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A B S T R A C T

Objectives: Calprotectin (S100A8/A9) appears to function as a tumor suppressor in head and neck squamous cell
carcinoma (HNSCC) and expression in the carcinoma cells and patient survival rates are directly related. We seek
to characterize the suppressive role of calprotectin in HNSCC.
Aims: (1) Investigate changes in S100A8/A9 expression as oral carcinogenesis progresses and (2) determine
whether intracellular calprotectin can regulate epidermal growth factor receptor (EGFR), a negative prognostic
factor, in HNSCC.
Materials and methods: Using immunohistochemistry (IHC), S100A8/A9 was analyzed in HNSCC specimens
(N=46), including well-differentiated (WD, N=19), moderately-differentiated (MD, N=14), poorly-differ-
entiated (PD, N=5) and non-keratinizing/basaloid (NK/BAS, N=8), and premalignant epithelial dysplasias
(PED, N=16). Similarly, EGFR was analyzed in HNSCCs (N=21). To determine whether calprotectin and
EGFR expression are mechanistically linked, TR146 HNSCC cells that are S100A8/A9-expressing or silenced
(shRNA) were compared for EGFR levels and caspase-3/7 activity using western blotting and immuno-
fluorescence microscopy.
Results: In normal oral mucosal epithelium, S100A8/A9 stained strongly in the cytoplasm and nucleus of su-
prabasal cells; basal cells were consistently S100A8/A9 negative. In PED and HNSCC, S100A8/A9 expression
was lower than in adjacent normal epithelial tissues (NAT) and declined progressively in WD, MD, PD and NK/
BAS HNSCCs. S100A8/A9 and EGFR levels appeared inversely related, which was simulated in vitro when
S100A8/A9 was silenced in TR146 cells. Silencing S100A8/A9 significantly reduced caspase-3/7 activity,
whereas EGFR levels increased.
Conclusions: In HNSCC, S100A8/A9 is directly associated with cellular differentiation and appears to promote
caspase-3/7-mediated cleavage of EGFR, which could explain why patients with S100A8/A9-high tumors sur-
vive longer.

Introduction

Head and neck squamous cell carcinomas (HNSCC) represent the
sixth most prevalent human malignancy worldwide and are character-
ized by high mortality and morbidity [1,2]. Etiological factors can in-
clude tobacco metabolites, alcohol consumption, and human

papillomavirus (HPV) infection [3,4]. The overall five-year survival
rate for HNSCC patients remains 50–66% despite improved therapeutic
interventions [5,6].

In humans, S100A8 and S100A9 typically form heterodimers
(S100A8/A9), while homodimers are not normally detectable [7].
Monomers and homo-trimeric or -tetrameric complexes are also
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possible but less frequent [8]. Calprotectin, the heterodimeric complex
of S100A8 and S100A9, appears to be a tumor-suppressor in HNSCC
[9–11] and reduction in protein expression is associated with poor
patient outcomes [10,12]. A member of the S100 superfamily of EF-
hand calcium-binding proteins [10,13,14], calprotectin is constitutively
expressed in the cytoplasm of squamous epithelial cells lining the oral,
oropharyngeal and genitourinary mucosae [11,15]. Encoded by the
epidermal differentiation complex (EDC) on chromosome 1q21, in-
traepithelial S100A8/A9 appears to contribute to epithelial differ-
entiation and growth [16], and control proliferation, cell cycle pro-
gression and growth of carcinoma cells through activation of the G2/M
DNA damage checkpoint [9,11]. Silencing expression of S100A8 and
S100A9 in HNSCC cells enhances MMP-2 activity, cell invasion and
migration in vitro [17]. In HNSCC patients, calprotectin expression in
tumor cells and overall survival are directly related and associated with
levels of DNA methylation [10].

Considered a negative prognostic indicator, epidermal growth factor
receptor (EGFR or ERBB1/HER1) is overexpressed in approximately
80–90% of HNSCCs [18,19]; variability in cell surface EGFR may reflect
cleavage by caspases 1, 3 and 7 [20,21]. Furthermore, neuronal and
carcinoma cells release nerve growth factor (NGF) [22], which is linked
to perineural invasion and metastasis in malignancies including HNSCC
[23,24], whereas vascular endothelial growth factor -A (VEGF-A) and
-C (VEGF-C) drive tumor vascularization [25,26] and contribute to
lymph node metastasis [27,28]. How calprotectin within tumor cells
associates with key prognostic markers is not known.

We seek to understand why patient outcomes are better in calpro-
tectin-high than -low HNSCC tumors. We hypothesized that loss of
S100A8/A9 affects the expression of tumor-promoting proteins EGFR,
NGF and/or VEGF-A/-C. Our data strongly suggest that calprotectin
expression positively associates with differentiation of malignant epi-
thelial cells (grading) in primary HNSCC tumors. RNA sequencing
(RNA-seq) analysis of data from The Cancer Genome Atlas (TCGA)
project (http://cancergenome.nih.gov) shows that caspases 1, 3, 7, and
8 expression strongly correlates with S100A8 and S100A9 in HNSCC.
Loss of S100A8/A9 abolishes caspases 3/7 activity and apoptotic cell
death, and inversely correlates with EGFR protein expression in vitro
and ex vivo. These findings could explain why patients with S100A8/
A9-high tumors survive longer.

