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Abstract

Objectives: In head and neck squamous cell carcinoma (HNSCC), poor prognosis and low 

survival are associated with downregulated calprotectin. Calprotectin (S100A8/A9) inhibits 

cancer cell migration and invasion and facilitates G2/M cell cycle arrest. We investigated 

whether S100A8/A9 regulates DNA damage responses (DDR) and apoptosis in HNSCC after 

chemoradiation.

Materials and Methods: Human HNSCC cases in TCGA were analyzed for relationships 

between S100A8/A9 and expression of apoptosis-related genes. Next, S100A8/A9-expressing and 

non-expressing carcinoma lines (two different lineages) were exposed to genotoxic agents and 
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assessed for 53BP1 and γH2AX expression and percent of viable/dead cells. Finally, S100A8/A9-

wild-type and S100A8/A9null C57BL/6j mice were treated with 4-NQO to induce oral dysplastic 

and carcinomatous lesions, which were compared for endogenous levels of 53BP1.

Results: In S100A8/A9-high HNSCC tumors, apoptosis-related caspase family member genes 

were upregulated, whereas genes limiting apoptosis were significantly downregulated based on 

TCGA analyses. After X-irradiation or camptothecin treatment, S100A8/A9-expressing carcinoma 

cells (i.e., TR146 and KB-S100A8/A9) showed significantly higher 53BP1 and γH2AX 

recruitment, DNA fragmentation, proportions of dead cells, and greater sensitivity to cisplatin 

than wild-type KB or TR146-S100A8/A9-KD cells. Interestingly, KB-S100A8/A9Δ113–114 cells 

showed similar 53BP1 and γH2AX levels to S100A8/A9-negative KB and KB-EGFP cells. After 

4-NQO treatment, 53BP1 expression in oral lesions was significantly greater in calprotectin+/+ 

than S100A8/A9null mice.

Conclusions: In HNSCC cells, intracellular calprotectin is strongly suggested to potentiate 

DDR and promote apoptosis in response to genotoxic agents. Hence, patients with S100A8/A9-

high HNSCC may encounter more favorable outcomes because more tumor cells enter apoptosis 

with increased sensitivity to chemoradiation therapy.
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Introduction

Head and neck cancers, most frequently diagnosed as head/neck squamous cell carcinomas 

(HNSCC), represent the seventh most prevalent human malignancy worldwide accounting 

for 3% of all malignancies [1], and are associated with high morbidity and mortality [2, 3]. 

According to the American Cancer Society, 54,000 head/neck cancer cases are predicted to 

be diagnosed in 2022 in the United States, resulting in 11,230 deaths [4]. Notwithstanding 

advances in diagnosis and treatment, recurrent and/or metastatic disease develops in greater 

than 65% of patients with HNSCC [5]. Moreover, 5-year survival rates of HNSCC patients 

are only 50–60% [6–8].

HNSCCs are characterized by pronounced genomic instability; accumulated mutations drive 

neoplastic cells to initiate or facilitate carcinogenesis [9]. The development of HNSCC 

is strongly associated with exogenous mutagenic factors including tobacco metabolites 

and alcohol consumption [10, 11]. Independently of alcohol and tobacco exposure, high-

risk human papillomavirus (HPV) infection (i.e., HPV16 and HPV18) is mechanistically 

linked to HNSCC through the E6 and E7 viral oncoproteins, which inactivate p53 and 

Rb, respectively [6, 12]. The high-risk HPV viruses also induce the APOBEC3 family of 

ssDNA cytosine deaminases [13–17], which cause a significant fraction of point mutations 

in HNSCC tumors [18–20].

Within cells, DNA damage responses (DDR) function to rectify DNA damage and 

circumvent lethal or permanent genetic alteration [21]. Coordinated by the ATM-Chk1/Chk2 

phosphorylation signaling pathway, DDR activates DNA damage checkpoints. The activated 
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checkpoints arrest the cell cycle at G1/S or G2/M, which facilitates DNA repair [22]. 

Coincident with cell cycle arrest, DDR activation occurs by phosphorylation of DNA repair 

scaffold proteins H2AX, 53BP1, BRCA1 and SMC1 [23, 24]. Unrepaired or misrepaired 

DNA damage can activate programmed cell death (apoptosis) or senescence or promote 

carcinogenesis by increasing genomic instability [24, 25].

In HNSCC cells, calprotectin (S100A8/A9) functions as a tumor suppressor activating 

the G2/M DNA damage checkpoint to control cell cycle progression, proliferation, and 

growth [26, 27]. In contrast, loss of S100A8/A9 enhances MMP-2 activity, cell invasion, 

and migration [27, 28]. Calprotectin, a heterodimeric complex of S100A8 and S100A9, is 

constitutively expressed in the cytoplasm of the squamous epithelial cells lining the oral, 

oropharyngeal, and genitourinary mucosae [27, 29]. Whether the sole phosphorylatable 

residue in calprotectin, S100A9Thr113 [30] participates in tumor suppression is unknown. 

