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Introduction: Advanced papillary thyroid cancer (PTC) has a poor prognosis,

60~70% of which become radio iodine refractory (RAI-R), but the molecular

markers that assess PTC progress to advanced PTC remain unclear. Meanwhile,

current targeted therapies are badly effective due to drug resistance and

adverse side effects. Ligand-receptor pairs (L/R pairs) play an important role

in the interactions between tumor cells and other cells in the tumor

microenvironment (TME). Nowadays, therapies targeting ligand-receptor

pairs in the TME are advancing rapidly in the treatment of advanced cancers.

However, therapies targeting L/R pairs applied to advanced PTC remains

challenging because of limited knowledge about L/R pairs in PTC.

Methods: We screened the critical L/R pair: CADM1-CADM1 using 65311 single-

cell RNA sequencing (scRNA-seq) samples from 7 patients in different stage of

PTC and bulk RNA-seq datasets containing data from 487 tumor samples and 58

para-carcinoma samples. Moreover, the expression levels of CADM1-CADM1

was assessed by quantitative real time polymerase chain reaction (qRT-PCR) and

the function was analyzed using Transwell immigration assay.

Results: We found that CADM1_CADM1 could be regarded as a biomarker

representing a good prognosis of PTC. In addition, the high expression of

CADM1_CADM1 can strongly increase the sensitivity of many targeted drugs,

which can alleviate drug resistance. And the results of qRT-PCR showed us that

the expression of CADM1_CADM1 in PTC was down-regulated and

overexpression of CADM1 could suppresses tumor cell invasion migration.

Conclusion: Our study identified that CADM1_CADM1 played an essential role

in the progression of PTC for the first time and our findings provide a new

potential prognostic and therapeutic ligand-receptor pair for advanced PTC.

KEYWORDS

advanced PTC, ligand-receptor pair, CADM1_CADM1, targeted therapy,
prognostic biomarker
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1 Introduction

Thyroid cancer (TC) is the most common endocrine system

tumor, which has increased year by year in recent years. In 2020,

the number of new thyroid cancer cases in the world has reached

about 580,000 (1, 2). PTC is the most common TC, which has a

good prognosis with a ten-year survival rate of 90% through

surgery, radioactive iodine (RAI) ablation and thyroid

stimulating hormone (TSH) suppression (3). However, local

recurrences occur in about 20% of PTC and distant metastases

in 10%, more commonly in the lung (50%) and bone (25%) (4).

These PTC are called advanced thyroid cancer, even 60%~70%

of which become RAI-R with a mean life expectancy of 3–5 years

(5). At present, systemic and targeted therapies have been used

to treat these PTC patients, such as lenvantinib, sorafenib and

cabozantinib. However, its therapeutic effect is not ideal due to

the emergence of drug resistance and adverse side effects (6, 7).

Thus, it is urgently required to find more tumor markers to

reflect the different physiological development processes within

the tumor and explore novel therapeutic targets and approaches

for advanced thyroid cancer.

In recent years, more and more studies show that TME plays

an important role in the occurrence and development of tumors.

The TME refers to the cellular environment in which tumors

exist, which encompasses the surrounding immune cells, blood

vessels, extracellular matrix (ECM), fibroblasts, lymphocytes,

bone marrow‐derived inflammatory cells, and signaling

molecules (8–10). This cellular complexity of tumors is further

increased by the heterogeneity of each cell type, such as different

clones of tumor cells or the various subsets of immune cells (11).

Cell-to-cell communication across multiple cell types and tissues

extensively relies on interactions between secreted ligands and

cell-surface receptors or exosomes (12). Cell-to-cell

communication based on ligand-receptor interactions play an

essential role in the mechanisms of oncogenesis, tumor

progression, therapeutic resistance, immune infiltration, and

inflammation (13). At present, targeted therapy based on the

ligand-receptor interaction (LRI) has been well-developed and

used in some tumors, such as colorectal cancer (14). However,

there is a scarcity of studies about LRI associated with PTC.

With the development of sequencing, single-cell RNA

sequencing (SC-RNA-seq) appeared, which are cell specific

towards investigating cellular functionalities of DNA and RNA

in different cellular subsets (15). At present, SC-RNA-seq has

been widely used in different types of tissues and cell lines of

various species (especially human and mouse), including normal

and pathological cells. SC-RNA-seq can reveal the expression of

all genes in the whole genome at the single cell level, which

makes it possible to deeper explore LRIs.

In this study, we screened the critical L/R pair:

CADM1_CADM1 by analyzing scRNA-seq data from human

PTC samples and bulk RNA-seq data in TCGA. Next, we
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analyzed the relationship between CADM1-CADM1 and

clinical characteristics, further discussed pathways regulated by

CADM1-CADM1 and biological processes associated with

CADM1-CADM1. In addition, we identified its value for

targeted therapies.
2 Materials and methods

2.1 Collection of data

2.1.1 Collection of data from single cell
The GSE184362 complete dataset (https://www.ncbi.nlm.

nih.gov/geo/query/acc.cgi?acc=GSE184362) was available in

Gene Expression Omnibus (GEO). We only chose scRNA-seq

data from 7 PTC patients: PTC1, PTC2, PTC3, PTC5, PTC8,

PTC9, PTC10.

2.1.2 Collection of data from bulk tissue
The bulk RNA-seq profiles were integrated from the TCGA

dataset (https://portal.gdc.cancer.gov). The FPKM data of

thyroid cancer tumor samples was further processed into TPM

data. After eliminating samples without survival time and

survival state, we finally got clinical information of 487 tumor

samples and 58 para-cancer tissue samples.

