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Inhibition of CDH11 Activates cGAS-STING by Stimulating
Branched Chain Amino Acid Catabolism and Mitigates Lung

Metastasis of Adenoid Cystic Carcinoma

Rui-Feng Li, Shuo Liu, Qian Gao, Min Fu, Xin-Yi Sun, Mian Xiao, Xi-Yuan Ge,*

and Xin Peng*

Salivary adenoid cystic carcinoma (SACC) is an intractable malignant tumor
originates in the secretory glands and frequently metastasizes to the lungs.
Hybrid epithelial-mesenchymal transition (EMT) cells within the tumors are
correlated with augmented proliferative capacity and facilitation of lung
metastasis. Single-cell RNA sequencing and spatial transcriptomic
sequencing are employed to reveal the hybrid EMT subsets within the
vascular fibroblast microenvironment. These hybrid EMT cells exhibit a
pro-tumorigenic impact in vitro. Notably, cadherin 11 (CDH11), a specific
marker for hybrid EMT cells, may exert its regulatory role in cellular function
by interfering with branched-chain amino acids (BCAA) metabolism by
inhibiting branched-chain ketoacid dehydrogenase to activate the mammalian
target of the rapamycin pathway, thus making it a potential therapeutic target
for SACC. Furthermore, celecoxib and its derivatives are specific CDH11
inhibitors that regulate BCAA metabolism, increase reactive oxygen species
production, and subsequently activate the cyclic GMP-AMP
synthase-stimulator of the interferongene pathway (cGAS-STING). They also
inhibit lung metastasis in NOD-SCID mice in vivo. Overall, these findings
suggest a promising treatment strategy that targets hybrid EMT cells to
mitigate lung metastasis in SACC. Celecoxib may serve as a promising clinical
intervention for the treatment of lung metastases in patients with SACC.

and neck, and salivary adenoid cystic car-
cinoma (SACC) accounts for 89.8% of all
cases.l!l Tt predominantly develops in the
minor salivary glands,?! followed by the
major salivary glands, including the parotid,
submandibular gland (SMG), and sublin-
gual salivary glands.®] ACC accounts for
25.2% of all malignant salivary gland tu-
mors, making it the second most prevalent
malignancy affecting the salivary glands.[
The natural course of ACC involves a
slow growth, yet it is characterized by
high recurrence rates, perineural invasion,
and distant metastasis, particularly lung
metastasis.['*l Consequently, the overall
prognosis of ACC remains poor, with long-
term overall survival (OS) rates ranging
from 23% to 40%.°1 ACC is heterogeneous
and can be classified into three pathologi-
cal types: tubular, cribriform, and solid. The
solid subtype is associated with higher re-
lapse rates and earlier metastasis, leading
to a generally unfavorable prognosis. Re-
cent studies have further subdivided ACC
into different subtypes (ACC-I and ACC-
II) using genome sequencing techniques,
RNA sequencing (RNA-seq), and proteomic

1. Introduction

Adenoid cystic carcinoma (ACC) is an intractable malignant ep-
ithelial cancer commonly found in the salivary glands of the head

analyses.['*! However, owing to the lack of a comprehensive
understanding of the molecular mechanisms underlying ACC,
there is currently a shortfall of effective chemotherapy or tar-
geted drugs for treating refractory tumors and preventing their

R.-F. Li, S. Liu, Q. Gao, M. Fu, X.-Y. Sun, M. Xiao, X.-Y. Ge, X. Peng
Department of Oral and Maxillofacial Surgery

Peking University School and Hospital of Stomatology

Beijing 100081, P. R. China

E-mail: gexiyuan@bjmu.edu.cn; pxpengxin@263.net

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/advs.202408751
© 2024 The Author(s). Advanced Science published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/advs.202408751

Adv. Sci. 2025, 12, 2408751 2408751 (1 of 22)

R.-F. Li, S. Liu, Q. Gao, M. Fu, X.-Y. Sun, M. Xiao, X.-Y. Ge, X. Peng
Central Laboratory

Peking University School and Hospital of Stomatology

Beijing 100081, P. R. China

R.-F. Li, S. Liu, Q. Gao, M. Fu, X.-Y. Sun, M. Xiao, X.-Y. Ge, X. Peng
National Center for Stomatology

Beijing 100081, P. R. China

R.-F. Li, S. Liu, Q. Gao, M. Fu, X.-Y. Sun, M. Xiao, X.-Y. Ge, X. Peng
National Clinical Research Center for Oral Diseases

Beijing 100081, P. R. China

R.-F. Li, S. Liu, Q. Gao, M. Fu, X.-Y. Sun, M. Xiao, X.-Y. Ge, X. Peng
National Engineering Research Center of Oral Biomaterials and Digital
Medical Devices

BeiJing 100081, P. R. China

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedscience.com
mailto:gexiyuan@bjmu.edu.cn
mailto:pxpengxin@263.net
https://doi.org/10.1002/advs.202408751
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

metastasis to the lungs. Therefore, a deeper understanding of the
molecular mechanisms governing the occurrence and develop-
ment of ACC is crucial.

Lung metastasis is a critical determinant of patient prognosis.
Epithelial-mesenchymal transition (EMT) has been widely rec-
ognized as a key event in the initiation of tumor metastasis.[”]
Studies have shown that the EMT process typically remains in-
complete, resulting in cells exhibiting an intermediate state char-
acterized by both epithelial and mesenchymal traits, commonly
referred to as partial/hybrid EMT.®! Pastushenko et al. discov-
ered that lung metastasis and proliferation were significantly en-
hanced in hybrid EMT cell subtypes that predominantly exhib-
ited an epithelial cell phenotype.l'%! Therefore, the identifica-
tion and investigation of hybrid EMT cells in SACC can provide
valuable insights into the mechanisms of lung metastasis and
targeted treatment for lung metastasis.

With the advancements in transcriptome sequencing technol-
ogy, single-cell RNA sequencing (scRNA-seq) has emerged as
a powerful tool to unravel the cellular composition of tumors
at single-cell resolution and investigate both types of tumoral
heterogeneity.'>"1>] However, the lack of spatial information in
scRNA-seq hinders its ability to determine the spatial distribu-
tion in different cells. Spatial transcriptome sequencing (ST), on
the other hand, can address these technical shortcomings and
provide valuable insights into cellular location patterns. The inte-
gration of scRNA-seq and ST enables mutual complementation,
facilitating the acquisition of cellular heterogeneity and spatial
information regarding the structural localization of cells within
tissues. This is a pivotal strategy for investigating hybrid EMT
cells in SACC.

In this study, we employed a combination of scRNA-seq and
ST to elucidate the cellular composition, functional character-
istics, and spatial distribution of SACC. Owing to its high bi-
ological variability and lack of biomarkers for targeted therapy,
SACC treatment remains a significant challenge.['*7! Currently,
targeted therapy is not available in clinical practice for patients
with lung metastases. Our aim was to gain deeper insights into
the molecular mechanisms of hybrid EMT state cells by combin-
ing scRNA-seq and ST analysis and exploit their potential as ther-
apeutic targets for mitigating lung metastasis in SACC. There-
fore, we focused on elucidating the role of hybrid EMT cells in
SACC and uncovering their therapeutic targets to enhance OS
rates and improve patient quality of life.

2. Results

2.1. Infiltration of Immune Cells in Salivary adenoid cystic
carcinoma is Comparatively Diminished, Particularly in
Solid-Type SACC

To comprehensively investigate the cellular populations of SACC
and SMG, we conducted scRNA-seq on five SACC tumor tissues
with diverse histopathological types and a tumor-matched SMG
obtained for surgical resection (Figure 1A). Among the five pa-
tients with SACC included in this study, three exhibited a mixed
tubular and cribriform pattern, referred to as non-solid SACC,
whereas two presented with a solid component exceeding 30%
and were designated as solid SACC. After filtering out the low-
quality cells,!'®1 23923 non-solid SACC cells, 20469 solid SACC
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cells, and 7826 SMG cells were retained for subsequent analy-
ses. To infer cell type identities, unsupervised clustering of 52218
quality control-passed cells identified 20 clusters after data com-
bination and batch effect correction (Figure 1B).['] These clus-
ters were annotated with nine cell populations, including ep-
ithelium, fibroblasts, myeloid cells, T and NK cells, endothelial
cells, tissue stem cells, mast cells, B cells, and myoepithelioma-
like cells, using a Single R automated annotation!?®! combined
with manual identification (Figure 1C). The cell populations were
characterized based on the expression of specific marker genes,
such as EPCAM, KRT15, and KRT14, which are indicative of ep-
ithelial cells (Figure 1D,E).[1221-23]

In addition to the marker genes, the correlation between
each cluster and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enriched signaling pathways provided further support
for our accurate nomenclature. For example, Cluster 5 was de-
fined as myeloid cells enriched in antigen processing and was
presented in the KEGG enrichment analysis. Cluster 6 was iden-
tified as T and NK cells enriched in T cell receptor signal-
ing pathways and T cell differentiation-related pathways in the
KEGG enrichment analysis, while epithelial-related clusters were
enriched in adhesion junctions, various cancer signaling path-
ways, and salivary gland secretion (Figures S1-S3, Supporting
Information).

To investigate the differential gene expression within the same
cell population across SACC types and to provide a novel an-
alytical perspective for understanding the relationship between
mRNA changes and diverse phenotypes, we conducted a com-
parative analysis of the distributed populations. Consequently,
we identified genes that exhibited significant differences between
pathological subtypes of the same cell population. Our analy-
sis revealed that epithelial cells and fibroblasts were the primary
sources of DEG across diverse histopathological classifications
(Figure 1F). Therefore, our subsequent experimental studies fo-
cused on investigating the characteristics of epithelial cells.

SACC exhibited cellular heterogeneity, with a diverse composi-
tion of cells that varied between the different groups (Figure 1G),
reflecting the heterogeneity among the different pathological
types of SACC. This observation underscores the intratumoral
heterogeneity inherent in various SACC pathological subtypes
and provides a comprehensive tumor microenvironment land-
scape for SACC characterization. We found that the infiltration
of immune cells, such as NK and T cells, in SACC was compar-
atively diminished, particularly in solid-type SACC (Figure 1G).
Subsequently, we employed unsupervised clustering analysis to
reduce the dimensions of NK and T cells and assigned them
distinct names such as NK cells, helper T cells, regulatory T
cells, and effector CD8+ cells, based on cell-specific marker genes
(Figure S4A, Supporting Information). By evaluating the propor-
tion of NK and T cell subclusters, we observed a decreased pro-
portion of effector T cells, along with an increased abundance of
exhausted T cells and regulatory T cells within the tumor sam-
ples (Figure S4B, Supporting Information). Furthermore, solid
SACC exhibited a higher proportion of regulatory T cells with in-
hibitory function and a lower proportion of effector CD8 + lym-
phocytes than non-solid SACC (Figure S4B, Supporting Informa-
tion). This disparity may contribute to the unfavorable progno-
sis associated with solid SACC cases. Consequently, our findings
suggest that immune response suppression occurs in tumors,
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and that enhancing immune responses is significant for SACC
treatment.