Members of the S100 superfamily of EF-hand calcium-binding proteins [31–33], S100A8 
and S100A9 are located within the epidermal differentiation complex on chromosome 1q21, 

and their products appear to contribute to epithelial maturation and growth [34].

Consequently, reduced expression of calprotectin is expected to be associated with epithelial 

dedifferentiation. As predicted, calprotectin expression levels in HNSCC patients are 

inversely associated with tumor grade [35] and positively related to better survival outcomes 

[31]. Since cell cycle arrest at G2/M constitutes a hallmark of the DDR pathway, we 

hypothesized that S100A8/A9 regulates DNA repair events following exposure of HNSCC 

cells to genotoxic agents.

Materials and Methods

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

TR146 cells, a well-differentiated buccal SCC cell line, was silenced for endogenous 

S100A8/A9 expression (TR146-S100A8/A9-KD) using shRNA as described [26, 35, 36]. 

Cells transfected with a vector containing scrambled shRNA provided a negative control 

for S100A8 and S100A9 gene-silenced clones (TR146-control) as described [26, 36]. 

Calprotectin levels were confirmed using Western blotting.

Stable expression of S100A8/A9 in a human carcinoma cell line

KB cells (ATCC CCL-17), a HeLa-like, HPV-18-positive, calprotectin-negative, human 

carcinoma cell line, was utilized [32]. KB cells stably expressing wild-type human 

calprotectin (KB-S100A8/A9), a truncated non-phosphorylatable calprotectin clone (KB-

S100A8/A9Δ113–114), and KB sham-control transfectants (KB-EGFP) were generated and 

cultured as described [30]. Transfected cells were selected and maintained in G418 

sulfate (Corning, #30–234-CR) in an appropriate cell culture medium [26, 36]. Cytosolic 

S100A8/A9 production was verified in cell lysates using Western blot analysis; S100A8/A9 

release into culture medium was below the limits of detection by ELISA, mitigating the 

chance of extracellular interactions (data not shown).
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Treatment with camptothecin and X-radiation to induce DNA damage

Camptothecin (Sigma, #C9911) was dissolved in chloroform/methanol (4:1) to 5 mg/mL. 

The solution was diluted into complete medium to a final concentration of 10 μM and used 

to treat cells growing at 70–80% confluence on glass coverslips for 4 h. DNA damage was 

induced by irradiation using the X-Rad 320 X-ray system (PXi Precision X-Ray, North 

Branford, CT). The source was placed 50 cm from the irradiator stage. A constant voltage 

potential of 320 kV was applied and the current was set at 12.5 mA. The radiation dose 

delivered to the cells/minute was adjusted using a copper and aluminum compound filter. 

In this study, a total dose of 100, 300, 500, or 700 cGy was delivered to each cell culture 

sample.

Cisplatin treatment and cell viability assay

TR146 and KB cell lines (2 × 105 in 100 μL) were seeded in triplicate for each cisplatin 

concentration (1, 10, 50 and 100 μM) in flat-bottom 96-well microtiter plates and incubated 

in 5% CO2 at 37°C for 24 h. After 24 h of incubation, cell viability was analyzed using the 

XTT Cell Proliferation Assay Kit (ATCC, Cat# 30–1011K). Activated-XTT solution (50 μL) 

was added to each well, incubated for 2 more hours, and absorbance was measured at 450 

nm and 675 nm using a microtiter plate reader. The 450 nm values were subtracted from the 

values obtained at 675 nm to eliminate potential non-specific readings.

Immunofluorescence microscopy to localize DNA damage markers 53BP1 and γH2AX

To localize 53BP1 and γH2AX in response to DNA damaging agents (i.e., camptothecin and 

X-radiation), cells growing on coverslips in 6-well plates were fixed in ice-cold methanol 

and permeabilized for 10 min with PBS containing 0.25% Triton X-100 (PBS-T). To 

block non-specific binding of primary antibodies, cells were incubated for 30 min in 1% 

BSA in PBS-T. Rabbit polyclonal anti(α)-53BP1 (Abcam, ab36823, 1:200 dil.) and mouse 

monoclonal α-γH2AX (phospho S139; 9F3, Abcam, ab26350, 1:200 dil.) antibodies were 

diluted in PBS-T containing 1% BSA, incubated with cells for 1 to 2 h in a humidified 

chamber, and washed 3X for 5 min each with PBS. Cells were then incubated in the 

dark for 60 min 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. Specimens were visualized using a Nikon Eclipse E800 upright fluorescence microscope. 