2.1.3 Collection of gene data associated with
cell death

27 genes related to pyroptosis were downloaded from the

msigdb database of GSEA (http://www.zhounan.org/ferrdb). 111

ferroptosis-related genes were obtained from the FerrDb

database. 74 apoptosis-related genes were downloaded from a

previous study (https://www.frontiersin.org/articles/10.3389/

fgene.2022.832046/full). 279 cell senescence-related genes were

downloaded from the cellAge database (https://genomics.

senescence.info/cells/).

2.1.4 Collection of data related to pan-cancer
The gene expression data of pan-cancer was downloaded

from sangerbox (http://vip.sangerbox.com). The gene expression

data of involved cancers in normal tissue was downloaded in

GTEx dataset (https://maayanlab.cloud/Harmonizome/dataset/

GTEx+Tissue+Gene+Expression+Profiles).
2.2 DNA methylation dataset processing

The dataset of PTC methylation was downloaded in TCGA. In

the pretreatment processing we removed CpG sites at which each

sample hadmissing values (NA), cross-reactive CpG sites according

to Discovery of cross-reactive probes and polymorphic CpGs in the

Illumina Infinium HumanMethylation450 microarray, unstable
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genomic methylation sites, CpG sites on sex chromosomes and

single nucleotide sites but preserved tumor tissue.
2.3. Screening of L/R pairs

2.3.1 scRNA−seq data processing and
construction of cell clusters

The ‘Seurat’ package was used for quality control procedures

by analyzing the matrix of unique molecular identifier (UMI)

counts per gene. We selected cells meeting the following criteria:

(1) Each gene is expressed in at least 3 cells, and each cell

expresses at least 250 genes. (2) Cell expresses with 1000 UMIs at

least and more than 100 genes, less than 4000 genes. (3) Less

than 25% mitochondrial gene expression in UMI counts. We

normalized the data of 7 samples separately using the

normalization method “Log Normalize”. Variable genes were

selected by FindVariableFeautres. After removing batch effect

using Seurat’s Canonical Correlation Analysis (CCA), data was

further Integrated using the IntegrateData function. Then, the

optimal number of PCs was selected using the PCElbowPlo

function in Seurat. We performed the PCElbowPlo function in

Seurat to select the optimal number of PCs. We used the

FindNeighbors function and FindClusters function in Seurat

to perform cell clustering (Resolution=0.1). Next, the RunTSNE

function was performed to visualize cell clusters defined by the

expression of known marker genes. Finally, we got 8 cell clusters.

2.3.2 Screening of markers for cell clusters
We used the FindAllMarkers function in Seurat to screen the

markers for cell clusters, which met the following criteria: (1) |

log2FC | > 0.5; (2) Wilcoxon rank-sum test adjusted P value <

0.01; (3) min.pct=0.35. We showed the results by bubble chart.

Furthermore, we compared the percent of 7 samples in 8 cell

clusters. KEGG pathway enrichment analysis was performed in

cell markers of 8 cell clusters using clusterProfiler package.

2.3.3 Identification of crucial L/R pairs
We distinguished malignant cells and normal cells by

comparing the copy number variations of cells using the

copyKAT package. Next, cell-cell interaction analysis based on

L/R pairs was performed by cellchart package. 38 L/R pairs of

malignant/non-malignant and 44 L/R pairs of non-malignant/

malignant (p<0.05) were found. Then the 38 L/R pairs and 44 L/

R pairs were overlapped and 14 L/R pairs were screened. Given

that the presence of one ligand corresponding with multiple

receptors, we repaired 14 L/R pairs into 16. The t-test was used

to compare 16 L/R pairs between tumor tissues and para-tumor
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tissues in TCGA (p<0.05). Univariate COX regression analysis

was performed to analyze the relationship between L/R pairs and

prognosis (p<0.05).
2.4 GO and KEGG enrichment analysis

To analyze the biological significance of genes associated

with crucial L/R pairs, GO term enrichment analysis was applied

using clusterProfiler. The function “enrich GO” and “enrich

KEGG” with default parameters, were used for the GO terms and

KEGG pathway enrichment analyses. FDR < 0.05 was

considered statistically significant for both GO and

KEGG analysis.
2.5 Cell culture and transfection

The human PTC cell lines K1, BCPAP and normal TC cell

N3 were provided by Science Experimental Center of China

Medical University. IHH4 and TPC1 cell lines were respectively

acquired from Shanghai Whelab Bioscience Limited and Procell

Life Science & Technology Co, Ltd. The cells were cultured in

1640 medium (Invitrogen, Carlsbad, CA) containing 10% fetal

calf serum and incubated in a humidified atmosphere of 5% CO2

at 37°C. The eukaryotic expression vector pEGFP-C1-CADM1

was purchased from Genepharma (Shanghai, China). The

human thyroid cancer cell lines were plated at a density of 4 ×

104 cells per well in 24-well culture plates. The IHH4 and TPC1

cells were cultured overnight and then transfected with the

expression vector pEGFP-C1-CADM1 or pEGFP-C1 using the

Lipofectamine 3000 reagent (Invitrogen) according to

the manufacturer’s recommendation. CADM1 expression was

confirmed by a Western blot analysis.
2.6 RNA isolation and real-time
polymerase chain reaction

