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ARTICLE INFO ABSTRACT

Keywords: Purpose: To identify new novel biomarkers for predicting the efficacy of concurrent chemo-
CESC radiotherapy(CCRT) in cervical squamous cell carcinoma(CESC).

LUM

Methods: Gene expression datasets GSE56363, GSE5787, and GSE168009 were analyzed to
identify candidate genes to predict the efficacy of CCRT in CESC. Single-cell RNA sequencing
(scRNA-seq) data from GSE168652 and CESC patients in The Cancer Genome Atlas(TCGA) were
systematically analyzed to explore possible molecular mechanisms. Kaplan-Meier evaluated the
correlation between LUM (Lumican) and prognostic significance. The expression of LUM protein
in biopsy tissues before CCRT was detected by immunohistochemistry in 15 CESC patients.
Results: LUM mRNA levels were significantly upregulated in nonresponders of CESC.

patients receiving CCRT and positively correlated with poor therapeutic effect. Furthermore, high
expression of LUM influenced the immune microenvironment in CESC patient-derived organoids
treated with CCRT. LUM overexpression in CESC cells induced resistance to CCRT, potentially via
immune landscape modulation. Gene Set Enrichment Analysis (GSEA) revealed that possible
mechanisms underlying resistance to CCRT might involve the PARs and IL1 signaling pathway
affecting the immune landscape.

Conclusions: High LUM expression is correlated with poor efficacy in CESC patients receiving
CCRT, possibly through the PARs and IL1 signaling pathway affecting the immune landscape.

CCRT
Biomarker

1. Introduction

Cervical cancer ranks fourth in morbidity and mortality among women worldwide, following breast, colorectal, and lung cancer [1,
2]. According to the International Agency for Research on Cancer (IARC), in 2020, approximately 604,000 women were diagnosed
with cervical cancer, and about 342,000 women died from the disease worldwide [3]. Persistent infection with high-risk human
papillomavirus (HPV), a widespread family of viruses spread through sexual contact, is the leading cause of cervical cancer [4].
Although vaccines can prevent high-risk HPV types and screening programs can detect early signs of disease for effective treatment and
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management, these measures are more common in high-income countries. In developing countries, the incidence and mortality from
cervical cancer remain high [4,5]. This suggests that cervical cancer should be one of the most preventable and treatable forms of
cancer. China significantly contributors to the global cervical cancer burden due to differences in population size, geographic location,
and economic conditions, especially in central and western China and rural areas. Prevention and control measures, including HPV
vaccination and screening programs, require strengthening based on local conditions [5-7].

In China, the most prevalent type of cervical cancer is cervical squamous cell carcinoma (CESC). Most patients are locally advanced
at the time of diagnosed, and concurrent chemoradiotherapy (CCRT) is the standard mode of treatment for these patients [8-10].
However, the 5-year-overall survival (OS) of locally advanced cervical cancer remains at approximately 40%, and the 3-year
disease-free survival (DFS) rate ranges from 65 to 75% [10,11]. Therapy resistance in a subset of patients presents a major clinical
challenge; 8 to 26% of women with cervical cancer experience relapse of disease, typically within the first two years of completing
primary treatment, and fewer than 5% of them remain alive five years after recurrence [12-14]. Therefore, predicting the treatment
efficacy of cervical cancer patients receiving CCRT in advance is essential. A personalized treatment plan can be developed based on
the expected results before initiating treatment to enhance treatment efficacy. Thus, identifying a reliable method to predict the
prognosis of patients with cervical cancer receiving CCRT is crucial.

LUM (Lumican) is a member of the small leucine-rich proteoglycans family, located on chromosome 12q21.3-q22 [15,16]. LUM is
predominantly expressed in connective tissues and participates in tissue reconstruction [16-18]. Recent studies have demonstrated
that LUM is involved in various tumor-related cellular processes such as epithelial-mesenchymal transformation, cell proliferation,
migration, invasion, and adhesion [19,20]. Li et al. [21] discovered that extracellular LUM enhances chemotherapy cytotoxicity in
PDAC cells through reduced AMPK activity and inhibition of chemotherapeutic agent-induced autophagy. Nizet et al. [22] showed that
LUM primarily inhibits ovarian cancer growth by altering collagen fibrillogenesis. LUM expression differs among tumors and is re-
ported as a reference for tumor prognosis, but its association with tumor progression and treatment resistance varies across tumors
[22-24]. No studies have examined the efficacy of LUM and CCRT in CESC.