2.2. Immune Function of SACC is Impaired at Bulk and
Single-Cell Levels

To determine the differences in single-cell genomics, we per-
formed a Copy Number Variation (CNV) analysis of the SACC
epithelia. We found 505 CNV in solid SACC and 503 CNV
in non-solid SACC (Figure 2A; and Table S1, Supporting In-
formation). There was little difference in deletions between
solid and non-solid SACC, with most deletions concentrated
on chromosomes 4, 20, and 21. However, significant differ-
ences were observed in the CNV amplification. The amplifica-
tion of MYB, which is essential for the occurrence and pro-
gression of SACC, was detected on chromosome 6 in non-
solid ACC, without notable changes in solid SACC. This con-
trasts with the findings of Xu et al,!**! who indicated that
changes in MYB significantly contribute to the pathogenesis
of SACC. In this study, the CNV of MYB appeared to have a
minimal impact on MYB gene function. The CNV alterations
of Notch1-3 on chromosome 19 were observed in solid SACC;
both deletion and amplification of Notchl occurred, whereas
only amplification of Notch2 and Notch3 occurred. Notch is
considered a key factor in cell proliferation and survival in
SACC.1220]

To further investigate the occurrence and developmental
mechanisms of SACC, we conducted a comprehensive explo-
ration of the significant DEGs between SMG and SACC at both
the bulk and single-cell levels. Utilizing the DEGs between SMG
and SACC at the bulk level, we performed Gene Set Enrich-
ment Analysis (GSEA) to identify diverse biological processes
and function-related pathways between the two. The GSEA re-
vealed that SMG exhibited an enrichment of pathways associated
with both innate and acquired immunity, which were suppressed
in SACC, including immunoglobulin receptor binding, phagocy-
tosis, type I interferon receptor binding, B cell-mediated immu-
nity, and acute inflammatory response (Figure 2B). Subsequently,
GSVA analysis was performed at the single-cell level in epithelial
cells, which revealed that solid epithelial cells had a higher degree
of EMT compared to non-solid epithelial cells (Figure 2C). Since
EMT is a crucial event in cancer invasion and metastasis,?’] we
postulated that EMT may also play a significant role in SACC, es-
pecially solid SACC. This finding is consistent with the observa-
tion of enhanced metastatic characteristics within the solid SACC
subtype.l?8] Furthermore, we performed GSEA of epithelial and
immune-related cells at the single-cell level to elucidate their
functions. The GSEA of epithelial cells revealed that pathways
related to innate and acquired immunity were enriched in SMG

www.advancedscience.com

epithelial cells (Figure 2D). The EMT-related pathways, including
negative regulation of epithelial cell differentiation and positive
regulation of EMT, were enriched in SACC epithelial cells. Ad-
ditionally, negative regulation of anoikis and positive regulation
of transforming growth factor beta production were enriched in
the SACC epithelial cells (Figure 2E). In the GSEA of immune-
related cells, including myeloid cells, mast cells, B cells, NK cells,
and T cells, pathways related to both innate and acquired immu-
nity were significantly activated within the immune-related cells
of the SMG (Figure 2F,G). This suggests that the innate and ac-
quired immunity of epithelial cells and immune-related cells are
suppressed in SACC. In summary, it can be inferred that SACC
exhibits immunosuppression and EMT, with the EMT more pro-
nounced in solid SACC.

2.3. Hybrid Epithelial-Mesenchymal Transtition (EMT) State Cells
Reside in the Vascular-Fibroblast Microenvironment and are
Pro-Tumorigenic

SACCis an epithelial tumor in which the epithelial cells comprise
the principal cellular component,?! accounting for 62% of the
total cell population. Further exploration of SACC at the single-
cell level will aid in deciphering the biological features that con-
tribute to the propensity of SACC to metastasize and invade, ul-
timately fostering the development of novel treatment strategies
and improving the prognosis. To delineate functional disparities
among epithelial subclusters, we further reduced the epithelium
in dimension clustering, resulting in 18 distinct Clusters, which
were designated as 11 cell types (Figure 3A; Figure S4C and D)
based on the specific gene expression profiles of each cell type
(Figure 3D). In the SACC epithelium, we identified a cell sub-
population displaying an intermediate state of EMT called the
VIMPeh hybrid EMT, which encompassed Clusters 0, 1, 15, and
16. This subpopulation highly expressed both the mesenchymal
marker and the epithelial marker (Figures 1D and 3D,E). Hybrid
EMT cells are closely associated with lung metastasis and tumor
cell proliferation. As there was a higher proportion of VIMPbieh
EMT cells in the solid SACC (Figure 3B), we postulated that the
elevated proportion of VIMP€" hybrid EMT cells could be associ-
ated with the propensity for invasion and metastasis to the lungs.

In summary, Clusters 0, 1, 15, and 16 displayed similar over-
all characteristics and were located within the hybrid EMT. An
analysis of the degree of malignancy by copy number alteration
revealed a highly malignant state (Figure S4E, Supporting Infor-
mation), whereas the cell cycle analysis indicated moderate pro-
liferative activity (Figure S4G, Supporting Information). In this
study, we observed that among the six classical transcription fac-
tors regulating the EMT process, only ZEB1, Snail2, and Twist1
demonstrated notably augmented expression in VIMM&" hybrid

Figure 1. The infiltration of immune cells in SACC is comparatively diminished, particularly in solid-type SACC. A) Uniform manifold approximation and
projection (UMAP) analysis was performed on scRNA-seq data from both SMG and SACC, with cells labeled by patient sample and histological type. The
analysis included 23923 non-solid SACC cells, 20469 solid SACC cells, and 7826 SMG cells. B) UMAP of scRNA-seq cells recovered from both SMG and
SACC labeled by cluster. Twenty clusters were identified after data combination and batch-effect correction. C) UMAP of scRNA-seq cells recovered from
both SMG and SACC cells labeled by cell type. Twenty clusters were annotated with nine cell populations. D) Dot plot showing marker gene distributions
across nine cell populations. E) Violin plots showing smoothed expression distribution of marker genes in nine cell populations. F) The number of
differentially expressed genes (DEG) between groups within the same cell type. The quantification of differentially expressed genes within the same cell
populations across distinct histological groups. G) The cell numbers and percentage frequencies of cell populations in scRNA-seq data among different
groups.
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EMT cells compared to other epithelial cells. This suggests that
ZEB1, Snail2, and Twist1 play crucial roles as transcriptional reg-
ulators in VIM"e! hybrid EMT cells (Figure 3C). Additionally, we
analyzed the high-abundance regulons in hybrid EMT cells and
found that HMGN3, CEBPB, and JUN may play important reg-
ulatory roles (Figure S4F, Supporting Information). We also an-
alyzed the expression of specific genes in the hybrid EMT cells
and found that PDGFRA, ITGA2, and CDH11 were specifically
expressed (Figure 3D,E).

Subsequently, GSVA was applied to the 11 epithelial cell
subsets. Within the hallmark gene sets, the EMT scores of
the VIM"e" hybrid EMT exceeded those of most epithelial
cells; however, were lower than those of myoepithelial cells
(Figure 4A). Previous studies demonstrated that myoepithelial
cells exhibit a predilection for mesenchymal cells, distinguish-
ing them from unique cells within gland tumors. For the first
time at the single-cell level, we identified a subset of epithe-
lial cells characterized by EMT, which is crucial for SACC inva-
sion and metastasis. In addition, we performed GSEA on epithe-
lial cells and observed that VIMPMeh hybrid EMT cells exhibited
a higher propensity for mesenchymal characteristics, but neg-
atively regulated epithelial cell differentiation and development
(Figure 4B).

To delineate the spatial localization of VIM"¢" hybrid EMT
cells, we conducted spatial transcriptome analysis of the four
samples. Our findings revealed that epithelial cells constituted
the predominant cellular component of the tumor, which was
consistent with previous single-cell data (Figure 4C). Spatial lo-
calization revealed that VIMPMe? hybrid EMT cells colocalized
with endothelial cells and fibroblasts, suggesting their pres-
ence within a microenvironment characterized by vascular fi-
brosis (Figure 4D). Furthermore, we observed that VIMM&" hy-
brid EMT cells were located around the invaded nerves, indi-
cating their potential involvement in tumor invasion into the
nerves (Figure 4D). Additionally, we conducted a cell cycle anal-
ysis, which indicated a high level of proliferative activity in the
hybrid EMT cells (Figure 4E).

To isolate VIM"&" hybrid EMT cells for in vitro functional stud-
ies, we sorted epithelial cells using specific surface markers called
PDGFRa and ITGA2. We observed that PDGFRa+ and ITGA2+
cells demonstrated enhanced colony formation, migration, inva-
sion, proliferation, and anoikis resistance compared with others
(Figure 4F—J; Figure S2F-I, Supporting Information). This fur-
ther confirmed that the hybrid EMT cells were pro-tumorigenic.
Consequently, a targeted hybrid EMT cell therapy holds
promise for delaying SACC progression and mitigating lung
metastasis.

www.advancedscience.com

2.4. Cadherin 11 (CDH11) Modulates the Function of Hybrid
EMT Cells

To identify the therapeutic targets for hybrid EMT cells, we
screened for marker molecules specifically expressed in hybrid
EMT cells and found that cadherin 11 (CDH11) was highly ex-
pressed (Figure 5A; Figure S4A, Supporting Information). To elu-
cidate the relationship between CDH11 expression and progno-
sis in SACC, we assessed the mRNA levels of CDH11 in 120
patients. Our findings indicate that higher levels of CDH11 are
associated with poorer outcomes, whereas lower expression cor-
relates with a more favorable prognosis in SACC (Figure S4B,
Supporting Information). Therefore, further investigations into
the role of CDH11 may enhance our understanding of its mech-
anism of action in SACC and ultimately improve the progno-
sis of patients with SACC. Then, we assessed the suitability of
CDH11 as a potential therapeutic target for SACC and observed
its robust expression in SACC, specifically in hybrid EMT cells
and cancer-associated fibroblasts (CAFs) (Figure S4C-E, Sup-
porting Information). The CAFs have been implicated in tumor
development,* and CDH11 may be a promising therapeutic tar-
get for both hybrid EMT cells and CAFs. To validate the functional
role of CDH11 in SACC, we performed CDH11 knockdown, re-
sulting in the inhibition of proliferation, resistance to anoikis,
and migration and invasion of SACC-83 cells. However, the over-
expression of CDH11 in SACC-83 cells led to increased prolif-
eration, migration, and invasion (Figure 5B-I). The RNA-seq of
CDH11-overexpressing SACC-83 cells revealed enrichment of
the positive regulation of cell migration in Gene Ontology (GO)
analysis (Figure 5],K).