Images were captured via SPOT advance software (Spot Imaging, Sterling Heights, MI, 

USA) and subsequently analyzed using ImageJ. At least 100 cells were evaluated per cell 

line and condition in each experiment. Statistical analyses were performed using GraphPad 

Prism 8.

Comet assay

Each cell line was cultured separately in 6-well plates as described [26, 30, 36] and grown 

to 70–80% confluence. Double-strand breaks were induced by a single X-ray dose of 5 Gy. 

After 30 min, 2 h, and 24 h cells were harvested and resuspended in ice-cold 1X Dulbecco’s-

PBS (Ca2+ and Mg2+ free, 1 × 105 cells /mL). Double-strand breaks and DNA repair were 

assessed using single cell gel electrophoresis (comet assay) following the manufacturer’s 
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protocol (Oxiselect™ Comet Assay Kit; #STA-351 Cell Biolabs, Inc., San Diego, CA). The 

cell suspension was mixed at a 1:10 ratio (v/v) with comet kit agarose, and 75 μL were 

immediately plated on Oxiselect™ comet slides at 4°C for 15 min, allowing the agarose-cell 

suspension to solidify. Cell electrophoresis was performed according to the manufacturer’s 

alkaline comet assay protocol, which can resolve the double-strand breaks produced by the 

genotoxic agents used in our study. Specimens were visualized and photographed as above.

Post-irradiation SYTO 9/propidium iodide live/dead assay

After inducing DNA damage, the fraction of late apoptotic and/or necrotic cells was 

assessed at 30 min, 2 h and 24 h post-irradiation using a live/dead viability assay kit (LIVE/

DEAD® BacLight™ Kit; L7012, Invitrogen, Carlsbad, CA) according to the manufacturer’s 

instructions. Growth medium was removed, and adherent cells were rinsed gently with 1 

mL 1X Dulbecco’s-PBS at room temperature. SYTO 9/propidium iodide fluorescence dyes 

were mixed according to the manufacturer’s protocol. Cells were incubated in 3 μL of the 

dye mixture per mL of PBS in each well for 15 min in the dark. Next, the samples were 

mounted on glass slides using BacLight mounting oil and visualized as above. Red-stained 

(propidium iodide) nuclei were considered apoptotic, while green-stained (SYTO 9) cells 

were viable. Data were analyzed as above.

53BP1 and S100A8 expression in 4-NQO-induced murine oral lesions

To induce oral carcinogenesis, 4-NQO (50 μg/ml ad libitum) was added to the water 

of C57BL/6j wild-type (N = 12) and S100A8/A9null mice (N = 12) for 16 weeks as 

described [37, 38]. During weeks 17 to 22, animals received water without 4-NQO. 

Control mice (n=6 each genotype) received water without 4-NQO during the entire 22-week 

experiment. All animals were euthanized at 22 weeks. The tongue, maxillary gingiva, palate, 

and buccal mucosae were harvested for histopathologic examination using H/E staining. 

Intraoral epithelial dysplastic and/or carcinomatous lesions from 4-NQO-treated wild-type 

and S100A8/A9null mice (N = 7 in each group) were immunostained for 53BP1 (Abcam, 

ab36823, 1:200 dil.) and S100A8 (R&D, AF3059, 1:500 dil.) as described [35]. Staining 

for S100A8 was used as a surrogate for S100A8/A9. At least 2 microscopic lesions per 

animal were selected and 20X-magnification photomicrographs per lesion were captured 

using the Leica DM6 B (Leica Microsystems CMS GmbH) microscope. Quantification of 

53BP1 positive nuclei and statistical analysis were performed as above.

Results

Calprotectin expression is associated with elevated caspase transcription levels and 
facilitates apoptosis in HNSCC

As we have shown, calprotectin-expressing carcinoma cells have a less aggressive phenotype 

[26, 28], and patients with calprotectin-high HNSCC have more favorable survival 

outcomes compared to patients with calprotectin-low tumors [27, 31]. To determine whether 

calprotectin expression in HNSCC affects the expression of genes associated with apoptosis, 

cell death, and survival, we interrogated transcriptomic data from TCGA RNA sequencing 

database. In S100A8/A9-high HNSCCs, expression of 363 apoptosis-related genes was 

significantly upregulated compared to S100A8/A9-low neoplasms. Co-regulated with 
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S100A8 and S100A9, apoptosis-associated genes including the caspase family members 

CASP1, -3, -4, -5, - 7, -8, -9, -10 and -14 showed significant fold-increases in S100A8/

A9-high relative to S100A8/A9-low HNSCC (range: 1.48- to 9.54-fold; Table 1). S100A8/

A9-expressing human HNSCCs also upregulated genes that facilitate cell death (e.g., XAF1) 

based on TCGA analyses (Figure 1A). In addition, KB carcinoma cells engineered to 

express S100A8/A9 significantly downregulated XIAP (X-linked inhibitor of apoptosis) 

in vitro (Figure 1B), suggesting that calprotectin exerts pro-apoptotic functions in human 

HNSCC.