In this study, we analyzed RNA arrays, single-cell RNA-seq and bulk RNA-seq from the GEO (Gene Expression Omnibus) database,
along with bulk RNA-seq from TCGA databases. Our results indicated that high LUM expression correlates with poor efficacy in CESC
patients receiving CCRT, potentially through the PARs and IL1 signaling pathways affecting the immune landscape.

2. Materials and methods
2.1. Data source and differential genes (DEGs) analysis

RNA microarray GSE56363, GSE5787, bulk RNA-seq GSE168009 data, and single-cell RNA-seq data of CESC patients were ob-
tained from the GEO database (www.ncbi.nlm.nih.gov/geo). In GSE56363 and GSE5787, patients were divided into two groups ac-
cording to the patient’s clinical response: complete response to CCRT (CR) and non-complete response to CCRT (NCR). In GSE168009,
patients were divided into two groups according to the patient’ durable benefit: no durable benefit (NDB) and durable clinical benefit
(DCB). The DEGs were analyzed using the limma package in R. False discovery rate (FDR) < 0.05 and |log2foldchange (Log2FC)| > 1
were considered the cut-off criterion.

2.2. Construction the protein-protein Interaction(PPI) network and identifying hub genes

The STRING website (https://string-db.org/) was used to reveals the PPI of DEGs and Cytoscape3.7.2 was employed for network
visualization. The PPI network was then analyzed with the cytoHubba plugin, and the top 10 hub DEGs with the highest degrees were
selected for further analysis. GO (Gene Ontology) enrichment for the top 10 DEGs related to CCRT resistance in CESC was performed
using the ClueGO v2.5.8 and CluePedia v1.5.8 plugins. The MCODE PPI and enrichment analysis of LUM DEGs in single-cell RNA data
were conducted using Metascape (http://metascape.org).

2.3. Single-cell data analysis

The Seurat v4 (version 4.0.4) R package was used to analyze the scRNA-seq data. The annotation of significant cell types was
performed according to the original article, and the annotation of cell subtypes was conducted based on their highly expressed marker
genes or well-known functional genes. First, we normalize the merged data through log-normalization and find the first 2000 highly
variable genes through the Find Variable Features function (based on the variable features, (“vst”)). Simultaneously, all genes were
scaled using the ScaleData function, and RunPCA function was applied to reduce the dimension of PCA for the first 2000 highly
variable genes screened above. We chose dim = 20 and clustered the cells using the “FindNeighbors” and “FindClusters” functions
(resolution = 0.5) to determine the cell clusters. Finally, the FindAllMarkers part was used to screen the marker genes of subgroups
with Log2FC = 0.6 (differential multiples), Minpct = 0.4 (the expression ratio of the minor differential genes), and a corrected p <
0.05. After identifying the cell types in scRNA-seq, R package Cell Chat was utilized to analyze cell subsets communication in the tumor
group. The Nebulosa (v1.6.0) package was employed to perform gene expression using the plot density function with default
parameters.
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2.4. Tumour immune dysfunction and exclusion (TIDE)

Potential Immune checkpoint blockade (ICB) response and TIDE score were predicted with the TIDE algorithm. The combined array
from GSE56363, GSE5787, and the RNA-seq from the TCGA database was grouped by LUM expression (highest 25% compared with
lowest 25%).

2.5. Immunomodulation analysis

CIBERSORT and TIMER algorithms were employed to investigate the immune cells in high-level LUM and low-level LUM samples
(comparing the highest 25% with the lowest 25%). The CESC TMB scores were obtained from TCGA, and the correlation analysis with
LUM expression was conducted using Spearman analysis. Inmune checkpoint gene levels were compared between high-level LUM and
low-level LUM samples (highest 25% compared with the lowest 25%). The ESTIMATE algorithm was utilized to calculate the Estimate
Score. p < 0.05 indicated statistical significance.

2.6. Survival analysis using Kaplan-Meier plotter

Kaplan-Meier plots were obtained from the KM plot database(http://www.kmplot.com/analysis). The significant difference in
survival analysis was defined as p < 0.05.

2.7. Gene set enrichment analysis (GSEA)

CR patients in the merged GSE56363 and GSE5787 were classified into the high and low LUM expression groups (50% cut off) and
then analyzed with GSEA (version 3.0). GSEA utilized default weighted enrichment statistics with 1,000 random combinations. The
calculating criteria of p < 0.05, normalized enrichment score (NES) of >1.3, and (FDR) of <25% were considered significant.

