Biochemistry and Biophysics Reports 38 (2024) 101676

Contents lists available at ScienceDirect

BB

Biochemistry and Biophysics Reports Repo

journal homepage: www.elsevier.com/locate/bbrep

ELSEVIER

The TGF-p/MMP9/RAGE axis induces sRAGE secretion by neutrophils and
promotes oral carcinogenesis

Xiaolin Chen“, Ningyuan Wang “, Chenyang Jing °, Jianghan Li“, Xuanhao Liu“, Yuquan Yang°,
Tianhuan Song “, Hao Jia ™"
& Faculty of Basic Medicine, Shanghai Jiao Tong University School of Medicine, 280 South Chongqing Road, Shanghai, 200025, China

Y Shanghai Key Laboratory for Tumor Microenvironment and Inflammation, Department of Biochemistry & Molecular Cellular Biology, Shanghai Jiao Tong University
School of Medicine, Shanghai, 200025, China

ARTICLE INFO ABSTRACT

Keywords: In the tumor microenvironment, transforming growth factor p (TGF-B) contributes to neutrophil development
Neutrophil toward a pro-tumor phenotype; however, the molecular mechanism by which this occurs remains unclear.
RAGE Therefore, we explored the role of TGF-p in N2 neutrophil polarization and the subsequent effect on oral leu-
rcl}vllipp? koplakia/oral squamous cell carcinoma (OL/OSCC) cells. The TGF-p-stimulated N2 culture supernatant pro-

moted the proliferation of OL/OSCC cells. Analysis of the N2 supernatant using a cytokine array revealed
significantly upregulated expression of soluble forms of receptor for advanced glycation end products (RAGE).
TGF-p was found to induce the expression of RAGE and matrix metalloproteinase 9 (MMP9) in neutrophils.
Additionally, MMP9 treatment could cleave RAGE and promote its secretion by neutrophils, thereby promoting
cancer cell proliferation. In an established mouse model of oral cancer using 4NQO, RAGE were found to be
highly expressed. Importantly, neutralizing antibodies against RAGE significantly inhibited oral cancer pro-
gression in mice. Analysis of clinical data from the TCGA database revealed that RAGE and MMP9 are highly
expressed in head and neck squamous cell carcinoma (HNSCC) and that RAGE expression is significantly posi-
tively correlated with neutrophil infiltration. In conclusion, our results indicate that TGF-f promotes N2
neutrophil polarization through upregulation of soluble RAGE (sRAGE) secretion, leading to OSCC cell prolif-
eration. Our findings also suggest that the SRAGE formed during N2 polarization may be a potential therapeutic
target in OL/OSCC.

Oral leukoplakia
Oral squamous cell carcinoma

1. Introduction the function of myeloid cells. TGF-p contributes to the development of

neutrophils toward a pro-tumor phenotype in the tumor microenviron-

Transforming growth factor p (TGF-p) is an immunosuppressive
cytokine positively correlated with chemoresistance; it triggers a
signaling cascade which causes cancer cells to undergo epithelial-to-
mesenchymal transition. TGF-p signaling mediates oncogene effects by
promoting metastasis, angiogenesis, and immune escape [1]. Moreover,
evidence suggests that TGF-f is overexpressed by tumor cells and plays a
significant role in blocking immune responses and affecting tumor
progression [2]. TGF-p blockers and TGF-§ receptor inhibitors show
anti-tumor effects mainly via the immune mechanism regulated by
CD8* T cells. In addition to inhibiting T cell function, TGF-p also affects

ment [3], although the underlying molecular mechanism by which this
occurs remains unclear.

Neutrophils are the most abundant myeloid cells in human blood and
are emerging as important tumor regulators. However, their functional
importance is often overlooked because they are short-lived, terminally
differentiated, and non-proliferative. Increasing studies have shown that
tumor-associated neutrophils (TANs) play an important role in pro-
moting tumors [4]. TANs are associated with lower survival rates in
patients with melanoma [5], head and neck cancer [6], and hepatocel-
lular carcinoma [7]. However, the mechanism by which TANs regulate
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tumors remains unclear.

