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Involvement of TGFBI-TAGLN axis
in cancer stem cell property of head
and neck squamous cell carcinoma
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Head and neck squamous cell carcinoma (HNSCCQ) is a significant healthcare burden globally. Previous
research using single-cell transcriptome analysis identified TGFBI as a crucial marker for the partial-
epithelial-mesenchymal transition (partial-EMT) program. However, the precise role of TGFBI in
HNSCC progression remains unclear. Therefore, our study aimed to clarify the impact of TGFBI on
the malignant behavior of HNSCC cells. Through RNA-sequencing data from the TCGA database,
we validated that increased TGFBI expression correlates with a higher occurrence of lymph node
metastasis and unfavorable prognosis in HNSCC cases. Functional experiments demonstrated that
TGFBI overexpression enhances the ability of sphere formation, indicating stem-cell-like properties.
Conversely, TGFBI depletion reduces sphere formation and suppresses the expression of cancer
stem cell (CSC) markers. RNA-sequencing analysis of TGFBI-overexpressing and control HNSCC cells
revealed TAGLN as a downstream effector mediating TGFBI-induced sphere formation. Remarkably,
TAGLN depletion abolished TGFBI-induced sphere formation, while its overexpression rescued the
suppressed sphere formation caused by TGFBI depletion. Moreover, elevated TAGLN expression
showed correlations with the expression of TGFBI and partial-EMT-related genes in HNSCC cases. In
conclusion, our findings suggest that TGFBI may promote CSC properties through the upregulation
of TAGLN. These novel insights shed light on the involvement of the TGFBI-TAGLN axis in HNSCC
progression and hold implications for the development of targeted therapies.
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Head and neck squamous cell carcinoma (HNSCC) is a widespread malignancy affecting various organs such as
the oral cavity, pharynx, and larynx. Globally, HNSCC accounts for over 500,000 cases annually, with a 5-year
survival rate of approximately 50%'. Unfortunately, despite advances in therapeutic approaches, survival rates
have remained stagnant for more than two decades® The primary risk factors for HNSCC are smoking and alco-
hol consumption. Like other cancers, HNSCC undergoes a stepwise progression characterized by the accumula-
tion of genetic and epigenetic alterations’. During this progression, cancer cells transition from an epithelial to a
mesenchymal phenotype through a process known as Epithelial-to-Mesenchymal Transition (EMT)**. Recently,
the concept of partial-EMT has emerged, representing an intermediate state during EMT induction®. Notably,
cancer cells in the partial-EMT state exhibit enhanced migration, metastatic potential, and resistant to treatment,
indicating its contribution to malignant behavior’. Consequently, the ability of cancer cells to undergo partial-
EMT, rather than complete EMT, is associated with a higher risk of metastasis. Through single cell transcrip-
tome analysis, Puram et al. classified HNSCC into five subtypes: “Epithelial differentiation,” “Cycling,” “Stress,”
“Hypoxia,” and “partial-EMT”®. Remarkably, the “partial-EMT” subtype demonstrates the closest association
with metastasis and poor prognosis. Moreover, HNSCC cells exhibiting partial-EMT characteristics are localized
at the leading edge of tumors, in close proximity to the surrounding stroma®. Thus, partial-EMT represents a
pivotal event in HNSCC progression.

TGFBI, a gene responsive to transforming growth factor beta (TGF-p) signaling, encodes a protein with
distinctive structural features. The TGFBI protein encompasses a signal peptide sequence for secretion, an
EMI domain rich in cysteine residues, four homologous fasciclin 1 (FAS1) domains at the N-terminus, and
an arginine-glycine-aspartate (RGD) integrin binding motif at the C-terminus. Notably, TGFBI is implicated
in the pathogenesis of corneal dystrophies, a group of progressive inherited corneal disorders’. Additionally,
TGFBI plays significant roles in regulating diverse biological functions, including cell adhesion, embryonic
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development-related bone formation, and the pathogenesis of various human diseases'’. In the context of cancer,
TGFBI has been associated with both tumor suppressor and promotion. However, its role in tumor progres-
sion remains controversial and whether TGFBI contribute to malignant behaviors in HNSCC cells has yet to be
elucidated. Hence, the aim of this study was to investigate the involvement of TGFBI in HNSCC progression.

Materials and methods

Reagent and antibodies

Antibodies were obtained from the following companies: Anti-human TGFBI polyclonal antibody (LS-C332168,
LSBio, Shirley, MA, USA), Anti-human TAGLN antibody (6G6, sc-53932, Santa Cruz), Anti-HA-probe polyclonal
antibody (Y-11, sc-805, Santa Cruz), and Anti-83-actin monoclonal antibody (A-5441, SIGMA). FAK Inhibitor
14 was obtained from Santa Cruz. Puromycin and G418 were obtained from FUJIFILM Wako Pure Chemical
Corp., Osaka, Japan.

Cell culture

SAS, HSC3, SCC-4, OSC20, HSC4, OSC19, HSC2, KON, Ca9-22, SAT, and Ho-1-U-1 were obtained from JCRB
(Japanese Collection of Research Bioresources Cell Bank). These cells were maintained in Dulbecco’s Modified
Eagle’s Medium (FUJIFILM Wako) supplemented with heat-inactivated 10% fetal bovine serum (Nichirei Biosci-
ence Inc., Tokyo, Japan) and 1% Penicillin and Streptomycin (FUJIFILM Wako) at 37 °C in 5% CO,. For growth
assay, 5 x 10 cells were plated onto 96-well plates, and measured cell proliferation by using Cell Counting Kit-8
(Dojindo, Kumamoto, Japan), according to the manufacturer’s instructions.