2.8. Gene set variation analysis (GSVA)

The GSVA scores for single-cell RNA data were calculated using the R package GSVA, and the cell matrix was averaged based on
clusters employing the AverageExpression function from the Seurat package.

2.9. Tissue immunohistochemistry (IHC)

The Medical Ethics Committee of Hefei Cancer Hospital, Chinese Academy of Sciences approved this study. All patients had been
informed that their tissue samples would be used for diagnosis and scientific research for clinical treatment at the hospital. This study
complies with the Declaration of Helsinki. 15 CESC tissue specimens were collected between March 2018 and December 2021. All
patients were diagnosed with CESC and had not received treatment with chemotherapy, radiotherapy, or immunotherapy before the
biopsy.

THC was performed on serial paraffin sections using an EnVision kit (Dako). Antigens were retrieved using citrate pH 6.0 buffer.
Endogenous peroxidase was blocked by pre-incubation in a solution of 3% H50s, performed in 1x phosphate-buffered saline with 10%
goat serum. Slides were incubated overnight at 4 °C with primary antibody diluted in a blocking solution. The anti-LUM(sc-166871,
Santa Cruz Biotechnology; dilution 1:50) and secondary peroxidase-conjugated antibodies were used. Sections were counterstained
with hematoxylin and examined under a Nikon Eclipse 80i microscope. The histochemical staining level of LUM blocks was evaluated
by two experienced clinical pathologists with blind testing. Data were analyzed using Image J software, and the positive and highly
positive areas were included in the statistical analysis.

2.10. Statistical analysis

Statistical analyses were performed using GraphPad Prism 8.0 (GraphPad Software, Inc) and are presented as mean + SD. For two-
group comparisons, the unpaired t-test was used, while Welch’s unequal variances t-test was applied when two normally distributed
datasets had unequal variance. Survival analysis was carried out using the Kaplan-Meier method and compared using the log-rank test.
Correlation analysis was conducted using Spearman’s correlation. Levels of significance were indicated as follows: *p < 0.05; **p <
0.01; ***p < 0.001; ****p < 0.0001.

3. Results
3.1. Identification of DEGs and establishment of PPI network

In this study, two gene expression datasets, GSE56363 and GSE168009, were analyzed to identify differentially expressed genes
(DEGs) in advanced stage cervical squamous cell carcinoma (CESC) patients after concomitant chemoradiotherapy (CCRT).

In GSE56363, 21 patients at advanced stage CESC were clinically evaluated at 6 months after the end of the concomitant CCRT, and
were defined as complete response (CR, 12 patients) or non-complete response (NCR, 9 patients) (partial response and stable disease)
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according to WHO efficacy evaluation standard RECIST1.1.753 DEGs, including 223 up-regulated DEGs and 386 down-regulated
DEGs, were obtained in NCR patients compared with CR patients. In GSE168009, 4 patients with no durable benefit that
progression-free period <3 years were defined as NDB group, 5 patients with durable clinical benefit that progression-free period >5
years were defined as DCB group according to the WHO efficacy evaluation standard RECIST1.1. We got 1065 DEGs, including 513 up-
regulated DEGs and 552 down-regulated DEGs in NDB patients compared with DCB patients. Volcano plots were used to visualize the
distribution of DEGs in both datasets (Fig. 1A). A Venn diagram was used to demonstrate the intersections of genes between the two
datasets, revealing 86 co-differentially expressed genes (67 up-regulated and 19 down-regulated) (Fig. 1B). A PPI network of DEGs was
constructed using the STRING database and visualized by the Cytoscape software (Fig. 1C). The top 10 hub genes, including COL6A3,
ADAMTS2, COL1A1, MMP2, LUM, COL3A1, FBN1, COL6A1, COL5A1, and VCAN, were identified and used to construct subnetworks
(Fig. 1D). GO analysis revealed that the top 10 DEGs are associated with endodermal cell differentiation and collagen fibril organi-
zation (Fig. 1E). To account for intratumor heterogeneity in gene expression profiles, the expression of these DEGs was examined in the
RNA microarray data GSE5787, containing 33 biopsies from 11 patients. LUM was the only DEG with a statistically significant dif-
ferential expression between NCR and CR patients (Fig. 1F).