Materials and methods

Stable knockdown of S100A8/A9 in a human HNSCC cell line

Using TR146 cells, a well-differentiated buccal carcinoma cell line,
endogenous S100A8/A9 expression was silenced using an shRNA ex-
pression vector (TR146-shRNA-S100A8/A9-KD) as previously described
[9,29]. An expression vector containing scrambled shRNA was used as a
negative control (TR146-shRNA-control). Knockdown of S100A8 and
S100A9 protein expression was confirmed and quantified using Western
blotting and normalized against β-actin levels.

Cell culture conditions

TR146 cells were maintained in Dulbecco’s Modified Eagle’s
Medium/Ham’s F-12 (DMEM/F-12; 1:1 vol ratio) supplemented with
10% fetal bovine serum (complete medium) in 5% CO2 at 37 °C. TR146-
S100A8/A9-KD and TR146-shRNA-control cells were cultured in com-
plete medium supplemented with 250 μg/ml G418 sulfate (Corning,
Corning, NY USA) serving as a selection marker. Before assays, cells
were preconditioned (> 24-h) in complete medium without G418 sul-
fate.

TERT-2/OKF-6 (BWH Cell Culture and Microscopy Core, Boston,
MA, USA) cells are immortalized, S100A8/A9-expressing, non-neo-
plastic oral keratinocytes of the floor of the mouth [30–32]. TERT-2/
OKF-6 cells were cultured in 5% CO2 at 37 °C in defined serum-free

keratinocyte medium (1× K-SFM) supplemented with EGF and bovine
pituitary extract (BPE) (Thermo Fischer Scientific, Waltham, MA USA).

Caspase-3/7 activity assay

TR146, TR146-S100A8/A9-KD and TR146-control (3.2× 105 cells
each) were allowed to adhere to glass coverslips and cultured in 12-well
plates for 24 h. Adherent cells were then exposed to 5-Gy of X-radiation,
an optimized dose that induced maximum levels of apoptosis. After
irradiation, cells from each TR146 line were harvested at 30min, 3 h,
and 24 h and assayed for caspase-3/7 activity using the Magic Red®
Caspase-3/7 Assay Kit (#936, Bio-Rad, Hercules, CA USA) following the
manufacturer’s instructions. Nuclei were highlighted using Hoechst
staining. Cells from each line were visualized using an upright fluor-
escence microscope (Nikon Eclipse E800) and images were captured at
each time point from at least 4 different fields at 20× magnification via
SPOT Advanced Software (Spot Imaging, Sterling Heights, MI USA)
under consistent gamma, brightness, and exposure time settings.
Immunofluorescence density was quantified using ImageJ software
(https://imagej.nih.gov).

EGFR and VEGF-A immunofluorescent staining in TR146 cells

The TR146 cell lines (1× 105 cells each) were seeded and allowed
to adhere to glass coverslips for 24 h. Adherent cells were then rinsed
with phosphate-buffered saline (PBS) and fixed in ice-cold methanol for
15-min at room temperature (RT) for immunofluorescent (IF) staining.
To block non-specific binding of primary antibodies, cells were in-
cubated for 30min in 1% bovine serum albumin (BSA; #A7906, Sigma-
Aldrich, St. Louis, MO USA) in PBS with 0.1% Tween-20 (PBS-T).
Following the blocking step, rabbit anti-human EGFR (EP38Y, ab52894,
Abcam, Cambridge, MA USA) and mouse anti-human VEGF-A (VG-1,
ab1316, Abcam) antibodies were diluted 1:100 in 1% BSA in PBS-T (1%
BSA/PBS-T) and incubated on cells for 1 h in a humidified chamber.
Cells were then washed 3× with PBS for 5-min each and incubation
was continued for another 60min in the dark with Alexa Fluor 488-
conjugated goat anti-rabbit IgG (H+L) (Thermo Fisher Scientific,
#A32731) and Alexa Fluor 568-conjugated goat anti-mouse IgG
(H+ L) (Thermo Fisher Scientific, #A-11036) secondary antibodies
diluted 1:500 in 1% BSA/PBS-T. To stain for nuclei, cells were in-
cubated for 5min with DAPI (4′,6-diamidino-2-phenylindole dihy-
drochloride; Sigma-Aldrich, # D9542), air dried for 20min in the dark,
mounted on glass slides using Fluoromount-G mounting medium
(eBioscience, Thermo Fisher Scientific), and visualized by fluorescence
microscopy as above. Isotype antibody was used as a negative control.
Immunofluorescence density was quantified using ImageJ software
from at least 3 different fields for each cell line at 20× magnification.

