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Abstract

Background Transferrin receptor (TFRC) uptakes iron-loaded transferrin (TF) to acquire iron and regulates tumor develop-
ment. Nonetheless, the clinical values and the precise functions of TF-TFRC axis in the development of oral squamous cell
carcinoma (OSCC) were still undiscovered, especially the impacts of their regional heterogeneous expression.

Methods Immunohistochemistry (IHC) was used to analyze the expression of TFRC in 106 OSCC patients. Then the prog-
nostic value of TFRC was compared between high and low worst pattern of invasion (WPOI) patients. OSCC cells with low
or high expression of TFRC were constructed, and functional experiments were performed to elucidate the effects of TFRC
on the migration and proliferation of OSCC cells. Multi-immunofluorescence was applied to stain TF and tumor-associated
neutrophils (TANS). The stimulating effects of TF were compared between normal and high TFRC cells in vitro and across
different OSCC patients’ subgroups in our sample bank and TCGA database.

Results Higher TFRC was expressed at invasive tumor front (ITF) in OSCC and correlated with WPOI. Only at ITF in
patients with WPOI 4-5, TFRC was a prognostic factor. High TFRC promoted migration and proliferation of cancer cells.
Additionally, TANs secreted TF outside. Exogenous TF promoted migration and proliferation of cells with high expression of
TFRC. Compared to the TANs'®*TFRC!®¥ OSCC patients, TANs"&"TFRC"" OSCC patients had poorer clinical outcomes.
Conclusions Higher expression of TFRC at ITF and TANs-TF-TFRC axis promoted OSCC invasion at ITF by facilitating
cell migration and proliferation, which may result from increased cellular iron uptake through regulating iron metabolism.

Keywords Transferrin receptor - Tumor-associated neutrophils - Worst pattern of invasion - Oral squamous cell carcinoma -
Prognosis

Introduction OSCC are surgery, radiotherapy, chemotherapy and photody-

namic therapy [4]. Despite improving treatments, the clinical
Oral squamous cell carcinoma (OSCC) is the eleventh most ~ outcomes of OSCC patients did not improve significantly and
common malignant tumor in the world [1] and the incidence the survival rate is still less than 50% [5]. Localized regional
is increasing every year [2, 3]. Current treatment strategies for ~ recurrence and distant metastasis are main reasons for poor
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prognosis of OSCC [6]. Therefore, identification the promising
molecular predictors and exploration the underlying mecha-
nisms are important to ameliorate survival rates of OSCC.

The binding of iron-loaded transferrin (TF) with transfer-
rin receptor (TFRC) which is then endocytosed into cells is a
major pathway of iron uptake. TFRC was found to be highly
expressed in nonsmall cell lung cancer, pancreatic cancer,
colorectal cancer and OSCC etc. [7-10] Multiple studies have
confirmed that enhanced TF-TFRC mediated iron uptake in
tumor to promote tumorigenesis, proliferation, metastasis and
drug resistance [11-16] as iron is central to many proteins
involved in DNA synthesis, ATP production and redox cycle,
etc. And OSCC patients with high expression of TFRC were
found to have poor clinical outcomes [10]. However, how high
TFRC expression leading worse clinical outcomes remained
elusive.

It is well known that tumor is a heterogeneous disease with
morphologically and topographically distinct tumor foci [17,
18]. The heterogeneity leads diverse distribution of genetically
distinct tumor subpopulations and varied tumor microenvi-
ronments. Previous studies have confirmed the heterogene-
ity provides fuel for tumor invasion [19]. Analyzing different
proteins expression and cellular component between tumor
center (TC) and the invasive tumor front (ITF) is one-way to
study tumor heterogeneity that promotes tumor invasion as
ITF is a boundary between the tumor and the stroma and has
a greater capacity for invasion [20-22]. Usually depending
on the worst pattern of invasion (WPOI) at ITF and the clini-
cal prognostic outcome, it could be further divided into two
subclasses WPOI 1-3 and WPOI 4-5. WPOI 4-5 were more
aggressive and had a worse prognosis than WPOI 1-3 and
drew more attention in the study of ITF [23]. Epithelial-to-
mesenchymal transition (EMT) transition is one important fea-
ture of WPOI 4-5 [19, 24]. Intriguingly, some studies found
that EMT is accompanied by increased iron uptake [25, 26].
Therefore, we wondered whether more TFRC expression at
ITF and promoted OSCC invasion leading poor prognosis
of OSCC patients. Moreover, the effects of TF/TFRC axis in
OSCC invasion was still a mystery.

In this study, we showed that high TFRC expression at ITF
was associated with WPOI 4-5 and predicted worse clinical
outcomes. In vitro experiments confirmed that TFRC pro-
moted OSCC cells migration and proliferation. TANs at ITF
were found to secret TF which further increased OSCC migra-
tion and proliferation rates, suggesting TANs at ITF supply
iron to meet high demands of tumor cell in the formation of
WPOI 4-5.
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Materials and methods
Patients and samples

The 106 samples used for immunohistochemistry (IHC)
staining of TFRC were obtained from primary OSCC
patients who received surgery from 2015 to 2019 in Nan-
jing Stomatological Hospital. And the 97 samples used
for THC staining of CD15 were part of the previous 106
samples. The inclusion criteria included: (1) primary oral
squamous carcinoma diagnosed by pathologic examina-
tion; (2) patients with no previous history of radiotherapy
chemotherapy or immunotherapy; (3) Pathologic speci-
mens are well preserved; (4) complete clinical data and
follow-up information. The exclusion criteria include: (1)
Clinical and pathological examination confirmed the diag-
nosis of oral lesions that are not primary lesions; (2) Post-
operative patients who died due to other reasons or other
diseases other than recurrent metastasis of oral cancer; (3)
Incomplete pathologic specimens or incomplete clinical
data. The patients were followed up for 2—-84 months, and
the median was 60 months. All samples were obtained
from the biospecimen bank and informed consent was
obtained from the patients. The study was approved by the
Medical Ethics Committee of Nanjing Stomatology Hos-
pital (JX-2023-NL28) and followed the tenets the World
Medical Association’s Declaration of Helsinki.