Quantitative RT-PCR

By using the RNeasy Mini Kit (Qiagen), total RNA was isolated from cells. Their purity was determined by a
standard spectrophotometric method. From total RNA, cDNA was synthesized by using the PrimeScript RT Mas-
ter Mix (Takara Bio Inc). mRNA expression was determined by using a CFX connect real time system (Roche)
with SYBR Premix Ex Taq II reagent (Takara Bio Inc). For quantitation of total TGFBI, TAGLN, ALDH1, BCL11B
or GAPDH transcripts, the following primer sequences were used. TGFBI: forward, 5'-CATCAGGGCTCAACA
CGATG-3" and reverse, 5'-TGTTCAGCAGGTCTCTCAGG-3'; TAGLN: forward, 5'-TCAAGCAGATGGAGG
AGGTG-3' and reverse, 5-GCTGCCATGTCTTTGCCTTC-3"; ALDHI: forward, 5'-GTGTTGAGCGGGCTA
AGAAG-3'"and reverse, 5'-CCAGTTTGGCCCCTTCTTTC-3'; BCL11B: 5'-CTCATCACCCAGGCTGACC-3'
and reverse, 5'-ACACTGCTTCCTTTTGTGCT-3"; NANOG: forward, 5-CCTGTGATTTGTGGGCCTG-3' and
reverse, 5'-GACAGTCTCCGTGTGAGGCAT-3"; POUS5FI: forward, 5-GTGGAGGAAGCTGACAACAA-3'
and reverse, 5'-ATTCTCCAGGTTGCCTCTCA-3'; SOX2: forward, 5'-GTATCAGGAGTTGTCAAGGCAGAG
-3" and reverse, 5'-TCCTAGTCTTAAAGAGGCAGCAAAC-3"; GAPDH: forward, 5-TCCACCACCCTGTTG
CTGTA-3' and reverse, 5'-GCATCCTGGGCTACACTGAG-3'. Relative mRNA expression of each transcript
was normalized against GAPDH mRNA.

Western Blot analysis

Western blotting was performed as described previously''. TGFBI-overexpressing Ho-1-U-1 and HSC3 cells were
treated with 3 uM of monensin (Sigma, Burlington, USA) for 24 h. The intracellular protein expression of TGFBI
is low because of the secretion from intracellular into extracellular. To quantify intracellular protein expression
of TGFBI, we utilized monensin known as a protein transport inhibitor. Monensin blocks intracellular protein
transport processes of any secreted proteins and induces the accumulation of these proteins in the Golgi complex.
The increased accumulation of secreted proteins enhances the detectability of TGFBI with Western blot analysis
utilizing total cell lysate. Cells were lysed using lysis buffer (50 mM pH 7.6 Tris-HCI, 150 mM NaCl, 1 mM
EDTA, 1.5 mM MgCl2, 0.5% Nonidet P-40, and 10% glycerol) with protease inhibitor cocktail (Nacalai tesque,
Kyoto, Japan). After centrifugation, the supernatant was collected. Protein concentration was measured using
Thermo Fischer BSA protein assay reagent (Thermo Scientific) by the absorption at 562 nm using a microplate
reader (TECAN infinite 200Pro). Using 5-20% gradient polyacrylamide gel (ATTO Corporation, Tokyo, Japan),
these proteins were electrophoresed followed by blotting onto a nitrocellulose membrane (GE Healthcare Life
Science). By using a Western ECL Substrate (BIO-RAD), the signal was detected by an Amersham ImageQuant
800 (GE Healthcare Life Science).

Plasmids and transfection

For generating TGFBI-overexpressing cells, pcDNA3.1*-C-(k)DYK plasmid encoding full-length human TGFBI
(GenScript) was transfected into HNSCC cells by using Fugene HD (promega), according to the manufacturer’s
instructions. After transfections, we treated the cells with 500 ug/mL of G418, and then we picked up clones
(clone and pool clone).

For TAGLN overexpression and knockdown of TGFBI, lentiviral vectors, pLV[shRNA]-EGFP:T2A:Puro-
U6 (Scramble_shRNA and hTGFBI) and pLV[Exp]-mCherry/Neo-EF1A (hTAGLN) were obtained from Vec-
tor Builder. Lentiviral packaging plasmids (gag-pol, rev, VSVG cording plasmids 1: 1: 1 mix) were provided
from Dr. Guardavaccaro (University of Verona). Lentiviral vectors and packaging plasmids were transfected
into Lenti-X 293 T cells (Takara Bio Inc) by using TransIT-293 transfection reagent (Mirus Bio), according to
the manufacturer’s instructions. Then, supernatants were collected at 48 h after transfection and filtered using
0.45 um membrane. Filtered supernatants with 8 pg/ml polybrene directly infected to HNSCC cells. After 24 h,
the medium was replaced by fresh media with 500 ug/mL G418 or 1 ug/mL Puromycin.
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RNA interference

Logarithmically growing cells were seeded at a density of 3 x 10° cells/6-cm dish and transfected with oligonu-
cleotides by using Oligofectamine RNAi MAX (Invitrogen), according to the manufacturer’s instructions. TGFBI
siRNAs were obtained from Ambion Life Technologies Corporation Silencer® select Pre-designed (Inventoried)
siRNA Product (s14070, #ASO2L60]), as the following sequences: TGFBI, 5-GCAUGACCCUCACCUCUA
Utt -3". After 2 days, we passaged these cells to the other dishes and cultured more 2 days. Then we used these
cells for other experiments.