In addition to its role as an effector molecule, CDH11 exerts
regulatory effects on tumor cell function through alternative sig-
naling pathways. We employed a co-immunoprecipitation assay
coupled with mass spectrometry to identify potential interact-
ing molecules of CDH11 (Figure S3E,F, Supporting Informa-
tion). Our findings reveal a novel interaction between CDH11
and the branched-chain ketoacid dehydrogenase (BCKDH) com-
plex (Figure 6A; Figure S4F,G, Supporting Information). The
BCKDH complex is a rate-limiting enzyme in branched-chain
amino acid (BCAA) metabolism and comprises three subunits:
BCKDHA, BCKDHB, and DBT. This complex is activated or in-
activated by the dephosphorylation or phosphorylation of BCK-
DHA, respectively.?!] The BCAAs are metabolized by a cascade
of enzymes into a-keto acids, which are ultimately catabolized
by BCKDH to generate acetyl-CoA and succinyl-CoA (R-CoA),
that enter the tricarboxylic acid cycle (TAC).?" Our findings sug-
gested that CDH11 plays a regulatory role in BCAA catabolism.

Figure 2. The immune function of SACC is impaired at bulk and single-cell levels. A) CNV profiles inferred from scRNA-seq of epithelial cells. Epithelial
cells of SMG serve as a reference. B) Representative Gene Set Enrichment Analysis-Gene Ontology (GSEA-GO) enrichment pathways in DEG between
SMG and SACC at the bulk level (nominal P-value < 0.05, false discovery rate [FDR] < 0.1, sorted by the absolute value of normalized enrichment
score (NES)). C) Heatmap showing Gene Set Variation Analysis (GSVA) results exploring the functional roles of different groups of epithelial cells. D,E)
Representative GSEA-GO enrichment pathways in differentially expressed genes of epithelial cells between SMG and SACC at a single-cell level (nominal
P-value < 0.05, FDR < 0.1, sorted by the absolute value of NES). F) Representative GSEA-GO enrichment pathways in DEG of immune cells between
SMG and SACC at a single-cell level (nominal P-value < 0.05, FDR < 0.1, sorted by the absolute value of NES). G) Representative Gene Set Enrichment
Analysis-Kyoto Encyclopedia of Genes and Genomes (GSEA-KEGG) enrichment pathways in differentially expressed genes of immune cells between
SMG and SACC at a single-cell level (nominal P-value < 0.05, FDR < 0.1, sorted by the absolute value of NES).
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Figure 3. Hybrid EMT cells are characterized by the upregulation of the gene expressions of PDGFRA, ITGA2, and CDH11. A) TheUMAP of epithelial
subpopulations from both SMG and SACC labeled by cell type. The cell populations enclosed by dotted lines are hybrid EMT state cells. B) The cell
number and percentage frequency of epithelial subpopulations in the scRNA-seq data among different groups. C) The heatmap displays the expression
levels of classical transcription factors that regulate EMT across different epithelial subpopulations. ZEB1, TWIST1, and SNAIT have specific expression
levels within the hybrid EMT state cell population. D) Dot plot showing marker gene distributions across the different epithelial subpopulations. E)
Violin plot showing the expression of marker genes during hybrid EMT state cells, with PDGFRA, ITGA2, and CDH11 highly expressed in hybrid EMT

state cells.

The phosphorylation of BCKDHA was elevated in CDH11-
overexpressed SACC-83 cells, indicating that BCKDHA was in-
active (Figure 6B,C). Subsequently, the metabolism of BCAAs
was assessed after 24 h of culture using a BCAA detection kit.
We observed no significant change in the extracellular concen-
tration of BCAAs after 24 h, however, there was a decrease in
BCAA consumption per million cells and a increase in intracel-

Adv. Sci. 2025, 12, 2408751 2408751 (7 of 22)

lular BCAA storage per million cells in CDH11-overexpressed
SACC-83 cells compared to the control group after 24 h. Con-
versely, CDH11-knockdown SACC-83 cells exhibited an inverse
trend. This suggests that CDH11 does not affect the cellular up-
take of BCAAs but rather influences their catabolism by binding
to the BCKDH complex, ultimately leading to reduced R-CoA and
increased intracellular BCAAs, which exert regulatory effects on
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cell functions through alternative pathways (Figure 6D-F). Previ-
ous studies have reported the potential impact of BCAAs on the
proliferation, migration, and invasion of tumor cells via the mam-
malian target of the rapamycin (mTOR) pathway.*233] Through
the RNA-seq of SACC-83 cells overexpressing CDH11, we ob-
served a significant upregulation of RNF152 and ATP6V1BI,
which are responsible for sensing BCAAs and regulating mTOR
complex 1 in the mTOR pathway (Figure 6G). Conversely, down-
regulation of TNF was observed (Figure 6G). mTOR activation
enhances the expression of EMT-related transcription factors.
The transcription factors TWIST1, SNAI2, and ZEB1 were found
to exhibit high expression levels in CDH11-overexpressing cells,
which regulated hybrid EMT cells, accompanied by the upreg-
ulation of EMT-related mRNA. In contrast, the knockdown of
CDH11 resulted in downregulation of the transcription factors
SNAI2 and ZEB1, along with decreased expression levels of EMT-
related mRNA (Figure 6H,I). Therefore, we propose that CDH11
disrupts BCAA metabolism through BCKDH, hindering BCAA
catabolism and the subsequent activation of the mTOR pathway.
Ultimately, this regulatory cascade modulates EMT via SNAI2
and ZEB1. However, a comprehensive understanding of the pre-
cise mechanisms underlying SACC remains elusive and war-
rants further investigation.

2.5. Celecoxib (CXB) Inhibits Lung Metastasis of SACC by
Targeting CDH11 and Activating the Cyclic GMP-AMP
Synthase-Stimulator of Interferon Genes Pathway through
Reactive Oxygen Species (ROS)

We conducted a comprehensive literature review to identify the
targeted therapeutic drugs for CDH11. A previous study demon-
strated the potential of CXB, a non-steroidal anti-inflammatory
drug, to bind and inhibit CDH11, thereby effectively suppress-
ing the cell invasion and migration.**¢] However, it is important
to note that CXB is primarily utilized as an anti-Cyclooxygenase-
2 (COX-2) agent in cancer treatment. Thus, further investiga-
tion is required to determine its efficacy in inhibiting CDH11
for tumor treatment. In contrast, DMC, a derivative of CXB,
specifically targets and inhibits CDH11 without affecting COX-
2 activity.l’”! Another CXB derivative, SD-133, was identified as a
binding inhibitor for CDH11.3¢! To evaluate the binding affinity
of these compounds for CDH11, we conducted a cellular thermal
shift assay using SACC-83 cells treated with median inhibitory
concentration (ICs,) concentrations. All three compounds exhib-
ited significant binding capability toward CDH11 (Figure 7A;
Figure S5H, Supporting Information). Surface plasmon reso-
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nance (SPR) was used to further validate the binding affinity be-
tween the drugs and CDH11. The KD of CXB, DMC, and SD-
133 interacting with the CDH11 protein were 4.67e-06, 1.09¢-05,
and 2.74e-05 M, respectively (Figure 6]; Figure S6A, Supporting
Information). Notably, all the three drugs exhibited strong bind-
ing affinities for CDH11. Additionally, a molecular docking anal-
ysis of the protein-small-molecule drug demonstrated that the
three drugs exhibited a strong structural stability within the ac-
tive pocket region of the protein, binding to CDH11 through co-
valent and hydrogen bonds (Figure 7B; Figure S6B,C, Supporting
Information). In summary, these experiments provided evidence
supporting the binding of celecoxib and its derivatives to CDH11.
The IC,, values of CXB, DMC, and SD-133 were 98.75, 55.01, and
12.14 uwM, respectively (Figure 7C-E). Furthermore, these drugs
induced apoptosis in tumor cells and effectively suppressed the
tumor cell invasion and migration (Figure 7F); cellular BCAA
were significantly reduced after drug treatment (Figure 7G). Sub-
sequently, RNA-seq was performed on cells treated with SD133.
The GO analysis revealed that SD133 treatment led to the en-
richment of innate immunity and type I interferon production
pathways (Figure 7H). The cGAS-STING pathway functions as a
direct upstream regulatory factor that governs type I interferon
production.3®] Therefore, we investigated the effect of drug treat-
ment on the cGAS-STING pathway activation and found that it
was activated by CXB, DMC, and SD-133 (Figure 7I).

After treatment with CXB, DMC, or SD-133, the cellular BCAA
content decreased, thereby substantiating the partial correction
of BCAA metabolic disorders, and facilitating the normal entry
of metabolites into the TAC. Consequently, we postulated a po-
tential association between the activation of the cGAS-STING
pathway and ROS generation during metabolism. The involve-
ment of BCAA metabolites in TAC metabolism has been exten-
sively studied. Therefore, our investigation focused on elucidat-
ing the generation of ROS within the TAC because its elevation in
these species directly contributes to the production of free DNA
fragments. Flow cytometry analysis revealed that treatment with
CXB, DMC, or SD133 enhanced the ROS generation (Figure 7J).
After staining cytoplasmic-free dsDNA with PicoGreen, a sig-
nificant increase was observed following treatment with CXB,
DMC, and SD-133 compared to that in the untreated group
(Figure 7K,L). Comet assays also revealed that the drug treatment
significantly increased the comet tail DNA compared to that in
the untreated group (Figure 7M; Figure S5I, Supporting Infor-
mation). Therefore, we proposed that CDH11 regulates BCAA
metabolism to modulate ROS generation, thereby regulating the
cGAS-STING pathway. The administration of CXB, DMC, or

Figure 4. Hybrid EMT state cells reside in the vascular-fibrous microenvironment and exhibit a pro-tumorigenic impact. A) Enrichment scores of
gene sets linked to immunoactivation, immunosuppression, and EMT across distinct epithelial subpopulations. B) The heatmap showing GSVA
across different epithelial subpopulations. C) The spatial distribution score of epithelial cells in the four tumor samples: a higher score indicates
a greater likelihood that the region is composed of epithelial cells. D) The top illustration depicts the composition and proportion of ST se-
quencing cell types and epithelial subsets. The bottom illustration demonstrates the composition and proportion of epithelial subsets surround-
ing the nerve invaded by the tumor, with a white triangle indicating the location of the nerve. E) The cell cycle analysis shows the percentage of
cells in different cell cycle states of epithelial subpopulations. F) Hybrid EMT cells sorted using flow cytometry and cultured for 0, 24, 48, and
72 h. The cell proliferation was assessed with the CCK-8 assay to calculate the relative rate. Mean + standard error of the mean (SEM) is shown,
*P < 0.05 using one-way analysis of variance (ANOVA). G) Results of the clone formation experiment, which documented colonies consisting of a min-
imum of 50 cells. Mean + SEM is shown, *P < 0.05 using one-way ANOVA. H,|) Transwell assays performed to assess the cell migration and invasion:
the number increases during the migration and invasion of hybrid EMT cells. Mean + SEM is shown, *P < 0.05 using one-way ANOVA. |) Hybrid EMT
cells sorted using flow cytometry after they were cultured in low-adhesion culture dishes, harvested after 48 h, and labeled with Annexin V-FITC and
Propidium lodide (PI).
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SD-133 can cause BCAAs to undergo normal metabolism into
TAC, resulting in elevated ROS production and cytoplasmic free
DNA generation, which trigger the activation of the cGAS-STING
pathway.