3.2. Single-cell atlas of the tumor ecosystem in CESC

To investigate the potential role of LUM in the tumor microenvironment of CESC, single-cell RNA sequencing from GSE168652 was
reanalyzed. This dataset comprises two samples, one from a tumor and one from adjacent normal tissue. After filtering out low-quality
cells, 11,289 cells from the tumor sample and 9,649 cells from the adjacent normal sample remained for analysis. t-distributed sto-
chastic neighbor embedding (t-SNE) was used to visualize the global distribution of cells (Fig. 2A-C). Both tumor and normal tissues
exhibited heterogeneity, displaying a distinct distribution of cells with different origins (Fig. 2A). The cells were divided into seven
main cell types based on differentially expressed genes in each cluster and cell-specific marker genes provided by the original study:
epithelial cells, smooth muscle cells, fibroblasts, endothelial cells, endometrial stromal cells, lymphocytes, and macrophages (Fig. 2B).
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Fig. 1. Identification of DEGs. (A) Volcano plots show the differentially expressed genes identified from GSE56363 and GSE168009. The vertical
lines represent Log2FC, and the horizontal lines represent a p-value of 0.05. (B) Venn diagram demonstrates the intersections of genes between
GSE56363 and GSE168009. (C) PPI network of 86 DEGs. (D) PPI network of the top 10 hub genes. The gradual color represents the degree value. (E)
GO enrichment analysis of the top 10 hub genes. (F) Boxplot shows the top 10 hub genes expression in the GSE5787 datasets. (For interpretation of
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G. Hu et al. Heliyon 9 (2023) e18011

A B Cc

GSE 168652

Smooth muscle cells
& Lymphocytes LUM

’ﬁ Fibroblasts s
d?_ Y,
- .
x ¥ N

Endometrial o«
stromal celsf$

IaE
canwanm

-
© Normal Macrophages
® Tumor
Eendothelial cells

Macrophages
N
LUM 4 .
Lymphocytes g 5
% 1 L
0 % !
C 5
@
=,
-
B =
I cells 1
f I cells 2
thelial cells 3
I cells 4 &
ithelial ells 5 o
s 3
I cells 8 <
G ¢
- < _ o0 5 ] = =9
2 . z g 5.8, 2 23 % 38 so 8 ool T2 ooBi=3 ., 2.3
ooiseds 2 S v canPes 20 I Boa o Sif  S5f T —®et =2 L, IEPoE LT BOBLTE o L I
SoNoRGZI S e LR PO rrrel S¢QZAT G0 (NESHT e BZ 50 S SO, Z O ¢ 5Zm>nSEai 1 vhIORNNEERO © OO
S AR OE B0,z 2 L a® FGA Sar o A% BiI05 0 P2 NASTOrS X E SRS SPEoNT OxF SRt S S aRoPEYs SESICPOERS L 2=
SRZ00rERY ST oL S=ST == ows QoZaz?520L0REL EOES0S0 o) ST e TR )
=t e e S e S R R e TR R R e s e = S R B e e e AR
lLog2 FC
SAA1 CD44 ACKR3 CXCL1 MMP13 MMP7 CXCL8 MMP2Z COL3A1 COL1A2 COL1A1 COLBA3 DCN COL12A1 5100A8 S 3
MCODE1 MCODE2 MCODE3 MCODE4
L] | s— [ ]
MMP2
@ CD44
e coLiA2 i SERPINB4
cotizat B oaag o o
MPTg @ MMP13 /9 W& [\ —pseRri
€\ NoX R-HSA-1474228 X
SAA1 G0:0060326 cell chemotaxis ON @ Degradation of the extracellular matrix g
) (] COL1A1 o O csTA
CXCL8 ° WP5055 Burn wound healing COoLBAT M3005 NABA COLLAGENS P13 @© S100A7
& G0:0097529 myeloid R-HSA-8948216 G0:0018149 peptide cross-linking NABA MATRISOME ASSOCIATED
° leukocyte migration Collagen chain trimerization R-HSA-6809371 Formation of the comified envelope
,IXCU R-HSA-6805567 Keratinization

Fig. 2. Comprehensive cellular overview of the CESC ecosystem. (A) Single-Cell Transcriptome Analysis by t-SNE and single cells colored by tissue
origin. (B) The t-SNE plot shows the different cell clusters. (C) The t-SNE plot shows LUM’s expression in adjacent normal and cancer cells. (D)
Defined cell types in tumor cells according to LUM expression. (E) The t-SNE plot shows the LUM expression in various cell types in the cancer
group. (F) Violin plot shows the LUM expression across multiple cell types in the cancer group. (G) Heatmap of DEGs in LUM+ and LUM-tumor cells
and the enrichment analysis of MCODEs.