Sphere formation assay

HNSCC cells were seeded into 6-well Ultra low attachment surface plates (Corning, 5 x 10* cells/well) or 24-well
Ultra low attachment surface plates (1 x 10*/well). After 4-7 days, the cells were cultured to allow the generation
of spheroids. After generating spheroids, we counted the number of spheroids with a size of 100 um or more,
which is visible for naked eyes.

In vitro invasion assay

In vitro invasion assay was described previously'!. Invasiveness was determined by using a 24-well cell culture
insert with 8 pm pores (#3097, Becton Dickinson). The filter was coated with 50 ug Matrigel (Becton Dickin-
son) as a reconstituted basement membrane substance. The lower compartment contained 0.5 mL of culture
media. Following trypsinization, 1.5 % 10° cells were plated on the upper compartment of the cell culture insert
with 100 uL culture media. After 24 h incubation, the cells on the upper surface of the filter were removed by
wiping with a cotton swab, and the cells on the lower surface of the filter were fixed with formalin and stained
with hematoxylin (FUJIFILM Wako). The number of invaded cells (cells on the lower surface of the filter) was
counted under a light microscope.

Bulk RNA-seq analysis

mRNA was isolated from total RNA using the KAPA mRNA Capture kit (KAPA, cat. KK8440) and cDNA libraries
were prepared using the MGIEasy RNA Directional Library Prep Set (MGI Tech, cat. 1,000,006,385). Sequencing
was performed using DNBSEQ-G400RS with a 150-bp paired-end configuration. The quality check and adaptor
removal were performed using FastQC and fastp programs on the raw read sequences. The paired-end reads were
mapped to the human reference genome (GRCh38 primary assembly genome) using the STAR software. After
mapping, read counts and TPM values were generated using the RSEM software. Raw RNA-seq data (FASTQ
files) reported in this study are available at the DDB] Sequence Read Archive (DRR486141-DRR486143).

scRNA-seq analysis

The log-transformed gene expression values from single-cell RNA-seq data from HNSC (GSE103322) was ana-
lyzed using the Seurat (v4.3.0). As the quality control, genes expressed in less than 5 cells and cells with more
than 10,000 genes were filtered. We performed dimensionality reduction using Uniform Manifold Approximation
and Projection (UMAP) with the top 14 principal components. The resolution parameter was set to 0.4 for the
FindClusters function. We determined the cell types of each cluster based on the marker genes identified using
the FindAllMarkers function.

Data analysis

Clinical and gene expression information of 514 head and neck squamous cell carcinoma (TCGA-HNSC) samples
were obtained from the cBioPortal website (https://www.cbioportal.org/) for primary lymph node presenta-
tion assessment analysis, neoplasm histologic grade analysis, gene expression analysis, and survival analysis.
The five-year overall survival of HNSC patients in the top 25% and bottom 25% expression groups for TGFBI,
TAGLN, and TGFBI/TAGLN was analyzed using the survival and survminer R packages. The gene expressions
(partial-EMT related genes, NANOG, POU5F1, SOX2, ALDH1, BCL11B, S100A4, VIM, TGFBI, and TAGLN)
of HNSCC patients in the top 25% and bottom 25% expression groups for TGFBI, TAGLN, or TGFBI/TAGLN
was analyzed on cBioPortal website. Also, the correlations of TGFBI expression with several gene expressions
(FN1, LGALS3BP, MT1F, TAGLN, MME) in HNSCC patients were analyzed on cBioPortal website. The log-
transformed TPM values of HNSC cell lines (DepMap 23Q2 files) were obtained from the depmap portal website
(https://depmap.org/portal/). The scores of six gene programs (CellCycle, Epidif.1/2, Stress, Hypoxia, and pEMT)
in each HNSC cell line were calculated using ssGSEA with the ConsensusTME R package.

Statistical analysis

For Kaplan—-Meier overall survival, the log rank test was used for comparing two groups. For sphere formation
assay, the Welch’s t-test or ANOVA test was used for comparing groups. For in vitro invasion assay, chemoresist-
ance assay, the Welch’s t-test was used for comparing groups. For quantitative RT-PCR analysis, the t-test was
used for comparing to control value. For correlation of gene expression using TCGA database, the Student’s
t-test was used for comparing two group.