Western blot analysis

Cells were harvested at 70–80% confluency, washed twice with
1–2ml ice-cold (∼4°C) Dulbecco's-PBS, lysed in standard radio-
immunoprecipitation assay (RIPA) buffer with protease inhibitors,
centrifuged at 4 °C at 21,000g for 5min, and soluble protein con-
centrations were measured using the Bicinchoninic Acid assay. Samples
were boiled for 10min in 1× sample buffer (1% SDS in 31.25mM Tris-
HCl, pH 6.8 with 12.5% glycerol, 0.005% bromophenol blue, and 2.5%
beta-mercaptoethanol), loaded onto SDS-polyacrylamide gels at
50–100 µg total protein per well, separated at 120 V for approximately
80min, and then transferred onto nitrocellulose membranes using a
Bio-Rad semi-dry protein transfer apparatus. Membranes were blocked
for 1 h at RT using Odyssey Blocking Buffer (LI-COR Biosciences,
Lincoln, NE USA) diluted 1:1 in PBS (without Tween-20), incubated
overnight at 4 °C with primary antibodies in Odyssey Blocking Buffer
supplemented with 0.1% Tween-20 at indicated dilution ratios: Anti-
human S100A8 (Calgranulin A, C-10, sc-48352, Santa Cruz
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Biotechnology), 1:40; anti-S100A9 (Calgranulin B, H-90, sc-20173,
Santa Cruz Biotechnology), 1:100; anti-EGFR (EP38Y, ab52894,
Abcam), 1:1000; anti-VEGF-A (VG-1, ab1316, Abcam), 1:1000; anti-
VEGF-C (PA5-29772, Thermo Fisher Scientific), 1:1000; and anti-NGF
(EPI320Y, Abcam, ab52918), 1:500. Mouse anti-β-actin (sc-47778,
Santa Cruz Biotechnology) at 1:500 dilution served as protein loading
control. Membranes were next incubated for 1 h in LI-COR IRDye
800CW goat anti-rabbit (#926-32211) and LI-COR IRDye 680RD goat
anti-mouse (#926-68070) secondary antibodies at 1:5000 dilution.
Antigens were visualized using a LI-COR Odyssey infrared imaging
system.

Immunohistochemistry (IHC)

All tissues were obtained using a North Memorial Medical Center
Institutional Review Board approved protocol. All formalin-fixed, par-
affin-embedded (FFPE) specimens were derived from incisional or ex-
cisional intraoral biopsies from patients with precancerous or carcino-
matous lesions. HNSCC tumor cases (N=46) were classified using the
2017 WHO Classification of Head and Neck Tumors: Well-differentiated
(WD, N=19); moderately differentiated (MD, N=14); and poorly
differentiated (PD, N=5). Non-keratinizing/basaloid HNSCCs (NK/
BAS, N=8) showing limited or absent squamous epithelial differ-
entiation were included. Premalignant epithelial dysplasias (PED,
N=16) were graded as mild, moderate and severe. For each lesion, the
age and gender of the patient, location, clinical stage (TNM), and p16
status were noted (Supplementary Tables 1, 2, and 3).

Tissues were sectioned at 4 µm, mounted on adhesive slides, dried
(7min, 65 °C), deparaffinized (5min twice in CitrisolvTM; Decon Labs,
#1601), then rehydrated in graded alcohol (3 min each at 100%, 95%,
and 70%), and rinsed in water. Epitopes were retrieved by incubating
the slides in 1× Retrieve-All Antigen Unmasking System 2: Basic
(BioLegend, San Diego, CA USA) at 65˚C for 1 h, followed by a 10-min
“cool-down” in RT. Slides were then placed in 3% H2O2 in PBS for 5min
at RT to quench endogenous peroxidase activity. Non-specific binding
was blocked with 1% BSA/TBS-T for 1 h at RT and serial sections of
each tumor were immersed completely in primary antibodies for 1 h at
RT and rinsed 3× with TBS. Isotype antibodies were used as negative
controls. Slides were then immersed in biotinylated anti-mouse or anti-
rabbit secondary antibody (1:500 in 1% BSA/TBST) for 1 h, RT (anti-
bodies as listed, Supplementary Tables 4, 5), followed by streptavidin-
HRP (30-min, RT; eBioscience, #18–4100-94; 1:250 in blocking buffer).
Peroxidase product was developed using the Vector-Nova Red perox-
idase substrate kit (7–10min, RT; Vector laboratories, # SK-4800),
rinsed in tap water, counterstained in hematoxylin (< 5 min), dehy-
drated in graded alcohol and CitrisolvTM, and cover-slipped.

IHC scoring system and statistical analysis

S100A8, S100A9 and EGFR immunopositivity was semi-quantified
as previously reported [12]. Stained lesional cells per 10x-magnifica-
tion field were scored 1=0% positive cells, 2= <33%, 3= 34–66%,
and 4= >66% positive cells, whereas immunostain intensity was
scored 1=no staining, 2=weak, 3=moderate, and 4= strong). For
each specimen, the expression score (the % of stained cells× intensity,
range 1–16) for intracellular localization and staining distribution were
also recorded. For S100A8/A9 and EGFR staining, lesions were classi-
fied as high (≥9) or low (< 9) expression score.

Normality of the data distribution for each group of lesions was
assessed using the Shapiro-Wilks test. Since some variables showed
non-normal distribution, differences in S100A8 and S100A9 expression
between groups were determined using non-parametric Kruskal-Wallis
one-way ANOVA, whereas EGFR levels in S100A8/A9-high and -low
HNSCC were analyzed using the Mann-Whitney U test. A p-value <
0.05 indicated a statistically significant difference. For each im-
munohistochemical marker and group, median and range were

reported.