LUM expression levels in different cell types were then displayed on the map, LUM was significantly higher in adjacent normal cells
than cancer cells, especially in fibroblasts and endometrial stromal cells (Fig. 2C).

Unsupervised cluster analysis was used to define 8 distinct cell types based on LUM expression levels in tumor cells. LUM was rarely
expressed in epithelial cells 6 and 8, as well as in lymphocytes and macrophages (Fig. 2D-F). The Gene Ontology Biological Process
(GOBP) - Gene Set Variation Analysis (GSVA) score analysis of the clusters revealed that epithelial 6 and 8 exhibited higher metal-
loendopeptidase activity and downregulation of TGF-p stimulation (Supplementary Fig. 1). Tumor cells were further divided into
LUM+ and LUM-groups to explore the differences in biological behavior between these two tumor molecular subtypes. The PPI
network of DEGs were grouped into 4 major clusters using the MCODE method. Enrichment revealed significant regulation in cell
chemotaxis and myeloid leukocyte migration in MCODE 1 (Fig. 2G).



G. Hu et al.

3.3. Comparison of the cellular interaction between cancer cells and immune cells
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To understand how multiple cell populations and signaling pathways function collectively, CellChat was used to explore cellular
interaction in GSE168652. Tumor cells were divided into LUM+ and LUM-groups to investigate the communication between different
groups of cancer cells and immune cells (Fig. 3A and B). LUM+ and LUM-cancer cells shared some common communication patterns
with immune cells such as TNFSF12, SPP1, NAMPT, MIF, MDK, LGALS9, IFNG, HBEGF, ANGPTL4 and CCL5. In the CESC tumor
microenvironment, macrophages and lymphocytes account for the majority of immune cells, we focused on the communication
pattern between tumor cells and these two immune cells. IFNG was identified as a shared communication pattern between both LUM-
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Fig. 4. Correlation of LUM expression with immune infiltration and immune checkpoint in CESC patients. (A) Heatmap shows 22 immune cell type
proportions in TCGA-CESC samples estimated by CIBERSORT. (B) Heatmap displays that the TIMER algorithm estimated seven immune cell type
proportions in TCGA-CESC samples. (C) Boxplot demonstrates immune checkpoints in the high (highest 25%) expression LUM group and the low
(lowest 25%) expression LUM group in TCGA-CESC RNA-seq data. (D) The scatter plot depicts the Spearman correlation analysis of ESTIMATE
scores and relative LUM expression in TCGA-CESC RNA-seq data. (E) The scatter plot depicts the Spearman correlation analysis of ESTIMATE scores
and relative LUM expression in GSE56363 and GSE5787 merged data. (F) Clinical response rate of patients with high (highest 25%) expression LUM
group and the low (lowest 25%) LUM group for CCRT in TCGA-CESC RNA-seq data. (G) Bar diagram shows the average TIDE scores of high and low
LUM groups (highest 25% compared with lowest 25%) in GSE56363 and GSE5787 merged data. (H)The scatter plot depicts the Spearman corre-
lation analysis of TIDE scores of high and low LUM groups (highest 25% compared with lowest 25%) in GSE56363 and GSE5787 merged data. (I)
Correlation between the LUM expression and the TMB score in TCGA-CESC. (J) GO-BP for significant pathways of CESC-CR patients. (K) KEGG for
s‘igniﬁcant pathways of CESC-CR patients. All data were presented as mean + S.D. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

and LUM + CESC cells and lymphocytes. However, GZMA-PARD3 was a unique communication pattern between lymphocytes and
LUM + CESC cells. IL1-B was an distinct communication pattern between macrophages and LUM + CESC cells (Fig. 3C and D). Dif-
ferential communication network mediated by ligand-receptor interactions across all cellular components in the PARs signaling
pathway and IL1 signaling pathway were then investigated. The violin plot showed a significant expression of F2R in lymphocytes, but
PARD3 was only expressed in LUM + cell types and salient expression in LUM-cells (Fig. 3E). In the ligand-receptor interactions in the
IL1 signaling pathway, the expression of ILIRAP and IL36G was much stronger in LUM + cell types than in LUM-cell types, IL1R1 and
IL33 were found only in LUM + cell types (Fig. 3F). Inspired by the communication patterns results, the relationship between LUM
expression and PARs signaling pathway and IL1 signaling pathways in TIMER was further analyzed. LUM was positively correlated
with PARD3 (p = 0.042), IL1R1 (p = 1.8e-21), and IL33 (p = 9.5e-08). Compared with LUM- CESC cells, LUM + CESC cells are more
active in communication with macrophages and lymphocytes.