Results

Correlation of TGFBI expression with partial-EMT phenotype in HNSCC cell lines

To assess the correlation between TGFBI expression, lymph node metastasis, and prognosis in HNSCC cases,
we analyzed processed RNA-seq data from the TCGA database. Notably, high TGFBI expression exhibited a
higher incidence of lymph node metastasis compared with low TGFBI expression (Supplementary Fig. S1A).
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Furthermore, HNSCC cases with high expression of TGFBI demonstrated a poor prognosis (Supplementary
Fig. S1B). By using previous scRNA-seq data®, higher TGFBI expression was observed in cancer cells and cancer
stromal fibroblasts (Supplementary Fig. S1C). Indeed, higher expression levels of TGFBI mRNA and protein
was observed in HNSCC cell lines (Supplementary Fig. S2A,B). Among 11 HNSCC cell lines, HSC3, Ca9-22,
and Ho-1-U-1 displayed lower expression levels. Previous study classified HNSCC into five subtypes: “Epithelial
differentiation,” “Cycling,” “Stress,” “Hypoxia,” and “partial-EMT,” using single-cell transcriptome analysis®. By
leveraging the gene expression profiles of 11 HNSCC cell lines, we assigned them to the respective subtypes
(Supplementary Fig. S2C). Among the cells, SCC-4, OSC20, OSC19, and HSC2 were classified as the partial-
EMT subtype. Although the expression levels of TGFBI did not always align with the partial-EMT program in
HNSCC cells, HSC3, Ca9-22 and Ho-1-U-1, characterized by low TGFBI expression, exhibited a diminished
partial-EMT phenotype.

Enhanced sphere formation by TGFBI in HNSCC cells

To elucidate the role of TGFBI, we generated TGFBI-overexpressing cells using Ho-1-U-1 and HSC3 cells with
low TGFBI expression (Fig. 1A). We obtained both TGFBI-overexpressing clone and pool clone of Ho-1-U-1
and HSC3 cells. Compared to control cells, TGFBI-overexpressing cells exhibit a sheet-like cell mass with a
smooth margin shape (Supplementary Fig. S3A). While TGFBI overexpression suppressed cell proliferation
and invasion (Supplementary Fig. S3B,C), it significantly enhanced sphere formation ability (Fig. 1B). Sphere-
forming culture is well known for effectively enriching subpopulations with stem-cell properties. Indeed, TGFBI-
overexpressing cells exhibited an increased number of colonies even when plated with a small number of cells
(1000 cells/well and 500 cells/well) (Supplementary Fig. S4). To further demonstrate the phenotype induced by
TGFBI overexpression, we utilized validated TGFBI siRNA in OSC20 and SAS cells with high TGFBI expression
(Supplementary Figure S2A,B). Treatment with TGFBI siRNA effectively reduced TGFBI expression in both
cell lines (Fig. 1C). Subsequently, we examined sphere formation in these cells and found that TGFBI depletion
significantly decreased the number of colonies formed (Fig. 1D).

Thus, TGFBI was involved in sphere formation of HNSCC cells, indicating stem-cell-like properties. Indeed,
SCC-4 cells with a partial-EMT phenotype showed higher expression of stem cell and CSC markers compared
to other HNSCC cell lines (Supplementary Fig. S5A). Therefore, we investigated the expression of stemness
markers, such as NANOG, OCT4, and SOX2 following the overexpression of TGFBI (Ho-1-U-1 and HSC3 cells).
Although TGFBI overexpression tended to elevate the expression levels of stemness markers, we did not observe
a significant difference (Supplementary Fig. S5B). Moreover, we examined CSC markers, ALDHI and BCL11B
in TGFBI-overexpressing cells (Ho-1-U-1 and HSC3) and TGFBI-depleted cells (OSC20 and SAS). TGFBI
overexpression tended to elevate the expression levels of CSC markers and TGFBI depletion exhibited reduced
expression of CSC markers (Supplementary Fig. S5C,D).

Involvement of TAGLN in TGFBI-promoted sphere formation

To pursuit unraveling the molecular mechanisms behind TGFBI-mediated sphere formation, we compared
gene expression profiles of TGFBI-overexpressing clone and pool Ho-1-U-1 cells with control Ho-1-U-1 cells
by RNA-sequencing analysis (Fig. 2A). TGFBI overexpression resulted in the upregulation of genes involved in
negative regulation of cell population proliferation, angiogenesis, response to oxidative stress, and others, while
downregulating genes involved in the regulation of GTPase activity, Wnt signaling pathway, organelle assembly
Ras signaling, and more (Supplementary Fig. S6). Among the upregulated genes in TGFBI-overexpressing cells,
we checked the genes with high expression of TGFBI in HNSCC cases from the TCGA database (Fig. 2B,C).
FNI (Fibronectin 1), LGALS3BP (galectin 3 binding protein), MTIF (metallothionein 1F), TAGLN (transgelin),
and MME (membrane metalloendopeptidase) were identified as a gene with a strong correlation with TGFBI
(Fig. 2C,D). Notably, only TAGLN was significantly downregulated by TGFBI depletion in HNSCC cells (Fig. 2E).
Furthermore, we confirmed that TAGLN expression was upregulated by TGFBI-overexpressing cells (Fig. 2F).
TAGLN depletion decreased TGFBI expression, that it may be caused by positive feedback (Supplementary
Figure S7A).