Immunohistochemistry (IHC) and quantification

IHC staining of CD15 (ab135377, 1:100 dilution, Abcam)
and TFRC (HPA028598, 1:750 dilution, Sigma) was per-
formed according to standard protocols. Tumor tissue
slides in this study were electronically scanned using the
3DHISTECH slice scanner [PANNORAMIC MIDI]. Three
image fields were selected for the TC and ITF. Protein
expression was assessed based on the density and percent-
age of staining of positive cells in sections. The staining
intensity and percentage of positive cells were scored as
our previous studies. Then, multiplying the two scores and
the final score was the average of the scores of the three
image fields. For TANs, they were counted at 40 X field of
view with ImageJ and the final cell count was the average
of the counts of the three image fields. Two experienced
pathologists without knowledge of the patients’ clinical
characteristics or outcome were invited to score the IHC
results separately using Case Viewer software [version
2.4] at 10 x and 40 x field of view. The expressions of
TANs and TFRC were defined as “low” when it was lower
than the median level and as “high” when it was equal to
or greater than the median.
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Cell culture and reagents

The human OSCC cell lines CAL-33, CAL-27, HSC-
3, HSC-2, HN6, SCC-4, SCC-9, OSCC3, human oral
keratinocytes (HOK) and human immortal keratinocyte
line (HACAT) were cultured in the Dulbecco’s Modified
Eagle Medium (DMEM basic) (C11995500BT, gibco, USA)
supplemented with 10% fetal bovine serum (BC-SE-FBS07,
Bio-Channel, China) and 1% penicillin streptomycin (15140-
122, gibco, USA). Using Short Tandem Repeat (STR) analy-
sis to authenticate all cell lines and cultured them at 37 °C in
a standard humidified atmosphere of 5% CO,.

RNA extraction and real-time PCR analysis

RNA was extracted and reversed following the product
manuals. Gene expression was determined by AceQ®
qPCR SYBR® Green Master Mix (R323-01, Vazyme Bio-
tech Co., Ltd, China). The primer sequences used were as
follows: forward primer 5S-ACCATTGTCATATACCCG
GTTCA-3 and reverse primer 5S-CAATAGCCCAAGTAG
CCAATCAT-3 for human TFRC (NM_003234); forward
primer 5-GGAGCGAGATCCCTCCAAAAT-3 and reverse
primer 5-GGCTGTTGTCATACTTCTCATGG-3 for human
GAPDH. Gene expression was normalized to GAPDH and
calculated using 2 — AACT method.

Western blot (WB)

Proteins were separated by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) (P0015, Beo
Tianmei, China). After incubation overnight with a pri-
mary antibody against TFRC (HPA028598, 1:2000 dilution,
Sigma) or Phospho-mTOR (p-mTOR, APO115, 1:1000 dilu-
tion, ABclonal) or Phospho-Akt (p-Akt, AP1208, 1:1000
dilution, ABclonal) or Pan-Akt (A18675, 1:2000 dilution,
ABclonal) or mTOR (29838, 1:2000 dilution, Cell Sign-
aling Technology) and HRP-conjugated f-actin (ACO028,
1:4000, ABclonal) or HRP-conjugated GADPH (ACO035,
1:10,000, ABclonal) at 4 °C, then incubated goat anti-rabbit
IgG(H + L) secondary antibody (31460, Invitrogen, USA)
for 1 h, protein bands were exposed (E412, Vazyme Biotech
Co., Ltd, China) and detected using the Tanon-5200 Chemi-
luminescent Imaging System (Tanon5200).

Multiplex immunofluorescence staining

After deparaffinization and dehydration, the sections were
immersed in Tris—EDTA antigen recovery buffer for heat-
induced antigen recovery and closed with 3% H202 and
3% BSA. The sections were then sequentially incubated
with anti-CK (ab9377, 1:300 dilution, Abcam) at 37 °C
for 1 h, anti-a-SMA (19245, 1:1200 dilution, CST) at 4 °C

overnight, anti-CD15(ab17080, 1:900 dilution, Abcam)
and anti-transferrin antibodies (ab277635, 1:1200 dilution,
Abcam) at 37 °C for 1 h. A TSA kit (Servicebio, China) was
used for signal detection, and the nuclei were counterstained
with DAPI. The sections were scanned by a slice scanner
(Pannoramic MIDI: 3Dhistech, Hungary), at Nanjing Free-
thinking Biotechnology Co., Ltd. (China).

Luminescent cell viability assays

Seeded 5000 (TFRC knockdown and overexpression experi-
ments) or 3000 (external stimulation experiments) or 6000
(tumor cells and granulocytes co-culture experiments, con-
trol, 3000 HSC-3 cells and control + TANs, 3000 tumor cells
and 3000 granulocytes) cells in each well of 96-well plates,
added 100 pl DMEM with 10% FBS for TFRC knockdown
or overexpression experiments and tumor cells and granu-
locytes co-culture experiments, or 100 pl DMEM with 1%
FBS with or without transferrin (0.3 mg/ml) (T0665, Sigma)
for external stimulation experiments, aspirated 50 pl DMEM
and added cell-counting lite 50 pl per well, shook gently and
waited 3 min, then measured the luminescent cell viability
(DD1101-01, Vazyme Biotech Co., Ltd, China) at different
time points. Images were taken by Nikon Ts2-FL and NIS-
Elements F 4.60.00.