S100A8/A9 promotes DDR after treatment with camptothecin and X-irradiation

We treated calprotectin-positive and negative KB carcinoma cell lines with the DNA 

damage agent camptothecin (Figure 2A–C) and assessed the levels of the DNA damage 

regulatory proteins, 53BP1 and γH2AX. Following camptothecin treatment, calprotectin-

expressing KB cells showed significantly greater percentages of 53BP1 (Figure 2A,B) 

and γH2AX (Figure 2A,C) positive nuclei than calprotectin-negative (KB wild-type, 

KB-EGFP) cells. Interestingly, the high number of 53BP1 (Figure 2B) and γH2AX 

(Figure 2C) nuclear puncta in calprotectin-expressing KB cells increased only slightly with 

camptothecin treatment. In response to camptothecin, expression of 53BP1 (Figure 2A,B) 

and γH2AX (Figure 2A,C) was similar in KB-S100A8/A9Δ113–114 cells (missing the single 

phosphorylatable S100A9Thr113) and calprotectin-negative KB and KB-EGFP carcinoma 

cells. These data suggest that the phosphorylation state of S100A9Thr113 in calprotectin is 

important in the regulation of 53BP1 and γH2AX recruitment during DDR.

For patients with HNSCC, X-irradiation is a primary treatment option along with surgery 

and chemotherapy. To further investigate the participation of S100A8/A9 in post-irradiation 

DDR, we exposed the KB cancer cell lines to increasing doses of X-irradiation (0 to 7 

Gy; Figure 2D–F). In the absence of X-irradiation, 53BP1 (Figure 2D,E) and γH2AX 

levels (Figure 2D,F) were significantly higher in calprotectin-expressing KB cells than in 

calprotectin-negative cells. In the same conditions, KB-S100A8/A9Δ113–114 cells showed 

about 20% fewer 53BP1 (Figure 2D,E) and γH2AX puncta (Figure 2D,F) than KB-

S100A8/A9 cells. Irradiated calprotectin-expressing KB cells also showed greater 53BP1 

(Figure 2E) and γH2AX (Figure 2F) nuclear recruitment at all doses of X-radiation than 

calprotectin-negative or KB-S100A8/A9Δ113–114 cells, which were similar to one another. In 

all KB cell lines, the DDR protein levels increased most as X-irradiation doses increased 

from 0 to 1 Gy (Figure 2E,F).

Camptothecin treatment of TR146 buccal carcinoma cell lines confirmed DDR dependence 

on calprotectin expression (Figure 3). In untreated cells (no camptothecin), silencing 

calprotectin (TR146-S100A8/A9-KD; Figure 3A) caused significantly fewer 53BP1 (Figure 

3B) and γH2AX (Figure 3C) positive nuclei than calprotectin-positive (TR146 and 

TR146-control) cells. After incubation with camptothecin, 53BP1 and γH2AX nuclear 

recruitment increased in all TR146 cell lines (Figure 3A). Calprotectin-expressing TR146 

cells (TR146 and TR146-control), however, showed significantly higher percentages of 

53BP1 (Figure 3B) and γH2AX (Figure 3C) puncta than cells with silenced calprotectin 

(TR146-S100A8/A9-KD).
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Following all doses of X-irradiation, nuclear recruitment of 53BP1 (Figure 3D,E) and 

γH2AX (Figure 3D,F) was more significantly impaired in TR146-S100A8/A9-KD than in 

calprotectin-expressing TR146 and TR146-control cells. Both TR146 and TR146-control 

cell lines showed similarly elevated percentages of 53BP1 and γH2AX positive nuclei 

after X-irradiation (Figure 3D–F). Collectively, these in vitro data strongly suggest that 

calprotectin contributes to DDR in response to genotoxic agents.

Calprotectin promotes apoptotic DNA fragmentation following X-irradiation and cisplatin-
induced cell death in HNSCC cells

Activation of apoptosis induces DNA fragmentation and is driven by members of 

the caspase family of enzymes [39, 40], many of which appear to be co-regulated 

with S100A8 and S100A9 (see Table 1). We hypothesized, therefore, that S100A8/A9 

facilitates nuclear fragmentation in response to genotoxic X-irradiation. After 5 Gy X-

irradiation, the length and frequency of nuclear fragmentation (i.e., comet tail formation) 

were compared in calprotectin-expressing TR146, TR146-S100A8/A9-KD, and control-

transfected TR146 cells. For up to 24 h after exposure, S100A8/A9-producing TR146 

and TR146-transfection-control cells appeared to be more sensitive to X-irradiation and 

showed greater nuclear fragmentation than in calprotectin silenced cells (Figure 4A). At 24 h 

after X-irradiation, calprotectin-expressing TR146 and TR146-transfection-control cultures 

showed significantly more dead cells (Figure 4B,C) and significantly less resistance to 

cisplatin treatment (Figure 4D) than TR146-S100A8/A9-KD cells.