Based on these experimental results, we propose that CXB,
DMC, and SD-133 possess the potential to activate the cGAS-
STING pathway through the inhibition of CDH11. Furthermore,
our results suggested a plausible association between CDH11
and cGAS-STING pathway. The ROS production and activation
of the cGAS-STING pathway were investigated in SACC-83 cells
with CDH11 knockdown or overexpression. Flow cytometry
revealed that CDH11 knockdown upregulated the ROS produc-
tion in SACC cells, whereas CDH11 overexpression decreased
the mitochondrial activity (Figure 8A,F). In CDH11-knockdown
cells, enhanced cytoplasmic dsDNA staining, increased comet
tail DNA, and activation of the cGAS-STING pathway were
observed, resulting in increased downstream INFB1 produc-
tion (Figure 8B-E,I; Figure S5I, Supporting Information). In
contrast, the comet assay performed for SACC cells overexpress-
ing CDH11 showed no noticeable changes in the cytoplasmic
dsDNA; however, displayed an inhibition of the cGAS-STING
pathway, resulting in a decrease in downstream INFB1 produc-
tion (Figure 8G-I; Figure S5I, Supporting Information). In the
context of the normal metabolic pathway of BCAA, a reduction
in cellular ROS production and dsDNA levels was observed
upon culturing in BCAA-deprived medium, resulting in the
inhibition of the cGAS-STING pathway (Figure 8]-M; Figure
S51, Supporting Information).

Therefore, we proposed that CDH11 regulates BCAA
metabolism to modulate ROS generation, thereby regulat-
ing the cGAS-STING pathway. The knockdown of CDH11 or
administration of CXB, DMC, and SD-133 can cause BCAAs
to undergo normal metabolism into TAC, resulting in elevated
ROS production and cytoplasmic-free dsDNA generation, which
trigger the activation of the cGAS-STING pathway.

2.6. CXB, Dimethylcelecoxib, or SD-133 Treatments Inhibited
Lung Metastasis of SACC in NOD-SCID Mice

In vivo, NOD-SCID mice were intravenously injected with SACC-
83 cells to establish a pulmonary metastasis model, and the three
drugs were administered concurrently (Figure 9A). After 8 weeks
of treatment, the mice were euthanized, and a significant reduc-
tion in the number of surface nodules on the lung metastases
was observed. Mice treated with CXB, DMC, or SD133 exhib-
ited significantly fewer surface nodules than the control group
(Figure 9B,C). Hematoxylin-eosin staining (H&E) staining of the

www.advancedscience.com

collected lung tissue also revealed a markedly reduced tumor
nodule area in the treated group compared to that in the con-
trol group (Figure 9D,E). These results indicate that all the three
drugs effectively suppressed the lung metastasis in SACC, al-
though no significant differences were observed. To evaluate the
cytotoxicity of the three drugs, H&E staining was performed to
specifically target the heart, liver, spleen, and kidneys. The re-
sults demonstrated that a normal morphology was observed in
both the treatment and control groups (Figure S6D, Supporting
Information). Although DMC and SD-133 did not inhibit COX-2,
they bound to CDH11 and effectively inhibited lung metastasis.
Consequently, targeting CDH11 holds a great promise for drug
therapy, as it can significantly suppress the tumor lung metasta-
sis. CXB exhibits the dual inhibition of COX-2 and CDH11, and
clinical trials have demonstrated favorable biological safety pro-
files. Consequently, CXB has emerged as a promising therapeu-
tic option for tumor treatment; however, further investigation is
warranted to determine its optimal dosage.

We further employed Iimmunohistochemical staining was
employed to examine immune system activation and detect the
production of interferon beta (IFN-g) in lung metastatic tumors
of NOD-SCID mice after drug treatment, as IFN-g is a down-
stream product activated following cGAS-STING activation. We
observed a significantly higher number of cells exhibiting posi-
tive expression of IFN-f after treatment compared to the control
group (Figure 9E). This finding is consistent with our previous ex-
perimental results; inhibition of CDH11 in SACC cell lines also
led to the activation of the IFN-§ production pathway. To repli-
cate the antitumor immune microenvironment, monocytes (in-
cluding mononuclear macrophages and lymphocytes) were iso-
lated from the peripheral blood of healthy individuals and co-
cultured with tumor cells treated with CXB, DMC or SD-133. The
lymphocytes present in the supernatant were collected for anal-
ysis. The proportions of CD8+Perforin+ and CD8+Granzyme
B+ T cells within the CD8+ population were assessed to mon-
itor changes in cytotoxic T cell proportions after drug treatment
(Figure S6E, Supporting Information). Remarkably, the propor-
tion of cytotoxic T cells after co-culture with treated SACC-83
cells was significantly higher than that observed in the control
group (Figure 9H-K). The experimental results demonstrate that
a successful activation of immune responses occurs following
CDH11 inhibition-mediated cGAS-STING activation, in which
IFN-p plays a crucial role in stimulating tumor-specific T cell re-
sponse and may act as a mediator between the CDH11 inhibitor
and activation of immune responses.

Collectively, we discovered that CXB and its derivatives pos-
sess the ability to enhance ROS production by inhibiting CDH11

Figure 5. CDH11 acts as a biomarker for hybrid EMT state cells, playing a crucial role in promoting cell proliferation, migration, invasion, and anoikis
resistance. A) The UMAP shows the expression distribution of CDH11 in epithelial cells, and CDH11 is highly expressed in hybrid EMT state cells. B)
Efficiency of CDH11 overexpressed or knocked down by a plasmid or small interfering RNA (siRNA) in SACC-83 cells measured on western blotting.
C,D) CDH11-overexpressed SACC-83 cells analyzed for their migration and invasion ability using transwell assays. The number of migrated and invaded
cells was counted (n = 3, *P < 0.05). Scale bar, 200 um, Mean + SEM is shown, *P < 0.05 using t test. E,F) CDH11-overexpressed or -knockdown
SACC-83 cells cultured for 0, 24, 48, and 72 h, and cell proliferation determined using the CCK-8 assay. Mean + SEM is shown, *P < 0.05 using t test.
G,H) CDH11-knockdown SACC-83 cells analyzed for their migration and invasion ability using transwell assays. The number of migrated and invaded
cells was counted (n =3, *P < 0.05). Scale bar, 200 um, Mean + SEM is shown, *P < 0.05 using t test. I) CDH11-overexpressed or -knockdown SACC-83
cells cultured in low-adhesion culture dishes, harvested after 48 h, and labeled with Annexin V-FITC and Pl were subjected to flow cytometry. J) Volcano
plot showing differentially expressed genes in SACC-83 cells after CDH11 overexpression, as identified via RNA-seq. K) Top 10 terms of GO enrichment
pathways in SACC-83 cells after CDH11 overexpression.

Adb. Sci. 2025, 12, 2408751 2408751 (11 of 22) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

www.advancedscience.com

CDH11 110kDap-BCKDH E1a | sl - 49kDa p-BCKDH E1a 49kDa
BCKDHA 50kDa BCKDH E1a uSOkDa BCKDH E1a 50kDa
BCKDHB 37kDa CDH11 g_-_ﬁOkDa CDH11 110kDa

DBT 53kDa GAPDH I’. 36kDa  GAPDH M‘*G"Da
$ S S > £
5 I < £ 9
S IS Q9 § &
é'\l O O [¢) S
@ IS
¥
D Cell culture medium E Cells 5 F Consumption G g gzv11 =
5 E * e)
40— ns ?E) 3 201 |—|
o~ (2}
g 3 E A
£ 30+ o2 8 15
= g _S 3 genes ofmTOR sgnaing
5 e = with [Maximum log2(fc)|
€ 20 = E 109 Wabundance of Contro-SACC
= = undance of Control cell
8 é- g— abundance of CDH11- SACC cell
9D 0 e c 0.5 , log2(fc) > 0 0
§1° 2 2 alggz(tz)m bg.
O 7} =3 S ©
i 2 % 0.0- S °3}> &
2 5 S ~ T RNF152
\k‘ ~
° s g I < 150
4 ns = Tg e Gk S = Control
0 .0 ‘B
S : § 3 [ = 2 55 CDH11
S e 2 g
2304 @ o 1.5+ P
€ IS < 100 4
Q c o
- = Z =
5 20- £ Z 107 x 25
o £ E £
2 5 g 2
< 10 Q0.2 o 0.5 =
o 2 o ©
o ! = D
o S oo- £ 00- .
N @\ N
ég §¢ é\’ § g S $ CDH11 CDH1 CDH2 VIM MMP2
S 5 § g (¢] S ®
H = & c & ° &
<& & s
= B3 Confrol
£ 25 . c 1.5 c 37 =3 Control
» i a SRR 2 c Knockdown
§2°' CDH11 8 - 8
a8 g
E P 1.0 . 3
2 : : £
E & €
c € 0.5- =
2 2 =
© T ®
< ko] ©
4 ) &
e 0.0~

TWIST1 SNAI2 ZEB1

KD(M)=4.67¢-06

TWIST1 SNAI2 ZEB1

KD(M)=1.09¢-05

CDH11 CDH1 CDH2 VIM MMP2

KD(M)=2.74e-05

50 50 60+
—
~— = = 504
5 40+ S. 40 a
[4 @ =
~ = 40
® [}
Q 30 30 17
(2} g =
& o S 304
o a o
& 204 @ 20 2
0] ] & 20-
x o
104 104 104
0L . ; . 0L : ; . 0 : ; : .
0.0E+00 2.0E-05 4.0E-05 6.0E-05  0.0E+00 2.0E-05 4.0E-05 6.0E-05 O0.00E+00 2.50E-05 5.00E-05 7.50E-05 1.00E-04

Concentration (mol)

Ady. Sci. 2025, 12, 2408751

Concentration (mol)

2408751 (12 of 22)

Concentration (mol)

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

and regulating BCAAs metabolism. Consequently, this leads
to an increase in the quantity of dsDNA, activates the cGAS-
STING pathway, and effectively suppresses SACC metastasis
within the pulmonary region. IFN- released after CXB, DMC, or
SD133treatment plays a crucial role in stimulating tumor-specific
T cell response and may act as a mediator between the CDH11
inhibitor and immune response activation (Figure 9L).