3D spheroid formation assays

Seeded 10,000 cells to each well of Ultra-Low Adherent
Plates, then added 200 pl DMEM with 10% FBS for TFRC
knockdown and overexpression experiments or 200 pl
DMEM with 5% FBS with or without transferrin (0.3 mg/
ml) for external stimulation experiments. Images were taken
by Nikon Ts2-FL and NIS-Elements F 4.60.00.

Trans-well assays

After 12 h of starvation, seeded 200 pl FBS-free DMEM
containing 50,000 cells to the upper chamber, then added
600 pl DMEM medium with 10% FBS for TFRC knockdown
and overexpression experiments or 600 pl DMEM with 5%
FBS with or without transferrin (0.3 mg/ml) for external
stimulation experiments to the lower chamber, or 600 pl
DMEM with 5% FBS with or without TANs for tumor cells
and granulocytes co-culture experiments. After 24 or 48 h,
the wells were fixed with 4% paraformaldehyde (BL539A,
biosharp, China) and stained with crystal violet (CO121,
Beyotime, China).

Flow assays

When the transfected cells filled the large dishes, added
0.25% Trypsin (15050-065, gibco, USA) to digest, then
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used Annexin V-APC/PI Apoptosis Detection Kit (A214-
01, Vazyme Biotech Co., Ltd, China) and BD FACSCalibur,
and the results were processed with FlowJo (10.8.1).

Peripheral blood neutrophil extraction

Blood samples were obtained from OSCC patients in
Nanjing Stomatological Hospital, and the procedure
was described in the Human Neutrophil Separation Kit
(LZS11131, TBD).

Survival analyses and gene set enrichment analyses
(GSEA)

For TCGA patients’ data analysis, RNA-seq data were
downloaded from cBioPortal (https://www.cbioportal.org/).
Survival differences among groups were evaluated using
the Kaplan—Meier method, and the p-value was determined
using the log-rank test.

Gene Set Enrichment Analysis (GSEA) was carried out
on the groups between high and low TFRC expression and
TANS infiltration to investigate the differential expression of
gene sets. These gene sets were obtained from the hallmark
gene set collection of The Molecular Signatures Database
(MSigDB).

Statistical analysis

SPSS 26.0 (IBM Corp, Armonk, NY, USA) and GraphPad
Prism 9.0 (Dotmatics, Boston, MA, USA) were used for data
analysis and graphical processing. The unpaired t-test, Wil-
coxon test and Mann—Whitney U test were used to compare
the two groups. Kruskal-Wallis test, ANOVA were used to
compare more than two groups. Pearson’s chi-square test,
Fisher’s exact test, and the chi-square test were used to com-
pare clinicopathological features and ratios. Survival analy-
sis included overall survival (OS), recurrence-free survival
(RFS), metastasis-free survival (MFS), and disease-free sur-
vival (DFS), which were evaluated using Kaplan Meier and
log-rank tests. Univariate multivariate analyses were per-
formed using Cox proportional hazards regression models
to identify independent risk factors, adjusted hazard ratio
(HR) and 95% confidence interval (CI) for OSCC. All sta-
tistical tests were two-sided, and p < 0.05 was considered to
be significant.

@ Springer

Results

TFRC was highly expressed in OSCC tumor tissues
especially at ITF component

To clarify the distribution of TFRC, we performed THC
and analyzed TFRC expression in OSCC and adjacent
nontumor counterparts in 106 patients. Results showed
that TFRC expression in the tumor tissue was significantly
higher than in the adjacent tissue (Fig. 1a, d). More impor-
tantly, TFRC was not evenly distributed in OSCC. TFRC
expressed higher at ITF than at TC component (Fig. 1b—d).
In addition, higher TFRC expression at ITF was related to
advanced depth of invasion (DOI) and WPOI (Table 1),
while TFRC expression at TC had no significant correla-
tion with any clinicopathological parameters (Table 2). To
identify the prognostic values of TFRC, the Kaplan—Meier
survival analyses were applied to compare the 5-year OS,
RFS, MFS and DFS rates between TFRC high and low
OSCC patients. TFRC expression at TC had no signifi-
cant correlation with clinical outcomes (Fig. 1e). However,
higher TFRC expression at ITF tended to predict worse
clinical outcomes in spite of no significant differences
(Fig. 1f). Furthermore, univariate and multivariate Cox
regression analyses were used to analyze the independent
prognostic values of TFRC at TC and at ITF. However,
we found that TFRC at TC or ITF were not the prognostic
predictors for OS, DFS, RFS and MFS in OSCC (Fig. 1g).
But our results here displayed that TFRC expression only
at ITF component was associated with advanced DOI and
WPOI of OSCC patients, highlighting its importance at
ITF.

Higher TFRC expression at ITF component
was a poorer prognosis in WPOI*~3 patients
but not in WPOI' 3 patients

Since TFRC expression at ITF component was positively
correlated with WPOI, we compared TFRC expression
between WPOI'~* and WPOI*~> patients. Consistent with
our above results, TFRC expression at the ITF components
were significantly higher than that at the TC components
in both WPOI'~* and WPOI*~> patients (Fig. 2a—c). How-
ever, WPOI*~ patients had higher TFRC expression than
WPOI! =3 patients only at ITF but no in TC components
(Fig. 2d).