RNA sequencing analysis in S100A8/A9-low and -high HNSCC samples

The HNSCC RNA sequence (level 3 RNA-Seq V2) dataset was
downloaded from The Cancer Genome Atlas (TCGA) database (http://
cancergenome.nih.gov) and analyzed for mRNA expression. The ex-
pression data from 521 HNSCC tumors were processed and analyzed as
previously described [10]. Total sequencing reads per million (RPM) for
each transcript was calculated and normalized to the housekeeping
gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). HNSCC
patients were then stratified into two extreme groups based on S100A8
and S100A9 expression levels to represent S100A8/A9-low
(RPM≤ 100 for both S100A8 and S100A9; n=89) and S100A8/A9-
high (RPM≥ 1000 for both S100A8 and S100A9; n=104). The
S100A8/A9-low and -high groups were compared for expression of
CASP1, CASP3, CASP7, CASP8, EGFR, NGF, VEGF-A/C transcripts using
GraphPad Prism (GraphPad Software, Inc., San Diego, CA USA). Sta-
tistical analysis was performed using unpaired two-tailed Student’s t-test
with equal variance. For RNAseq data, the mean ± SEM for each pa-
tient group was reported.

Results

Differentiation and progression of head and neck carcinogenesis: S100A8/
A9 expression

Using immunohistochemistry, S100A8 and S100A9 protein levels
were compared in non-neoplastic (normal) adjacent mucosal epithelial
tissues (NAT) and mild, moderate, and severe PED (Fig. 1A). S100A8
and S100A9 immunostaining was strong and diffuse in the nucleus and
cytoplasm of the NAT, whereas the basal cell layers were consistently
negative. Unlike the NAT, PED showed focal S100A8/A9 loss and
weaker staining within the dysplastic areas of the spinous cell layer
(black arrows). PED cases (6 mild, 9 moderate and 1 severe) located
typically at the lateral and ventral tongue (68.8%) and distributed
equally between men and women (M:F=1:1). The mean age at diag-
nosis was 60.9 ± 12.3 years (median=59, range=44–77) (Table 1,
Supplementary Table 1).

Invasive HNSCC cases were classified as WD, PD, and NK/BAS
(Fig. 1B). Phenotypically resembling stratified squamous epithelium,
WD HNSCC showed strong, diffuse S100A8 and S100A9 im-
munostaining. In most PD neoplastic cells, atypia and nuclear pleo-
morphism were associated with lost S100A8/A9 expression, whereas
basal epithelial cell-like NK/BAS HNSCC was consistently S100A8/A9-
negative (Fig. 1B). These lesions occurred most frequently on the lateral
and ventral surfaces of the tongue (58.7%) and palate (10.9%); 29
(63%) were from males and 17 (37%) from females (M:F=1.7:1);
mean age at diagnosis was 60.8 years ± 15.7 (median=61.5,
range=24–95). Of the 46 HNSCC cases, 6 (13%) were p16 positive
(p16+) and 11 (23.9%) presented with confirmed cervical lymph node
involvement (Table 1, Supplementary Table 2).

Immunoreactive S100A8/A9 expression was similar in NAT and WD
HNSCC. When compared to NAT, S100A8/A9 was decreased in PEDs
and was significantly less in HNSCCs [MD (p < 0.01), PD (p < 0.001),
NK/BAS (p < 0.0001)] (Fig. 1C, D). S100A8/A9 decreased progres-
sively from WD to MD (p < 0.01) to PD (p < 0.01) to basaloid car-
cinomas (p < 0.0001) lacking keratinization (NK/BAS HNSCC). In
HNSCC, therefore, S100A8/A9 expression positively correlated with
squamous differentiation (Supplementary Table 2).

To characterize calprotectin in metastatic lesions, 11 HNSCC pri-
mary tumors and paired lymph node metastases were immunostained
for S100A8 and S100A9. S100A8 and S100A9 were expressed in WD
but not in PD metastatic carcinoma cells (Supplementary Table 3 and
Supplementary Fig. A). In general, calprotectin levels tended to be
lower (p > 0.05) in metastatic tumors from cervical lymph nodes than
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Fig. 1. S100A8/A9 expression during differentiation and progression of head and neck carcinogenesis. (A) Histopathologic and S100A8/A9 immunohistochemical
features of normal mucosal epithelium and premalignant epithelial dysplasias (PED). S100A8 and S100A9 subunits of the calprotectin complex were diffusely and
strongly expressed in the stratified squamous oral epithelium except for the basal cell layer. Foci of lost S100A8 and S100A9 (black arrows) in PED (N=16); overall,
weaker intensity of immunostaining when compared to normal adjacent tissue (NAT) (scale bar= 200 μm). (B) Histopathologic and S100A8/A9 im-
munohistochemical features of HNSCC. HNSCC specimens (N=46) were classified as WD (N=19), MD (N=14), PD (N=5), and NK/BAS (N=8) tumors.
Phenotypically resembling oral mucosal epithelia, WD HNSCC showed strong, diffuse S100A8 and S100A9 immunostaining. S100A8/A9 expression was lost in
anaplastic PD specimens. Consistently S100A8/A9-negative, p16+ NK/BAS tumors generally lost squamous features (scale bar= 100 μm). The isotype antibody
negative control is also shown. Quantification of immunoreactive (C) S100A8 and (D) S100A9 in normal adjacent epithelial tissue (NAT, N=8), premalignant
epithelial dysplasias (PED, N=16) and head and neck squamous cell carcinomas (HNSCC, N=46). S100A8 and S100A9 protein levels progressively decreased
during the transition from NAT to precancerous lesions. S100A8/A9 approaches complete loss in less differentiated or non-keratinizing/basaloid HNSCC when
compared to NAT or well-differentiated tumors (Median, ** p < 0.01, *** p < 0.001, **** p < 0.0001, non-parametric Kruskal-Wallis test).