These calprotectin-dependent responses were cell lineage-independent since calprotectin-

overexpressing (KB-S100A8/A9) cells showed greater comet tail formation than 

calprotectin-negative KB and KB-EGFP cells (Figure 5A). Similarly, KB-S100A8/A9 cells 

showed significantly higher proportions of dead cells up to 24 h post-X-irradiation (Figure 

5B,C) and significantly greater sensitivity to the DNA damage therapeutic, cisplatin, (Figure 

5D) than calprotectin-negative KB and KB-EGFP cells.

Calprotectin-dependent DDR in carcinogen-induced mouse oral epithelial dysplastic and 
carcinomatous lesions

To learn whether DNA damaging agents cause a calprotectin-dependent difference in the 

DDR in vivo, C57BL/6j mice were challenged with 4-NQO in their drinking water for 

16 weeks and evaluated for oral epithelial dysplastic and carcinomatous lesions at 22 

weeks (Figure 6A). In the dysplastic lingual epithelium of calprotectin-expressing wild-type 

mice, 53BP1 puncta were prominent. These puncta were less apparent in frank SCC 

tumors, which were marked by the loss of the calprotectin-subunit S100A8 (Figure 6B). 

In contrast, calprotectin-negative mice rarely showed 53BP1 expression in tongue dysplastic 

and carcinomatous lesions (Figure 6C). Based on quantification of all lesions in all mice, 

53BP1 expression was significantly greater in WT calprotectin-expressing mice than in the 

calprotectin-negative mutants (Figure 6D).
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Discussion

Intracellular calprotectin is strongly suggested to have tumor suppressive properties in 

HNSCC based upon experiments utilizing oral carcinoma cell lines, human oral and 

oropharyngeal tumor specimens, animal models, and analysis of publicly available databases 

[26–28, 31, 35]. Key mechanistic evidence is provided in vitro. S100A8/A9 negatively 

regulates the G2/M cell cycle checkpoint and then slows cancer cell proliferation. 

Overexpression of cytoplasmic S100A8/A9 promotes increased protein phosphatase 2A 

(PP2A) activity, triggers phosphorylation of p-Chk1 (Ser345), and dephosphorylates p-

Cdc25C at Thr48 by PP2A. This mechanism allows p-Chk1 to phosphorylate Cdc25C at 

the inhibitory residue, Ser216. Calprotectin status does not appear to affect the regulation of 

G1/S cell cycle checkpoint under control by p53 and p21 in carcinoma cells [26]. The cyclin 

B1/p-Cdc2 (Thr14/Tyr15) G2/M regulatory complex remains inactive, however, arresting 

cell cycle at G2/M (Supplementary Figure 1) [26].

Activation of the G2/M checkpoint and cell cycle arrest are connected to the DDR pathway, 

a cellular response to severe genotoxicity (Supplementary Figure 1) [21, 22, 41]. In head 

and neck cancers, DDR is activated by cellular exposure to exogenous (i.e., cisplatin-based 

chemotherapeutics and X-irradiation) and endogenous (i.e., APOBEC3-induced C-to-T/-G 

deamination) mutagens. The occurrence of DNA double-strand breaks [42] and the error-

prone repair of DNA through non-homologous end joining signal the nuclear localization 

of 53BP1 puncta [43]. Functionally linked with 53BP1, γH2AX (Ser139) [42] serves as a 

scaffold for other repair proteins and contributes to nucleosome formation and chromatin 

remodeling [44].

To study the effect of intracellular calprotectin on genotoxicity in head/neck carcinoma cells, 

we used 53BP1 and γH2AX as DDR markers. DNA double-strand breaks and activation of 

apoptotic cell death were induced using X-irradiation [45]. In contrast, camptothecin, which 

acts by reversibly binding to DNA-topoisomerase I complexes to inhibit DNA unwinding, 

was also used to promote cell cycle arrest and apoptosis [46]. We discovered that DDR 

phenomena in vitro in response to these genotoxic stimuli were dependent on S100A8/A9 

expression. Both treatments caused significantly increased accumulation of 53BP1 and 

γH2AX puncta in the nuclei of S100A8/A9-expressing cells. In contrast, S100A8/A9-

negative carcinoma cells show dramatically impaired DDR responses with limited numbers 

of observed 53BP1- and γH2AX-positive nuclei. Since S100A8/A9 appears to restore the 

G2/M cell cycle checkpoint [26] and cell cycle arrest represents an early event in the DDR 

pathway, we anticipated a role for calprotectin in other DDR functions including recruitment 

of DNA repair-associated molecules.