3. Discussion

Currently, surgical treatment of primary tumors significantly re-
duces the mortality rate of SACC; however, lung metastasis and
the lack of effective targeted therapies remain crucial factors in-
fluencing the prognosis of patients with SACC.[3%40] Therefore,
it is essential to explore novel therapeutic strategies for reducing
lung metastasis and SACC progression. A comprehensive under-
standing of the heterogeneity of SACC and elucidation of the un-
derlying molecular mechanisms driving tumor progression are
necessary to develop effective treatment strategies. Previous stud-
ies have identified potential driver mutations and enriched sig-
naling pathways in SACC through genome and RNA-seq analy-
ses, thus providing direction for targeted chemotherapy or bio-
logical treatment of SACC.[M%]

Persson et al. demonstrated that MYB-NFIB fusion is a dis-
tinct characteristic of SACC and that the abnormal regulation of
MYB and its downstream target genes resulting from this gene
fusion plays a crucial role in the development of SACC.[*!] How-
ever, therapeutic interventions targeting MYB have not shown
satisfactory efficacy.[*?] Additionally, MYB overexpression in the
SACC cell line significantly enhances cellular proliferation, mi-
gration, and invasion capabilities, accompanied by the upregu-
lation of EMT-related molecules.?*] However, these sequencing
methods have limitations. They sequence bulk tumor tissues, re-
sulting in an average value from mixed cells and obscuring spe-
cific information about the individual cells within a population,
thereby losing cellular heterogeneity. Tumor tissues consist of di-
verse cell types, including malignant, immune, and stromal cells;
however, their precise characteristics are usually concealed using
traditional sequencing methods. Additionally, the features asso-
ciated with tumor recurrence and metastasis often rely on spe-
cific cell types that may be obscured by bulk tissue sequencing.
The combination of scRNA-seq and ST enables comprehensive
exploration of single-cell molecular characteristics in SACC, in-
cluding heterogeneity and spatial distribution.**** This integra-
tion holds great promise for identifying molecular markers at the
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single-cell level and facilitating precise tumor diagnosis, targeted
therapy, and prognosis prediction in SACC. Ultimately, this will
enhance our understanding of the molecular mechanisms under-
lying SACC and contribute to the development of personalized
tumor treatments.

The study of EMT has revealed a nuanced understanding, in-
dicating that it is not a binary occurrence but rather a continuous
and intricate series of events. Pastushenko et al. identified at least
seven distinct EMT subsets of cancer cells in skin and breast can-
cer tissues, each with unique characteristics related to growth, in-
vasion, metastasis, and differentiation.['®!!] Notably, the hybrid
EMT state plays a significant role in lung metastasis, empha-
sizing the importance of understanding tumor heterogeneity.l'!
Furthermore, Liu et al. investigated the specific EMT states of cir-
culating tumor cells crucial for cancer metastasis and suggested
that cell subtypes primarily composed of epithelial cells exhibit
stronger lung metastasis and proliferation ability. This indicates
that hybrid EMT may serve as a superior biomarker of distant
metastasis and poor prognosis in patients with breast cancer.[*’]

In this study, the single-cell profile of SACC was mapped using
scRNA-seq and hybrid EMT cells were identified for the first time
in SACC. Using ST sequencing, we found that these cells were
localized within the microenvironment of vascularfibroblasts. In
vitro experiments revealed that these cells exhibit higher prolif-
eration, migration, invasion, and anoikis resistance than other
tumor cells. CDH11 was found to have high expression levels in
hybrid EMT cells. Thus, CDH11 is a potential therapeutic target
in SACC. Studies have shown that CDH11 is widely expressed
during embryonic development, however, its expression is virtu-
ally absent in adult cells.[*) In tumor tissues, CDH11 is expressed
in CAFs and certain epithelial cells, and is associated with the
malignant phenotype of tumors.l*’~*) Therefore, a targeted ther-
apy against CDH11 could impede tumor progression without af-
fecting normal cell tissues. CDH11 not only acts as an effector
molecule but also influences tumor cell function by interfering
with BCAA metabolism and activating the mTOR pathway. CXB,
DMC, and SD-133 effectively inhibited lung metastasis in SACC
by targeting CDH11 both in vitro and in vivo. The knockdown
of CDH11 or treatment with CXB, DMC, or SD-133 can lead to
normal BCAA metabolism, resulting in the upregulation of ROS
production and cytoplasmic-free dsDNA generation, which sub-
sequently activate the cGAS-STING pathway. Additionally, cells
with high expression of the major histocompatibility complex
were observed in epithelial cells, whereas immune cells within
the tumor microenvironment were typically suppressed, posing

Figure 6. CDH11 disrupts the catabolism of BCAA leading to the activation of the mechanistic target of rapamycin pathway. A) The co-
immunoprecipitation assay demonstrates the interaction between CDH11 and BCKDHA, BCKDHB, and DBT proteins. B,C) Western blot showing
increased phosphorylation levels of BCKDHE1a in CDH 11-overexpressed SACC-83 cells. The results are reversed in CDH11-knockdown cells. D) BCAA
content in the culture medium shows no significant change after culturing SACC-83 cells with CDH11 overexpression or knockdown for 24 h. n = 3,
Mean + SEM is shown. *P < 0.05 using t test. E) BCAA content per million SACC-83 cells exhibits an increase following 24 h of CDH11-overexpressed
cell culture. The results are reversed in CDH11-knockdown cells. n = 3, Mean = SEM is shown, *P < 0.05 using ¢t test. F) BCAA consumption per mil-
lion SACC-83 cells exhibits a decrease after culturing 24 h in CDH11-overexpressed cells. The results are reversed in CDH11-knockdown cells. n = 3,
Mean + SEM is shown, *P < 0.05 using t test. G) RNA-seq analysis shows an upregulation of ATP6V1B1 and rnf152 gene expression and a downregulation
of TNF gene expression in SACC-83 cells with CDH 11 overexpression. H) Quantitative reverse transcription polymerase chain reaction (qRT-PCR) anal-
ysis shows that overexpressing CDH 11 in cells significantly increased the expression of EMT-associated transcription factors. The results are reversed in
CDH11-knockdown cells. n = 3, Mean + SEM is shown, *P < 0.05 using ¢ test. |) qRT-PCR analysis reveals a significant upregulation of EMT-associated
genes in cells overexpressing CDH11. The results are reversed in CDH11-knockdown cells. n = 3, Mean & SEM is shown, *P < 0.05 using t test. ]) The
Dissociation Constants (KD) of Celecoxib (CXB), Dimethylcelecoxib (DMC) and SD-133 with the CDH11 protein detected by Surface plasmon resonance
were 4.67e-06, 1.09e-05, and 2.74e-05 M, respectively.
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challenges for the effective elimination of tumor cells. Therefore,
the successful activation of immune responses within the tumor
is crucial for the treatment of SACC. Studies have shown that
activation of the STING pathway in tumor cells can induce apop-
tosis of tumor cell and enhance the immune response to kill tu-
mor cells.’*52] The inhibition of CDH11 leads to cGAS-STING
activation, which offers the advantage of tumor specificity. The
traditional STING agonist development focuses on cyclic dinu-
cleotides (CDNs), both natural and synthetic CDNs have been
used for systemic administration.[>*>* However, since STING is
expressed in various cell types, including cancer and non-cancer
cells, this class of drugs lacks tumor specificity. Consequently,
systemic administration of STING agonists has the potential to
indiscriminately activate STING, leading to cell death in both tu-
mor and non-tumor tissues.’>>¢! Qur study demonstrated that
CDH11 was highly expressed in hybrid EMT cells. Therefore,
the activation of cGAS-STING mediated by a CDH11 inhibitor
offers specific advantages, as it selectively targets tumor tissue
when administered systemically, eliciting an antitumor immune
response within the tumor microenvironment, while minimiz-
ing the side effects on normal tissue. In our study, the CDH11
inhibitor specifically targeted hybrid EMT tumor cells and acti-
vated the cGAS-STING pathway, Thereby, the induction of apop-
tosis in these cells simultaneously stimulates immune cell ac-
tivation. This result is in line with previous findings.’*?! Fur-
thermore, the activation of the cGAS-STING pathway in hybrid
EMT tumor cells leads to the release of IFN-f, which may stim-
ulate immune cell activation and results in the elimination of
other tumor cells. We also consider further investigation into the
activation of the immune response within the tumor following
CDH11 inhibition-mediated cGAS-STING activation. Our sub-
sequent research project aimed to reconstitute the immune sys-
tem of severely immunodeficient mice using human peripheral
blood cells, enabling a comprehensive exploration of the impact
and underlying mechanisms of CDH11 inhibitors on immune
system activation. This study is expected to provide a solid the-
oretical foundation for future clinical applications of CDH11 in-
hibitors.

Previous studies on EMT in breast cancer have suggested that
this transition is a continuous and dynamic phenomenon involv-
ing multiple intermediate cell types. However, owing to the lim-
itations in sample size and sequencing depth, future research
should explore additional intermediate cell populations to iden-
tify the key molecules that could potentially modulate this intri-
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cate process. Moreover, the metabolic dysregulation of BCAA in
hybrid EMT cells leads to reduced R-CoA levels, which are re-
lated to TAC. Studies have demonstrated the potential activation
of the mTOR pathway in BCAA metabolism, which is involved in
tumor development. Further investigations are warranted to elu-
cidate the underlying mechanisms by which BCAA contribute to
SACC tumor progression.

The presence of lung metastases in SACC is a pivotal prognos-
tic determinant, and it is necessary to identify drugs capable of
inhibiting or retarding its progression. Previous studies have elu-
cidated the tumor-suppressive effects of CXB via COX2 suppres-
sion. Moreover, CDH11 is a signature molecule of hybrid EMT
cells in SACC, and our findings reveal that CXB exerts inhibitory
effects on SACC lung metastasis by interacting with CDH11. Hy-
brid EMT cells are present in various tumors, and whether CXB
can inhibit lung metastasis in other tumors remains unclear.
CXB, a Food and Drug Administration-approved clinical agent
renowned for its favorable safety profile, prompted us to consider
its potential for long-term use as a preventive measure against
pulmonary metastasis. However, prolonged administration may
impose a cardiac burden, necessitating further investigations to
determine the optimal dose.