Then the prognostic values of TFRC expression in
WPOI*3 patients were performed. Noteworthy, K-M anal-
ysis showed that WPOI*~> patients with higher TFRC at
ITF predicted poorer prognosis (Fig. 2e), while WPOI*~>
patients with higher TFRC in TC had no prognostic value
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Fig. 1 TFRC was highly
expressed in OSCC tumor a b

tissues especially at the ITF
component. a Typical IHC
staining of TFRC in normal
epithelial area (n=106). b
Typical schematic of TC com-
ponent and ITF component. ¢
Typical IHC staining of TFRC
in tumor area, including TC
(n=106) and ITF (n=106) in
OSCC. d Graphical summary
of TFRC in normal epithelial
area (n=106), TC (n=106) and
ITF (n=106) of OSCC patients,
P =XKruskal-Wallis test. e
Kaplan—Meier curves of OS,
RFS, MFS and DFS between
TFRC high (n=55) and low
(n=>51) expression patients at
TC, P=Log-rank (Mantel-Cox)
test. f Kaplan—-Meier curves

of OS, RFS, MFS and DFS
between TFRC high (n=54)
and low (n=52) expression
patients at ITF, P=Log-rank
(Mantel-Cox) test. g Univariate
and multivariate Cox analyses
of OS, RFS, MFS and DFS
based on TFRC expression and
clinicopathological factors of all
patients. p values less than 0.05
are shown in red. HR, hazard
ratio; CI, confidence interval.

* and *** represented differ-
ences were considered statisti-
cally significant with p < 0.05
and p <0.001, respectively

(supplementary Fig. 1c). In addition, TFRC expression in
WPOI!~? patients had no any significant prognosis values
whether at TC or ITF components (supplementary Fig. 1a,
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sion analyses displayed that TFRC at ITF in WPOI*~>
OSCC was a valuable prognostic factor (HR:2.537, 95% CI
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a
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Time(months) Time(months) Time(months) Time(months)

f

Univariate AND Multivariate analysis of OS of WPOI4-5 patients

Univariate analysis HR(95%CI) p value
TNM (IlI-IV vs. I-1) : ———— 3.418 (1.370-8.529)  0.008
Differentiation ]
(Moderate to poor vs. Well) —@——————  2.352(0.558-9.922)  0.224
1
DOI (>5Smm vs. <=5mm) | ——&——————  3.671(1.389-9.699)  0.009
!
TFRCT® (High vs. Low) H— 1.133 (0.530-2.422)  0.748
'
TFRC'™ (High vs. Low) I!—o—q 2.537 (1.075-5.988)  0.034
Multivariate analysis 1
TNM (II1-IV vs. 1-1l) F°—‘ 2.396 (0.928-6.189)  0.071
DOI (>Smm vs. <=5mm) r:—o—| 2.317 (0.814-6.597)  0.115
|
TFRC'™ (High vs. Low) H-e———— 1.682 (0.684-4.137)  0.258
r

T T T T 1T T 1T T 1
012345¢672829H10

Univariate AND Multivariate analysis of MFS of WPOI4-5 patients

Univariate analysis HR(95%Cl) p value
TNM (Y vs. 1)y F—— @ 3.275(1.324-8.102)  0.010
i '
(Moderate to poor vs. Well) +—® i 2.366 (0.561-9.978)  0.241
DOI (>5mm vs. <=5mm) : 3.642(1.381-9.602)  0.009
TFRCT® (High vs. Low) p-b—; 1.098 (0.514-2.345)  0.810
)
TFRC'™ (High vs. Low) ¢—&—— 2.476 (1.051-5.834)  0.038
Multivariate analysis
TNM (Il-IV vs. 1-11) =—Q_| 2.369 (0.927-6.051)  0.072
- '
DOI (>5mm vs. <=5mm) p—e—— 2.381(0.841-6.739)  0.102
'
TFRC'™ (High vs. Low) -@——— 1.642 (0.667-4.043)  0.281
T

LI S N B N S B |
0123456738910

1.075-5.988 for OS; and HR:2.466, 95% CI 1.038-5.763
for RFS; and HR:2.476, 95% CI 1.051-5.834 for MFS, and
HR:2.436, 95% CI 1.033-5.742 for DFS). However, TFRC

@ Springer

Univariate AND Multivariate analysis of RFS of WPOI4-5 patients

Univariate analysis HR(95%Cl) p value
TNM (llI-IV vs. I-1l) :I—Q—l 3.152 (1.275-7.794)  0.013
Differentiation '
(Moderate to poor vs. Well) H—&————— 2.276 (0.540-9.559)  0.263
DOI (>5mm vs. <=5mm) ) ——@—— 3.602 (1.366-9.498)  0.010
'
TFRCTC (High vs. Low) He—| 1.158 (0.542-2.474)  0.705
'
TFRC'™ (High vs. Low) :—0—4 2.466 (1.038-5.763)  0.041
Multivariate analysis !
TNM (II-IV vs. I-11) F’—| 2.248 (0.878-5.755) 0.091
'
DOI (>5mm vs. <=5mm) —— 2.383 (0.847-6.705)  0.100
'
H-o— 1.675 (0.686-4.086)  0.257