Table 1
Collective presentation of the clinicopathologic and demographic characteristics of the clinical cases studied.

Specimens Gender Age (years) Location Histopathologic classification

HNSCC (N=46) 29M: 17F Mean=60.8
Median=61.5
Range=24–95

Lateral and ventral tongue (27, 58.7%)
Palate (5, 10.9%)
Gingiva (3, 6.5%)
Base of tongue (2, 4.3%)
Floor of mouth (4, 8.7%)
Others (5, 10.9%)

WD (19, 41.3%)
MD (14, 30.4%)
PD (5, 10.9%)
NK/BAS (8, 17.4%)
p16 (+): 6/46 (13%)

PED (N=16) 8M: 8F Mean=60.9
Median=59
Range=44–77

Lateral and ventral tongue (11, 68.8%)
Floor of mouth (2, 12.5%)
Palate (1, 6.2%)
Buccal mucosa (1, 6.2%)
Retromolar trigone (1, 6.2%)

Mild (6, 37.5%)
Moderate (9, 56.3%)
Severe (1, 6.2%)

HNSCC, head and neck squamous cell carcinoma; WD, well-differentiated; MD, moderately-differentiated; PD, poorly-differentiated; NK/BAS, Non-keratinizing/
basaloid; PED, premalignant epithelial dysplasia.
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in the corresponding primary HNSCCs (Supplementary Fig. 1B).

Calprotectin and EGFR expression inversely correlated in HNSCC

In HNSCC, WD S100A8/A9-high lesions were marked by low ex-
pression of immunoreactive EGFR, whereas PD S100A8/A9-low carci-
nomas were EGFR-high (membranous and cytoplasmic; p < 0.01)
(Fig. 2A, B). Silencing S100A8/A9 in TR146 cells (TR146-S100A8/A9-
KD) in vitro (Fig. 2C) increased immunoreactive EGFR above TR146
wild-type cells, TR146-shRNA-control, or TERT2 immortalized oral
keratinocytes (Fig. 2D-F). Hence, S100A8 and S100A9 (calprotectin)
expression were inversely related to EGFR levels in vitro in a model of
well-differentiated HNSCC and ex vivo.

Loss of S100A8/A9 dampens post-radiation caspase-3/7 activity

We sought to determine whether changes in EGFR expression re-
flected calprotectin-dependent caspase activation and subsequent EGFR
cleavage [20,21]. TR146 HNSCC cells were X-irradiated over time to
activate caspase 3/7. Silencing S100A8/A9 significantly reduced cas-
pase-3/7 activity at 30-min (p < 0.01), 3-h (p < 0.01) and 24-h
(p < 0.05) post-radiation (Fig. 3A and B). Next, HNSCC cases were
dichotomized into S100A8/A9-high and -low tumors using the TCGA
RNA-seq data (Fig. 3C). CASP1 (p < 0.0001), CASP3 (p=0.0005),
CASP7 (p < 0.0001), and CASP8 (p < 0.001) expression was sig-
nificantly higher in S100A8/A9-high than S100A8/A9-low carcinomas
(Fig. 3D).

Calprotectin status in HNSCC cases does not affect VEGF-A/C or NGF
protein expression

In human HNSCC samples, expression of S100A8/A9 and VEGF-A/-
C cytoplasmic immunostaining appeared mutually independent
(Supplementary Fig. 2A). VEGF-A distribution and density varied from
focal to diffuse and weak to strong, while VEGF-C stained diffusely with
weak to moderate intensity in all HNSCC cases. In TR146 HNSCC cells,
silencing calprotectin did not appear to affect VEGF-A expression
(Supplementary Fig. 2B). VEGF-A/-C protein expression was similar in
S100A8/A9-expressing TR146 wild-type, TR146-S100A8/A9-KD,
TR146-control, and TERT-2 cells (Supplementary Fig. 2C).

Similarly, NGF expression appeared to be unaffected by calprotectin
status in HNSCC (Supplementary Fig. 3). Both S100A8/A9-high and
-low HNSCC specimens showed diffuse, weak to strong NGF cyto-
plasmic immunopositivity (Supplementary Fig. 3A). NGF protein ex-
pression appeared unaffected by silencing S100A8/A9 in TR146 cells
(Supplementary Fig. 3B).

EGFR, VEGF-A/C and NGF expression in S100A8/A9-high and -low
HNSCC: TCGA

We next interrogated TCGA database for differences in EGFR, VEGF-
A/C and NGF mRNA expression between tissues from S100A8/A9-high
and -low HNSCC human tumors. Using RNA-seq data, angiogenesis-

related VEGF-A/C mRNAs were significantly greater (p < 0.001) in
tumors than NAT; EGFR and NGF mRNA levels appeared similar in NAT
and tumors (Fig. 4A). Interestingly, VEGF-A/C and NGF mRNA levels
were significantly greater (p < 0.05) in S100A8/A9-high than -low
HNSCC (Fig. 4B). EGFR mRNA expression was similar in S100A8/A9-
high and -low neoplasms (Fig. 4B).