The total RNA was isolated from the frozen tumor

specimens with a TRIzol reagent (Takara, Otsu, Japan)

according to the manufacturer’s instructions. Reverse

transcription was performed using 0.5 mg total RNA from

each sample. qRT-PCR was performed using the SYBR Green

PCR Master Mix (Takara). The sequences of the primer pairs

were as fo l lows : CADM1 ( forward) , 5 ’ - GTCCC
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ACCACGTAATCTGATG-3 ’ ; CADM1 (reverse) , 5 ’-

CCACCTCCGATTTGCCTTTTA-3’; GAPDH (forward), 5’-

GGAGCGAGATCCCTCCAAAAT-3’; and GAPDH (reverse),

5’-GGCTGTTGTCATACTTCTCATGG-3’. The experiments

were repeated in triplicate. The relative levels of gene

expression were represented as DCt = CtCADM1 – CtGAPDH,

and the fold change of gene expression was computed using

the 2–DDCt method.
2.7 Immunofluorescence

Cells were spread in a six-well plate with an appropriate

number of monolayer cells, and washed twice with PBS the next

day. Cells were fixed with 4% paraformaldehyde for 15min and

washed with PBS three times, 3mim each time. Permeable: 1%

Triton X-100 permeable with 10mim PBS was washed 3 times

with 3min each time. Block: 5%BSA block 30mim. Primary

antibodies (CADM1, Immunoway, YT4764, 1:300) were

incubated and placed in a wet box at 4°C overnight. The

primary antibody was recovered and washed 3 times with

5min each time with PBS. Incubation with fluorescent

secondary antibody: diluted secondary antibody was incubated

in a wet box for 1h, and washed 3 times with 5min each time

with PBS. Avoid light for all subsequent steps. Double check

staining: add DAPI drop, incubate for 5min in the dark, and

wash off excess dye. Fluorescence microscope photography.
2.8 Transwell immigration assay

Preparation of cell suspension: Starved cells were treated for

12h and digested, then resuspended with serum-free medium.

Inoculated cells: 200ul of cell suspension, cells (5 × 104) were

inoculated into the upper chamber, and 600ul of medium

containing 15% fetal bovine serum was added into the lower

chamber, and the cells were checked 24 hours later. Fixation

staining: Remove the chamber, discard the culture medium,

wash twice with PBS, gently wipe the upper layer of the cotton

swab for migrating cells, fix with 4% paraformaldehyde for
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30min, wash twice with PBS, and wipe off the moisture on the

cotton swab. Count.
2.9 Statistical analysis

Cox regression models were used to assess the relationship

between gene module scores and prognosis (OS, DFS and PFI),

and p <0.05 was the significance threshold in the log-rank test.

Wilcox rank test was used to test the significance between two

groups of continuous variables, while Kruskal Wallis rank test

was used for the significance test of more than two groups. The

BH method calculated the false discovery rate (FDR). All of the

above analysis was done using R (version 3.6.3). Unless

otherwise specified, * * * represented p <1×e-5, * * represented

p <0.01 and * represented p <0.05.
3 Results

3.1 Construction of cell clusters in PTC
using scRNA−seq data

For the reason that genes, cells and signaling molecules

dynamically alter throughout tumor evolution, we used scRNA-

seq to profile cells of 7 patients in different stage of PTC: PTC9 is

intrathyroidal tumor; PTC2,3 are intrathyroidal tumor with

lateral neck metastasis; PTC1 is tumor with extrathyroidal

extension; PTC8 is tumor with extrathyroidal extension and

lateral neck metastasis; PTC5,10 are tumor with distant

metastasis and PTC5 is follicular vessel papillary thyroid

cancer (FVPTC). There are 65311 cells incorporated in further

analysis after the stringent quality filtering (Supplementary

Figure 1; Table 1). Based on the transcriptional data from all

acquired cells, we distributed all cells into 9 cell clusters using t-

distributed stochastic neighbor embedding (t-SNE) (Figures 1A,

B). Furthermore, we applied known cell markers to annotate 9

cell clusters (Supplementary Figure 2) and got 8 cell types: CD4

T, CD8 T, endothelial cells, fibroblasts, myeloid cells, NK T, T

cells, thyrocytes in the final (Figure 1C). After analyzing the
TABLE 1 Number of cells before and after filtration of the samples.

Sample raw_count clean_count percent %

PTC1 5917 5896 99.65

PTC10 22351 22196 99.31

PTC2 5100 5097 99.94

PTC3 7433 7430 99.96

PTC5 4475 4463 99.73

PTC8 10519 10354 98.43

PTC9 10065 9875 98.11
fro
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distribution of 7 PTC samples in 8 cell types (Figure 1E), we can

see that the percentage of each cell type changed with the

progress of the tumor. Under this circumstance, we screened

cell markers of 8 cell types (Figure 1D) and performed KEGG

Enrichment Analysis (Figure 1F). NK T cells with natural killer

cell mediated cytotoxicity mainly occurred in the early stage of

the tumor PTC9, which control tumor growth and mediate a

robust anti-metastatic effect (16). On the contrary, T cells would

increase protein processing in endoplasmic reticulum and

estrogen signaling pathway during advanced stage of tumor

PTC10, which promotes primary tumor growth and distant

metastasis and increase the expression of MET proto-

oncogene (17, 18). In the meanwhile, PTC5, as FVPTC in
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advanced stage of tumor, fibroblasts played an important role

in enhancing tumor cell adhesion and promoting tumor growth

and metastasis ability (19), which occupied most of the PTC5

cells. Together, TME and tumor interact and influence each

other, jointly determining the progression of the tumor.
3.2 Screening of crucial L/R pairs