TFRC'™ (High vs. Low)
T T T T T T T

0123456788910
Univariate AND Multivariate analysis of DFS of WPOI4-5 patients

Univariate analysis HR(95%Cl) p value
TNM (H1-IV vs. 1l)  § ———— 3.223(1.302-7.977)  0.011
Differentiation ! ,
(Moderate to poor vs. Well ' T 2.322(0.550-9.792)  0.251
DOI (>5mm vs. <=5mm) | ———@———————  3.674(1.393-9.687)  0.009
'
TFRCT® (High vs. Low) H—i 1.107 (0.518-2.366)  0.793
TFRC'™ (High vs. Low) I!—o—q 2.436 (1.033-5.742)  0.042
Multivariate analysis
TNM (I1-IV vs. 1-1l) {—o—| 2.310 (0.903-5.908)  0.081
]
DOI (>smm vs. <=5mm) —@—— 2.434(0.862-6.867)  0.093
'
TFRC'™ (High vs. Low) H-@—— 1.624 (0.661-3.987)  0.290
T

L L N S R |
0123456738910

was not an independent risk factor for OS, DFS, RFS and
MFS in OSCC in multivariate analyses (Fig. 2f). These
results indicated TFRC engaged in the formation of WPOI.
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«Fig.2 Higher TFRC expression at ITF had poorer prognosis in
WPOI*~ patients rather than WPOI'~3 patients. a, b Typical IHC
staining of TFRC at TC and ITF in WPOI'* and WPOI*~> OSCC.
¢ Graphical summary of TFRC at TC and ITF in WPOI'™ and
WPOI*™ 0SCC, P=Wilcoxon test. d Graphical summary of TFRC
at TC (left) and ITF (right) between WPOI'~® and WPOI*~> OSCC,
P=Mann-Whitney U test. e Kaplan—Meier curves of OS, RFS, MFS
and DFS between TFRC high and low expression patients at ITF in
WPOI*™ OSCC, P=Log-rank (Mantel-Cox) test. f Univariate and
multivariate Cox analyses of OS, RFS, MFS and DFS based on TFRC
expression and clinicopathological factors of patients in WPOI*~
OSCC. p values less than 0.05 are shown in red. HR, hazard ratio; CI,
confidence interval. *, ** and *** represented differences were con-
sidered statistically significant with p <0.05, p<0.01 and p<0.001,
respectively

TFRC promoted migration and proliferation of 0SCC
cells

To explore the functions of higher TFRC expression in
OSCC, TFRC expressions in 8 OSCC cells and 2 normal
epithelial cells were performed by qPCR and WB. TFRC
expression in all tumor cells were higher than in HACAT
(Fig. 3a, b). Then HSC-3 and CAL-27 were chosen for
further research because of their lower TFRC expression
(Fig. 3a, b). Overexpression of TFRC in HSC-3 and CAL-
27 was confirmed by qPCR (Fig. 3c, e) and WB (Fig. 3d, f).
Trans-well assays demonstrated that upregulation of TFRC
increased OSCC cells migration abilities (Fig. 3g—j). In addi-
tion, upregulation of TFRC in HSC-3 and CAL-27 greatly
increased their proliferation rates (Fig. 3k—p). To confirm
the pro-migration and proliferation capacity of TFRC, we
further knockdown TFRC in HN6 and SCC-4, respectively
(Fig. 4a—d). Consistently, silencing TFRC expression in HN6
and SCC-4 cells also inhibited their migration (Fig. 4e, f and
i, j). Moreover, both luminescent cell viability assays and
3D spheroid formation assays displayed that downregulat-
ing TFRC in HN6 and SCC-4 cells significantly inhibited
their proliferation (Fig. 4g, h and k-m). Besides, we also
performed annexin-V/PI analysis and found that down regu-
lating TFRC expression in HN6 and SCC-4 cells promoted
more apoptosis and necroptosis (Fig. 4n—p). All these results
proved that TFRC promoted migration and proliferation of
OSCC cells indicating TFRC’s indispensable function for
OSCC progression.

More TANs located at ITF component of WPOI*~>
patients and secreted more TF

Upregulated TFRC expression indicates increased demands
for iron [27, 28], but where iron comes from is unclear.
Therefore, we analyzed the status of tumor infiltrating
immune cells in OSCC, and we found tumor infiltrating
immune cells were especially highly accumulated at ITF
component (Fig. 5a upper). Furtherly, we also found many

of these infiltrating immune cells were lobulated multinu-
cleated nuclei, consistent with neutrophils characteristic
(Fig. 5a lower). Then we conducted IHC analysis of CD15,
a marker of tumor-associated neutrophils (TANs) in 97
OSCC patients. Results showed TANs accumulated at ITF,
especially in WPOI*= patients (n=56) (Fig. Sb—d). Moreo-
ver, WPOI*™> patients harbored more TANs than WPOI! 3
patients (Fig. 5e).

The similar expression patterns of TFRC and TANs
arouse our attention and we wondered whether there was
iron crosstalk between TFRCM&" OSCC cells and TANSs.
Wei Liang et al. [29] previously proved that TANs was one
source of iron, which secreted transferrin (TF) to TFRC. To
confirm it, we applied multiplex immunofluorescence stain-
ing to analyze the expression of TF, which is the ligand of
TFRC, in tumor cell, fibroblasts and TANs. Consistent with
our above THC results, TANs were mainly located at ITF,
where TF was also highly expressed. Specifically, hardly
any tumor cells and fibroblasts co-expressed TF and a major
proportion of TANs co-expressed TF (Fig. 5f~h). We then
performed IF analyses on 10 more OSCC patients, which
confirmed a significant association between high TANs
accumulation and TF (supplementary Fig. 2a). Moreover,
our findings revealed high levels of both TANs and TF in
patients with advanced WPOI (supplementary Fig. 2b, c).
By combining these results with our previous observations
that TF is predominantly derived from TANs, we established
the relationship between TANs-TF and WPOI progression.
Furthermore, we compared the proportion of TANs and
TFRC in OSCC patients across different stages of WPOI
(WPOI 1-3 vs. WPOI 4-5). Our analysis showed that patients
with high levels of both TANs and TFRC tended to have
advanced WPOI, reinforcing TANs-regulated WPOI via
TFRC expression (supplementary Fig. 2d). More impor-
tantly, we conducted an in vitro experiment, where neutro-
phils were extracted from the peripheral blood of OSCC
patients and co-cultured with OSCC cells. Both luminescent
and trans-well assays indicated that neutrophils from OSCC
patients promoted the proliferation and migration of OSCC
cells (supplementary Fig. 2e-h).

