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Abstract
Although substantial progress has beenmade in cancer biology and treatment, the prognosis of oral squamous cell
carcinoma (OSCC) is still not satisfactory because of local tumor invasion and frequent lymph nodemetastasis. The
tumor microenvironment (TME) is a potential target in which cancer-associated fibroblasts (CAFs) are of great
significance due to their interactions with cancer cells. However, the exact mechanism is still unclear. Therefore, we
focus on the crosstalk between cancer cells and CAFs and discover that CAFs are the main source of TGF-β1.
Transwell assays and western blot analysis further prove that CAFs activate the TGF-β1/Smad pathway to promote
OSCC invasion. Through survival analysis, we confirm that CAF overexpression is correlated with poor overall
survival in OSCC. To further elucidate the origin and role of CAFs in OSCC, we analyze single-cell RNA sequencing
(scRNA-seq) data from 14 OSCC tumor samples and identify four distinct cell types, including CAFs, in the TME,
indicating high intratumoral heterogeneity. Then, two subtypes of CAFs, namely, myofibroblasts (mCAFs) and
inflammatory CAFs (iCAFs), are further distinguished. Based on the differentially upregulated genes of mCAFs and
iCAFs, GO enrichment analysis reveals their different roles in OSCC progression. Furthermore, the gene expression
pattern is dynamically altered across pseudotime, potentially taking part in the transformation from epithelial to
mCAFs or iCAFs through the epithelial to mesenchymal transition.
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Introduction
Oral squamous cell carcinoma (OSCC) is the most frequent entity
among head and neck cancers [1]. Unfortunately, the prognosis of
OSCC is poor, with a five-year survival rate of less than 50% due to
local tumor invasion and frequent lymph node metastasis [2]. The
current treatment strategies are generally limited to three aspects:
surgery, chemotherapy and radiotherapy. Therefore, it is urgent to
develop novel targeted therapies to improve the lagging status of
OSCC.
The tumor stroma is believed to play a key role in tumor

progression [3]. Cancer-associated fibroblasts (CAFs) are a major
population of tumor stromal cells. Two distinct CAF subtypes with
either a matrix-producing contractile phenotype or an immunomo-
dulating secretome that have been found in disparate locations
relative to cancer cells are often termed myofibroblasts (mCAFs)
and inflammatory CAFs (iCAFs), respectively. iCAFs are detected in
the desmoplastic areas of tumors far from cancer cells, while mCAFs
are predominantly found around cancer cells [4]. Increasing studies
have shed light on the critical roles of mCAFs and iCAFs in the
tumor microenvironment (TME) of various cancers, such as lung
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cancer [5], prostate cancer [6], colorectal cancer [7], breast cancer
[8] and head and neck cancer [9], indicating that CAFs have
important effects on tumorigenesis, invasion and metastasis. In
addition, some studies have also implied that CAFs can promote
OSCC progression [10‒12], but the molecular mechanism is still
unclear.
Transforming growth factor β (TGF-β) signaling plays a dual role

in tumor biology, suppressing tumor initiation while promoting
tumor progression [13]. In the TME, CAFs are the major source of
TGF-β1, which is the most commonly upregulated TGF-β ligand in
tumor cells [14]. TGF-β1 initiates signaling by assembling receptor
complexes formed by TGF-β type I and type II receptors (TβRI and
TβRII, respectively) to activate Smad transcription factors [15]. The
function of TβRII is to activate TβRI, and then activated TβRI
phosphorylates the downstream mediators Smad2 and Smad3.
Phosphorylated Smad2 and Smad3 (p-Smad2 and p-Smad3,
respectively) bind with Smad4 to enter the nucleus to modulate
gene transcription [14,16]. Furthermore, TGF-β1 is essential for CAF
formation and maintenance [17‒19]. Therefore, TGF-β1 acts as a
mediator to regulate CAF functions and influence tumor biology by
phosphorylating Smads to propagate signaling.
Single-cell RNA sequencing (scRNA-seq) is a rising technology

that can be used to understand the TME of OSCC at a high resolution
[20,21].
In the present study, we focused on the role of the CAF-induced

TGF-β1/Smad2/3 pathway in OSCC progression. Our study revealed
that CAFs secreted a specific amount of TGF-β1, which promoted
OSCC invasion in vitro. In addition, the role and origin of different
CAF subtypes in OSCC were also explored. These results allow us to
better understand the heterogeneity and progression of OSCC and
provide new ideas for individualized treatment for OSCC.