3.4. Tumor immune infiltration predict response of CCRT in CESC

To explore the relationship between LUM and CESC immune microenvironment, the composition of 22 tumor-infiltrating immune
cells was compared between high-LUM and low-LUM groups in TCGA-CESC using the CIBERSORT algorithm. The results indicated that
the infiltration levels of T cell follicular helper and T cell CD8" were decreased in the high-LUM group, while T cell CD4" memory
resting, myeloid dendritic cell resting, mast cell activated, and B cell plasma were increased in the high-LUM group (Fig. 4A). The
TIMER database results also revealed a close correlation between LUM and immune cells (Fig. 4B). Moreover, the RNA expression of 8
immune checkpoints was further investigated in high and low LUM groups, HAVCR2, PDCD1LG2, TIGIT, and SIGLEC15 were highly
expressed in the high (highest 25%) LUM groups compared with the low (lowest 25%) LUM groups (Fig. 4C). The TME score was
calculated using the ESTIMATE algorithm in TCGA-CESC, the expression level of LUM was positively correlated with the ESTIMATE
score (p < 0.0001) (Fig. 4D). Similar results were obtained in the analysis of the merged GSE56363 and GSE5787 array (p = 0.0346)
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Fig. 5. Comparison of Kaplan-Meier curves of the high and low expression of LUM in TCGA-CESC. (A) OS of high and low expression of LUM in
TCGA-CESC; (B) RFS of high and low expression of LUM in TCGA-CESC; (C) (C) RFS of high and low expression of LUM in enriched B cells cohort;
(D) RFS of high and low expression of LUM in decreased B cells cohort; (E) RFS of high and low expression of LUM in enriched CD4" T cells cohort;
(F) RFS of high and low expression of LUM in decreased CD4™ T cells cohort; (G) RFS of high and low expression of LUM in enriched CD8" T cells
cohort; (H) RFS of high and low expression of LUM in decreased CD4" T cells cohort; (I) RFS of high and low expression of LUM in enriched
macrophages cells cohort; (J) RFS of high and low expression of LUM in decreased macrophages cells cohort.
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Fig. 6. Representative immunohistochemical staining of LUM in CR and NCR CESC tissues. and quantitative statistics. Left: NCR CESC tissues; Right:
CR CESC tissues. The square frame indicate the region that is magnified in the insert (up: x 200; down: x 400). ****p < 0.0001.

(Fig. 4E). Since both chemotherapy and radiotherapy can affect the tumor immune microenvironment, TIDE and TMB are considered
markers of the tumor immune microenvironment in multiple cancers [25-28]. In this study, LUM had a positive correlation with TIDE
in TCGA-CESC, patients with high LUM had higher TIDE scores than patients with low LUM (p < 0.001), and the proportion of patients
with true response to CCRT in the high-LUM group was also higher than that in the low-LUM group (high LUM: true: 18%, false: 82%;
low LUM: true, 41%j; false, 59%) (Fig. 4F). Additionally, TIDE was used to estimate the response to CCRT in GSE56363 and GSE5787.
The results demonstrated that LUM was also significantly positively correlated with TIDE score (Pearsonr = 0.47, p = 0.0019) (Fig. 4G
and H), but the TMB score was negatively correlated with the LUM expression in TCGA-CESC RNA-seq data (Fig. 4I).

Overall, these results indicate that the LUM may be used as a predictor of tumor immune microenvironment and may predict the
response to CCRT in CESC. The enrichment analysis in CR patients in GSE56363 and GS5787 suggested that low LUM CESC samples are
associated with the activation of immune-related pathways according to the GO enrichment analysis (Fig. 4J). For instance, leukocyte
migration, negative regulation of B cell activation, regulation of T cell apoptotic process, regulation of lymphocyte cell apoptotic
process, regulation of humoral immune response, and neutrophil-mediated immunity are higher in low LUM CESC cells according to
the GO enrichment analysis. Simultaneously, leukocyte transendothelial migration, cytokine-cytokine receptor interaction, and he-
matopoietic cell lineage. In the meantime, the TGF-BETA signaling pathway and chemokine signaling pathway are activated in low
LUM CESC samples (Fig. 4K). Therefore, the immune landscape may be different between high and low LUM CESC samples, and it may
contribute to the various clinical outcome to CCRT.