Discussion

Calprotectin suppresses carcinoma cell growth by signaling PP2A-
dependent inactivation of the cyclin B1/p-Cdc2 (Thr14/Tyr15) complex
to arrest cell cycle at the G2/M checkpoint [9]. Calprotectin also in-
hibits MMP-2 activity, cell migration and invasion in vitro [17]. In pa-
tients with HNSCC, aggressive tumor behavior and poor survival are
associated with EGFR upregulation [18,19]. EGFR engagement by EGF
activates ERK, PI3K/AKT and JAK/STAT signaling pathways, pro-
moting cell proliferation, migration, metastasis, and evasion of apop-
tosis [18]. Within HNSCC tumor cells, S100A8/A9 and tumor-pro-
moting EGFR protein expression are now shown to be inversely related
in vitro and ex vivo. Whereas S100A8/A9-high HNSCC specimens ex-
press significantly less EGFR than S100A8/A9-low tumors, silencing of
endogenous S100A8 and S100A9 in TR146 buccal carcinoma cells in-
creases EGFR. Not surprisingly, the inverse relationship between
S100A8/A9 and EGFR in tumor cells is masked using data from TCGA,
which reports whole tumor tissue mRNA including stromal and tumor-
infiltrating lymphoid cells. Hence, S100A8/A9 appears to suppress
EGFR-stimulated tumorigenesis in vivo in HNSCC [10]. Intracellular
S100A8/A9-mediated control of EGFR expression may be a con-
tributory suppressive mechanism in HNSCC.

S100A8/A9-driven EGFR suppression appears to involve post-
translational caspase-mediated cleavage of EGFR. S100A8/A9 induces
autophagy and apoptosis, and significantly increases caspase-3/7 ac-
tivity in multiple human cell types, including epithelial cells [33,34].
Notably, caspases 1, 3 and 7 readily cleave EGFR in vitro [20,21]. In our
study, silencing calprotectin in a buccal carcinoma cell line abolished
post-radiation caspase-3/7 activity and increased EGFR surface ex-
pression. Conversely, calprotectin-expressing cells showed elevated
caspase-3/7 activity and reduced EGFR levels. The S100A8/A9-depen-
dent increase in caspase-3/7 activity appears to drive proteolytic clea-
vage of EGFR in vitro, which would impair EGFR-dependent down-
stream signaling, including tyrosine phosphorylation of PLC-gamma1,
Akt and ERK1/2, as previously reported [20,35]. Furthermore, CASP1,
3 and 7 transcripts are significantly greater in S100A8/A9-high than
-low tumors. In HNSCC, therefore, S100A8/A9-mediated increases in
caspase-3/7 levels and activity, followed by post-translational cleavage
of EGFR can negatively regulate surface EGFR (Fig. 5).

During progressive development of HNSCC, S100A8/A9 mRNAs
[10,36–38] and the respective proteins decline as we report. Pre-
malignant, dysplastic lesions (PED) of the oral mucosa show sig-
nificantly lower expression of S100A8 and S100A9 than phenotypically
normal oral stratified squamous epithelia. Although some PED speci-
mens appear to maintain high S100A8/A9 levels (expression
score≥ 12; Supplementary Table 4), most PEDs showed loss of

Fig. 2. Calprotectin inversely correlates with EGFR expression in HNSCC. (A) EGFR immunoreactivity in S100A8/A9-high (N=11) and S100A8/A9-low (N=10)
HNSCC. (B) Membrane-associated immunoreactive EGFR was lower in S100A8/A9-high tumors than S100A8/A9-low tumors (scale bar= 100 μm, median, **
p < 0.01, Mann-Whitney U test). (C) S100A8 (red) and S100A9 (green) in TR146 cells before (TR146 parental cells) and after knockdown using shRNA for S100A8
and S100A9 (TR146-S100A8/A9-KD), TR146-scrambled shRNA-control, and immortalized oral keratinocytes (TERT2). Representative immunoblotting (from at least
two independent repeats) is shown. β-actin was used for total protein loading control. (D) Silencing of S100A8/A9 upregulates EGFR protein expression in vitro. EGFR
(green) in TR146, TR146-S100A8/A9-KD and TR146-shRNA-control, and TERT2 cells. β-actin was used for total protein loading control. Shown is a representative
immunoblot from two independent repeats. Calprotectin-expressing TR146, TR146-control and TERT2 cells expressed less EGFR protein than TR146-S100A8/A9-KD.
(E) EGFR (green) expression in S100A8/A9-KD relative to the parental and shRNA-control TR146 cells visualized using immunofluorescence microscopy. DAPI (blue)
highlighted cell nuclei. S100A8/A9-knockdown TR146-S100A8/A9-KD cells appeared to show greater EGFR levels than S100A8/A9-positive TR146 and TR146-
shRNA-control HNSCC cells (representative images from at least three biological replicates, scale bar= 50 μm). The negative isotype control is shown in the insert.
(F) Quantification of the immunofluorescence density in TR146, TR146-S100A8/A9-KD and TR146-shRNA-control cells (Mean ± SEM, * p < 0.05, One-way Anova
Tukey HSD test). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Loss of S100A8/A9 dampens post-radiation caspase-3/7 apoptotic activity. (A) TR146, TR146-S100A8/A9-KD and TR146-shRNA-control were exposed to 5-
Gy of X-radiation to induce caspase-mediated apoptosis. Caspase-3/7 activity was visualized 30-min, 3-h and 24-h after exposure. Radiation-sensitive, calprotectin-
expressing, TR146 and TR146-shRNA-control apoptotic cells bear numerous orange-red lysosomal bodies and less intense blue nuclei. TR146-S100A8/A9-KD cells
appear less sensitive to X-radiation, however, evade apoptosis and show absent or reduced orange-red lysosomal staining (representative images from three biological
replicates, scale bar= 60 μm, insets; low-power images of the corresponding high-power ones). (B) Quantification of activated caspase-3/7 in TR146, TR146-
S100A8/A9-KD and TR146-shRNA-control. Over time, X-irradiation activated caspase-3/7 in S100A8/A9-expressing TR146 HNSCC cells, whereas silencing of
S100A8/A9 significantly reduced caspase-3/7 activity at 30-min, 3-h and 24-h post-radiation (Mean ± SEM, * p < 0.05, ** p < 0.01, one-way Anova Tukey HSD
test). (C) TCGA cases of HNSCC were separated into two groups and dichotomized into low and high S100A8 and S100A9 cohorts based on weak (reads per million,
or RPM≤ 100 counts) or strong (RPM≥ 1000 counts) expression levels. (D) Caspase 1, 3, 7, and 8 expression in S100A8/A9-low and -high tumor samples: S100A8/
A9-high HNSCCs significantly upregulate caspase mRNA levels. Comparative analysis was performed between S100A8/A9-low (n=89) and -high (n=104) HNSCC
samples (Mean ± SEM, two-tailed Student’s t-test with equal variance). (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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expression (expression score≤ 9). Approximately 12% of PEDs of the
oral cavity are estimated to progress into invasive carcinomas [39].
Whether risk of malignant transformation is higher in S100A8/A9-low
PED than S100A8/A9-high precancerous lesions is not known.