4. Experimental Section

Ethics Statement: The use of clinical samples was authorized by
the Ethics Committee of Peking University School and Hospital of
Stomatology (Beijing, China; permit numbers: PKUSSIRB-201522040 and
PKUSSIRB-202169170). The process of acquiring tumor tissue in this
study was approved by the patients with SACC. All animal interventions
and protocols were approved by the Institutional Animal Care and Use
Committee of Peking University (permit number: PURB-LA2024066).

Patients and Sample Collection: ~ SACC tumor specimens were obtained
from five patients, along with a non-infiltrated SMG. These samples were
collected from Peking University Stomatological Hospital and confirmed
as SACC by the Department of Pathology prior to surgical removal. The
Ethics Review Committee of Peking University approved the collection
protocol. Subsequently, the acquired tumor tissues were divided into two
equal portions. One portion was dissociated using the single-cell suspen-
sion method for scRNA-seq, and the other portion was embedded in an op-
timal cutting temperature compound and frozen to facilitate spatial tran-
scriptomic analysis.

Cell Lines and Transfection: The SACC-83 cell line, derived from a pa-
tient’s sublingual gland, was cultured in Roswell Park Memorial Institute
(RPMI) 1640 medium (Gibco, 51 170 712, USA) supplemented with 10%
fetal bovine serum and incubated at 37 °C in a humidified atmosphere
of 95% air and 5% CO,. The cell line authentication was conducted us-

Figure 7. Combination of CXB/DMC/SD-133 with CDH11 activates the cyclic GMP-AMP synthase-stimulator of the interferon gene (cGAS-STING)
pathway through ROS, suppressing cellular invasion and migration. A) Representative western blots of the cellular thermal shift assay showing increase
in CDH11 thermostable performance in the presence of CXB, DMC, and SD-133. B) SD-133 with interactive residue side chains at the pocket are shown
in stick rendering, with the inhibitors drawn in colorful. The polypeptide backbones are rendered as ribbons. The yellow broken lines indicate potential
intermolecular hydrogen bonds, while the gray broken lines indicate pi-cation interactions. C—E) Effect of CXB, DMC, and SD-133 on the inhibition of
SACC-83 cells; normalized data and non-linear regression curve fitting are shown. 1Cs values are indicated. F) BCAA per million SACC-83 cells exhibited
a decrease 24 h after treatment with CXB, DMC, or SD-133. Mean + SEM is shown, *P < 0.05 using t test. G) SACC-83 cells treated with CXB, DMC,
or SD-133 analyzed for their migration and invasion ability using transwell assays. Scale bar, 100 um, n = 3, Mean + SEM is shown, *P < 0.05 using
t test. H) Top 10 terms of GO enrichment analysis of DEG by RNA-seq in SACC-83 cells treated with SD133. 1) Expression of cGAS-STING pathway-
related proteins in SACC-83 cells, treated with CXB, DMC, and SD 133, assessed using western blotting. J) Flow cytometry reveals an increase in reactive
oxygen species (ROS) production after treatment with CXB, DMC, or SD-133. K,L) Confocal microscopy showing the accumulation and quantification
of cytosolic deoxyribonucleic acid (DNA) in SACC-83 cells following treatment with CXB, DMC, or SD-133. Double-stranded DNA (dsDNA) visualized
using PicoGreen staining (green), while MitoTracker (red) and DAPI (blue) employed to label mitochondria and nuclei, respectively. Scale bar, 5 um.
More than 100 cells were analyzed per group. n = 10, Means + SEM is shown. ***P < 0.001 using one-way analysis of variance. M) Representative
images of DNA comet assays of SACC-83 cells subjected to treatment with CXB, DMC, or SD-133.
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ing short tandem repeat polymerase chain reaction, and all cultures were
negative for mycoplasma contamination. CDH11 overexpression and vec-
tor plasmids were obtained from GeneChem (Genechem, China), whereas
CDH115siRNA and control siRNA were purchased from Ribo (Ribo, China).
The efficiency of overexpression and knockdown was evaluated using qRT-
PCR and western blot analyses. For transient transfection, plasmids and
siRNA prepared according to the manufacturer’s instructions were com-
bined with Lipofectamine 8000 (Beyotime, C0533, China) for transfection
into cells for 24-48 h, and the transfection efficiency was confirmed by
qRT-PCR and western blotting.

Tissue Dissociation: Fresh samples were preserved in Tissue Storage
Solution (Miltenyi Biotec, 130-100-008, USA) on ice and promptly trans-
ferred to the laboratory. After rinsing with phosphate buffered saline, en-
zymatic digestion was performed to obtain single-cell suspensions. Fresh
specimens with attached tissues removed were rinsed with 5 mL of pre-
cooled Dulbecco’s modified eagle medium (DMEM) (Gibco, 11 965 092,
USA). The tissues were then sliced into < 1 mm3 fragments and trans-
ferred into a 2 mL centrifuge tube. Subsequently, 1 mL of an enzyme sus-
pension was added, containing 15 pL collagenase II, 15 uL collagenase IV,
10 L neutral protease/dispase, 5 uL hyaluronidase, 6 pL DNase |, and
1 uL calcium-magnesium-zinc buffer. The mix was dissociated at 37 °C
for 30 min, with observation every 5 min. The primary single-cell suspen-
sion was filtered through a 70-um cell sieve into a 50-mL centrifuge tube,
which was then rinsed with 4 mL of pre-cooled DMEM. The cell suspen-
sion was centrifuged at 500 X g for 5 min at 4 °C, and the supernatant was
removed. The cells were re-suspended with 5 mL pre-cooled DMEM and
centrifuged again at 4 °C at 400 g for 5 min. The liquid was aspirated and
1 mL of pre-cooled DMEM was added to the precipitate to re-suspend the
cells. The cell state observations were then conducted, and cell concentra-
tion, viability, and fragmentation rate were recorded. Trypan blue staining
was performed to ensure that the survival rate exceeded 80%. Approxi-
mately 10000 cells per sample were collected for single-cell transcriptome
sequencing.

Single-Cell Library Preparation and Sequencing: The Single-Cell 3’ Li-
brary Kit v3 (10x Genomics) was employed for single-cell transcrip-
tome amplification and library preparation following the established
protocols.[37:°8] The sorted single-cell suspension was loaded onto a mi-
crofluidic chip provided by 10x Genomics to generate a complementary
DNA (cDNA) library. The library was prepared and sequenced across six
lanes using the lllumina NovaSeq 6000 system (lllumina Inc., San Diego,
CA, USA).

Preprocessing of single-cell RNA sequencing Data: The scRNA-seq gene
expression library was generated using the STAR algorithm with the
CellRanger count function (10x Genomics, version 4), as previously
described.[37%8] The resulting gene expression matrices were processed
with version 3.1.4 of the Seurat R package,[*®] which requires genes to be
expressed in at least 10 cells within a sample. Low-quality cells were elim-
inated based on specific criteria, including unique multiplex index (UMI)
counts, number of expressed genes, and mitochondrial gene percentage.
Doublets were identified and removed using the DoubletFinder package
in R software. The remaining high-quality single-cell transcriptome expres-
sion matrices were integrated using the Harmony package in R and nor-
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malized using the total cellular UMI count, while scaling them through
regression against the total cellular UMI count and percentage of mito-
chondrial genes (scale factor = 1 x 10*). UMAP techniques were used
to reduce the dimensions and visualize gene expression. Bioinformatics
analysis was conducted using Omicsmart, an interactive online platform
designed for real-time data analysis (http://www.omicsmart.com).

Determination of Cell Type: DEG in each cell sub-cluster were deter-
mined using the FindAlIMarker function, with default parameters set by
Seurat, to identify specific genes that exhibited significant expression dif-
ferences. The cell types and subtypes were annotated based on the expres-
sion levels of well-established canonical marker genes specific to each cell
type. The cell sub-clusters exhibiting similar gene expression patterns were
classified as belonging to the same cell type.

Differentially expressed genes Analysis: The expression levels of each
gene in a given cluster were compared with those in the remaining cells
using the Wilcoxon rank-sum test.[] Significantly upregulated genes were
identified based on three criteria: a minimum 1.28-fold increase in expres-
sion within the targeted cluster, expression in > 25% of cells belonging to
the targeted cluster, and a significance level of P < 0.05.

Pathway Analysis:  The DEG with a Q-value < 0.05 were used for GO
enrichment analysis.[®']The Q-value represents the adjusted P-value af-
ter the false discovery rate correction. To identify distinct enriched GO
terms among the sub-clusters, the cluster functions were compared using
the ClusterProfiler R package. The KEGG database was used to perform
the pathway significant enrichment analysis,[%2] and significantly enriched
pathways with a Q-value < 0.05 were identified after multiple testing cor-
rection. Additionally, GSVA and GSEA was employed with gene sets from
MsigDB to identify enriched pathways and cellular processes in distinct
clusters.[63]

Cell Cycle Analysis:  The cell cycle score for each cell was assigned using
the Seurat R package based on the expression levels of marker genes in
different phases. This included 100 marker genes for G1/S, 113 for S, 133
for G2/M, 151 for M, and 10 for M/G 1.[84] The cells with the highest scores
(< 0.3) were identified as quiescent cells.!']

Single-Cell Copy Number Variation Prediction: The prediction of single-
cell CNV involves inferring relative gene expression levels by establishing
an expression baseline using normal samples, and subsequently subtract-
ing the gene expression level in each cell from this baseline value. Addi-
tionally, a 100-gene window was employed on the chromosome to predict
CNV events within the chromosomal region of a single cell based on rel-
ative gene expression. The methods used were those described by Puram
et al.,[%%] and Gene Denovo Biotechnology provided the analysis services.