To participate in DDR, the S100A8/A9 complex would likely translocate from the 

cytoplasm into the nucleus. Indeed, calprotectin apparently co-localizes with casein-kinase 

2 on the mitotic spindles of dividing non-cancerous (immortalized TERT-2/OKF-6) and 

carcinomatous (TR146) cells (Argyris et al. manuscript in preparation). Nuclear-specific 

S100A8/A9 also controls oncogenic transcription and transformation in breast cancer [47]. 

Clinical specimens of breast and skin cancers [47] and HNSCC [35] also show clear S100A8 

and S100A9 nuclear immunohistochemical staining. Collectively, our data strongly suggest 
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that S100A8/A9 activates the G2/M checkpoint and cell cycle arrest to regulate DDR, with 

subsequent recruitment of 53BP1 and γH2AX.

We also show that cytoplasmic calprotectin promotes DNA fragmentation and facilitates 

apoptosis in HNSCC cells after exposure to chemoradiation. Indeed, S100A8/A9 expression 

in HNSCC cells appears to confer sensitivity to both X-irradiation and cisplatin 

treatment and increases susceptibility to death by apoptosis. Conversely, calprotectin-

negative carcinoma cells evade post-radiation DNA fragmentation and appear refractory 

to chemoradiation. After X-irradiation, caspase-3/7 activity is also significantly elevated in 

calprotectin-expressing HNSCC cells compared to S100A8/A9-negative cells as we reported 

[35]. These data highlight that calprotectin plays a regulatory role in chemoradiation-

induced cell death. Imprecise repair of DNA damage activates programmed cell death. 

Evasion of apoptotic cellular mechanisms and sustained proliferative signaling are two 

well-established hallmarks of carcinogenesis [48].

A mechanistic link between calprotectin and apoptosis is supported by evidence from patient 

HNSCC tumors. Indeed, S100A8/A9-high HNSCCs significantly upregulate apoptosis-

related genes, including CASP-3, -4, -5, -7, -8, and -9, when compared to S100A8/A9-low 

tumors as analyzed using TCGA data. As we show in vitro, cytoplasmic calprotectin in 

tumor cells potentiates 53BP1 and γH2AX nuclear recruitment, strongly favoring apoptotic 

cell death rather than DNA repair. Apoptosis-associated DNA fragmentation is also marked 

by γ-phosphorylation of H2AX (Ser139) [49], while a close association between 53BP1, 

γH2AX, and cleaved caspase-3 also appears linked to increased cell death in murine tissues 

[50, 51].

In addition to the effects of cytoplasmic and nuclear translocation, calprotectin release 

into the extracellular environment promotes autophagy and apoptosis in vitro. Purified 

recombinant S100A8 and S100A9 treatment of cell lines, including colon and prostate 

adenocarcinoma, cervical SCC, and acute promyelocytic leukemia, inhibits cancer cell 

migration and growth and promotes cell death [52–55]. The beneficial effects of calprotectin 

on DDR and apoptosis in clinical cases may reflect extracellular and intracellular modes of 

action.

Interestingly, the DDR responses to camptothecin and X-irradiation appear to be dependent 

on the phosphorylation state of S100A8/A9. Calprotectin has a singular phosphorylatable 

site at the penultimate S100A9Thr113 residue in the C-terminus. When phosphorylated 

through Ca2+ and p38 MAPK signaling during inflammation, neutrophil microtubules 

reorganize to enable cell migration [56] and activation of NADPH oxidase [57], inducing 

proinflammatory TNFα and IL-6 expression and release [58]. As we show, Thr113 removal 

(KB-S100A8/A9Δ113–114 cells) results in a DDR-insensitive phenotype, indistinguishable 

from calprotectin negative cells, as compared to S100A8/A9-expressing cells. Although 

the phosphorylation status of calprotectin was not directly assessed in the experiments of 

the current study, the dramatic change in DDR after S100A9 tail truncation by the two 

amino acids suggests that S100A9Thr113 participates in a phosphorylation cascade (see 

Supplementary Figure 1). We speculate that ATM phosphorylates calprotectin at Thr113 like 

numerous other DDR-associated proteins including 53BP1, H2AX, and SMC1 [59].
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In summary, we provide additional evidence in support of the anti-tumor properties of 

intracellular calprotectin in HNSCC. Expression of S100A8/A9 potentiates DDR, confers 

sensitivity to chemoradiation, and overtly promotes apoptotic cancer cell death. These 

findings may explain the more favorable survival outcomes reported in patients with 

S100A8/A9-high HNSCC than in individuals with S100A8/A9-low tumors [26]. These 

results provide a basis for future translational studies investigating the therapeutic potential 

of calprotectin to suppress tumors in HNSCC patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Major highlights of our cell line and animal tissue studies include:

1. S100A8/A9 potentiates DNA damage responses and nuclear localization of 

53BP1 and γH2AX after treatment with genotoxic agents, i.e., camptothecin 

and X-irradiation.