The enhanced pro-tumor effects of TF in TFRC high
expression cells

Since WPOI*~> OSCC patients, whose TFRC were highly
expressed, harbored higher TANs, then we explored TF-
TFRC axis’s function in OSCC and investigated exogenous
TF’s effects on OSCC cells with high TFRC expression.
For migration assays, the roles of TF greatly depended on
TFRC expression. In both CAL27 and HSC-3, TF only pro-
moted cell migration in OSCC cells with enhanced expres-
sion of TFRC. For control cells, the addition of TF impaired
cell migration (Fig. 6a—d). Besides, TF promoted OSCC

@ Springer
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Fig.3 Overexpressed TFRC promoted migration and prolifera-
tion of OSCC cells. a, b mRNA levels (a) and protein levels (b) of
TFRC in 8 OSCC cell lines and 2 normal cells, P=Ordinary one-
way ANOVA. ¢, d mRNA levels (c¢) and protein levels (d) of TFRC
between HSC-3 and HSC-3-TFRC, P =unpaired t-test. e, f mRNA
levels (e) and protein levels (f) of TFRC between CAL-27 and CAL-
27-TFRC, P=unpaired t-test. g, h Representative images of HSC-3
(g) and CAL-27 (h) invading to the bottom of wells in low (left) and
high (right) magnification with or without overexpressing TFRC. i,
j Graphical summary of HSC-3 (i) and CAL-27 (j) invading to the

@ Springer

bottom of wells with or without overexpressing TFRC, P =unpaired
t-test. k, 1 Representative images of HSC-3 (k) and CAL-27 (1) with
or without overexpressing TFRC four days post cell seeding. m, n
Luminescence between HSC-3 (m) and CAL-27 (n) with or with-
out overexpressing TFRC after cell seeding in four days, P=Two-
way ANOVA (Multiple comparisons). 0 Representative images of
3D spheroid of HSC-3 and HSC-3-TFRC. p Graphical summary 3D
spheroid of HSC-3 and HSC-3-TFRC, P=unpaired t-test. *, ** and
*#% represented differences were considered statistically significant
with p<0.05, p<0.0land p <0.001, respectively
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Fig.4 Knockdown TFRC

inhibited migration and pro- a HNG c scca

liferation of OSCC cells. a, b g . xoxk B

mRNA levels (a) and protein 5 **:" 5 e

levels (b) of TFRC between § g § 1of 1

HNG6 cells and HN6-shTFRC g g

cells, P=Ordinary one-way @ ° g 0 é
ANOVA. ¢, d mRNA levels § ool e § ol e E
(c) and protein levels (d) of © A € S ’
TFRC between SCC4 cells and b f}ﬁj ,}é«@ d & e‘s"‘; c«;‘j
SCC4-shTFRC CeHS, P =0rdi- TFRC 2 TFRCIEI"%M”
nary one-way ANOVA. e, f p«cun%zx ot [T 4240 g
Representative images of HN6 Y > P =
(e) and SCC-4 (f) invading to

the bottom of wells in low (left)

and high (right) magnification g HN6

with or without silencing TFRC.
g Representative fluorescent
images of HN6 (left) and
SCC-4 (right) with or without
knockdown TFRC. h Repre-
sentative images of 3D spheroid
of HN6 and HN6-shTFRC. i, j
Graphical summary of HN6 (i)
and SCC-4 (j) invading to the
bottom of wells with or without
silencing TFRC, P = Ordinary
one-way ANOVA (HN6) and
Welch ANOVA (SCC-4). k,

1 Relative luminescence of

HNG6 (k) and SCC-4 (I) with k HNG I sooa m
or without knockdown TFRC, ;

P=Two-way ANOVA (Multiple = :‘:TFRC_1 hoed
comparisons). m Graphical = shTFRC2

summary 3D spheroid of HN6 faid
and HN6-shTFRC, P =Ordi-

nary one-way ANOVA. n

Representative images of flow
cytometry analysis of HN6 Hours Hours
(left) and SCC-4 (right) before &
and after silencing TFRC. o,

p Graphical summary of early n
and late apoptosis of HN6 (o)

and SCC-4 (p) before and after A
silencing TFRC. *, ** and ***
represented differences were
considered statistically signifi-
cant with p <0.05, p<0.01 and
p<0.001 between HN6-shT-
FRCI1 or SCC4-shTFRC1 and
corresponding controls, respec-
tively. +,+ +and + + +repre- 1304 e
sented differences were consid- T 10 10 10 o 100 ot 107
ered statistically significant with
p<0.05, p<0.01 and p <0.001
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SCC4-shTFRC2 and corre-
sponding controls, respectively
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proliferation with high expression of TFRC (Fig. 6e—j). also proved by 3D spheroid formation assays (Fig. 64, j).
The proliferation rates were the highest in OSCC with high ~ However, differences between control cells with or without
TFRC expression and addition of TF (Fig. 6e-h), which was ~ TF addition was minor. The above results proved that OSCC
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Fig.5 More TANSs located at a
ITF component of WPOI*~>
patients and secreted more TF.
a Typical HE staining of neutro-
phils. b, ¢ Typical IHC staining
of TANs at TC and ITF in
WPOI'~* and WPOI*~> OSCC.
d Graphical summary of TANs
at TC and ITF in WPOI'~ and
WPOI*~® 0SCC, P=Wilcoxon
test. e Proportion of TANS dis-
tribution at ITF in WPOI'~* and
WPOI*S OSCC, P=Chi-square d
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fibroblasts and TANs, P=Ordi- 2 P s —
nary one-way ANOVA. * and
*#% represented differences f h
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significant with p <0.05 and ool
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Fig.6 The enhanced pro-tumor
effects of TF in TFRC high
expression cells. a Repre-
sentative images of HSC-3 and
HSC-3-TFRC invading to the
bottom of wells with or without
addition of TF. b Graphi-