Materials and Methods
Data acquisition and preprocessing
After obtaining OSCC scRNA-seq data (GSE172577 and GSE164690)
from the Gene Expression Omnibus (GEO) [22], the R packages
Seurat and Harmony were used for quality control, removal of the
batch effect and integration of data among 14 different samples
(GSM5258385, GSM5258386, GSM5258387, GSM5258388,
GSM5258389, GSM5258390, GSM5017023, GSM5017032,
GSM5017035, GSM5017041, GSM5017044, GSM5017047,
GSM5017050, and GSM5017062). These methods were performed
as previously described [23]. Finally, 57,926 cells remained and
were used in downstream analysis. Using the FindVariableGenes
function in the Seurat package, the top 2000 variable genes were
chosen, and then principal component analysis (PCA) was
performed, followed by dimensionality reduction and visualization
of uniform manifold approximation and projection (UMAP) or t-
distributed stochastic neighbor embedding (t-SNE). We detected
various cell groups using previously described marker genes. The
Cancer Genome Atlas (TCGA) database was used to obtain RNA
transcriptome data in the Fragments Per Kilobase Per Million
(FPKM) format, as well as clinical and survival data for OSCC
patients.

Differential gene analysis and enrichment analysis
The FindMarkers function of the Seurat package was used to
calculate differential genes between distinct clusters using scRNA-
seq data. A log2-fold change >0.5 and an adjusted P value <0.05

were set as the significance thresholds. The internet website
Metascape [24] was used to conduct Gene Ontology (GO) analysis.
The list of upregulated genes was imported, after which the most
important pathways were enriched, and the relationship between
them was depicted in the network graph.

Pseudotime analysis
The Monocle2 program was used to determine the differentiation
trajectory of tumor cells to create a single-cell trajectory for each
sample. We utilized the plot genes in the pseudotime function in the
Monocle2 package to show the changes in classic tumor marker
genes in the differentiation trajectory after determining the
pseudotime value arrangement and differentiation trajectory. The
plot pseudotime heatmap function was then used to display a
clustered heatmap of the hub genes′ expression patterns.

Cell-cell interaction analysis
The CellChat package was used to investigate interactions between
distinct cell populations. We chose many critical ligand–receptor
interactions that govern epithelial-CAF crosstalk after calculating
and analyzing cell-cell communication in OSCC, and the results are
depicted in a bubble graph.

Patient samples
The current study was approved by the Ethics Committee of West
China Hospital of Stomatology, Sichuan University. The patients
were informed that the residual material from surgical procedures
would be used for research purposes with full consent. Surgical
samples were obtained from four individual oral cancer patients.

Isolation of primary fibroblasts
CAFs were isolated from surgically excised tongue squamous cell
carcinoma tissue materials, whereas normal fibroblasts (NFs) were
derived from normal tongue tissues. Fibrous areas of normal tongue
tissue and tongue tumors were cut into small pieces of approxi-
mately 1 mm3 and separated solely at the bottom of inversed 25 cm2

culture flasks. After 2 h of culture, the culture flasks were turned
back right, and 2 mL full DMEM (HyClone, Logan, USA) supple-
mented with 10% FBS (GIBCO, Carlsbad, USA) and 1% penicillin-
streptomycin (Life Technologies, Boston, USA) was added. Another
3 mL of full DMEM was added slowly after 12 h of incubation. The
culture medium was changed every 2 days as usual. CAFs and NFs
were digested with 0.05% EDTA-Trypsin (Life Technologies) and
passed to new sterile flasks.

Cell culture
The human tongue cancer cell line Cal27 (obtained from State Key
Laboratory of Oral Disease, Sichuan University, Chengdu, China)
was available for cell culture experiments. CAFs and NFs were
collected from the tongue tumor and normal tissues of patients. All
cells were cultured at 37°C, with 5% CO2 and 95% humidity.
Fibroblasts were purified after the third passage for use, but no
more than tenth passage.