2. Calprotectin promotes apoptotic DNA fragmentation and cell death following 

X-irradiation and cisplatin treatment in head and squamous cell carcinoma 

cell lines.

3. Calprotectin expression is associated with increased 53BP1 expression levels 

in carcinogen-induced mouse oral epithelial dysplastic and carcinomatous 

lesions.
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Figure 1: 
(A) S100A8/A9-high human HNSCCs (n=104) significantly upregulated the mRNA levels 

of the apoptosis-promoting XIAP-associated factor 1 (XAF1) when compared to S100A8/

A9-low tumors (n=89) based on TCGA analysis (mean ± SEM, p < 0.0001, two-tailed 

Student’s t-test with equal variance). (B) KB carcinoma cells stably expressing S100A8/A9 

significantly downregulated the anticaspase X-linked inhibitor of apoptosis (XIAP) in vitro 
compared to S100A8/A9-negative KB-EGFP cells (n = 2, mean ± SD, p = 0.012, one-way 

ANOVA test).
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Figure 2: 
(A) Immunofluorescence microscopy showing DDR-related markers 53BP1 (green) and 

γH2AX (purple) in calprotectin-negative KB and KB-EGFP cells, and KB cells expressing 

either wild-type human calprotectin (KB-S100A8/A9) or a truncated non-phosphorylatable 

clone (KB-S100A8/A9Δ113–114) after camptothecin treatment (scale bar = 50 μm). (B) 
Quantification of the percentages of 53BP1 positive nuclei before and after camptothecin 

treatment. Ectopic expression of wild-type human calprotectin in KB cancer cells yields 

increased 53BP1 expression compared to calprotectin-negative KB, KB-EGFP, and the 

non-phosphorylatable KB-S100A8/A9Δ113–114 cells. Statistically significant differences are 

shown. (C) Quantification of the percentages of γH2AX positive nuclei. Intracellular 

calprotectin expression potentiates nuclear recruitment of γH2AX in addition to 53BP1 after 
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camptothecin-induced DNA damage. Statistically significant differences are shown (for both 

B and C, N = 5, mean ± SD, ** p < 0.01, *** p < 0.001, **** p < 0.0001 one-way ANOVA 

test). (D) 53BP1 (green) and γH2AX (purple) visualized at 0 and 1 Gy of X-irradiation 

using immunofluorescence microscopy (scale bar = 50 μm). (E, F) Quantification of the 

percentages of 53BP1 and γH2AX positive nuclei from immunofluorescence experiments 

in (D). Phosphorylatable S100A8/A9 overexpression in KB carcinoma cells facilitated 

and promoted recruitment of DDR-related proteins in the nucleus after X-irradiation. 

Statistically significant differences are shown (N = 3, mean ± SEM, * p < 0.05, ** p < 

0.01, one-way ANOVA test).
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Figure 3: 
(A) Immunofluorescence microscopy showing 53BP1 (green) and γH2AX (purple) nuclear 

puncta in calprotectin-positive TR146 and TR146-control carcinoma cells, and TR146 cells 

with silenced calprotectin expression (TR146-S100A8/A9-KD), following camptothecin 

treatment (scale bar=50μm). (B, C) Silencing S100A8/A9 in TR146 cells diminished 

DDR and nuclear recruitment of 53BP1 and γH2AX; quantification of the percentages 

of 53BP1 and γH2AX positive nuclei from immunofluorescence experiments shown in (A). 

Statistically significant differences are shown (N = 6, mean ± SD, * p < 0.05, ** p < 0.01, 

*** p < 0.001, **** p < 0.0001 one-way ANOVA test). (D) Foci of 53BP1 and γH2AX 

visualized at 0 and 1 Gy of X-irradiation using immunofluorescence microscopy (scale 

bar = 50 μm). (E, F) Silencing S100A8/A9 in TR146 cells impaired DDR after exposure 
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to increasing doses of X-irradiation; percentages of 53BP1 and γH2AX positive nuclei 

quantified from immunofluorescence experiments in (D). Statistically significant differences 

are shown (N = 3, mean ± SEM, * p < 0.05, ** p < 0.01, *** p < 0.001 one-way ANOVA 

test).
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Figure 4: 
(A) Single cell gel electrophoresis of TR146, TR146-S100A8/A9-KD, and TR146-control 

cells after exposure to 5 Gy of X-irradiation. S100A8/A9-producing TR146 and TR146-

control cells appeared more sensitive to X-irradiation and showed greater nuclear 

fragmentation and comet tail formation than calprotectin-silenced (TR146-S100A8/A9-KD) 

cells (scale bar = 100 μm). (B) Live/dead assay following exposure to a single dose 

of 5 Gy of X-radiation. S100A8/A9-expressing TR146 and TR146-control cells showed 

a significantly higher percentage of apoptotic cells (red) than TR146-S100A8/A9-KD 

carcinoma cells which appeared mostly viable (green) 24 h after X-irradiation (scale 

bar = 60 μm). (C) Quantification of the immunofluorescence experiments shown in (B). 