The receptor for advanced glycation end products (RAGE) is an
important signaling receptor, and the downstream signaling pathway
plays an important role in tumor occurrence and development [8-10].
RAGE can be expressed in vivo as a full-length membrane-bound form
(fl-RAGE) or as various soluble forms lacking the transmembrane
domain, collectively referred to as “soluble RAGE (sRAGE)”. sSRAGE can
be divided into two categories according to its source: cRAGE, cleaved
from fl-RAGE, and endogenously secreted esRAGE [11]. However, the
role of SRAGE in tumors remains unclear.

In this study, we established a mouse model of oral leukoplakia (OL)/
oral squamous cell carcinoma (OSCC) and investigated the mechanisms
through which TGF-B promotes neutrophil polarization to N2 in the
tumor cells. Based on the results of a cytokine array analysis, we further
examined the role of TGF-p-induced RAGE and matrix metalloproteinase
9 (MMP9) in tumor cell proliferation. We also investigated their role in a
mouse model of oral cancer and determined the therapeutic efficacy of
neutralizing antibodies against RAGE in this mouse model. Our study
provides insights into the mechanisms regulating oral carcinogenesis
and reveals relevant targets for tumor treatment.

2. Materials and methods
2.1. Cell culture and drugs

DOK, Cal27, SCC25 and HN4 cells were cultured in DMEM supple-
mented with 10% fetal bovine serum at 37 °C in a humidified atmo-
sphere with 5% COs. All cells were obtained from the ATCC. Information
on the drugs used is presented in Supplementary Table 1.

2.2. Cell viability

Cell viability was assessed using a CCK-8 assay kit as previously
described [12]. For the assay, 1 x 10* cells per well were seeded in
96-well plates, and the absorbance was measured at 480 nm against a
background control using a microplate reader.

2.3. Neutrophil isolation

Neutrophils were isolated by density gradient centrifugation, ac-
cording to the manufacturer’s guidelines (Solarbio, P8550). Briefly, the
femurs and tibias of mice were extracted aseptically, and the bone
marrow cavity was rinsed to obtain the bone marrow. The obtained
single-cell suspension was then carefully overlaid onto the surface of the
density gradient separation solution and centrifuged for 30 min at
1000xg in a horizontal rotor at room temperature. After centrifugation,
two circular milky-white cell layers were observed in the tubes; collect
the lower layer to obtain neutrophils. To collect the conditioned medium
(CM), neutrophils were cultured at a concentration of 4 x 106 cells/mL
with TGF-p at 40 ng/mL for 4 h, and the CM was collected after
centrifugation (4 °C, 13000xg, 20 min).

2.4. Engyme-linked immunosorbent assay (ELISA)

Neutrophils were cultured at a concentration of 4 x 10° cells/mL,
with or without TGF-p (40 ng/mL) for 4 h, and supernatants were
collected. The concentration of SRAGE in the culture supernatant was
detected using ELISA kits according to the manufacturer’s instructions
(Jiangsu Meimian industrial Co., Ltd, China).

2.5. Cytokine array analysis

Cytokine array analysis was performed using a Label-Based (L-Se-
ries) Mouse L308 Array Kit according to the manufacturer’s standard
operating procedures (H-Wayen Biotechnologies, Shanghai, China).
Briefly, the samples were first purified using spin columns and then
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biotin-labeled. Glass slides were removed from the refrigerator and
equilibrated to room temperature. After the glass slides were completely
dried, blocking and incubations were performed. Fluorescence detection
was performed after the incubation.

2.6. Immunofluorescence staining

Paraffin-embedded and formalin-fixed samples were cut into 5-pm
sections, which were then processed for immunofluorescent staining or
immunohistochemical staining. The sections were incubated with anti-
bodies against mouse RAGE (ab-3611, abcam, USA), followed by incu-
bation with Alexa Fluor 488 goat anti-rabbit IgG (Invitrogen).
Subsequently, images were acquired using a confocal microscope (Zeiss
LSM 710, Carl Zeiss, Dublin, CA, USA).

2.7. Modified mouse tongue leukoplakia/SCC model treated with RAGE
monoclonal antibody therapy

Eight-week-old male C57BL/6J mice were purchased from Shanghai
Lingchang Biotechnology Science and Technology (China) and used to
establish an OL/OSCC model. Briefly, a 100 pg/mL solution of the
carcinogen 4NQO (Sigma, St. Louis, MO, USA) was prepared in double-
distilled water (ddH20) with overnight stirring at room temperature.
Thereafter, the mice were given the 4NQO solution instead of drinking
water. The RAGE monoclonal antibody (mAb) treatment method used
for each cage is shown in Fig. 3E.