Subsequently, we further investigated the involvement of TAGLN in TGFBI-mediated sphere formation.
TAGLN shRNA reduced the expression levels of TAGLN mRNA and protein (Fig. 3A,B). As expected, TAGLN
depletion suppressed sphere formation (Fig. 3C,D). However, TAGLN depletion did not decrease CSC markers,
ALDHI and BCL11B (Supplementary Figure S7B). Moreover, we examined the impact of TAGLN depletion on
sphere formation in TGFBI-overexpressing Ho-1-U-1 cells (Fig. 3A,B). The depletion of TAGLN suppressed
sphere formation, as did the sphere formation induced by TGFBI overexpression (Fig. 3C,D). Additionally, we
investigated the effect of TAGLN overexpression in TGFBI-depleted SAS and OSC20 cells (Fig. 3E). Interestingly,
TAGLN overexpression not only promoted sphere formation on its own but also rescued the sphere formation
suppressed by TGFBI depletion (Fig. 3EG).Given that TGFBI contains an RGD sequence that binds to integrin
avp3 and avp5, with a higher affinity for the avf5 complex'>"3, we explored its potential role in integrin signal-
ing. TGFBI is known as the primary intracellular downstream signaling mediators of integrins and promotes
avp5 integrin signaling to FAK (focal adhesion kinase), thereby contributing to cancer progression through its
integrin-binding RGD motif in osteosarcoma, colon, and pancreatic cancer models'>'*'*. To investigate this
mechanism, we treated TGFBI-overexpressing Ho-1-U-1 cells with the FAK inhibitor 14, which directly inhibits
FAK Y397 autophosphorylation. FAK inhibitor downregulated TAGLN expression in a dose-dependent manner
(Fig. 3H,I), suggesting that TAGLN expression may be induced through TGFBI-mediated integrin signaling.
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Figure 1. Sphere formation by TGFBI in HNSCC cells. (A) Immunoblotting confirming ectopic TGFBI
expression in TGFBI-overexpressing Ho-1-U-1 and HSC3 cells (clone and pool cells for each cell line). f-actin
served as the loading control. (B) Assessment of sphere formation using Ultra low attachment surface plates.
Control, clone, and pool TGFBI-overexpressing Ho-1-U-1 and HSC3 cells were employed. 5x 10* cells were
seeded into 6-well Ultra low attachment surface plates. Images of spheroid formation are shown after 4 days
(Ho-1-U-1 cells) and 6 days (HSC3 cells) in upper panel. Lower panel shows the number of spheroids with a size
of 100 pm or more after 4 days (Ho-1-U-1 cells) and 6 days (HSC3 cells). Data represent the mean+ SD in each
group (n=4). *P-value <0.05. (C) Quantitative RT-PCR analysis of TGFBI expression in OSC20 and SAS cells
transfected with TGFBI siRNA. *P-value < 0.05. (D) Assessment of sphere formation using Ultra low attachment
surface plates. Control and TGFBI-knockdown OSC20 and SAS cells were used. 5x 10* cells were seeded into
6-well Ultra low attachment surface plates. Images of spheroid formation are shown after 6 days in upper panel.
Lower panel shows that the number of spheroids with a size of 100 um or more after 6 days. Data represent the
mean = SD of triplicates in each group. *P-value < 0.05.

Correlation of TAGLN expression with clinical parameters and TGFBI in HNSCC

To investigate the correlation of TAGLN expression with lymph node metastasis and prognosis in HNSCC cases,
we analyzed processed RNA-seq data obtained from the TCGA database. High expression of TAGLN was associ-
ated with advanced grading, lymph node metastasis, and poor prognosis, compared to low expression of TAGLN
(Supplementary Fig. S8A and B). Although TAGLN expression was dominantly observed in cancer stromal
fibroblasts, a certain population of cancer cells also expressed TAGLN (Supplementary Fig. S8C). This result is
consistent with the notion that cancer stem cells are a small population within the cancer cells.

Additionally, we examined the relationship between TAGLN and TGFBI expression in HNSCC cases, reveal-
ing that high expression of TAGLN was correlated with elevated TGFBI expression, and vice versa (Fig. 4A).
Moreover, we examined the correlation between TAGLN and partial-EMT-related genes identified in a previous
study?®. Interestingly, HNSCC cases with high TAGLN expression exhibited increased expression of partial-EMT-
related genes (Fig. 4B).
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Figure 2. Identification of TAGLN in TGFBI-mediated signaling. (A) RNA-sequencing results of TGFBI-
overexpressing Ho-1-U-1 cells (clone and pool) and control cells. Heat map displays the most related gene to
TGEFBI expression in Ho-1-U-1 cells. For generating heat map, we used these cut-off value, “Clone: log,(Clone
expression/control expression) >1” and “Pool: log,(Pool expression/ control expression) >0.5”. (B) HNSCC
patient gene expression profiles from TCGA Firehose Legacy. TCGA HNSCC patient gene expression analysis
was used for realizing TGFBI related genes. (C) For identifying TGFBI-related genes by comparing RNA-
sequencing results with HNSCC patient gene expression profiles from TCGA Firehose Legacy. Five genes (FN1,
LGALS3BP, MT1E TAGLN, and MME) were picked up by the following requirement, RNA-seq: log,(Clone
expression/Pool expression) > 1, TCGA: Spearman’s rank correlation coefficient >0.3 (P-value <0.05), and
Pearson’s correlation coefficient > 0.3 (P-value <0.05). (D) Correlation of TGFBI expression to TAGLN, FN1,
LGALS3BP, MTIE and MME expression in HNSCC patients using data from TCGA Firehose Legacy. (E)
Quantitative RT-PCR analysis of TAGLN expression in control and TGFBI-knockdown OSC20 and SAS cells.
Data represent the mean + SD of triplicates in each group. *P-value <0.05. (F) Quantitative RT-PCR analysis of
TAGLN expression in control, clone, and pool TGFBI-overexpressing Ho-1-U-1 and HSC3 cells. Data represent
the mean + SD of triplicates in each group. *P-value <0.05.
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Figure 3. Involvement of TAGLN in TGFBI-promoted sphere formation. (A) Quantitative RT-PCR analysis of
TAGLN expression in TAGLN shRNA-transfected TGFBI-overexpressing Ho-1-U-1 cells and control Ho-1-U-1

