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Abstract 

Malignant transformation in squamous cell carcinomas (SCC) such as those of the 

head and neck (HNSCC) remains an enigmatic process that results in abnormal cellular 

differentiation, loss of growth and cell cycle regulation, gain of replicative immortality 

and resistance to apoptosis, activation of cellular migration and invasion, increase in 

energy metabolism, and evasion of immune destruction.  These abnormalities in cell 

functions emerged as the hallmarks of cancer.  Calprotectin, a heterodimeric protein 

complex of calcium regulating S100A8 and S100A9 encoded by genes mapped to the 

chromosomal locus 1q21.3 of the epidermal differentiation complex (EDC), may play 

essential roles in the regulation of cell differentiation, cell cycle progression, cellular 

survival and cell migration that are part of the cancer hallmarks.  While highly up-

regulated in a variety of cancers, calprotectin is down-regulated in squamous cell 

carcinomas of the cervix, esophagus and the head and neck.  Using microarray analysis 

for gene expression we found that the S100A9 subunit of calprotectin was significantly 

down-regulated along with other EDC genes in human primary HNSCC cases, suggesting 

a loss of functional S100A8/A9 protein complex and differentiation during 

carcinogenesis.  Expression of S100A9 correlated strongly with a set of HNSCC down-

regulated genes putatively involved in loss of cytodifferentiation and control of cell 

cycle.  To probe its role in carcinogenesis, S100A8/A9 was stably expressed in a 

calprotectin-negative human carcinoma cell line (KB cells).  Expression of S100A8/A9 in 

KB cells up-regulated differentiation and cell-cell contact growth inhibition signaling 

pathways, re-established epithelial actin microfilament cytoskeletal structures and 
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cellular adhesion to the extracellular matrix, down-regulated anti-apoptosis gene 

networks, and suppressed anchorage-independent survival and stress-induced (by serum 

starvation) cell migration.  Calprotectin appeared to induce growth suppression by 

signaling a reactivation of G2/M cell cycle checkpoint regulators, Chk1 and PP2A, and 

inactivation of mitotic activators Cdc25C and Cdc2.  As a result, we saw a marked 

increase in Cdc2-P
Thr14/Tyr15 

phosphorylation and down-regulation of cyclin B1, 

suggesting an inactivation of the mitotic entry promoting Cdc2/cyclin B1 complex, 

resulting in cell cycle and mitotic arrest at the G2/M checkpoint.  When inoculated into 

nude mice, KB cells producing calprotectin showed reduced tumor growth when 

compared to sham-transfected control KB cells.  Using shRNA, silencing of S100A8/A9 

expression in the TR146 human HNSCC cell line increased carcinoma growth and 

survival and reduced Cdc2 phosphorylation at Thr14/Tyr15.  Calprotectin expression in 

KB and TR146 cells also down-regulated expression of putative HNSCC marker genes, 

INHBA, PTGS2 (Cox-2) and SULF1, found to be expressed only in HNSCC samples.  

Calprotectin-mediated control of cellular differentiation and G2/M cell cycle checkpoint 

is, therefore, a likely suppressive mechanism in human squamous cell carcinomas and 

may point to new molecular targets for therapy.  
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Introduction 
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1.1 Calprotectin: Potential roles in cellular functions 

 

Calprotectin is a heterodimeric complex of calcium-binding proteins S100A8 

(MRP8 or calgranulin A; 8 kDa) and S100A9 (MRP14 or calgranulin B; 14 kDa) 

constitutively expressed in the cytoplasm of healthy squamous mucosal epithelial cells of 

the oral cavity and oropharynx (Hitomi, Kimura et al. 1998; Ross and Herzberg 2001).  

Encoded by genes that map to human epidermal differentiation complex (EDC) on 

chromosomal locus 1q21, S100A8 and S100A9 are members of S100 protein family.  

These proteins have two EF-hand calcium-binding motifs and are implicated in calcium-

dependent regulation of cellular differentiation, proliferation, motility and gene 

expression (Donato 2001; Itou, Yao et al. 2002).   

Expression of calprotectin in epithelial cells is found to confer resistance against 

microbial invasion (Nisapakultorn, Ross et al. 2001; Nisapakultorn, Ross et al. 2001; 

Zaia, Sappington et al. 2009) and may have functional roles in mucosal innate immunity.  