2.8. RNA-seq and validation by qRT-PCR

Total RNA was extracted from cultured cells and tissue samples using
TRIzol reagent, according to the manufacturer’s protocol (TaKaRa,
Dalian, Japan). For microarray analysis, the Affymetrix (Santa Clara,
CA, USA) Gene ChipR Human Transcriptome Array 2.0 was employed
according to the manufacturer’s protocol. RNA-seq of the samples was
performed on an Illumina HiSeq X Ten sequencing system and detected
using Novogene (Liebing Bioinformatics Technology, China).The
primers sequences in Supplementary Table 2.

2.9. Statistical analysis

Results are expressed as mean values + standard errors of mean.
Statistical analyses were performed using GraphPad Prism software
version 6.1 (La Jolla, CA, USA). The statistical significance of differences
between groups was determined using Student’s t-test. All data were
analyzed using two-tailed tests unless otherwise specified, and statistical
significance was set at P < 0.05.

3. Results

3.1. Tumor-associated neutrophils promote RAGE-dependent
proliferation of OL and OSCC cells

For tumor-associated neutrophil (TAN) induction, primary neutro-
phils were treated with TGF-p (40 ng/mL) for 24 h. qRT-PCR analysis
indicated that the markers CCL2, Arg2, and YM1 were elevated, con-
firming the transformation of monocytes into N2-type neutrophils
(Fig. 1A-C). Cell proliferation assay showed that co-culture with N2
superntant facilitated the growth of DOK and HN4 cells compared to co-
culture with NO superntant (Fig. 1D-F). To understand the mechanism
by which the N2 supernatant promotes OL and OSCC cell proliferation
and metastasis, we performed a cytokine array analysis. The results
showed that the expression of several cytokines was upregulated
(Fig. 1G), with RAGE showing significantly upregulated expression
(Fig. 1H). To confirm the cytokine array findings, we performed ELISA,
which showed that the levels of RAGE were increased in the N2 super-
natant compared with those in the ctrl group (Fig. 1I). To determine
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Fig. 1. TGF-p-induced N2 neutrophil polarization, and N2 supernatant promotes tumor cell proliferation dependent on RAGE.

A-C. gRT-PCR analysis of CCL2, Arg2, and YM1 expression in TGF-p-stimulated mouse primary neutrophils. D. Schematic diagram of treatment of OL/OSCC cells with
N2 neutrophil culture supernatant. E-F. CCK-8 assay showing cell proliferation of DOK (E) and HN4 (F) cells post treatment with the N2 culture supernatant. G.
Cytokine array analysis showing significant changes in the expression of multiple proteins. H. RAGE exhibits a robust increase in the TGF-p treatment group
compared to that in the CTRL group. I. RAGE expression in N2 culture supernatant detected using ELISA. Induction of RAGE in neutrophils by TGF-f confirmed using
J qRT-PCR and K western blotting. CCK-8 assay showing cell proliferation of L. Cal27 and M SCC25 cells post treatment with RAGE. Data in A-C, E, F, I, J, L, and M are

shown as mean + SD from three independent experiments; *P < 0.05.

whether TGF-p is involved in the regulation of RAGE expression, we
examined the expression of RAGE in TGF-p-stimulated neutrophil cells.
Both qRT-PCR and western blotting confirmed that TGF-p treatment
induced RAGE expression in N2 cells (Fig. 1J and K). Furthermore,
compared to the ctrl group, the RAGE group had a significant prolifer-
ative effect on OSCC cells (Fig. 1L and M).

3.2. TGF-ff promotes MMP9 expression to cleave SRAGE

RAGE is a 55 kDa type I membrane glycoprotein receptor of the
immunoglobulin superfamily. In the current study, the soluble form of
RAGE, sRAGE, was detected in the cell culture medium. As previous
studies have shown that MMP9 can cleave RAGE to form sRAGE, we
further examined the expression of MMP9 after TGF-p treatment of
neutrophils. The results indicated that MMP9 was indeed upregulated by
TGF-f (Fig. 2A and B). Furthermore, post addition of MMP9 protein to
TGF-p-treated neutrophils, SRAGE was detected in the cell culture su-
pernatant (Fig. 2C). To identify the downstream targets of TGF-p that
regulate N2, RNA-seq was performed to identify target genes involved in
the regulation of MMP9 and RAGE expression. We then used ChIP-seq
data of MMP9 and RAGE from the database and conducted an over-
lapping analysis with the RNA-seq database to screen candidate tran-
scription factors (Fig. 2D and H). Further, using qRT-PCR, TGF-p was
found to upregulate RAGE expression via Bhlhe40 (Fig. 2E-G) and
MMP9 expression via Mxil (Figs. 21-3K). Taken together, these results
indicated that TGF-f-induced MMP9 cleaves RAGE to form SRAGE in N2

**P < 0.01.

***p < 0.001.

cells.