To further understand the interactions between tumor cells

and TME, we integrated and screened crucial L/R pairs (p< 0.05)

between tumor cells and normal cells in the TME through

cellchart package in R. We found 38 L/R pairs in malignant/
B C

D

E F

A

FIGURE 1

Analysis of 8 cell lineages. (A) t-SNE plot of filtered cells colored by samples. (B) t-SNE plot of filtered cells colored by clusters. (C) The cell
lineages were identified by marker genes: CD4 T, CD8 T, endothelial cells, fibroblasts, myeloid cells, NK T, T cells, thyrocytes. (D) The expression
of the first 5 marker genes in each cell lineages. The size of the dot represents the fraction of cells in which the gene was detected. The color
of the dot represents the average expression of the cells in each lineage. (E) The proportion of cells from 7 PTC samples in 8 cell lineages.
(F) KEGG enrichment analysis of 8 cell lineages.
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non-malignant cells and 44 L/R pairs in non-malignant/

malignant cells (Figure 2). Next, they were overlapped

(Figure 3A) and re-paired due to the presence of one ligand

corresponding with multiple receptors. 16 L/R pairs:MIF-CD74,

MIF-CD44, MDK-SDC2, MDK-SDC4, MDK-NCL, FN1-ITGA3,

FN1-ITGB1, FN1-ITGAV, FN1-CD44, FN1-SDC4, APP-CD74,
Frontiers in Endocrinology 06
CADM1-CADM1, CD99-CD99, CDH1-CDH1, OCLN-OCLN

and PTPRM-PTPRM (Supplementary Figure 3) were finally

screened. More specifically, to find the L/R pairs significantly

associated with the development of tumor, we further analyzed

the crucial L/R pairs in the TCGA dataset by comparing the

different expressions of L/R pairs between tumor tissues and
B

C

A

FIGURE 3

Screening of crucial L/R pairs. (A) Venn diagram of 38 L/R pairs communicating between malignant cells/non-malignant cells and 44 L/R pairs
communicating between non-malignant cells/malignant cells. (B) Forest plot of univariate Cox regression analysis of 16 L/R pairs. (C) KM curves
of CADM1-CADM1.
B

C

A

FIGURE 2

The L/R pairs between malignant cells and normal cells. (A) The ligand-receptor interactions among cells. Thicker lines represent more
interactions (more ligand receptors). (B) Bubble plot of L/R pairs communicating between ligands of malignant cells and receptors of non-
malignant cells; (C) Bubble plot of L/R pairs communicating between ligands of non-malignant cells and receptors of malignant cells; the color
represents the magnitude of the force, and the larger the point, the smaller the p-value (p<0.05).
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para-carcinoma tissues (Table 2; Supplementary Table 1) and

performing univariate cox regression analysis (Figure 3B). At

last, CADM1-CADM1 was recognized as the only crucial L/R

pair (Supplementary Table 2), higher expression of which would

lead to a better prognosis (HR<1). KM survival analysis showed

that overall survival (OS) of high CADM1-CADM1 was longer

than low CADM1-CADM1 (Figure 3C). Interestingly, CADM1-

CADM1 was also essential to PTC of other stage: KM survival

analysis showed that disease free interval (DFI) and progression-
Frontiers in Endocrinology 07
free interval (PFI)of high CADM1-CADM1 were both longer

than low CADM1-CADM1 (Supplementary Figures 4, 5). A

present study has shown that for less aggressive cancer types, OS

is clearly not a suitable study endpoint because of requiring 10

years or more to recur or death, and disease-free survival (DFS)

and PFI are recommended to use without reservation (20). Thus,

CADM1-CADM1 was not only useful to analyze the prognosis

of advanced PTC but also assess the progression of PTC.
3.3 The expression of CADM1-CADM1 in
the progression of PTC

As mentioned earlier, CADM1-CADM1 is related to good

prognostic outcomes. To better explore the influence of

CADM1-CADM1 on the progression of PTC, we compared

the expression of CADM1-CADM1 in different clinical features

(Figure 4). We found CADM1-CADM1 was strongly correlated

with tumor size, extrathyroidal extension, lymph node

metastasis (LNM) and age. CADM1-CADM1 was more highly

expressed in T1 than T3 and T4, when primary tumor is ≤2cm

and intrathyroidal tumor. CADM1-CADM1 was also more

highly expressed in age<50 and stage I than stage II and

age>50. These results all proved that CADM1-CADM1 was

associated with better clinical features. However, CADM1-

CADM1 was more highly expressed in N1 than N0. LNM is a

complex process that involves multiple gene variations, or

dysregulation and activation of multiple signaling pathways

(21). The expression of CADM1-CADM1 may regulated by
B C

D E F

A

FIGURE 4

Differences in the expression of CADM1-CADM1 in clinical phenotypes (** P < 0.01, *P < 0.05). The differences in CADM1-CADM1 by gender (A),
T stage (B), M stage (C), N stage (D), stage (E) and age (F). ns, no significance.
TABLE 2 Differential analysis of 16 L/R pairs.