In the cytoplasm of circulating polymorphonuclear leukocytes (Hessian and Fisher 2001), 

calprotectin can activate NADPH oxidase to generate reactive oxygen species for defense 

mechanisms and cellular signaling, potentially through binding with arachidonic acid at 

the HHH-domain of the S100A9 subunit (C-terminal region, Figure 1.1) (Berthier, Paclet 

et al. 2003; Kerkhoff, Nacken et al. 2005; Benedyk, Sopalla et al. 2007).  Although not 

well characterized, calprotectin may also function directly as a broad spectrum anti-

microbial peptide (Miyasaki, Bodeau et al. 1993; Sohnle and Hahn 2000; Lusitani, 

Malawista et al. 2003). 
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In myeloid cells, expression of S100A8, S100A9 and calprotectin complex 

(S100A8/A9) occurs during early stages of differentiation and cellular infiltration and is 

involved in the regulation of casein kinase I and II, which are important for myeloid cell  

maturation and function (Donato 2001).  Cell surface and released calprotectin may also 

support the transendothelial migration of monocytes and granulocytes during recruitment 

to an inflammatory site (Eue et al. 2000).  Infiltrating polymorphonuclear leukocytes 

(primarily neutrophils) and macrophages typically produce and release cytosolic 

calprotectin during acute and chronic inflammation to signal chemotaxis and other 

inflammatory responses, which are essential for infection and wound healing (Hessian 

and Fisher 2001; Hsu 2009) but are also associated with inflammatory diseases such 

periodontitis, inflammatory bowel disease (Kido, Nakamura et al. 1999; Kido, Kido et al. 

2004; Baldassarre, Altomare et al. 2007) and tumor progression (Gebhardt, Nemeth et al. 

2006).   

During tumor development and malignant progression, tumor cells release 

proinflammatory cytokines and chemokines as part of hypoxic and angiogenic responses, 

leading to recruitment of monocytes and macrophages into the region of dysplasia.  These 

inflammatory cells then release calprotectin and growth factors (O’Sullivan et al. 1993) 

to induce angiogenesis, further enhancing tumor growth (Donnini, Finetti et al. 2007).  

Calprotectin released by infiltrating myeloid cells during tumor-associated inflammation 

can, therefore, contribute to the progression and aggressiveness of certain cancers 

(Gebhardt, Breitenbach et al. 2002).  For example, in prostate cancer (PCa), extracellular 

calprotectin activates MAP kinase, NF-κB and translocates the receptor for advanced 
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glycation end products (RAGE) to and co-localize with cytoplasmic calprotectin 

(Hermani et al. 2006).  When over-expressed in a PCa cell line (LANCaP), however, 

intracellular calprotectin suppresses MAP kinase phosphorylation (activation) and NF-κB 

activity.  If released from neoplastic glandular epithelia and/or tumor infiltrating immune 

cells (e.g. monocytes), extracellular calprotectin could signal through RAGE and TLR4 

(Gebhardt, Nemeth et al. 2006; Hermani, De Servi et al. 2006; Turovskaya, Foell et al. 

2008; Ehrchen, Sunderkotter et al. 2009) to promote tumor-associated inflammation and 

progression of PCa (and perhaps other adenocarcinomas) (Gebhardt et al. 2006) and 

colitis-associated cancer (Turovskaya et al. 2008).  The literature suggests a strong 

association between extracellular calprotectin and inflammation.  However, when 

inflammation is not involved, extracellular calprotectin is found to induce apoptosis and 

inhibit proliferation and invasion of human cervical, gastric and other carcinomas (Yui, 

Nakatani et al. 2003; Nakatani, Yamazaki et al. 2005; Zali, Rezaei-Tavirani et al. 2008; 

Qin, Song et al. 2010).    

Increase in functional intracellular calprotectin, on the other hand, may negatively 

regulate proinflammatory activities.  For example, maturation of dendritic cells (DC) 

appears to be suppressed by calprotectin expression.  Increased expression of the S100A9 

calprotectin subunit in hematopoietic progenitor cells is reported to inhibit myeloid cell 

differentiation, resulting in accumulation of myeloid-derived suppressor cells (mixture of 

immature granulocytes, macrophages, DCs and myeloid progenitors), suppression of T 

cells, and limited tumor rejection (P Cheng et al. 2008). 