Statistically significant differences are shown (N = 3, mean ± SEM, ** p < 0.01, **** p 
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< 0.0001, one-way ANOVA test). (D) TR146, TR146-S100A8/A9-KD and TR146-control 

cell viability assay after incubation for 24 h with increasing doses (1, 10, 50 and 100 μM) 

of cisplatin. Silencing of S100A8/A9 in this oral SCC cell line increases their resistance to 

cisplatin treatment. Statistically significant differences are shown (N = 5, mean ± SEM, * p 

< 0.05, one-way ANOVA test).
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Figure 5: 
(A) Single cell gel electrophoresis of KB, KB-S100A8/A9, and KB-EGFP cells after 

exposure to 5 Gy of X-irradiation. KB-S100A8/A9 cells showed greater comet tail formation 

than calprotectin-negative KB and KB-EGFP cells (scale bar = 100 μm). (B) Live/dead assay 

following exposure to a single dose of 5 Gy of X-radiation. KB-S100A8/A9 cells showed 

significantly higher proportions of dead cells (red) at 30 min, 2 h and 24 h after X-irradiation 

than KB and KB-EGFP cells which appeared radiotherapy-resistant and mostly viable 

(green, scale bar = 60 μm). (C) Quantification of the immunofluorescence experiments 

shown in (B). Statistically significant differences are shown (N = 3, mean ± SEM, ** p < 

0.01, **** p < 0.0001, one-way ANOVA test). (D) KB, KB-S100A8/A9 and KB-EGFP cell 

viability assay after incubation for 24 h with cisplatin (1, 10, 50 and 100 μM). Calprotectin 
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overexpression conferred sensitivity to chemotherapy in these carcinoma cells. Statistically 

significant differences are shown (N = 2, mean ± SEM, * p < 0.05, one-way ANOVA test).

Argyris et al. Page 23

Oral Oncol. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6: 
(A) Experimental design of 4-NQO-induced oral carcinogenesis in S100A8/A9 wild-type 

(WT) and S100A8/A9null C57BL/6j mice. (B) Representative photomicrographs of 4-NQO-

induced lingual epithelial dysplasias and OSCC in S100A8/A9 WT mice stained for 53BP1 

(green) and S100A8 (red). The calprotectin-subunit S100A8 serves as surrogate marker 

for the calprotectin complex. 53BP1 nuclear puncta were prominent in the dysplastic 

oral epithelium of calprotectin-expressing mice, but were less apparent in SCC tumors, 

which featured decreased expression of S100A8 (scale bar = 200 μm). (C) Representative 

photomicrographs of 4-NQO-induced oral lesions in S100A8/A9null mice stained for 

S100A8 and 53BP1. Calprotectin-negative mice showed rare 53BP1 expression in tongue 

dysplastic and carcinomatous lesions (scale bar = 200 μm). (D) Quantification of 53BP1-
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positive nuclei from oral epithelial dysplasias and OSCC is shown in (B) and (C). 53BP1 

expression in 4-NQO-induced oral lesions was significantly higher in WT calprotectin-

expressing mice than in calprotectin-negative mutants. Same color indicates lesions from 

the same mouse (N = 7 animals/group, total number of lesions = 36 for WT and 41 for 

S100A8/A9null mice, mean ± SD, **** p < 0.0001, unpaired t-test).
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Table 1.

Caspase family members that appear upregulated in S100A8/A9-high head and neck squamous cell carcinoma 

(HNSCC) specimens compared to S100A8/A9-low tumors.

Apoptosis-related genes
a Fold-Change

S100A8/A9-High vs -Low HNSCC p-value
b

CASP1 2.34 6.18E-10

CASP10 3.78 3.61E-17

CASP12 1.56 0.106

CASP14 9.54 0.0395

CASP2 1.06 0.5663

CASP3 1.48 0.0005

CASP4 3.54 2.60E-20

CASP5 2.76 3.54E-05

CASP6 1.16 0.099

CASP7 1.87 1.39E-08

CASP8 2.02 9.00E-09

CASP9 1.50 0.0003

a
Publicly available RNAseq data mined from The Cancer Genome Atlas (TCGA).

b
Bolded p-values indicate statistically significant differences using a two-tailed Student’s t-test with equal variance.
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