LR pair logFC p.value

CADM1_CADM1 0.0603 0.0473

MDK_SDC2 0.0424 0.0529

PTPRM_PTPRM 0.0495 0.0531

FN1_ITGAV 0.081 0.063

FN1_SDC4 0.0833 0.0727

FN1_ITGB1 0.0738 0.0891

MDK_SDC4 0.0549 0.0955

APP_CD74 0.0018 0.894

CD99_CD99 -0.0259 0.1224

CDH1_CDH1 0.0179 0.302

FN1_CD44 0.0502 0.2136

FN1_ITGA3 0.073 0.1128

MDK_NCL 0.0232 0.2927

MIF_CD44 -0.0139 0.3831

MIF_CD74 -0.0122 0.4823

OCLN_OCLN 0.0654 0.1705
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many genes and signaling pathways. Although we can’t illustrate

CADM1-CADM1 completely inhibit the development of tumor,

the high expression of it may reduce tumor proliferation

and invasion.
3.4 CADM1-CADM1 function enrichment
analysis

To comprehensively understand the function of CADM1-

CADM1, we screened 281 differential genes associated with

CADM1-CADM1 from 1421 genes differentially expressed in

cancer tissues and normal tissues (Figure 5A; Supplementary

Table 3), which was screened by the threshold: the |log2 fold

change (FC)| >1 and p-value < 0.05. They included 279 positively

correlated genes and 2 negatively correlated genes (Figure 5B;

Supplementary Table 4). GO and KEGG pathway enrichment

analyses were performed to explore the functional characteristics

of 281 genes. The GO analysis results revealed that these genes

were significantly enriched in 9 functions such as ‘Ras guanyl-

nucleotide exchange factor activity’, ‘serine-type endopeptidase

activity’, ‘enzyme inhibitor activity’ in terms of MF (Figure 5C).

Regarding BP, these genes were enriched in 55 functions such as
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‘blood vessel morphogenesis’, ‘extracellular matrix organization’,

‘extracellular structure organization’ (Figure 5D). Under CC,

these genes were enriched in 41 functions such as ‘collagen-

containing extracellular matrix ’ , ‘receptor complex ’ ,

‘extracellular matrix’ (Figure 5E). In addition, the KEGG

analysis results showed that these genes were only significantly

enriched in ‘MicroRNA in cancer’ pathway (Figure 5F), which

play an important role in tumor onset, growth, and metastasis

due to its extensive deregulation (22). The detailed information

of KEGG and GO enrichment results are listed in

Supplementary Text (Supplementary Table 5).
3.5 Analyzing the molecular mechanisms
of tumor progression regulated by
CADM1-CADM1

Based on the previous analysis, we have known that

CADM1-CADM1 mainly distributed in malignant-malignant,

malignant-thyrocytes, thyrocytes-malignant, which meant

CADM1 can trigger intracellular signal transduction to play a

role. S. Murakami et al. (23) demonstrated the same distribution

of CADM1-CADM1 (Table 3; Supplementary Table 6). Previous
B C

D E F

A

FIGURE 5

Analysis of differential genes associated with CADM1-CADM1. (A) Volcano map showing differential genes between tumor tissues and para-
tumors. (B) Bidirectional Clustering Heatmap showing the relationship between CADM1-CADM1 and differential genes associated with CADM1-
CADM1. Each column in the heatmap represents a sample, and each row represents the expression level of a gene. The color scale beside the
heatmap represents the raw Z-score: blue (low expression), red (high expression). (C) Scatter plot of 9 enriched GO terms of molecular function
(MF). (D) Scatter plot of top 10 enriched GO terms of biological process (BP). (E) Scatter plot of top 10 enriched GO terms of cellular
component (CC). (F) KEGG enrichment analysis of differential genes associated with CADM1-CADM1.
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studies have shown this intracellular signaling generally

determines the triggering of MAPKs and of PI3K/Akt/mTOR

pathways to take part in the progression of tumor (24). Through

comparing the differences of ssGSEA score of signaling pathways

in high/low CADM1-CADM1, including PI3K-Akt signaling

pathway, MAPK signaling pathway, Wnt signaling pathway,

TGF-b signaling pathway, JAK-STAT signaling pathway and

cAMP signaling pathway, we found high expression of CADM1-

CADM1 would significantly modulate these pathways especially

PI3K-Akt signaling pathway, MAPK signaling pathway, Wnt

signaling pathway and cAMP signaling pathway (Figure 6).

Based on previous studies, CADM1-CADM1 can suppress the

progression of tumor through upregulating or downregulating

associated pathways.
3.6 The connection between CADM1-
CADM1 and DNA, RNA methylation

DNA and mRNAmethylation can cause tumor and promote

tumor progression through the regulation of gene expression. To

explore whether DNA and RNA methylation regulate the

expression of CADM1-CADM1, we compared the degree of

DNA and RNA methylation between high CADM1-CADM1

group and low CADM1-CADM1 group. The result showed us

the degree of DNA methylation was significantly lower in high

CADM1-CADM1 group (Figure 7A). What’s more, the

expression of CADM1-CADM1 showed a significant negative

correlation with the degree of DNA methylation (Figure 7B). As

for RNA methylation, which was adjusted by three parts: eraser,

reader, writer, we analyzed the differences in the three parts of

m1a, m6a and m5c modification functions by comparing gene

scores based on ssGSEA. We found the expression of CADM1-

CADM1 mainly associated with readers in m1a, m6a and m5c

and was strongly influenced by RNA methylat ion

(Figures 7C–E).
3.7 The connection between CADM1-
CADM1 and cell death

Apoptosis, ferroptosis, pyroptosis and cellular senescence

adjust the development of tumor. The reduction of apoptosis can

lead to malignant transformation of the affected cells, tumor

metastasis and resistance to anticancer drugs (25). Ferroptosis, a
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newly discovered cell death form, was confirmed to play a

pivotal role in killing tumor cells and suppressing tumor

growth (26). Pyroptosis promotes inflammatory cell death of

cancer and inhibit proliferation and migration of cancer cells

(27). Cellular senescence can inhibit tumor proliferation but

active tumorigenesis by extrinsically promoting evasion of the

immune system (28). Thus, it is necessary to analysis the

connection between CADM1-CADM1 and cell death. Through

analyzing the connection between CADM1-CADM1 and genes

associated with apoptosis, ferroptosis, pyroptosis and cellular

senescence (Figure 8), we found the expression of these genes

significantly increased with the up-regulation of CADM1-

CADM1, which meant CADM1-CADM1 was involved in

these biological processes.
3.8 Analysis of drug sensitivity targeted
on CADM1-CADM1