 

5 

So far, little is understood about how intracellular calprotectin might function and 

how it may contribute to carcinogenesis.  In squamous epithelial cells, calprotectin may 

protect against dysplasia in cells that could give rise to head and neck and esophageal 

squamous cell carcinomas.  In fully differentiated tissues, expression of calprotectin is 

higher in epithelial cells than in basal and parabasal cells, where detection is little or 

absent (Melle, Ernst et al. 2004), thus providing an evidence of calprotectin and its role in 

epithelial cell differentiation (Martinsson, Yhr et al. 2005).  Calprotectin may also 

regulate telomerase activity, which is highly associated with cellular differentiation, 

through the binding of S100A8 subunit (Rosenberger, Thorey et al. 2007).  Telomerase is 

essential in maintaining telomeres in rapidly growing cells, such as carcinomas, to 

prevent senescence; whereas, non-dividing suprabasal cells repress telomerase activity 

and induce cells to undergo terminal differentiation (Crowe, Nguyen et al. 2005).  Loss of 

calprotectin expression and dysregulation of casein kinase and telomerase activities may 

be associated with malignant transformation, cellular invasion and squamous cell 

carcinogenesis (Heyden, Thrane et al. 1992).  In head and neck squamous cell carcinoma 

(HNSCC), therefore, calprotectin will be studied as a potential negative regulator of 

tumor growth and malignant transformation by restoring differentiation.  Figure 1.1 

summarizes the putative structure and functional roles of calprotectin as described above. 
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Figure 1.1.  Putative structure and functions of calprotectin. 

HHH-domain known to bind arachidonic acid is shown in the C-terminal (C-term) 

region of the S100A9 subunit. 

 

1.2 Expression and tissue distribution of S100A8/A9 in cancer 

Calprotectin is expressed in a cell- and tissue-specific manner in mature and 

differentiating normal tissues and the expression levels of the S100A8 and S100A9 

proteins can also be influenced by epigenetic factors (Donato 2003).  Depending on the 

tissue of origin, homeostatic steady-state levels and cellular localization of calprotectin 

are differentially regulated in various types of carcinoma.  For example, tumors 

originating from tissues that do not normally express calprotectin, such as the skin 

(Gebhardt, Breitenbach et al. 2002), breast (Arai, Takano et al. 2008; Moon, Yong et al. 

2008), thyroid (Ito, Arai et al. 2009), liver (Nemeth, Stein et al. 2009), gastric mucosa 
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(Yong and Moon 2007), prostate (Hermani, De Servi et al. 2006), ovary (Odegaard, 

Davidson et al. 2008), bladder (Yao, Lopez-Beltran et al. 2007) and lung (Arai, Teratani 

et al. 2001), usually show abnormal elevation of calprotectin levels (Figure 1.2).  

Whether increased calprotectin expression in these tissues is a response to tumorigenesis 

or actually drives tumor development and progression is unclear.   

 

 

Figure 1.2.  Calprotectin expression is differentially regulated in different 

carcinomas. 

In tissues that express little or no calprotectin (left box), calprotectin levels increase 

(upward arrow) when tumors develop.  In tissues that constitutively express higher 

levels of calprotectin (right box), tumors are associated with reduced calprotectin 

expression (downward arrow).  Basal level of expression (triangle) represents 

constitutive calprotectin expression in normal tissues. 
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In contrast, calprotectin expression decreases in human tumors originating in 

squamous epithelial tissues, which normally express calprotectin constitutively.  

Calprotectin levels are reduced in squamous cell carcinomas (SCC) of the head and neck 

(including oral, nasopharyngeal and oropharyngeal) (Fung, Lo et al. 2000; Gonzalez, 

Gujrati et al. 2003; Melle, Ernst et al. 2004), esophagus (Kong, Ding et al. 2004; Wang, 

Cai et al. 2004) and cervix (Coleman and Stanley 1994; Tugizov, Berline et al. 2005) 

(Figure 1.2).  In HNSCC, decreased calprotectin (Figure 1.3 D & E) is highly correlated 

with loss of differentiation and increased growth and invasiveness (Figure 1.3, left panel).  

