KEGG (B) and GSEA (C) analysis of differential
proteins in ESCC. (D) The overall survival (OS) curve of high- and low-PLOD3 groups in KM-plotter ESCC data set. (E)
PLOD3 abundances in ESCC tumor and adjacent tissue which was used in LC-MS/MS. Paired, two-tailed Student’s
t-test.
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Supplementary Figure 3. RBM15 regulates PLOD3 expression in ESCC cells. A. Efficient knockdown of RBM15 by
shRNA in Kysel50 and TE1 cells was verified by quantitative realtime PCR. B. PLOD3 expression was determined
by Western blot.