3.5. Prognostic analysis of LUM expressions in CESC based on immune cells

Having confirmed that the expression of LUM was correlated with immune infiltration in CESC, and possibly related to the
treatment effect, we speculated that the expression of LUM might affect the treatment response partly because of immune infiltration in
CESC. First, we performed a prognostic analysis using Kaplan-Meier plotter based on the expression levels of LUM in overall survival
(0S) and relapse free survival (RFS) in CESC-TCGA. The results showed no significant correlation between the LUM expression and the
OS (p = 0.11) (Fig. 5A) or RFS (p = 0.26) (Fig. 5B), indicating that LUM does not have prognostic value for survival in CESC. Next we
conducted a prognosis analysis based on the expression levels of LUM in related immune cells subgroup using the Kaplan-Meier plotter.
According to the RNA-seq expression of tumor tissues of patients in the TCGA-CESC database, the expression levels of LUM were
grouped into the high-expression and low-expression groups based on the median value, and the follow-up threshold was 36 mouths.
The results showed no significant correlation between the LUM and the RFS in the enriched and decreased B cells cohort (Fig. 5C and
D). The low expression of LUM of CESC in enriched CD4" T cells and enriched CD8" T cells cohort had better RFS, respectively
(Fig. 5E-H). Low expression of LUM in decreased macrophages cohort had better RFS, but there was no significant correlation between
the LUM and the RFS in the enriched macrophages cells cohort (Fig. 5I and J). The above analysis suggested that low LUM expressions
in CESC may affect prognoses in part due to T cell and macrophage cell immune infiltration.

3.6. Immunostaining of LUM in CESC tissue samples

The immunostaining of LUM in CESC tissue samples further supports the findings of our analysis. By dividing the 15 CESC patients
into the CR group (7 patients) and NCR group (8 patients) based on the curative effect evaluation 6 months after CCRT. The expression
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of LUM in the CR group was significantly lower than that in the non-CR group (Fig. 6). This observation is consistent with the previous
results, indicating that low LUM expression may be associated with a better response to CCRT in CESC patients.

4. Discussion

This study aimed to explore genes related to CCRT resistance and their functional roles in CESC. Eventually, LUM was identified as a
candidate gene for further investigation after integrated bioinformatics analysis.

LUM is a member of the small molecule proteoglycan family of leucine-rich repeats [29,30]. It is involved in cellular processes such
as epithelial-mesenchymal transition, cell proliferation, migration, invasion, and adhesion [31-35]. Additionally, LUM is correlated
with chemotherapy resistance in various tumors such as ovarian cancer, pancreatic cancer, and leukemia [36-38]. Yamano et al. [39]
found LUM expression was significantly higher in cisplatin-resistant oral squamous cell carcinoma cell lines. Immunohistochemistry of
tissue specimens from oral squamous carcinoma patients before receiving cisplatin-based neoadjuvant chemotherapy showed that
LUM expression was higher in the chemo-resistant patients than in the chemo-responsive patients. Inhibition of LUM expression
increased cisplatin-mediated apoptosis, suggesting that increased LUM expression was associated with cisplatin resistance in oral
squamous carcinoma. Farace C et al. [40] found that glioblastoma and neuroblastoma stem cells have a time-dependent LUM
expression in the stem cell environment. Stem cells with a high secretion of LUM are resistant to temozolomide at concentrations >750
pM, as evidenced by reduced apoptosis and increased cell viability. LUM plays a vital role in forming stem cell neurospheres and
maintaining a quiescent stem cell-like phenotype, thereby affecting stem cell resistance to temozolomide. LUM’s roles in the CESC are
not well known, this study considers low LUM expression as a biomarker for predicting better CCRT response and survival prognosis in
CESC patients.