cal summary of HSC-3 and
HSC-3-TFRC invading to the
bottom of wells with or without
addition of TF, P=Ordinary
one-way ANOVA. ¢ Repre-
sentative images of CAL-27 and
CAL-27-TFRC invading to the
bottom of wells with or without
addition of TF. d Graphi-

cal summary of CAL-27 and
CAL-27-TFRC invading to the
bottom of wells with or without
addition of TF, P=Ordinary
one-way ANOVA. e Repre-
sentative images of HSC-3 and
HSC-3-TFRC three days with
or without addition of TF post
cell seeding. f Luminescence
between HSC-3 and HSC-3-
TFRC with or without addition
of TF three days following cell
seeding, P=Ordinary one-way
ANOVA. g Representative
images of CAL-27 and CAL-27-
TFRC four days with or without
addition of TF post cell seed-
ing. h Luminescence between
CAL-27 and CAL-27-TFRC
with or without addition of TF
four days following cell seeding,
P=Ordinary one-way ANOVA.
i Representative images of 3D
spheroid of HSC-3 and HSC-3-
TFRC with or without addition
of TF. j Graphical summary 3D
spheroid of HSC-3 and HSC-3-
TFRC with or without addition
of TF, P=0Ordinary one-way
ANOVA. *, ** and *** repre-
sented differences were consid-
ered statistically significant with
p<0.05, p<0.01 and p<0.001,
respectively
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Fig.7 OSCC patients with a TANs'ow-TFRC'ow TANshigh -TFRC'ow
TANs"¢"TFRChE" predicted
worse clinical outcomes. ° ”
a Typical IHC staining of z z
patients with different TANs = =
and TFRC expression at ITF
in OSCC. b Kaplan-Meier
curves of OS, RFS, MFS and
DFS between four subcat- ) o
egories of patients (type 1, K x
TANS"Y-TFRC!*¥, n=9, type 2, - =
TANs""-TFRC"e" n=13, type ,.
3, TANshigh-TFRCIOW, n=11, TANshish.TERChigh
type 4, TANshieh. TFRChigh,
n=23) at ITF in WPOI*~> g
OSCC, P=Log-rank (Man- 2 2
tel-Cox) test. ¢ Kaplan-Meier g 2
curves of OS, RFS, MFS and
DEFS between four subcatego-
ries of OSCC patients (type 1,
TANSs*"-TFRC'*™, n=29, type o -

low high O
2, TANs®"-TFRC 8 n=18, K x|
type 3, TANsME".TFRC!%, F El
n=35, type 4,
TANs"e.TFRCMe" n=15),
P =Log-rank (Mantel-Cox)
test. d Kaplan—Meier curves of b
OS and DFS between two sub- WPOI4-5 WPOI4-5 WPOI4-5 WPOI4-5 e e
categories of HNSCC patients 8 100 gm gmn 0 ‘g m:f RO
(type 1,T. ANSIOW_TFRCIOW; g L———Hﬂ% ]* :_z; \fﬁ . T—;’ L 3 iear J *]* 3 TANSOR, TFRCY nez3
type 2, TANsheh.TFRCPigh), d s Ssof Ln . s
P =Log-rank (Mantel-Cox) g g g §
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with high expression of TFRC and exogenous TF displayed
the enhanced migration and proliferation rates, indicated that
TANSs-TF-TFRC axis promoted OSCC progression.

0SCC patients with TANsM9"TFRC"9" predicted
worse clinical outcomes

Since the above results suggested that TANs-TF-
TFRC axis promoted OSCC development, we tested
whether TANs-TFRC combination could predict a
more accurate clinical outcome. As shown in Fig. 7a,
patients could be categorized into 4 groups accord-
ing to different expression of TANs and TFRC,
TANs'""TFRC'"Y, TANs"¢"TFRC'"", TANs'**TFRC"¢"
and TANsME"TFRCME", We further compared the clinical
outcomes of patients in both WPOI*~> OSCC patients and
total OSCC patients.

TANsMEITERCPE? OSCC patients tended to dis-
play the worst prognosis in WPOI*~> OSCC. However,
due to small number of patients enrolled in each cat-
egory, there were no significant differences between

Tumor Center

TANsME'TFRCME" and TANs'°YTFRCME! patients
(Fig. 7b). And TANs"#"TFRC!®Y had prolonged RFS and
DFS in all OSCC patients (Fig. 7c). This may due to the
small number of patients. Then we resorted to the TCGA
database, by stratifying head and neck squamous cell car-
cinoma (HNSCC) patients relied on TANS infiltration and
TFRC expression status. After excluding the prognostic
values of TFRC, we found that TANs-low/TFRC-low was
associated with better OS and DFS (Fig. 7d, supplemen-
tary Fig. 1d). In addition, TANs-high/TFRC-high patients
differentially induced genes relating to cell replication,
cell cycle replication, cell migration and epithelial cell
migration, further proving TANs-TF-TFRC axis promoted
cell proliferation and migration, hence regulating WPOI
4-5 formation (Fig. 7e). As mTOR/AKT pathways were
reported to be regulated by TFRC [30, 31], mMTOR/AKT
pathways were analyzed using WB. Both p-mTOR and
p-AKT were elevated, indicating high TFRC promoted
cell proliferation and migration via mTOR/AKT pathways
(supplementary Fig. 2i).