3.3. RAGE mAb treatment in oral tongue tumor mouse model

To clarify RAGE involved in OSCC progression, mice were treated
with 4NQO (Fig. 3A). Typical tongue tumor was observed in the 4NQO
group by macroscopic observation and H&E staining (Fig. 3B and C).
Then immunofluorescence (IF) was performed, RAGE staining were
found to be stronger in OL(4NQO) than in normal mucosa (PBS)
(Fig. 3D). To verify whether MMP9-cleaved RAGE from neutrophils
promotes the proliferation of oral cancer cells, we used RAGE mAb to
treat 4NQO-induced oral tongue cancer in mice (Fig. 3E). The results
showed that after RAGE mAb treatment, the number of mouse-tongue
tumors smaller than 1 mm were significantly reduced (Fig. 3F-K),
whereas the number of tumors larger than 1 mm at the beginning of the
treatment showed no significant change.

3.4. RAGE and MMP9 are highly expressed in tumors

We analyzed the RAGE and MMP9 mRNA expression recorded in The
Cancer Genome Atlas (TCGA) datasets to further explore the clinical
relevance of these genes in patients with malignant tumors, and found
that RAGE (Fig. 4A) and MMP9 (Fig. 4E) transcripts were overexpressed
in most carcinoma tissues compared to that in non-cancerous tissues. In
addition, the mRNA levels of RAGE (Fig. 4B) and MMP9 (Fig. 4F) in
patients with head and neck squamous cell carcinoma (HNSCC) were
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Fig. 2. TGF-p can induce the expression of MMP9 and RAGE, and highly expressed MMP9 can cleave RAGE to form sSRAGE. A. qRT-PCR analysis of MMP9 expression
in TGF-p-stimulated mouse primary neutrophils. B. The Volcano Plot analysis of the differentially expressed genes in TGF-$ and CTRL neutrophil identified by the
RNA-seq approach. Red dots represent genes induced by TGF-f, green dots represent genes repressed by TGF-f, and blue dots represent genes without significant
difference. C. ELISA analysis showing sSRAGE expression in N2 supernatant treated with MMP9. D-E. ChIP-seq of RAGE in the database and overlapping analysis with
the RNA-seq database to screen out 11 candidate transcription factors. F-G. qRT-PCR analysis of Bhlhe40 expression in TGF-p-stimulated mouse primary neutrophils.
H-I. ChIP-seq of MMP9 in the database and overlapping analysis with the RNA-seq database to screen out 8 candidate transcription factors. J-K. qRT-PCR analysis of
Mxil expression in TGF-f-stimulated mouse primary neutrophils. Data in A, B, E, and F are shown as mean + SD from three independent experiments; *P < 0.05.

**P < 0.01. ***P < 0.001. ns, not significant.

significantly higher in tumor tissues than in matched adjacent normal
tissues. In HNSCC samples, RAGE (Fig. 4C) and MMP9 (Fig. 4G)
expression level had a clear positive correlation with neutrophil infil-
tration level. Information on the baseline characteristics of the patients
included in the data analysis is shown in Supplementary Table 3.
Kaplan-Meier survival analysis showed that patients with high RAGE
(Fig. 4D) and MMP9 (Fig. 4H) levels had shorter survival times than
those with low RAGE levels. We further analyzed the relationship be-
tween RAGE and MMP9 expression in tumor from HNSCC samples.
Pearson’s correlation analysis revealed a positive correlation between
RAGE and MMP9 levels in HNSCC samples (Fig. 4I). Moreover, these
results suggest that the upregulation of RAGE and MMP9 is significantly