No matter molecular mechanisms regulated or cell death

involved by CADM1-CADM1, they all play an important role in

tumor resistance, thus, we further studied the influence of

CADM1-CADM1 on targeted drugs using pRRophetic

package in R. Surprisingly, the high expression of CADM1-

CADM1 strongly increased the sensitivity of many targeted

drugs such as Erlotinib, MG-132, AZ628 (Figure 9), which

meant therapeutic effects of targeted drugs could be improved

by upregulating the expression of CADM1-CADM1.
3.9 The expression of CADM1-CADM1 in
pan-cancer

We compared the expression of CADM1-CADM1 in

cancers and normal tissues, and the result showed that

CADM1-CADM1 differently expressed in many cancers

including up-regulation and down-regulation (Figure 10). The

downregulated CADM1-CADM1 expression was observed

consistently in tumor tissues versus normal tissues in the

BLCA, CESC, CHOL, COAD, COADREAD, ESCA, HNSC,

KICH, KIPAN, KIRC, KIRP, LAML, LUAD, LUSC, OV, READ

and TGCT datasets. However, CADM1-CADM1 was expressed

higher in tumor tissues than normal tissues in the BRCA, GBM,

GBMLGG, LGG, LIHC, PAAD, PCPG, PRAD, SKCM, STAD,

STES, THCA, UCEC, UCS and WT datasets.
TABLE 3 Information of pathways involved in CADM1-CADM1.

source target LR pathway annotation evidence

Malignant Malignant CADM1_CADM1 CADM Cell-Cell Contact PMID: 24503895

Malignant Thyrocytes CADM1_CADM1 CADM Cell-Cell Contact PMID: 24503895

Thyrocytes Malignant CADM1_CADM1 CADM Cell-Cell Contact PMID: 24503895
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3.10 qRT-PCR and transwell assay

As shown in Figure 11A, CADM1 was differently expressed

in K1, BCPAP, TPC1 and IHH4 cancer cell lines, among which

CADM1 was lowly expressed in IHH4 and TPC1. As we can see,

the CADM1 protein was mainly localized in the cytoplasm of
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cells, and also partially expressed in the nucleus (Figures 11B, C).

As shown in Figures 11D–F, CADM1 overexpression blocked

IHH4 cell migration, the mean ± SD number of migrating cells

was 110.0 ± 5.5 in the IHH4 cell line group, 105.5 ± 10.2 in the

pEGFP-C1 (used as a negative control) group and 75.5 ± 7.8 in

the pEGFP-C1-CADM1 group. In Figures 11G–I, the mean ±
B C

D E

A

FIGURE 7

The relationship between CADM1-CADM1 and DNA, RNA methylation. (A) Comparison of CADM1 methylation in high CADM1-CADM1 group
and low CADM1-CADM1 group. (B) Correlation analysis of CADM1-CADM1 and CADM1 methylation. (C–E) Comparison of the scores of erasers,
readers, writers in m1a, m6a, m5c modification between high CADM1-CADM1 group and low CADM1-CADM1 group separately (****P < 0.0001,
***P < 0.001, **P < 0.01, *P < 0.05).
B C

D E F

A

FIGURE 6

Box plots showing ssGSEA scores of related signaling pathways in high and low expression groups of CADM1-CADM1 (****P < 0.0001, *P <
0.05). (A) PI3K-Akt signaling pathway. (B) MAPK signaling pathway. (C) Wnt signaling pathway. (D) TGF-b signaling pathway. (E) JAK-STAT
signaling pathway. (F) cAMP signaling pathway.
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SD number of migrating cells was 92.5± 10.1 in the TPC1 cell

line group, 98.1 ± 8.5 in the pEGFP-C1 group and 47.7 ± 5.6 in

the pEGFP-C1-CADM1 group, which was in consist with the

analysis above and meant CADM1 could be a therapeutic target

for advanced PTC.
4 Discussion

Advanced PTC has a bad prognosis, but the assessment and

treatment of advanced PTC still not clear. With more studies

focused on TME, we ensure the interactions between TME and

tumor based on L/R pairs are strongly associated with the

progression of tumor. More and more therapies targeting L/R

pairs have been applied on advanced tumors. However, quite a

few studies focused on L/R pairs was performed in PTC. Thus, it

is interesting and necessary to explore L/R pairs to provide

individualized and precise treatment for PTC, particularly

advanced PTC. In our study, the L/R pair: CADM1-CADM1

was screened through scRNA-seq, bulk RNA-seq and differential

analysis. We found it might be used to be a biomarker to assess

the prognosis of PTC and a therapeutic target for advanced PTC.
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CADM1-CADM1 mainly distributed in malignant-