Spatial Transcriptome: ~ The tissues were first frozen in isopentane, em-
bedded in Optimal cutting temperature compound, cryosectioned using a
cryostat to generate appropriately sized sections for visible spatial slides,
and frozen throughout the process. Only samples with an RNA integrity
number > 8.0 were used for sequencing. The sections were then placed
on the Visium spatial slide within the capture area. Finally, HE staining
and bright-field microscopy were performed. The Visium spatial tissue op-
timization (TO) slides contained eight mRNA capture areas defined by
etched frames, each containing oligonucleotides. Tissue sections mea-
suring 10 um from the same sample were placed onto these capture

Figure 8. Metabolism of BCAA increases the production of ROS, activating the cGAS-STING pathway. A) Flow cytometry detected ROS production in
SACC-83 cells with CDH11 knockdown. B) Representative images of DNA comet assays of SACC-83 cells subjected to various experimental conditions.
Scale bar, 20 um. C,D) Confocal microscopy showing the accumulation and quantification of cytosolic DNA in SACC-83 cells under knockdown CDH11.
dsDNA visualized using PicoGreen staining (green), while MitoTracker (red) and DAPI (blue) employed to label mitochondria and nuclei, respectively.
Scale bar, 5 um. More than 100 cells were analyzed per group. Mean + SEM is shown. n = 10, ***P < 0.001 using ¢ test. E) Expression of cGAS-STING
pathway-related proteins in SACC-83 cells, treated under various experimental conditions, assessed using western blotting. F) Flow cytometry of SACC-83
cells overexpressing CDH11 to evaluate the mitochondrial activity. G) Representative images of DNA comet assays of SACC-83 cells subjected to various
experimental conditions. Scale bar, 20 um. H) Expression of cGAS-STING pathway-related proteins in SACC-83 cells, treated under various experimental
conditions, assessed using western blotting. 1) qRT-PCR analysis shows that CDH 11-knockdown cells significantly increase the expression of IFNB1. No
significant difference in the overexpression group. n = 3, Mean + SEM is shown, *P < 0.05 using ¢ test. J) Flow cytometry detected ROS production in
BCAA- deprived or -added SACC-83 cells. K,L) Confocal microscopy showing the accumulation and quantification of cytosolic DNA in BCAA-deprived
or -added SACC-83 cells. dsDNA visualized using PicoGreen staining (green), while MitoTracker (red) and DAPI (blue) employed to label mitochondria
and nuclei, respectively. Scale bar, 5 um. More than 100 cells were analyzed per group. n = 10, Mean = SEM is shown. ***P < 0.001 using one-way
analysis of variance. M) The expression of cGAS-STING pathway-related proteins in SACC-83 cells, treated under various experimental conditions, was
assessed using western blotting.
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areas on the TO slides. The sections were fixed, stained, and permeabi-
lized for 3, 6, 12, 18, 24, or 30 min. The optimal permeabilization time
was determined by obtaining the maximum fluorescence signal with min-
imal diffusion. Therefore, a permeabilization time of 24 min was selected
as the final choice. The subsequent steps involved a formal 24 min per-
meabilization process, followed by cDNA amplification, library construc-
tion, and RNA-seq. Bioinformatics analysis was conducted using Omics-
mart, an interactive online platform designed for real-time data analysis
(http://www.omicsmart.com).

RNA sequencing and Analysis:  Total RNA was isolated using TRIzol
reagent. The quality of RNA was assessed using Agilent Bioanalyzer 2100
(Agilent Technologies, Santa Clara, CA, USA). Total RNA was purified using
the RNAClean XP Kit (Beckman Coulter, Brea, CA, USA) and RNase-Free
DNase Set (QIAGEN, Hilden, Germany). Sequencing libraries were pre-
pared using the Illumina TruSeq RNA sample preparation Kit (lllumina,
San Diego, CA, USA). Paired-end sequencing of the libraries was per-
formed using an Illumina NovaSeq 600 system. Bioinformatics analysis
was conducted using Omicsmart, an interactive online platform designed
for real-time data analysis (http://www.omicsmart.com).

Cell Proliferation, Migration, and Invasion Assays: ~ Cell viability was as-
sessed using CCK-8 reagent (Dojindo Laboratories, CK40, Kumamoto,
Japan) according to the manufacturer’s instructions. The cells were seeded
at a density of 2000 cells per well in standardized polystyrene plates, with
100 pL culture medium added to each well. After culturing for specific time
intervals (ranging from 0 to 96 h), the absorbance values were measured
using an ELx808 absorbance microplate reader (BioTek, USA).

For transwell migration and invasion analysis, the cells were seeded
into inserts with an 8.0-um pore size (Millipore, CLS3464, USA) without
Matrigel coating for migration or with Matrigel coating (BD Bioscience,
356 234, USA) for invasion. Subsequently, 8 x 10* cells were plated in
serum-free medium and incubated for 18 h. Non-migratory and non-
invasive cells on the upper surface of the insert were gently wiped off us-
ing a swab, whereas migratory and invasive cells that reached the bottom
chamber through the pores were fixed with 95% ethanol and stained with
1% crystal violet. Finally, the cells were quantified using a BX51 microscope
(Olympus, Tokyo, Japan).

Immunoprecipitation:  For the immunoprecipitation experiments, the
cells were lysed using immunoprecipitation lysis buffer (Beyotime, P0037,
China) and centrifuged at 4 °C for 10 min. The resulting supernatant was
incubated overnight at 4 °C with the designated primary antibody(5 pg).
After appropriate washing steps, Protein A+G agarose gel was added
to the solution and incubated for 4 h at room temperature. Unbound
proteins were removed by thoroughly rinsing the immune complexes,
whereas bound immune complexes were eluted from the agarose gel using
a sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
loading buffer for subsequent detection. The specific experimental proce-
dures were performed in accordance with the manufacturer’s instructions.
Western blot analysis was performed to confirm the presence of target pro-
teins within this experiment. A successful sample was subjected to the ex-
cision of bands from the gel for identification, using mass spectrometry,
and the intersection of the two outcomes was considered.

Branched-Chain Amino Acid (BCAA) Assay: SACC-83 cells were seeded
into six-well plates and transfected with DNA plasmids or siRNA 24 h later.
After a 48 h incubation period, the cells were lysed, and the levels of BCAA
were quantified following the manufacturer’s instructions (Sigma-Aldrich,
MAKO03, USA). To dilute, approximately 10 uL of cell lysate was added to
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each well of a 96-well plate, and the final volume was adjusted to 50 uL
using an assay buffer. Subsequently, 46 pL of assay buffer, along with 2 uL
of BCAA enzyme mix and substrate mix, was added to each well to reach
a final volume of 100 uL per well. The blanks were prepared by mixing the
cell lysate with the assay buffer and substrate mix, while omitting the en-
zyme. The absorbance values of the blank samples were subtracted from
those of cell lysates. A standard curve was generated using pure leucine as
a reference. The readings were acquired using an enzyme immunoassay
analyzer.

Western Blot Analysis:  Western blot analysis was performed according
to a standardized protocol. Briefly, 40 ug of protein derived from cells or
exosomes was resolved by SDS-PAGE and transferred onto polyvinylidene
difluoride membranes. Following membrane blocking, the primary anti-
bodies listed below were employed: anti-BCKDHA (Proteintech, 30028;
1:2000, USA), anti-BCKDHB (Proteintech, 13685; 1:2000, USA), anti-DBT
(Singon, D163672, 1:1000, China), anti-phosphor-BCKDH-Ela (Cell Sig-
naling Technology, 40368S, 1:1000, USA), anti-phospho-stimulator of in-
terferon response cGAMP interactor (p-STING) (Cell Signaling Technol-
ogy, 19781, 1:1000, USA), anti-STING (Cell Signaling Technology, 13647,
1:1000, USA), anti-phospho-TANK binding kinase 1 (p-TBK1) (Cell Signal-
ing Technology, 5483, 1:1000, USA), anti-TBK1 (Cell Signaling Technology,
3504, 1:1000, USA), anti-phospho-IRF3 (Cell Signaling Technology, 37829,
1:1000, USA), anti-IRF3 (Cell Signaling Technology, 4302, 1:1000, USA),
anti-GAPDH (ZSGB-BIO, TA-08, 1:1000, China), and anti-CDH11 (Ther-
movFisher Scientific, 32-1700, 1:1000, USA).

Quantitative reverse transcription polymerase chain reaction: Total RNA
was isolated using the Trizol reagent. The quality of RNA was assessed
using an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA,
USA). The gRT-PCR primers used in this study are listed in Table S2 (Sup-
porting Information). The quantification of mRNA expression was per-
formed using the FastStart Universal SYBR Green Master (ROX) reagent
(Roche, 4 913 850 001, USA) on an ABI 7500 Sequence Detection System
for qRT-PCR analysis. The mRNA expression levels of the genes of interest
were normalized according to GAPDH, and the results were presented as
a fold change using the AACt method with the control set as one. Sur-
vival was analyzed using the Kaplan-Meier method, and differences were
evaluated using the log-rank test.

Flow Cytometric Sorting and Analysis: The SACC-83 cells were incu-
bated with antibodies recognizing ITGA2 (Biolegend, 359 309, 5 pL per
test, USA) and PDGFRa (Biolegend, 323 505, 5 uL per test, USA) for
30 min at 4 °C. Subsequently, cells were separated and collected for cul-
ture, including ITGA2*PDGFRa*, ITGA2*PDGFRa™, ITGA2-PDGFRa™,
and ITGA27PDGFRa~. Subsequently, the cell suspension was cultured
in a low-adhesion culture dish. After 48 h, the cells were harvested and
analyzed using an FITC-Annexin-V/PI apoptosis detection kit (Beyotime,
C1062S, China), following the manufacturer’s instructions, for flow cyto-
metric quantification of apoptotic cells.

Cellular Thermal Shift Assay: The ability of the compounds to inter-
act with and stabilize the target in intact cells was assessed according to
the protocol described by Molina et al.l%¢] Briefly, 10 million cells were
treated with media containing DMSO, celecoxib (CXB), dimethyl celecoxib
(DMC), or SD-133 (at ICs, doses) for 6 h. After treatment, the cells were
detached using trypsin, collected by centrifugation, and re-suspended in
Phosphate Buffer Saline(PBS). The cell suspension was divided into five
PCR tubes and subjected to heating at temperatures ranging from 53 °C
to 66 °C for a period of 3 min each. Subsequently, the cells were lysed us-

Figure 9. CXB, DMC, or SD-133 treatment inhibited the lung metastasis of SACC in NOD-SCID mice. A) Flow diagram of animal research procedures.
B) The lungs of NOD-SCID mice were examined macroscopically. C) Lung metastatic tumor nodules quantified in NOD-SCID mice. n =5, Mean + SEM
is shown. *P < 0.05 using ANOVA. D) Quantification of the metastatic burden in NOD-SCID mice. n = 5, Mean + SEM is shown. *P < 0.05 using
one-way ANOVA. E) Lung tissues of NOD-SCID mice on hematoxylin and eosin staining. Scale bar, 100 um. F,G) Representative immunohistochemical
images and quantification of IFN-f positive cells in lung metastasis sections from NOD-SCID mice are presented. Scale bar, 20 ym. n =5, Mean + SEM
is shown. *P < 0.05 using one-way ANOVA. H,I) The flow analysis diagram showed the change in proportions of Granzyme B+ cytotoxic T cells after
drug stimulation. The experiments were performed three times for statistical analysis. n = 3, Mean = SEM is shown. *P < 0.05 using one-way ANOVA.
J,K) The flow analysis diagram showed the change in proportions of Perforin+ cytotoxic T cells after drug stimulation. The experiments were performed
three times for statistical analysis. n = 3, Mean & SEM is shown. *P < 0.05 using one-way ANOVA. L) Schematic diagram elucidating the activation of
the cGAS-STING pathway by celecoxib and its derivatives (By Figdraw, https://www.figdraw.com).
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ing liquid nitrogen, followed by two freeze-thaw cycles. The precipitated
proteins were separated from the soluble fraction by centrifugation at 17,
000 X g for 20 min. The soluble proteins present in the supernatant were
stored at -80 °C until western blot analysis could be performed. Equal
amounts of protein samples were loaded onto SDS-PAGE gels, which were
then transferred onto nitrocellulose membranes for subsequent analysis
using the CDH11 antibody at a concentration ratio of 1:1000. The protein
expression levels on western blots were quantified by densitometry using
ImageJ software.