Immunofluorescence (IF) staining
CAFs and NFs were seeded into 6-well plates separately and fixed
with 4% paraformaldehyde (PFA) after three washes with 1×PBS.
Then, the cells were incubated with primary antibodies, including
anti-ACTA2 (mouse monoclonal; 1:100; ZSGB-BIO, Beijing, China)
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and anti-vimentin (mouse monoclonal; 1:100; ZSGB-BIO), over-
night at 4°C. The secondary antibody anti-mouse IgG-TR (red
florescence) (goat; 1:200; BOSTER, Wuhan, China) was used. The
nuclei were stained with DAPI. Photograph images were captured
using an inverted microscope (OLYMPUS, Tokyo, Japan).

Conditioned medium (CM)
Purified CAFs and NFs were cultured in 25-cm2 culture flasks with
5 mL of full DMEM containing 10% FBS. After the cell density
reached 80%, the culture medium was changed to FBS-free DMEM,
and the CM was harvested after 24 h. Both CAF-CM and NF-CM
were stored at ‒80 °C until use.

Enzyme-linked immunosorbent assay (ELISA)
TGF-β1 ELISA kit (Uscn Life, Wuhan, China) was used to detect the
secreted TGF-β1 amount in CAF-CM and NF-CM. Both CAF-CM and
NF-CM were evaluated simultaneously under the same conditions.

Transwell assay
BioCoatTM Growth Factor Reduced (GFR) Invasion Chambers with
8 μm pore inserts in 24-well plates (BD, Franklin Lakes, USA) were
used for the Transwell assay to detect the invasive ability of the
cells. The chambers were coated with Matrigel (Corning, New York,
USA) in advance. Inserts were removed, and CAF-CM and NF-CM
(500 μL per well) were evenly added in duplicate to the bottom
chambers. Inserts were relocated, and 200 μL of serum-free cell
suspension containing 1×105 Cal27 cells was added to the inserts.
Chambers were incubated for 48 h at 37°C. Noninvaded cells were
removed from the top surface of inserts by scrubbing with swabs,
while invaded cells were fixed on the membrane. The invaded cells
were stained with crystal violet and counted on slides after being
fixed on the membrane with 70% ethanol for 30 min at 4°C and
washed twice with PBS. The average number of invaded cells per
chamber was determined by counting from three fields at 20× view
under a light microscope.

Western blot analysis
Cells were rinsed with precooled PBS and harvested in lysis buffer
(KeyGEN BioTECH, Nanjing, China) containing 0.5% phosphatase
inhibitor, 0.1% protease inhibitor, 0.5% 100 mM PMSF, 50 mM
NaF, 1 mM sodium vanadate, 2.5 mM sodium pyrophosphate and
25 mM sodium glycerophosphate. The protein concentration of
each sample was detected by using a BCA protein assay kit (Cell
Signaling Technology, Beverly, USA). The cell lysates were
prepared in denaturing SDS sample loading buffer at a proportion
of 1:4, subject to SDS-PAGE and transferred to polyvinylidene
difluoride (PVDF) membranes (Millipore, Bedford, USA). After
being blocked with 5% BSA for 1 h, the membranes were incubated
with primary antibodies overnight at 4°C and then with secondary
antibodies for 1 h at room temperature. The following antibodies
were used: Smad2/3 (D7G7; rabbit monoclonal IgG; 1:1000; Cell
Signaling Technology) and p-Smad2 (Ser465/467)/Smad3 (Ser423/
425) (D27F4; rabbit monoclonal IgG; 1:1000; Cell Signaling
Technology). Secondary antibody was used with goat anti-rabbit
IgG, 1:2500 (ZSGB-BIO). The TGF-βRI kinase inhibitor SB431542
(Sigma, St Louis, USA) was used to inhibit TGF-βRI.

Statistical analysis
Unless otherwise indicated, statistical analysis was performed using

a two-tailed, unpaired Student’s t test, assuming equal variances
using GraphPad Prism (version 5.01) and R software (version
4.0.2). P<0.05 was considered to be statistically significant.