cells. Data represent the mean + SD of triplicates in each group. *P-value <0.05. (B) Immunoblotting confirming the
expression of TAGLN in TGFBI-overexpressing Ho-1-U-1 cells transfected with TAGLN shRNA. -actin served as
the loading control. (C) Assessment of sphere formation using Ultra low attachment surface plates. 1x 10* cells were
seeded into 24-well Ultra low attachment surface plates. Images of spheroid formation are shown after 4 days. (D)
The number of spheroids with a size of 100 um or more was counted after 4 days. Data represent the mean +SD of
triplicates in each group. *P-value <0.05. (E) Immunoblotting confirming the expression of HA-tagged TAGLN and
TGFBI in TAGLN-overexpressing SAS and OSC20 cells transfected with TGFBI siRNA. B-actin served as the loading
control. (F) Assessment of sphere formation using Ultra low attachment surface plates. 1 x 10* cells were seeded into
24-well Ultra low attachment surface plates. Images of spheroid formation are shown after 6 days. (G) The number of
spheroids with a size of 100 um or more was counted after 6 days. Data represent the mean+ SD in each group (n=4).
*P-value <0.05. (H) TGFBI-induced TAGLN expression mediated by FAK. TGFBI-overexpressing Ho-1-U-1 cells
showed a decreased expression of TAGLN, when treated by FAK inhibitor 14 at indicated concentration. After 3 h
treatment, cells were collected and TAGLN expression was determined by quantitative RT-PCR. Data represent the
mean + SD of triplicates in each group. *P-value < 0.05. (I) The expression of TAGLN was examined by immunoblotting
after treatment FAK inhibitor 14 at indicated concentration. $-actin served as the loading control.
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Furthermore, we explored the correlation of TGFBI/TAGLN expression with stem cell markers (NANOG,
POU5FI, SOX2, ALDH1, and BCL11B) and EMT markers (S100A4 and VIM) in HNSCC cells. There was no
significant elevation in stem cell markers in HNSCC cases with high expression of TGFBI and TAGLN compared
to those with low expression of these genes (Supplementary Figure S9). However, EMT markers exhibited higher
levels in HNSCC cases with high TGFBI and TAGLN expression (Supplementary Figure S9). We conducted
Kaplan-Meier overall survival analysis in HNSCC patients with "low" and "high" TGFBI/TAGLN expression.
Interestingly, HNSCC patients with high TGFBI/TAGLN expression significantly exhibited an unfavorable prog-
nosis compared to those with low expression of these genes (Fig. 4C).

Discussion

TGFBI, belonging to the FASI family, shares a striking 48% similarity with periostin, a secreted protein renowned
for its influential impact'é. Like TGFBI, periostin contains the EMI and four FAS1 domains, but does not con-
tain an RGD sequence. Our previous study demonstrated that periostin has the ability to promote invasion,
angiogenesis, and metastasis in HNSCC'"!”. TGFBI does not enhance migration and invasion but remarkably
promotes sphere formation—an intriguing distinction in its function within HNSCC cells despite their similar
protein structures.

Although previous reports have highlighted the dual nature of TGFBI, acting both as a tumor suppressor and
a promoter, accumulating evidence underscores its significant effects in driving tumor progression'’. Single cell
transcriptome analysis identifies TGFBI as a marker of partial-EMT®. Moreover, bioinformatics analysis pinpoints
its identification as a hub gene associated with lymph node metastasis in HNSCC'®. Also, we previously have
shown a significant correlation between TGFBI expression and poor survival among HNSCC patients'?. Thus,
TGFBI acts as a promoter of tumor progression in HNSCC. TGFBI’s impact extends beyond mere correlations,
encompassing critical aspects such as chemotaxis, migratory potential, proliferation, apoptosis, metastatic niche
promotion, cancer cell adhesion, and aberrant angiogenesis in other types of cancer!®'*!>20-27 Mechanistically,
TGEFBI propels cancer progression by activating avp5 integrin signaling, ultimately engaging Src, FAK, PI3K, and
AKT through its RGD motif, as observed in models of osteosarcoma, colon, and pancreatic cancer'>'*'°, Indeed,
TGFBI is identified as a necessary gene for tumorsphere formation in stem-like breast cancer cells expressing
the integrin avf3. Although previous study shows that TGFBI-positive HNSCC cells sorted by flow cytom-
etry exhibit increased invasiveness and decreased proliferation®, here we demonstrate that TGFBI remarkably
enhances the ability of HNSCC cells to form spheres, a hallmark of CSC properties.