associated with advanced progression of HNSCC.
4. Discussion

TANs are considered to have a key role in tumor formation and
angiogenesis [2,13]. Numerous functional studies have shown that tu-
mors can stimulate neutrophils to promote angiogenesis, migration, and
the invasion of tumor cells. Tumor cells can secrete TGF-$, which further
promotes the polarization of neutrophils in the tumor microenviron-
ment into N2 populations with a pro-tumor phenotype [2], which can
promote the proliferation and metastasis of tumor cells through the
secretion of some cytokines associated with feedback, but the
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Fig. 3. RAGE mAD treatment in oral tongue tumor mouse model. A. Schematic timeline of the 4NQO treatment in tongue leukoplakia mouse model. B. Macroscopic
view of the tongue of mice in the PBS and 4NQO groups. C. Typical tongue leukoplakia and SCC in the 4NQO group. Histopathological diagnosis confirming leu-
koplakia on the dorsal tongue and local early invasive tongue SCC in the 4NQO group (200 x ). D. Inmunofluorescence showing RAGE staining in the 4NQO and
control (PBS) groups (200 x ). E. Schematic timeline of the RAGE mAb treatment in early tongue leukoplakia mouse model. F-G. RAGE mAb is effective in leu-
koplakia treatment, especially for leukoplakia induced by 4NQO. Macroscopic view before and after RAGE (F)/IgG (G) mAb treatment. H-K. Ratio of tongue lesion
score before and after RAGE mAb treatment (200 x ). Data in H and J are shown as mean + SD from three independent experiments; *P < 0.05. ns, not significant.

mechanism is still unclear. To answer this question, TGF-p-treated
neutrophil supernatants were cultured with OSCC cells, mimicking a
paracrine form of the tumor microenvironment. As a result,
TGF-p-treated neutrophil supernatants could significantly increase OL
(DOK)/OSCC (HN4) cell proliferation. TANs exhibit an exceptional

cytokine profile, and they secrete cytokines such as CXCL10, IL23a, and
ARG1 [14]. However, the types of cytokines are not sufficiently un-
derstood, and thus, we used the cytokine array of L308 samples for
screening, to identify the most abundant cytokines. Furthermore, the
expression of RAGE was detected in our study. RAGE is expressed in
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tissues (n = 502) and normal tissues (n = 44). G. Correlations between MMP9 expression and and infiltrating neutrophil levels. H. Kaplan-Meier survival analysis of

patients with high MMP9 levels compared to those with low MMP9 levels. I. Correlation between the levels of RAGE and MMP9 in HNSCC tissues. *

many tumor cell types, and its activation is closely related to tumor
growth [9], cell migration [15], cell death [8], angiogenesis [9], and
resistance to occlusion. Recent studies have shown that HMGB1, which
is abundantly expressed in the tumor microenvironment, can promote
the polarization of macrophages toward M2 through the RAGE signaling
pathway, enhancing tumor cell invasion, new vascular network forma-
tion, and MMP9 production [16]. The role of RAGE in N2 polarization
has not been studied yet. In addition, studies have found that RAGE
affects the tumor microenvironment and promotes the occurrence of
tumor-related cytokines. The source of RAGE in the tumor microenvi-
ronment is unclear. Our study found that RAGE in the tumor microen-
vironment originates from neutrophils. Furthermore, we used RNA-seq
and bioinformatics analyses to determine that the transcription factor
Bhlhe40 can upregulate the expression of RAGE and that Mxil can
upregulate the expression of MMP9, which was also verified in neutro-
phils. The optimal clinical treatments for OL and OSCC remain unsat-
isfactory, and there are no effective treatments for preventing the
development of oral cancer. Our previous study showed that PD-1 mAb
can block oral carcinogenesis [12], althought the response rate is only
50%. Based on this, we used RAGE mAD to treat 4NQO-induced oral
tongue cancer in mice, the results showed that the mouse-tongue tumors
smaller than 1 mm were significantly reduced. However, there is no
significant effect on large tumors.

As shown in the graphical abstract, in our study, we found that
treating neutrophils with TGF-p upregulated the expression of MMP9
and RAGE. The upregulated MMP9 cleaved RAGE to form sRAGE, which
contributed to the proliferation and metastasis of OL/OSCC cells. More
importantly, RAGE mAb was effective for OSCC treatment in mice.
These results suggest that the RAGE/MMP9 axis in N2 neutrophil po-
larization could be a promising therapeutic target for OL and OSCC. In
the future, a combination therapy of RAGE mAb and PD-1 mAb may

**P < 0.0001.
could yield good results.
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