Results
CAFs activate the TGF-β1/Smad2/3 signaling pathway to
promote OSCC invasion
CAFs and their paired NFs were successfully isolated from four
primary OSCCs by short-term primary culture in full DMEM
supplemented with 10% FBS and 1% penicillin-streptomycin
(Figure 1A). The fibroblast marker vimentin and CAF marker
ACTA2 were used to confirm that CAFs derived from tumor tissue
were pure without epithelial cell and tumor cell contamination.
Both CAFs and NFs were positive for vimentin (red) (Figure 1B).
CAFs were positive for ACTA2 (red), whereas NFs were not (Figure
1C). Secreted TGF-β1 in NF-CM and CAF-CM was detected
separately. Normal DMEM culture medium was used as a control.
In the control group, the amount of TGF-β1 secreted in the culture
mediumwas approximately 10 pg/mL on average. TGF-β1 fromNFs
was 42.8 pg/mL, whereas the secreted TGF-β1 from CAFs was 86.4
pg/mL, which was over 2 folds than that from NFs on average
(Figure 1D). CAF-CM and NF-CM was evenly added to the bottom
chamber, and Cal27 cells were cultured in the upper chamber
coated with Matrigel. Invaded cells were counted after 48 h from
areas that were selected at random under a microscope (Figure 1E).
Our results showed that the number of invaded cancer cells in the
presence of CAF-CM was the highest, while Cal27 cell invasion
ability was limited in normal culture medium, which was consistent
with the concentration changes of TGF-β1 secreted from NFs and
CAFs (Figure 1F). Furthermore, total protein was collected
separately, and protein from untreated Cal27 cells was used as a
control. The Smad2/3 and p-Smad2/3 expression levels were
detected by western blot analysis, which demonstrated that the
expression of total Smad2 and Smad3 was not significantly
different. However, the expression levels of p-Smad2 and p-Smad3
were upregulated after treatment with CAF-CM and were inhibited
by the TGF-βRI inhibitor SB431542 (Figure 1G). Taken together,
these results prove that CAFs promote OSCC invasion by activating
the TGF-β1/Smad2/3 signaling pathway.

Identification of four different cell types in OSCC
After quality control (Supplementary Figure S1A,B) and removal
of the batch effect between different samples (Figure 2A), we
divided 57,926 cells into 33 clusters (Figure 2B) to comprehen-
sively classify the cells present in OSCC using the downloaded
scRNA-seq data GSE172577 and GSE164690 from the GEO
database. Then, four major cell types (Figure 2C) were identified
with cluster-specific markers reported in prior research: PTPRC
(immune cell), EPCAM, CD24, KRT19 (epithelial cell), PECAM1
(endothelial cell), MME, ACTA2, and FAP (CAF) (Figure 2D and
Supplementary Figure S1C,D). In accordance with previous
studies, CAFs can be further classified into two distinct subtypes
(Figure 2E). One that highly expressed chemokines such as
PDGFRA, CXCL12, CFD, DPT, LMNA, CXCL2 and CCL2 was
identified as iCAFs, while the other was identified as mCAFs due to
the high expression of ACTA2, TAGLN, MMP11, MYL9, POSTN,
TPM1 and TPM2 (Figure 2F and Supplementary Figure S1E). The
bar graph revealed that the proportion of CAF subtypes varies
among different stages. The mCAF/iCAF ratio improved signifi-
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cantly from stage I to stage IV, indicating that the alteration of the
mCAF/iCAF ratio is potentially related to OSCC progression
(Figure 2G).

Functions of mCAFs and iCAFs
Based on the differentially upregulated genes of iCAFs and mCAFs,
we used GO enrichment analysis to investigate the biological