malignant, malignant-thyrocytes, thyrocytes-malignant. The

GO enrichment results showed CC was mainly enriched in

‘collagen-containing extracellular matrix’, ‘receptor complex’,

and ‘extracellular matrix’. Previous studies have shown

CADM1, a member of the IgSF and expressed in the

cytoplasm and cell membrane (21, 29). CADM1 is a single-

pass, type 1 membrane protein composed of three extracellular

immunoglobulin-like domains, a single transmembrane region,

and a short carboxyl terminal intracellular tail (30), which is

consistent with the result of GO enrichment analysis. Besides,

our result identified that CADM1-CADM1 could assess the

prognosis of PTC, the high expression of which would bring a

long survival time. In the meanwhile, our results showed that the

high expression of CADM1-CADM1 could inhibit the invasion

of primary tumor but also showed that it would increase the

metastasis of LNM. Given that LNM is a complex process that

the mechanism is unclear, we thought LNMmight be influenced

by other factors. Interestingly, the BP terms in GO enrichment

analysis enriched in ‘blood vessel morphogenesis’, which have

been reported could be inhibited by up-regulating the expression

of CADM1 (31, 32). Some studies which focused on CADM1
FIGURE 8

The relationship between CADM1-CADM1, gender, age, stage, T stage, M stage, N stage and genes associated with apoptosis, ferroptosis,
pyroptosis and cellular senescence.
frontiersin.org

https://doi.org/10.3389/fendo.2022.969914
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


He et al. 10.3389/fendo.2022.969914
expressed in other epithelial cell tumors also support our views:

G. Zhang et al. reported that down-regulating CADM1 would

lead to the progression of breast cancer (33); X. Si et al. showed

that overexpression of CADM1 could inhibit ovarian cancer cell

proliferation and migration (34); Z. Yang et al. proved that the

down-regulation of CADM1 enhanced migration and invasion

in GC cells (35). However, for all we know, there is no previous

study focused on the relationship between CADM1-CADM1

and PTC. Our study also showed the expression of CADM1-

CADM1 could be modulated by the degree of DNA

hypermethylation in PTC, which increased the possibility to

become a practical clinical biomarker for PTC. Some studies

show that CADM1 could be used as a biomarker for cervical

lesions and malignant melanoma (36, 37).
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Furthermore, CADM1-CADM1 regulated many pathways

associated with the tumor cell proliferation, metastasis and

death. The GO analysis results revealed that CADM1-CADM1

was connected with ‘Ras guanyl-nucleotide exchange factor

activity’ in MF. Ras guanyl-nucleotide exchange factor

activates the conversion of inactive RAS-GDP to active RAS-

GTP, which leads to the activation of MAPK signaling pathway

and PI3K-Akt signaling pathway (38). The PI3K-Akt signaling

pathway can suppresses the Bax activation-induced apoptosis by

promoting HK-2 translocation to mitochondria (39). The

activation of MAPK signaling pathway would lead to tumor

proliferation, metastasis. Ras guanyl-nucleotide exchange factor

can also activate Rap 1, which can increase cell viability and cell–

matrix adhesion (40) and inhibit apoptosis by suppressing
B C

D E F

G H I

A

FIGURE 9

Comparison of targeted drug sensitivity in high CADM1-CADM1 group and low CADM1-CADM1 group. (****P < 0.0001, ***P < 0.001, *P < 0.05).
(A) Comparison of the sensitivity of Erlotinib. (B) Comparison of the sensitivity of MG-132. (C) Comparison of the sensitivity of AZ628. (D)
Comparison of the sensitivity of Sorafenib. (E) Comparison of the sensitivity of Saracatinib. (F) Comparison of the sensitivity of Dasatinib. (G)
Comparison of the sensitivity of Parthenolide. (H) Comparison of the sensitivity of Bortezomib. (I) Comparison of the sensitivity of Shikonin.
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tumor necrosis factor-a induced-reactive oxygen species (ROS)

production (39). Thus, we thought that the high expression of

CADM1-CADM1 would downregulate the activation of Ras

guanyl-nucleotide exchange factor, so as to suppress the

progression of PTC. Meanwhile, H. et al. reported the

downregulation of CADM1 was able to activate the P44/42
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MAPK signaling pathway associated with cell proliferation,

migration and invasion (41), and CADM1 acts as an inhibitor

of the RAS-RAF-MEK1/2-ERK1/2 pathway to inhibit the EMT

in melanoma (42),which are consistent with our thought.

However, some studies expound that the activity of MAPK

signaling pathway can active ferroptosis (43, 44), which can
FIGURE 10

The differential expression of CADM1-CADM1 between tumor tissues and normal tissues in pan-cancer (****P < 0.0001, ***P < 0.001, **P <
0.01, *P < 0.05).
B C
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FIGURE 11