Intraepithelial cell S100A8 and S100A9 protein levels appear lower in
oral inflammatory and leukoplakic lesions than apparently normal
mucosal epithelium [44]. Using gene network analyses, S100A8/A9
appears to contribute to downregulation of expression of invasion- and
tumorigenesis-associated genes including MMP1 and INHBA [10].
Hence, loss of calprotectin in a subset of dysplastic epithelial cells may
accelerate cell proliferation and induce expression of cancer-promoting
genes to initiate HNSCC. Upon release from polymorphonuclear neu-
trophils, macrophages and damaged epithelial cells, however, extra-
cellular calprotectin is an “alarmin”, signaling a pro-inflammatory re-
sponse through toll-like receptor 4 (TLR4) and receptor for advanced
glycation end products (RAGE) [40,41]. S100A8/A9 engagement by
membrane receptors activates downstream cellular pathways, including
mitogen-activated protein kinases (MAPK), Cdc42/Rac, and nuclear
factor κB (NFκB) [42,43]. How these separate functions of S100A8/A9
intersect during tumorigenesis is a subject for future study.

Interestingly, S100A8 and S100A9 dysregulation is similar across all
tumor grades (T) and is independent of nodal involvement (N) or dis-
tant metastasis (M) [10] but related to loco-regional recurrence [45].
S100A8/A9 is downregulated in oral, oropharyngeal, esophageal, na-
sopharyngeal, and cervical carcinomas [10–12,46,47]. In contrast,
calprotectin expression appears induced in malignant neoplasms arising
in the skin [48], breast [49–51], thyroid [52], liver [53], gastric mucosa
[40], prostate [43], ovary [54], urinary bladder [55] and lung [56].
Within human tumor cells, therefore, regulation and expression of
S100A8/A9 appear to be cell lineage- and tissue type-dependent.

In breast, prostate, colorectal and thyroid carcinomas, and mela-
noma, calprotectin is upregulated in the primary tumors and/or in-
flammatory cells and appears to promote metastatic spread [57]. Since
calprotectin is downregulated in primary HNSCC, we also determined
whether levels were further decreased in metastatic tumors by studying
paired primary HNSCC and cervical lymph node metastases. The me-
tastatic foci are more anaplastic than their primary counterparts. Since
calprotectin expression is directly related to epithelial differentiation in
HNSCC, we anticipated lower S100A8 and S100A9 levels in the meta-
static lesions. In the 11-paired metastatic nodal tumors, calprotectin
expression tended to be lower than the primary tumors but the decrease
was not significant.

Mechanisms underlying metastasis are complex and include phe-
notypic plasticity of tumor cells and intrinsic genetic alterations fa-
voring a stem cell-like state [58]. Interestingly, S100A8/A9 expression
appears dichotomous across individuals with HNSCC, particularly
grade II (MD) and III (PD) tumors, suggesting the tautochronous pre-
sence of two cancer cell populations. One subpopulation contains
S100A8/A9-high, better differentiated and slowly-proliferating neo-
plastic cells. The second consists of S100A8/A9-low, less differentiated
or anaplastic cells with higher proliferative and mitotic activity, in-
creased migratory and invasive potential, and higher tumor-forming
properties as we reported [9,10,17]. We predict, therefore, that pre-
metastatic niches and distant metastases more readily form from
S100A8/A9-low or -negative HNSCC than S100A8/A9-high and plan to
test this prediction.