Figure 1. CAFs promote OSCC invasion through the TGF-β1/Smad2/3 pathway (A) NFs were derived from normal tongue tissue. CAFs were
derived from tongue carcinoma. (B) NFs and CAFs were both positive for vimentin (red). (C) CAFs were positive for ACTA2 (red), whereas NFs were
not. (D) The amount of secreted TGF-β1 from control cells, NFs and CAFs after 24 h was detected. (E) Crystal violet staining of invaded Cal27 cells in
control, NF-CM and CAF-CM. (F) Histogram showing that CAFs prominently promoted Cal27 cell invasion. (G) Western blot analysis of Smad2/3
and p-Smad2/3 proteins in Cal27 cells with different stimulations by NF-CM, CAF-CM or CAF-CM with SB431542. *P<0.01, **P<0.001 and
***P<0.0001. Scale bar: 100 μm. Data are presented the mean±standard deviation.
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Figure 2. Single-cell analysis demonstrates two CAF subpopulations in OSCC (A) UMAP plot of the single-cell profile colored by patient. (B)
UMAP plot of the single-cell profile colored by cluster. (C) UMAP plot of the single-cell profile colored by major cell types. (D) The expression levels
of marker genes were projected onto the UMAP atlas. (E) t-SNE plot of CAFs colored by cell type. (F) The bubble plot shows selected cell type-
specific markers of iCAFs and mCAFs. The size of the dots represents the fraction of cells expressing a particular marker, and the intensity of the
color indicates the level of mean expression. (G) Proportions of mCAFs and iCAFs in stage I–IV samples.
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process (Figure 3A,C) and cellular component (Figure 3B,D) of each
group. These genes were both enriched in two closely related
biological processes: blood vessel development (GO: 0001568) and
tissue migration (GO: 0090130) (Figure 3C), suggesting the
potential role of CAFs in promoting tumor migration. In addition,
extracellular matrix (ECM) organization (GO: 0030198) was also

significantly enriched in both subtypes (Figure 3C), which was
regulated by some enzymes. These enzymes can degrade ECM
components to make space for cell growth and release various ECM-
bound growth factors and cytokines, such as TGF-β, to further
facilitate tumor growth and stimulate CAFs to synthesize ECM
molecules. Such dynamic ECM alterations have a direct and

Figure 3. GO enrichment analysis of iCAFs and mCAFs The Circos plot shows how differentially upregulated genes between two CAF subtypes
overlap in GO biological process (A) and cellular component (B). On the outside, each arc represents the identity of each gene list. On the inside,
each arc represents a gene list, where each gene has a spot on the arc. Blue lines link the different genes where they fall into the same ontology
term, indicating the amount of functional overlap among the input gene lists. (C) GO biological process enrichment analysis of iCAFs and mCAFs
with a network of representative terms shown on the right. (D) GO cellular component enrichment analysis of iCAFs and mCAFs with a network of
representative terms shown on the right.

Singel-cell sequencing reveals the role of CAFs in OSCC 267

Yang et al. Acta Biochim Biophys Sin 2023



ongoing impact on cancer metastasis [25]. However, contractile
fiber (GO: 0043292), which can increase tissue stiffness, was
specifically enriched in mCAFs (Figure 3D). ECM stiffness can
stretch the preexisting gaps within the basement membrane,
reducing its integrity and thus providing a permissive basement
membrane for cancer invasion [26‒28]. It also activates TGF-β
signaling, which mediates epithelial to mesenchymal transition
(EMT) in cancer cells [29]. Either stiffening or degradation is
tumorigenic, and they are inextricably linked.

Conversion between epithelial cells and CAFs
Based on the gene expression dynamics of epithelial cells and CAFs,
we constructed a pseudotime developmental tree and determined
three independent branches with epithelial cells, mCAFs and iCAFs
scattered on it. State 3, which mainly represented epithelial cells,
had the lowest pseudotime value and was located at the initial
position of the developmental tree, indicating the potential
conversion from epithelial cells to CAFs through EMT [30] (Figure
4A). The gene expression pattern across pseudotime showed that
the decrease in epithelial markers (CD24 and KRT19) was
accompanied by an increase in CAF-related genes (CCL2, CXCL1,
TPM1 and TPM2). The expression of EMT-related genes (FN1 and
VIM) was also altered correspondingly (Figure 4B). Furthermore,
CAF-epithelial crosstalk analysis revealed that EMT was potentially
induced by the PTN pathway (Figure 5H), which was consistent
with a previous study [31]. In CAFs, the expression curves of the
representative genes showed that the decrease in mCAF-related
genes (ACTA2, TAGLN, TPM1, and TPM2) was accompanied by an
increase in iCAF-related genes (CCL2, CFD, CXCL12, and DPT),
supporting the idea that CAF subtypes might interconvert [32]
(Figure 4C). The heatmap of genes with the most significant
changes across pseudotime further supported the potential conver-
sion from epithelial cells to CAFs through EMT, and their gene
expression dynamics were consistent with the above analysis.
Intriguingly, TFF3 and BPIFB2, which have been proven to mediate
EMT in papillary thyroid cancer and gastric cancer, were specifically
overexpressed when the cell type was transformed from epithelial
to CAF [33,34] (Figure 4D).