In our pursuit of unraveling the molecular mechanisms behind TGFBI-mediated sphere formation, we con-
ducted RNA sequencing analysis, which revealed TAGLN as a gene upregulated in TGFBI-overexpressing cells
and highly correlated with TGFBI expression in HNSCC cases from the TCGA database. TAGLN plays pivotal
roles in podosome formation, myocyte migration, and vascular and visceral smooth muscle cell differentiation®.
Although TAGLN is traditionally considered a tumor suppressor in various cancers, our study uncovers elevated
TAGLN expression closely associated with adverse clinical parameters, including poor survival, advanced grad-
ing, and lymph node metastasis in HNSCC patients. Furthermore, TAGLN expression exhibits a strong correla-
tion with the expression of TGFBI and partial-EMT-related genes, suggesting a crucial role for TAGLN in the
aggressiveness and metastatic potential of HNSCC mediated by TGFBI. While the intricate mechanisms govern-
ing TAGLN regulation by TGFBI remain elusive, our study hints at the involvement of integrin signaling and its
downstream effector, FAK. Notably, the inhibition of FAK downregulates TAGLN expression, suggesting that
TGFBI-mediated integrin signaling, facilitated by its RGD motif, may induce TAGLN expression in HNSCC cells.
Intriguingly, TGFBI-positive cells exhibiting partial-EMT traits localize at the leading edge of HNSCC tissue®,
implying potential interactions between TGFBI and the tumor microenvironment, particularly ligand-receptor
signaling. Furthermore, TGFBI exhibits enhanced sphere formation with upregulation of CSC markers. However,
TAGLN depletion did not contribute to the expression of CSC markers. The correlation between TGFBI-TAGLN
axis and stemness is still unknown. The detailed mechanism on the involvement of TGFBI in regulating tumor
microenvironment and stemness requires further study.

In conclusion, our study uncovers a TGFBI-TAGLN axis via integrin signaling, underscoring their poten-
tial interplay in driving HNSCC. The association of TGFBI and TAGLN with adverse clinical parameters fur-
ther emphasizes its significance in HNSCC aggressiveness. Our investigations have illuminated the captivating
involvement of TGFBI-TAGLN axis in HNSCC, positioning them as promising targets for future therapies.

Data availability

The data supporting the findings of this study are available within the paper and the Supplementary Informa-
tion. Raw RNA-seq data (FASTQ files) reported in this study are available at the DDB]J Sequence Read Archive
(DRR486141-DRR486143).

Received: 7 August 2023; Accepted: 17 March 2024
Published online: 21 March 2024

References
1. Mao, L., Hong, W. K. & Papadimitrakopoulou, V. A. Focus on head and neck cancer. Cancer Cell 5(4), 311-316 (2004).
2. Forastiere, A., Koch, W, Trotti, A. & Sidransky, D. Head and neck cancer. N. Engl. ]. Med. 345(26), 1890-1900 (2001).
3. Fidler, L ]. Critical factors in the biology of human cancer metastasis: Twenty-eighth GHA Clowes memorial award lec-ture. Cancer
Res. 50(19), 61306138 (1990).
4. Nieto, M. A., Huang, R. Y, Jackson, R. A. & Thiery, J. P. EMT: 2016. Cell 166(1), 21-45 (2016).
5. Luond, E et al. Distinct contributions of partial and full EMT to breast cancer malignancy. Dev. Cell 56(23), 3203-3221 (2021).