LUM has multiple functions, including regulation of Fas-mediated immune activation [41]. Zang Y et al. [20] suggested that LUM
can inhibit both immune escape and carcinogenic pathways in COAD. Based on the previous above studies on LUM and immune
function, we hypothesize that LUM might influence the efficacy of CCRT by affecting tumor immunity capacity. In this study, we
initially verified the association of LUM expression with CESC tumor cells using single-cell sequencing data. The molecular mechanism
revealed that the expression of LUM is significantly positively associated with immune cell-related signaling pathways through GSEA.
Previous studies have confirmed that radiotherapy and chemotherapy response were related to immune capacity, since the tumor
immune microenvironment plays a critical role in cancer development and metastasis. Infiltration of various types of immune cells and
stroma cells in tumor parenchyma might be a promising source of drug target and prognostic biomarker [42-44]. Tumor-infiltrating
lymphocytes (TILs), essential components of the tumor microenvironment, are potential predictor of CCRT, providing crucial infor-
mation such as treatment response and tumor behavior in various cancers, such as nasopharyngeal, lung, and cervical [45-47]. In this
study, we explored the abundance of immune cells and stromal cells in the TME using the CIBERSOFT and TIMER, finding that
high-LUM is related to increased infiltration of immune cells, specifically T lymphocytes and macrophages. Since immune-suppressive
cells play an important role in abrogating the effectiveness of ICIs [48], we investigated the potential response of NDB and DCB patients
to ICIs. TIDE is an algorithm for predicting ICB response based on gene expression profiles. A high TIDE score indicates that it is more
likely to become a nonresponder for immunotherapy. Our results indicate that the TIDE score was positively correlated with the
expression level of LUM, suggesting that high LUM expression has a high TIDE score. The failure rate to CCRT in the high LUM group
was significantly higher than that in the low LUM expression group, indicating that high LUM expression CESC patients might have a
worse response to immunotherapy than low LUM expression patients. TMB is also known to be a predictive marker for anti-PD-1
therapy [49], the results were similar between patients with high and low NDB scores. Although ICI therapy for CESC is the second
or third-line treatment after failure of CCRT, this study assessed the effect of CCRT on the expression of immune cells in CESC patients,
suggesting that individualized ICI therapy following CCRT treatment may improve CESC outcomes.

Previous studies had reported that increased infiltration of CD8" T cells into tumors is associated with progression in cancers like
melanoma, and breast, greater CD8" T cell infiltration of tumors could predict response to standard chemotherapy and immune
checkpoint blockade therapy, such as anti-CTLA-4 therapy or anti-PD-1 therapy [50,51]. Our results indicated that greater infiltration
of enriched CD4" T cells and enriched CD8" T cells was correlated with better RFS in patients with CESC. However, compared to
macrophages cells enriched patients, decreased infiltration of macrophages cells patients had RFS benefits. Therefore, measuring the
extent of T cell and macrophage infiltration of CESC is crucial. Our GSEA analysis also demonstrated that most genes identified as
closely related to immune cell infiltration by WGCNA were enriched in immunomodulatory activities, such as the T cell apoptotic
process, regulation of lymphocyte cell apoptotic process, cytokine-cytokine receptor interaction, hematopoietic cell lineage, and
chemokine signaling pathway.

IL1 pathways contribute significantly to stress response and inflammation. IL1B can promote tumor-promoting inflammation in
breast cancer, and it can be targeted in metastatic breast cancer patients with a soluble IL1 receptor antagonist, and also can be an
immunomodulatory target in treatment-resistant breast cancer [52]. IL1 pathway is strongly induced by irradiation and correlate with
radioresistance and senescence, especially IL1A and IL1B which exhibit excellent associations [53]. Our cell-cell communication
network identified a strong association of the IL1 pathway with the macrophages, suggesting that the IL1 pathway might be involved in
CESC CCRT resistance. PAR-induced cellular signaling may be activated through G-protein interaction or arrestin association,
depending on the receptor type, the activation of PARs increases the transcription of cytokines and chemokines to suppression of
antitumor immunity [54,55]. In this study, PAR-2 was the special subtype specificity expressed in LUM + cell types and generates
signal communication with lymphocytes.

In conclusion, this study initially reported the function of the LUM gene in CESC with CCRT. Low LUM expression was positively
correlated with good response to CCRT and prognosis in CESC patients. LUM could be a promising and predictive prognostic biomarker
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in CESC, and might serve as a potential target for personalized therapy in CESC patients treated with CCRT. However, the study has
limitations, as the function of LUM and downstream signaling affecting CCRT response requires further investigation based on more
experiments.
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