Identification of cell-cell interactions in OSCC
We discovered a close ligand/receptor-based relationship among
different cell populations, and several biological functions were
correlated with CAFs (Figure 5A,B). To further elucidate the
regulatory effect, we focused on CAF-epithelial crosstalk. We found
that TGF-β1 and TGF-β3 were primarily expressed in CAFs (Figure
5C,F,G) and were most abundant in stage IV samples (Figure 5D‒G),
implying that TGF-β is an important factor influencing tumor
malignancy and that such function may be dominated by CAFs. In
addition to TGF-β, various cytokines involved in CAF-epithelial
crosstalk were plotted, and MDK was found to be one of the most
important factors, taking part in several interactions (Figure 5H).
MDK, a growth factor that is overexpressed in a variety of human
cancers [35], is involved in the acquisition of multiple cancer
characteristics that promote tumor proliferation, transformation and
EMT [36‒38]. In addition, it has been linked to chemoresistance [39].

The relationship between OSCC malignancy and patient
survival
TPM1 and IL-6 are specific markers of mCAFs (Figure 6A) and

iCAFs (Figure 6B), respectively, and higher expression levels were
significantly correlated with poor overall survival (OS) in OSCC.
Next, we performed copy number variation (CNV) analysis to detect
epithelial cells that underwent CNV in OSCC by comparing them to
immune and endothelial cells. Then, large-scale CNV was identified
in epithelial cells (Supplementary Figure S2A), whose CNV scores
were significantly higher than those of CAFs (Supplementary Figure
S2B). To further explore the relationship between tumor malig-
nancy and OS, we divided epithelial cells into four distinct
subclusters, namely, tumors 1‒4 (Figure 6C), and frequent CNV
events with different extents were confirmed (Figure 6D), among
which tumor 3 showed the highest CNV scores (Figure 6E),
indicating that tumor 3 was the most malignant component in the
epithelial population. Furthermore, tumor 3 was located at the end
position of the developmental tree, revealing the potential tumor
progression from the low CNV group to the high CNV group in
OSCC (Figure 6F and Supplementary Figure S2C).

Discussion
Cancer initiation and progression are believed to be associated with
the TME, which contains various cell types, including fibroblasts,
immune cells, neoplastic epithelial cells, endothelial cells and
pericytes [17,40]. The crosstalk between cancer cells and matrix
cells plays a critical role in tumor promotion and suppression.
Multiple cytokines and factors, such as TGF-β, vascular endothelial
growth factor A (VEGFA), hepatocyte growth factor (HGF),
epidermal growth factor (EGF), tumor necrosis factor (TNF),
interferon-γ (IFN-γ), C-X-C motif chemokine ligand 5 (CXCL5) and
C-C motif chemokine ligand 5 (CCL5), act as mediators in crosstalk
[17]. Fibroblasts are the most abundant component in the TME and
can be activated to become CAFs. In many different coculture
experiments, CAFs were proven to give rise to tumorigenesis
compared with NFs [41,42]. TGF-β signaling is one of the major
pathways controlling cell and tissue proliferation, development,
homeostasis and regeneration [43‒45]. A large number of studies
have proven TGF-β to be associated with tumorigenesis, tumor
growth, invasion and metastasis in various cancer types [41,46‒48]
and to be a promising target for cancer therapy [49]. Increasing
evidence indicates that TGF-β plays a dual role not only in
stimulating NFs to become CAFs but also in enhancing tumorigen-
esis and progression. Furthermore, activated CAFs tend to secrete
more TGF-β to act back on tumor cells.
In our study, we revealed that TGF-β1 can be secreted by CAFs to