Independent of tobacco and alcohol usage, HNSCC tumorigenesis is
increasingly associated with HPV infection [59,60]. Based on TCGA
data, S100A8 and S100A9 expression tended to decrease more (non-
significant) in HPV-positive than in HPV-negative HNSCC [10]. Among
the 46 HNSCC specimens we investigated for S100A8/A9 IHC posi-
tivity, only a small fraction (13%) were considered positive for tran-
scriptionally active HPV infection based on expression of the surrogate

Fig. 4. EGFR, NGF, VEGF–A and VEGF–C in normal and HNSCC samples relative to S100A8 and S100A9. (A) EGFR, NGF, VEGF-A and VEGF-C gene expression
(mRNA) profiles in normal adjacent tissues (N=43) and HNSCC (N=521) normalized to GAPDH using TCGA RNA-seq data. Expression data shown as
Mean ± SEM; ***p= 0.0006 (two-tailed Student’s t-Test with equal variances). (B) TCGA cases were separated into two groups and dichotomized into low (n= 89)
and high (n= 104) S100A8/A9 cohorts as above. mRNA expression levels of VEGF-A/C and NGF were significantly greater in S100A8/A9-high than -low HNSCC
tumors. EGFR mRNA expression was similar in S100A8/A9-high and -low neoplasms. Data shown as Mean (log10) ± SEM; **p= 0.008, *p= 0.02 (two-tailed
Student’s t-test with equal variance). RPM: Reads per million.

Fig. 5. Proposed protective mechanism of S100A8/A9-driven caspase-
mediated EGFR cleavage in HNSCC. Caspases 1, 3 and 7 can proteolytically
cleave and post-translationally modify EGFR [20,21]. When expressed in
HNSCC tumors, calprotectin is hypothesized to increase the transcriptional le-
vels and activity of caspases 1, 3, and 7, thus leading to post-translational
proteolytic cleavage of membranous EGFR at the C-terminus. S100A8/A9-as-
sociated downregulation of EGFR could potentially contribute to the increased
overall survival rates of patients with S100A8/A9-high HNSCC.
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marker, p16. All p16-positive tumors were histopathologically non-
keratinizing or basaloid. Interestingly, NK/BAS HNSCCs were con-
sistently S100A8- and S100A9-negative. When compared to HPV-ne-
gative oral PEDs, HPV-positive (koilocytic) dysplasias showed sig-
nificantly less S100A8 and S100A9 (data not shown). In HPV-infected
epithelial cells, calprotectin may inhibit viral oncogenic activity by
regulating CKII-mediated E7 phosphorylation [61].

S100A8 and S100A9 do not appear to be the only members of the
EDC regulated by HPV. The cornified cell envelope proteins involucrin
(IVL) and loricrin (LOR) are transcriptionally downregulated by E6 and
E7 HPV oncoproteins in proliferating and differentiating human fore-
skin keratinocytes [62,63]. Specifically, involucrin is indirectly sup-
pressed by E6 oncoprotein through HPV-mediated downregulation of
transcription factor C/EBPα [64]. Given that C/EBPα, which regulates
cellular growth and differentiation, appears to be essential for S100A8
and S100A9 expression [65,66], we speculate that an HPV-driven de-
crease in C/EBPα is responsible for S100A8/A9 downregulation seen in
HPV (+) dysplastic and carcinomatous lesions. Since calprotectin ap-
pears to function as a tumor suppressor in HNSCC, HPV-induced, in-
direct downregulation of S100A8/A9 may represent an additional tu-
morigenic mechanism.

In some human malignancies, cancer progression is also influenced
by VEGF-A-mediated vascularization [25,26] and VEGF-C-associated
lymphangiogenesis, early spread, and metastasis to lymph nodes
[27,28]. NGF and its primary receptor TrKA are associated with spread
of HNSCC [23,24]. Yet, we found that VEGF-A /C and NGF protein
expression appeared unaffected by calprotectin status in vitro and ex
vivo. Based upon TCGA data, which includes tumor-infiltrating lym-
phoid cells, VEGF-A/C and NGF mRNA expression was greater in
S100A8/A9-high than -low HNSCC. In the absence of the tumor mi-
croenvironment, however, VEGF-A/C and NGF expression appear in-
dependent of S100A8/A9 in TR146 cells. Although the VEGF-A/C and
NGF responses may be idiosyncratic to TR146 cells and S100A8/A9
silencing, in the tumor milieu expression levels would reflect non-car-
cinoma stromal and inflammatory cells.

In summary, intracellular S100A8 and S100A9 (calprotectin) ex-
pression appears decreased or lost during the progression of HNSCC.
Loss is not likely to be explained by release into the tumor stroma. The
stroma does not stain positively; release of calprotectin is generally
associated with apoptotic or necrotic cells. S100A8/A9 appears to be
directly associated with the level of squamous differentiation and ker-
atinization in HNSCC and inversely correlated with EGFR. S100A8/A9
appears to drive EGFR cleavage in a caspase-3/7–dependent pathway.
Thus, S100A8/A9-associated downregulation of EGFR could contribute
to the increased overall survival rates of patients with S100A8/A9-high
HNSCC. These data further support the role of the calprotectin complex
as a tumor-suppressive mechanism in HNSCC [11] and suggest targets
for new therapeutic strategies.
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