Conversely, calprotectin expressing SCCs appear less aggressive.  In squamous mucosal 

epithelium, cell-associated calprotectin likely functions as an intracellular regulator of 

growth and differentiation; down-regulation or suppression may promote de-

differentiation and carcinogenesis.   
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Figure 1.3.  Calprotectin is associated with cellular differentiation and is reduced 

in HNSCC. 

Normal mucosa shows well-differentiated squamous epithelia (A) with intense staining 

of calprotectin (dark brown) (B) in contrast to rapidly growing and poorly differentiated 

cells (C) with reduced or undetectable staining of calprotectin (D – E).  Images adapted 

from Roesch Ely et al. 2005. 

 

1.3 Regulation of S100A8/A9 expression in mammalian cells 

The mechanism of tissue-specific expression of S100A8 and S100A9 is not well 

understood.  In humans, heterodimeric complex formation between S100A8 and S100A9 

is most typical; homodimers are not normally detectable but may be possible under 

certain conditions (Leukert, Sorg et al. 2005).  Although monomers and hetero- and 

homo-dimeric, -trimeric or -tetrameric complexes are possible and may exert specific 
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functions (Nacken, Roth et al. 2003), the functional roles of S100A8/A9 complex, or 

calprotectin, will be the primary focus of this thesis project.   

Sequence analysis of S100A8 and S100A9 genes shows no upstream signal 

peptides.  Hence, calprotectin is predicted to be a cytosolic protein and is unlikely to be 

secreted by epithelium into extracellular space under normal conditions.  Aberrantly 

differentiated squamous metaplastic normal human tracheobronchial epithelial (NHTBE) 

cells, however, have been found to secrete calprotectin but not well-differentiated 

NHTBE (Kim, Cheon et al. 2007).  In response to stress, therefore, epithelial progenitor 

cells may become metaplastic and secrete calprotectin, inducing inflammation and 

neoplasia if the signal is chronic.  Other than in necrotic conditions, extracellular 

calprotectin associated with secretion from epithelium release has not been reported.   

As discussed earlier, whereas expression is associated with early stages of 

myeloid cell differentiation and inflammation, calprotectin is normally expressed in the 

suprabasal spinous cell layers of squamous mucosal epithelia (Paquet and Pierard 2002; 

Hayashi, Kido et al. 2007) and is likely regulated differently under various stages of 

differentiation.  In response to interleukin-1α (IL-1α) and calcium, two factors known to 

promote keratinocyte differentiation, human gingival keratinocytes upregulate 

calprotectin expression in association with differentiation markers (cytokeratin 14, 

involucrin and filaggrin), whereas transforming growth factor-β (TGF-β), which inhibits 

proliferation and differentiation, has the reverse effect on calprotectin expression 

(Hayashi, Kido et al. 2007).  Keratinocyte growth factor, which is produced by 

mesenchymal cells, inhibits calprotectin expression (Bando, Hiroshima et al. 2010), 
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whereas the transcription factors C/EBPalpha and GLI, which regulate cellular growth 

and differentiation, appear to be essential for S100A8/A9 gene expression (Cammenga, 

Mulloy et al. 2003; Tavor, Park et al. 2003; Kasper, Schnidar et al. 2006; Hayashi, Kido 

et al. 2007).  Cell type-specific and differentiation-specific transcriptional regulation of 

S100A9 appears to be through a myeloid-related regulatory element or MRE in the 

upstream promoter region, which was reported to bind poly(ADP-ribose)polymerase-1 

(PARP-1) and Ku70/Ku80 transcriptional complex (Kerkhoff, Hofmann et al. 2002; 

Grote, Konig et al. 2006).  Expression of the S100A8 gene, on the other hand, can be 

regulated by fibroblast growth factor-2 (FGF-2), IL-1β and TGF-β in fibroblasts (Rahimi, 

Hsu et al. 2005).  These observations strongly suggest that calprotectin plays essential 

roles in squamous epithelial cell differentiation and that expression may be differentially 

regulated by C/EBPalpha, GLI, PARP-1, Ku70/Ku80 complex, FGF-2, TGF-β or other 

uncharacterized factors during different stages of cellular development, growth and 

carcinogenesis.  Interestingly, C/EBPalpha is commonly down-regulated in HNSCC 

(Bennett, Hackanson et al. 2007; Bennett, Romigh et al. 2009) and in skin and lung 

cancers (Halmos, Huettner et al. 2002; Shim, Powers et al. 2005; Costa, Li et al. 2007).  