promote OSCC invasion in vitro and investigated the effects of
distinct CAF subtypes on OSCC.We believed that mCAFs are related
to tumor adhesion, whereas iCAFs are linked to immunosuppres-
sion, and both contribute to OSCC progression. After we compared
the mCAF/iCAF ratio from stage I to IV, we found that the ratio was
increased with OSCC progression, implicating that mCAF is closely
related to the malignant level of OSCC, which is consistent with the
close correlation between ACTA2 (mCAF marker) overexpression
and poor OS of OSCC reported in a previous study [50]. Moreover,
mCAFs are associated with pathological features related to tumor
aggressiveness, including the depth of invasion, lymphatic invasion
and extranodal metastatic spread. Following GO analysis, we
discovered that mCAFs could increase the matrix stiffness of the
TME, which stimulated the transformation from normal epithelial
cells to malignant cancer cells [51]. Furthermore, hard stiffness has
the potential to breach the basement membrane barrier and loosen
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Figure 4. Pseudotime analysis of epithelial, iCAF and mCAF populations (A) Trajectory order of epithelial, iCAF and mCAF populations colored
by cell type, state and pseudotime. (B) Relative expression alteration of marker genes for epithelial, iCAF, mCAF and EMT across pseudotime. (C)
Relative expression alteration of marker genes for iCAF and mCAF populations across pseudotime. (D) Heatmap of differentially expressed genes
ordered by state, pseudotime, cell type and patient.
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Figure 5. Identification of cell-cell interactions in OSCC (A) Network diagram of the cell-cell interactions of different cells in OSCC. The color scale
indicates the number of interactions and interaction weights. (B) The size of the circle represents the number of interactions with all other types of
cells, and the thickness of the line represents the interaction number of cells between the lines. (C) UMAP plot of epithelial cells and CAFs colored
by cell type. (D) UMAP plot of epithelial cells and CAFs colored by stage. (E) Epithelial cells and CAFs colored by four stages were projected onto
the UMAP atlas separately. (F) The expression levels of TGF-β1 and TGF-β3 were projected onto the UMAP atlas. (G) Bubble plot shows the average
and percent expression of TGF-β1 and TGF-β3. The size of the dots represents the fraction of cells expressing a particular marker, and the intensity
of the color indicates the level of mean expression. (H) Bubble plot of the CAF-epithelial crosstalk pathway. epi: epithelial cell, imm: immune cell,
fib: CAF, end: endothelial cell.
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Figure 6. The relationship between OSCC malignancy and patient survival Survival analysis of mCAFs (A) and iCAFs (B) in OSCC. (C) UMAP
distribution of four tumor subclusters. (D) Large-scale CNVs of four tumor subclusters were identified. (E) CNV scores of four tumor subclusters. (F)
Trajectory order of four tumor subclusters colored by cell type, state and pseudotime.
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cancer cell adhesion, thereby promoting tumor migration [27]. In
addition, the stiffness of the ECM and its degradation are
inextricably linked, which occurs when the ECM is highly stiffened
[25]. iCAFs have the potential to degrade the matrix and release
growth factors, potentially promoting tumor progression [52].
Therefore, we speculate that the hardness of the matrix may
influence CAF subcluster transition and is involved in tumor
progression at different stages, and both stiffness and matrix
degradation can promote tumor migration and invasion.
To investigate the relationship among different cells, we

conducted pseudotime and cell-cell interaction analyses. Pseudo-
time analysis demonstrated that epithelial cells could transform into
CAFs via EMT, which could be regulated by TFFS and BPIFB2. In
addition, the potential interconversion between mCAFs and iCAFs
was also explored. Further investigation in cytokines revealed that
TGF-β is most abundant in CAFs and is closely related to tumor
malignancy. Cell-cell interaction analysis revealed that CAFs can
regulate epithelial cells via the MDK-mediated pathway, apart from
the TGF-β pathway. In addition, our research also demonstrated the
link between OSCC malignancy and patient survival. High mCAFs
and iCAFs both predicted poor OS in OSCC. Epithelial cells can be
further classified into four distinct subclusters with varying CNVs,
and the high heterogeneity leads to potential tumor progression
from the low CNV group to the high CNV group in OSCC.
In summary, our study demonstrated that CAFs can promote

OSCC invasion through the activation of the TGF-β1/Smad2/3
signaling pathway, and different types of CAFs undergo complex
conversion and play different regulatory roles in the TME, which
further promotes OSCC progression.
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