The expression of CADM1-CADM1 in PTC cell lines. (A) The different expression of CADM1 in N3, K1, BAPAP, TPC1 and IHH4 cell lines. (B)
Results of immunofluorescence staining of IHH4 cells, which were mainly located in cytoplasm and a little in nucleus. (C) Results of
immunofluorescence staining of TPC1 cells, which were also mainly located in cytoplasm and a little in nucleus. (D–I) Overexpression of
CADM1 in IHH4 cell lines by pEGFP-C1-CADM1 transfection inhibits cell migration. D, Blank control (IHH4) (×200). E, pEGFP-C1 (NC) (×200). F,
pEGFP-C1-CADM1 (CADM1) (×200). (G–I) Overexpression of CADM1 in TPC1 cell lines by pEGFP-C1-CADM1 transfection inhibits cell migration.
G, Blank control (TPC1) (×200).H, pEGFP-C1 (NC) (×200). I, pEGFP-C1-CADM1 (CADM1) (×200).
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kill tumor cells and suppress tumor growth. This is inconsistent

with our thought. Besides MAPK signaling pathway, Murakami

et al. demonstrated that trans-homophilic interactions, mediated

by CADM1, activated the PI3K pathway to reorganize the actin

cytoskeleton and form the epithelial cell structure, which inhibit

tumor progression (23, 34), Y. Wang et al. stated overexpression

of TSLC1 downregulated the transcriptional activity of TCF4/b-
catenin and inhibited the mRNA or protein expression of Wnt

target genes cyclinD1 and c-myc, which could suppress tumor

cell migration, invasion, apoptosis (45). Taken together, the

pathways regulated by CADM1-CADM1 are complex and they

are important for the tumor biological behaviors: proliferate,

death, invasion and metastasize, which inhibit the progression of

tumor totally.

In our study, we identified that the expression of CADM1-

CADM1 in PTC can increase the sensitivity of many targeted

drugs. Related researches showed that failure to up-regulate

CADM1 in response to chemotherapeutic drugs may

contribute to therapy resistance in AML (46) and CADM1

sensitizes tongue cancer cells to chemotherapy (47). Given

conclusion above and our results, up-regulating the expression

of CADM1-CADM1 in PTC would be beneficial to targeted

therapies in advanced PTC. The expression of CADM1-CADM1

was down-regulated by DNA hypermethylation. Meanwhile, the

KEGG enrichment analysis only enriched in one pathway:

microRNA in cancer. The microRNA in cancer can strongly

modulate cell circle, programmed cell death, invasion and

metastasis (48), which is due to deregulated in tumor.

MicroRNA itself chromosomal abnormality can lead to

deregulation. Apart from this, hypermethylation of CpG

islands in promoter regions results in heritable transcriptional

silencing of tumor-suppressor genes in many cancers through

repressing miRNAs (48). Therefore, inhibiting DNA

methylation and modulating associated miRNAs are useful for

up-regulating the expression of CADM1-CADM1 in PTC. At

present, large number of DNMT inhibitor candidates which can

inhibit DNA methylation are in the developmental pipeline and

some are currently in clinical trials (49). Although there is no

study on increasing the expression of CADM1 through

regulating associated miRNAs in PTC up to now, there are

some studies on other cancers: inhibiting microRNA-1246 can

increase the expression of CADM1 in hepatocellular carcinoma

(50); upregulating miR-486 can downregulate CADM1

expression in Ovarian Cancer (51); miR-155-3p could

downregulate expression of CADM1 in breast cancer (33).

Thus, more researches are needed to explore related miRNAs

in PTC. In addition, the way that CADM1 performs functions is

combined to the CADM1 receptor, thus, mimicking CADM1

acting the CADM1 receptor may be useful to increase the

sensitivity of many targeted drugs. What’s more, the prognosis

and survival rate of cancer patients remain unsatisfactory due to

drug resistance, side effects, and other problems (52), the

differential expression of CADM1-CADM1 in pan-cancer may
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provide new viewpoints for personalized treatment strategies

of cancer.

Although we identified the L/R pair: CADM1-CADM1

could be a biomarker for the prognosis and treatment of PTC,

there are several limitations existed in the current study. In order

to further ensure the prognostic value of CADM1-CADM1,

more prospective studies are required. The pathways regulated

by CADM1-CADM1 should be proven in vitro experiments.

What’s more important, targeted therapies on CADM1-CADM1

should be further explored.
5 Conclusion

In summary, we first proposed the L/R pair: CADM1-

CADM1 played an essential role in the progression of PTC,

which can be used to assess the prognosis of PTC. It is worth

noticing that the high expression of CADM1-CADM1 can

increase the sensitivity of many targeted drugs, which can be

helpful to alleviate drug resistance and provide a novel target for

advanced PTC.
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SUPPLEMENTARY FIGURE 1

scRNA−seq data processing. (A) The relationship between mitochondrial
genes and UMI/mRNA quantity, the relationship between UMI and mRNA

quantity; (B) The relationship between the mRNA/UMI/mitochondrial
content/rRNA content of each sample before filtering; (C) The

relationship between mRNA/UMI/mitochondrial content/rRNA content
of each sample after filtering; (D) The sample distribution map of PCA

dimensionality reduction and the anchor point map of PCA.
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SUPPLEMENTARY FIGURE 2

t-SNE projection showing the expression of marker genes in 9
cell clusters.

SUPPLEMENTARY FIGURE 3

Network plot diagram shows ligand-receptor pair interactions.

SUPPLEMENTARY FIGURE 4

DFI KM curve of CADM1-CADM1.

SUPPLEMENTARY FIGURE 5

PFI KM curve of CADM1-CADM1.

SUPPLEMENTARY TABLE 1

Differential analysis of 16 L/R pairs in detail.

SUPPLEMENTARY TABLE 2

Univariate Cox regression analysis of 16 L/R pairs.

SUPPLEMENTARY TABLE 3

Differential genes associated with CADM1-CADM in TCGA.

SUPPLEMENTARY TABLE 4

279 positively correlated genes and 2 negatively correlated genes.

SUPPLEMENTARY TABLE 5

The results of KEGG and GO enrichment analysis.

SUPPLEMENTARY TABLE 6

The distribution of CADM1-CADM1.
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