Scientific Reports |

(2024) 14:6767 | https://doi.org/10.1038/s41598-024-57478-0 nature portfolio



www.nature.com/scientificreports/

6. Pal, A, Barrett, T. E, Paolini, R., Parikh, A. & Puram, S. V. Partial EMT in head and neck cancer biology: A spectrum instead of a
switch. Oncogene 40(32), 5049-5065 (2021).
7. Jolly, M. K. et al. Stability of the hybrid epithelial/mesenchymal phenotype. Oncotarget 7, 27067-27084 (2016).
8. Puram, S. V. et al. Single-cell transcriptomic analysis of primary and metastatic tumor ecosystems in head and neck cancer. Cell
171, 1611-1624 (2017).
9. Han, K. E. et al. Pathogenesis and treatments of TGFBI corneal dystrophies. Prog. Retin. Eye Res. 50, 67-88 (2016).
10. Corona, A. & Blobe, G. C. The role of the extracellular matrix protein TGFBI in cancer. Cell Signal. 84, 110028 (2021).
11. Kudo, Y. et al. Periostin promotes invasion and anchorage-independent growth in the metastatic process of head and neck cancer.
Cancer Res. 66(14), 6928-6935 (2006).
12. Costanza, B. et al. Transforming growth factor beta-induced, an extracellular matrix interacting protein, enhances glycolysis and
promotes pancreatic cancer cell migration. Int. . Cancer 145(6), 1570-1584 (2019).
13. Son, H. N., Nam, J. O, Kim, S. & Kim, L. S. Multiple FAS1 domains and the RGD motif of TGFBI act cooperatively to bind avp3
integrin, leading to anti-angiogenic and anti-tumor effects. Biochim. Biophys. Acta. 1833(10), 2378-2388 (2013).
14. Guo, Y. S. et al. Big-h3 promotes human osteosarcoma cells metastasis by interacting with integrin a2p1 and activating PI3K
signaling pathway. PLoS One 9(3), €90220 (2014).
15. Ma, C. et al. Extracellular matrix protein betaig-h3/TGFBI promotes metastasis of colon cancer by enhancing cell extravasation.
Genes Dev. 22(3), 308-321 (2008).
16. Skonier, J. et al. cDNA cloning and sequence analysis of Big-h3, a novel gene induced in a human adenocarcinoma cell line after
treatment with transforming growth factor-B. DNA Cell Biol. 11(7), 511-522 (1992).
17. Siriwardena, B. S. et al. Periostin is frequently overexpressed and enhances invasion and angiogenesis in oral cancer. Br. J. Cancer
95(10), 1396-1403 (2006).
18. Lu, H. et al. Identification of novel hub genes associated with lymph node metastasis of head and neck squamous cell carcinoma
by completive bioinformatics analysis. Ann. Transl. Med. 9(22), 1678 (2021).
19. Kisoda, S. et al. Prognostic value of partial EMT-related genes in head and neck squamous cell carcinoma by a bioinformatic
analysis. Oral Dis. 26(6), 1149-1156 (2020).
20. Lee, M. ]. et al. Oncostatin M promotes mesenchymal stem cell-stimulated tumor growth through a paracrine mechanism involving
periostin and TGFBLI. Int. J. Biochem. Cell Biol. 45(8), 1869-1877 (2013).
21. Shang, D,, Song, B. & Liu, Y. Epirubicin suppresses proliferative and metastatic potential by downregulating transforming growth
factor-B-induced expression in urothelial carcinoma. Cancer Sci. 109(4), 980-987 (2018).
22. Shin, S. H. et al. Proteomic identification of betaig-h3 as a lysophosphatidic acid induced secreted protein of human mesenchymal
stem cells: Paracrine activation of A549 lung adenocarcinoma cells by betaig-h3. Mol. Cell Proteomics. 11(2), M111012385 (2021).
23. Guo, S. K., Shen, M. E, Yao, H. W. & Liu, Y. S. Enhanced expression of TGFBI promotes the proliferation and migration of glioma
cells. Cell Physiol. Biochem. 49(3), 1097-1109 (2018).
24. Shang, D, Liu, Y., Yang, P, Chen, Y. & Tian, Y. TGFBI-promoted adhesion, migration and invasion of human renal cell carcinoma
depends on inactivation of von Hippel-Lindau tumor suppressor. Urology 79(4), 966.e1-7 (2021).
25. Pan, T. et al. BIGH3 promotes osteolytic lesions in renal cell carcinoma bone metastasis by inhibiting osteoblast differentiation.
Neoplasia 20(1), 32-43 (2018).
26. Steitz, A. M. et al. Tumor-associated macrophages promote ovarian cancer cell migration by secreting transforming growth factor
beta induced (TGFBI) and tenascin C. Cell Death Dis. 11(4), 249 (2020).
27. Chiavarina, B. et al. Metastatic colorectal cancer cells maintain the TGFp program and use TGFBI to fuel angiogenesis. Theranostics
11(4), 1626-1640 (2021).
28. Sun, Q. et al. Stem-like breast cancer cells in the activated state resist genetic stress via TGFBI-ZEB1. NP] Breast Cancer 8(1), 5
(2022).
29. Thweatt, R., Lumpkin, C. K. Jr. & Goldstein, S. A novel gene encoding a smooth muscle protein is overexpressed in senescent
human fibroblasts. Biochem. Biophys. Res. Commun. 187(1), 1-7 (1992).

Acknowledgements
This work was supported by grants to Y. Kudo from JSPS KAKENHI [22K19629, 22H03288, and 21KK0162].

Author contributions

Y.K. designed and supervised the research. M.S. conducted the main experiments. Y.M. conducted the main
bioinformatics analysis. A.M., A.Y,, S.J., W.S., H.H., and K.M. contributed to technical support. M.S. and Y.K.
wrote the manuscript. All authors read and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-024-57478-0.

Correspondence and requests for materials should be addressed to Y.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2024) 14:6767 | https://doi.org/10.1038/s41598-024-57478-0 nature portfolio


https://doi.org/10.1038/s41598-024-57478-0
https://doi.org/10.1038/s41598-024-57478-0
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports | (2024) 14:6767 | https://doi.org/10.1038/s41598-024-57478-0 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Involvement of TGFBI-TAGLN axis in cancer stem cell property of head and neck squamous cell carcinoma
	Materials and methods
	Reagent and antibodies
	Cell culture
	Quantitative RT-PCR
	Western Blot analysis
	Plasmids and transfection
	RNA interference
	Sphere formation assay
	In vitro invasion assay
	Bulk RNA-seq analysis
	scRNA-seq analysis
	Data analysis
	Statistical analysis

	Results
	Correlation of TGFBI expression with partial-EMT phenotype in HNSCC cell lines
	Enhanced sphere formation by TGFBI in HNSCC cells
	Involvement of TAGLN in TGFBI-promoted sphere formation
	Correlation of TAGLN expression with clinical parameters and TGFBI in HNSCC

	Discussion
	References
	Acknowledgements