& tumor cell

o tumor cell with a greater ability
to proliferate and migrate

tumor-associated neutrophils
T cell

© natural killer cell(NK)
_* dendritic cell
== fibroblast

w transferrin receptor
(1@ transferrin

WPOI1-3 WPOI 4-5
i P
I S R
e D‘O --')\' ® X {ol@17
"9 R f\r_{' .85
("‘,:w).", ¥ u& "! % '
oG minor effects ] ‘ ce:} proliferation,
- cell migration

Fig.8 TANSs-TF-TFRC axis promoted OSCC progression by cell
migration and proliferation and engaging in WPOI shifts. Com-
pared to the TANs and TFRC of tumor cell at ITF, the expressions of
TANs and TFRC of tumor cell at TC were less, which had no effect
on tumor progression. And TANs and TFRC of tumor cell expressed

more at ITF, which promoted tumor progression. When TANs and
TFRC of tumor cell expressed more highly, tumor cell would acquire
a greater ability to migrate and promoted OSCC invasion patterns
shift from WPOI 1-3 to WPOI 4-5. Created in BioRender.com
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All these results showed that TANs at ITF secreted TF
to meet the extra iron demands of TFRC high expression
OSCC cells and promoted their proliferation and migration,
thereby engaging in WPOI 4-5 formation (Fig. 8).

Discussion

In our study, we studied iron metabolism at ITF in OSCC,
especially for WPOI*~> patients. Cells maintain iron bal-
ance by coordinating proteins involved in iron uptake, stor-
age, and efflux. Typically, cells uptake TF binding iron via
TFRC. Though previous studies have called for the use of
TFRC as a prognostic marker in OSCC, they all viewed
TFRC in the tumor as a homogeneous whole to evaluate,
validated only from in vitro experiments or according to
the database [10]. Our study was the first to tie TFRC with
OSCC invasion patterns. We observed more TFRC expres-
sion at ITF than at TC. And only at ITF, TFRC was higher
in WPOI*~> OSCC patients than WPOI'~3 OSCC patients,
implying potential effects of iron metabolism in regulating
OSCC invasion patterns. Interestingly, unlike the findings
from Arora et al. [10], we utilized 106 OSCC patients in
our sample bank to discover that TFRC was not relevant
to patients prognosis. And we found that TFRC at ITF was
more likely to affect patients’ prognosis than it at TC, and
this result was clear when combined with WPOI. The incon-
sistency may partly due to the specimens in Arora’s study
may were only part of OSCC and neglecting TC and ITF.
Apart from TFRC, lipocalin-2 (LCN2)/SLC22A17, hyalu-
ronate/cluster determinant 44 (CD44) and non—transferrin
bound iron (NTBI) all have been found to be responsible
for iron uptake [32-37]. Whether the regional differential
expression of TFRC is the universal feature of all iron uptake
proteins still needs to be investigated.

Cancer growth and progression as a spatial process of
destruction of normal tissues, invasion and metastasis,
which could form different WPOI, one of the clinicopatho-
logic manifestations. Changes in WPOI in vitro experiments
could be reflected by migration and proliferation [38]. Our
study suggested that TFRC and TANs-secreted transferrin
promoted the migration and proliferation of OSCC cells.
Particularly, knockdown TFRC induced cell death with
high expression of TFRC, indicating that iron metabolism
is tightly controlled in OSCC cells. Mechanically, iron could
affect tumor growth through WNT, STAT3, EGFR, ERK1/2
and AKT, HIFla and HIF2a, Ferritin pathways, of which
EGFR and HIF1a were able to affect TFRC expression [27].
Here we found high TFRC expression is accompanied with
activated mTOR/AKT pathways. However, these evidences
need to be strengthened in order to confirm TFRC promotes
OSCC progression by activating the mTOR signaling path-
way in an iron-dependent manner. In conclusion, our study
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provides preliminary evidence that TFRC may regulate the
mTOR/AKT pathways and promote cell proliferation and
migration in OSCC. However, given the complexity of iron
metabolism and its interplay with various signaling path-
ways, further investigation is required to fully understand
the role of TFRC in OSCC progression.

Transferrin is mainly secreted by the liver and then
transported to the plasma, and less research have been
done on TANs-derived transferrin. Although previous
studies found that macrophages and lymphocytes exhibit
an iron release phenotype, the interplay between TANs
and OSCC tumor was blank. Our study found that TANs
were the major source of TF in the tumor environment
and positively correlated with TF. Combing these results
with both higher TANs and TF in WPOI*> OSCC patients,
we clearly established the relationship between TANs-
TF and WPOI progression. Although in vitro analysis
proved that TANs promoted OSCC cell proliferation and
migration, desferrioxamine was not incorporated into our
experiments. Therefore, the experimental evidence was
not strong enough, which needed to be further strength-
ened. Anyway, we found that TFRC was more expressed
at ITF in OSCC, especially in WPOI 4-5, accompanied by
high infiltration of TANs. TANs-TF-TFRC axis promoted
OSCC cells migration and proliferation and was a potential
mechanism affecting the shift in OSCC invasion patterns.
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