Sutface Plasmon Resonance: The Biacore 1K Cytiva instrument and
CM7 sensor chip were utilized. First, the Recombinant Human His-
Tagged Cadherin-11 Protein (10065-HO08H, Sino Biological, China) was
immobilized. The CM7 chip was activated using the Amine Coupling Kit
(35 063, Cytiva, Sweden) per the instructions at a flow rate of 10 uL min~!
for 420 sec. Subsequently, the protein was injected at a flow rate of
10 puL min~! with a concentration of 40 ug mL~" for a fixed duration of
600 s + 600 s. Then, the sample was blocked with ethanolamine (35 063,
Cytiva) at a rate of 10 uL min~" for 420 s. Finally, CXB, DMC, or SD-133
were injected at a flow rate of 30 uL min~! with 60 sec for contact and
120 sec for dissociation. Additionally, the temperature was maintained at
25 °C with a concentration ranging from 100 to 3.125 um, employing a two-
fold gradient reduction method to adjust the concentration of the sample
injected. Each injection was repeated 3 times.

Molecular Docking: Molecular docking was performed using the
AutoDock Vina software with a semi-flexible docking method applied be-
tween CDH11 and SD-133/DMC/CXB. First, the system coordinate file
was prepared using AutoDockTools, and the binding area’s center and box
size were determined. Subsequently, ligand pairs were attached to the re-
ceptor active site using AutoDock Vina, and the results were further ana-
lyzed.

ROS Assay: An ROS Assay Kit (Beyotime, S0033S, China) or Dihy-
droethidium (DHE) (Beyotime, S0063, China) was used to conduct the
experiment according to the manufacturer’s instructions, and subsequent
cell stimulation was performed under specific conditions. DCFH-DA was
diluted in a serum-free medium at a ratio of 1:1000 to achieve a final con-
centration of 10 mmol L='. Subsequently, the cells were suspended in
the diluted DCFH-DA solution at a concentration ranging from 20 mil-
lion mL~" and incubated in a cell incubator set at 37 °C for 20 min. The
suspension was inverted and mixed every 3—5 min to ensure a complete
contact between the probe and the cells. To eliminate any residual DCFH-
DA that did not enter the cells, three rinses with serum-free cell culture
solution were performed. The detection process of DHE is the same as
that of DCFH-DA, but the cells were typically incubated with 3 umol of Di-
hydroethidium at 37 °C for a duration of 30 min. Finally, flow cytometry
was performed to detect ROS production after collecting the treated cells.

Cytosolic Double-Stranded DNA Staining: ~ After treatment, the SACC-
83 cells were incubated in culture media supplemented with a 200-fold di-
luted solution of PicoGreen (P11496, 1:200, USA), a double-stranded DNA
stain. Additionally, MitoTracker (ThermoFisher Scientific, M7512,500n M,
USA), another mitochondrial DNA staining agent, was added to the cul-
ture medium. Following the 1 h incubation period, the cells were fixed
with 4% paraformaldehyde for 10 min. Subsequently, the cells were rinsed
thrice with PBS and stained with DAPI Staining Solution (ZSGB-BIO, 9556,
China). Finally, the staining was visualized and evaluated using Leica SP5X
laser-scanning confocal microscope (Leica, Wetzlar, Germany).

Comet Assays:  Single-cell gel electrophoresis comet assays were per-
formed using the SCGE assay kit (Beyotime, C2041S, China). Following
treatment, 1x 10% mL~" cells were mixed with low melting point agarose
at a volume ratio of 1:8. The slides were first incubated in a pre-chilled lysis
solution for 2 h, and then in a pre-chilled alkaline solution for 30 min. Elec-
trophoresis was performed at 25 V in a Tris-Borate-EDTA buffer for 20 min.
The comets were stained with Propidium lodide for 30 min and imaged.

BCAA Conditioned Medium: The BCAA-deprived RPMI 1640 medium
obtained from Yuchun Biology lacks L-leucine, L-isoleucine, and L-valine.
To create the BCAA-added 1640 medium, 50 mg L~ L-leucine (Aladdin,
61-90-5, China), 50 mg L~" L-isoleucine (Aladdin, 73-32-5, China), and
20 mg L' L-valine (Aladdin, 72-18-4, China) were added. The SACC-83
cells were cultured in both BCAA-deprived and BCAA-added 1640 media
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for a culture period of 24 h, and the subsequent experiments were con-
ducted.

In Vivo Experiment: Female NOD-SCID mice (6-8 weeks old) were
obtained from Vital River Laboratories (Beijing, China). The animal ex-
periments were approved by the Peking University Institutional Animal
Care and Use Committee (permit number: PURB-LA2024066) and were
performed in accordance with the guidelines for animal experiments. To
assess the therapeutic efficacy of the three drugs on the pulmonary metas-
tasis of SACC in vivo, 2 X 106 SACC-83 cells were injected into the tail veins
of NOD-SCID mice (n = 6 per group). The drug was dissolved in a solu-
tion containing 0.5% methylcellulose and 0.025% Tween 80. The medica-
tion was initiated the following day. CXB/DMC/SD-133 was administered
intraperitoneally at 5 mg kg™',13667] once every 2 days for 8 weeks. After
8 weeks, the mice were sacrificed and their lungs were collected for quan-
tification and hematoxylin and eosin staining. To assess the cytotoxicity of
the three drugs, HE staining was performed on the major organs of mice
following treatment, including the heart, liver, spleen, and kidneys. The
tissue sections were then photographed using a BX51 microscope (Olym-
pus, Tokyo, Japan).

Immunohistochemical Staining: |mmunohistochemical staining was
performed on 5 um-thick sections obtained from samples fixed in 4%
paraformaldehyde and embedded in paraffin. The sections were incubated
overnight at 4 °C with anti-IFN-beta (27 506, 1:100, Proteintech, USA) as
the primary antibody. Subsequently, horseradish peroxidase-labeled sec-
ondary antibody (PV-6001, ZSGB-BIO, China) and hematoxylin were uti-
lized for sample staining. Immuno-staining and analysis were conducted
on at least three sections per lesion. All images were captured using an
Olympus BX51 microscope (Olympus).

Human Peripheral Blood Mononuclear Cell Separation: Peripheral
blood samples (20 mL) were donated by anonymous healthy volunteers
and collected in heparin-containing vessels. The samples were then di-
luted 1:1 with phosphate buffer saline (PBS). The diluted blood sam-
ples were carefully dripped along the wall of a new 50 mL sterile cen-
trifuge tube containing Human Peripheral Blood Lymphocyte Separa-
tion Medium (C0025, Beyotime, China) at a 45-degree angle. The mix-
ture was centrifuged at 650 Xg for 30 min using a horizontal rotor cen-
trifuge with the acceleration set to 3, brakes turned off, and temper-
ature set to 20 °C. After removing as much upper plasma as possi-
ble, the peripheral blood mononuclear cell layer was transferred into an-
other centrifuge tube. To resuspend the cells, 10 mL PBS was added fol-
lowed by centrifugation at 250 xg for 10 min. The supernatant was dis-
carded and 5 mL of PBS was added before starting two more rounds of
centrifugation under same conditions until isolated mononuclear cells
were obtained. Finally, 0.5 mL PBS was added for subsequent experi-
ments.

Co-Culturing SACC-83 Cells with Mononuclear Cells: Briefly, 1 x 10°
SACC-83 cells were seeded in a dish with a diameter of 6 cm and cultured
for 12 h until fully adhered. Then, the cells were treated with media contain-
ing DMSO, CXB, DMC, or SD-133 (at ICy, doses) for 12 h. Subsequently,
sorted mononuclear cells (1 x 107 cells per dish), including lymphocytes
and monocytes, were added in a final volume of 4 mL. The co-cultures were
incubated with 5% CO, at 37 °C for 24 h. Similar numbers of immune cells
cultured alone served as references. The supernatant from the culture dish
was collected and subsequently centrifuged at 450 xg for 5 min to isolate
lymphocytes for flow cytometric analysis.

Flow Cytometry for Cytotoxic T Lymphocytes: Single-cell suspensions
were stained with Fixable Viability Dyes (65-0868, Thermo Fisher Scien-
tific, USA), as instructed, and were incubated with anti-CD8 antibodies
(5 uL per test; 344 705, BioLegend, USA) for 30 min, according to the
manufacturer instructions. Subsequently, the cell membrane was perme-
abilized using the Intracellular Fixation & Permeabilization Buffer Set (88-
8824, Thermo Fisher Scientific). Anti-perforin and anti-granzyme B anti-
bodies (5 ul per test; 308 103 and 372 203, respectively; BioLegend) were
added and incubated at room temperature for 30 min in a light-free envi-
ronment. After adding 2 mL of the Intracellular Fixation & Permeabiliza-
tion Buffer, centrifugation was performed twice at room temperature at
450 x g for 5 min each. The supernatant was then discarded. The cells
were resuspended in an appropriate volume of Flow Cytometry Staining
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Buffer (00-4222, Thermo Fisher Scientific). Finally, the sample was loaded
into a flow cytometer for analysis.

Statistical Analyses: The data were analyzed using Prism software
(GraphPad Software 8, USA). Numerical data were presented as
mean + SEM from at least three independent experiments, unless oth-
erwise specified. Statistical significance was determined using appropri-
ate tests, including a two-tailed t-test or one-way analysis of variance. A
P-value < 0.05 indicated statistical significance.

Ethics Approval Statement: The use of clinical samples was autho-
rized by the Ethics Committee of Peking University School and Hospital
of Stomatology (Beijing, China; permit numbers: PKUSSIRB-201522040
and PKUSSIRB-202169171). All animal interventions and protocols were
approved by the Institutional Animal Care and Use Committee of Peking
University (permit number: PURB-LA2024066).

Patient Consent Statement: The process of acquiring tumor tissue in
this study was approved by the patients.
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