Poorly differentiated tumor cells tend to show the greatest loss of expression of 

C/EBPalpha.  The loss of C/EBPalpha expression and consequent down-regulation of 

calprotectin may explain poor cell differentiation and tumorigenesis in HNSCC.  GLI, 

PARP-1 and Ku70/Ku80 , however, are up-regulated in HNSCC and are likely associated 

with tumor progression independent of calprotectin (Korabiowska, Voltmann et al. 2006; 

Katoh 2009; Ajani, Wang et al. 2010; Khan, Araki et al. 2010; Cavicchioli Buim, Gurgel 
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et al. 2011).  IL-1α and β, on the other hand, are likely to regulate calprotectin expression 

during the inflammatory response.   

Lastly, while not all cells express calprotectin, a null mutation in S100A8 subunit 

causes rapid resorption of the mouse embryo by as early as day 9.5 of development 

(Passey, Williams et al. 1999) and null mutation in S100A9 subunit abrogates S100A8 

protein production (but not gene expression) and impairs myeloid cell functions (Hobbs, 

May et al. 2003; Manitz, Horst et al. 2003).  It appears that both protein partners and the 

complex formation of S100A8/A9 (calprotectin) are critical for normal development and 

cellular functions.  We, therefore, sought to characterize the regulatory roles of 

intracellular calprotectin as a complex in squamous cell carcinoma that could contribute 

to the development of head and neck squamous cell carcinoma. 

1.4 Head and neck squamous cell carcinoma (HNSCC) 

Head and neck squamous cell carcinoma is the sixth most prevalent cancer and is 

associated with increasing mortality worldwide.  The underlying molecular mechanism 

leading to carcinogenesis is still largely unclear.  Epidemiological and molecular studies 

of clinical cases suggest a strong association between HNSCC and tobacco use, alcohol 

consumption, genetic factors and infection by human papillomavirus (HPV) (McKaig, 

Baric et al. 1998; Gillison 2004; Stadler, Patel et al. 2008; Leemans, Braakhuis et al. 

2011).  Complicated by uncharacterized mechanisms that appear to interfere with the 

action of common cytotoxic drugs, many aggressive HNSCC cases are unresponsive to 

chemotherapies (Negoro, Yamano et al. 2009; Yamano, Uzawa et al. 2010).  Proteomic 

analysis suggests dysregulation in molecular networks associated with cellular 
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differentiation, stem cell maintenance, cell migration, cell cycle regulation, growth and 

angiogenesis, matrix degradation and tumor suppressor functions (Patel, Hood et al. 

2008).  For example, epidermal growth factor receptor (EGFR) is found to be highly up-

regulated in HNSCC and is thought to be one of the molecular bases of carcinogenesis 

heavily targeted for therapy (Modjtahedi 2005; Astsaturov, Cohen et al. 2006; Chai and 

Grandis 2006; Choong and Cohen 2006; Kalyankrishna and Grandis 2006; Saba, Khuri et 

al. 2006; Ch'ng, Low et al. 2008).  EGFR inhibitors such as cetuximab, Herceptin, Iressa 

and avastin are currently approved for targeted therapy in advanced HNSCC in 

combination with radio/chemotherapy (Modjtahedi 2005; Schmitz and Machiels 2010).  

However, successes in clinical trials are still limited and other therapeutic approaches are 

needed to improve patient’s response rate (Hitt and Echarri 2006).  Understanding the 

molecular abnormalities leading to carcinogenesis is, therefore, essential in facilitating 

the development of treatment strategies. 

1.4.1 Human papillomavirus and malignant transformation of HNSCC 

In addition to chemical carcinogens, chronic inflammation in response to tobacco 

and alcohol abuse and pre-disposing accumulated genetic mutations, epigenetic factors 

such as latent viral infections by Epstein-Barr virus (EBV) and human papillomavirus 

(HPV) also appear to contribute to malignancy in oral and oropharyngeal squamous 

epithelium.  Recent reports show that the more common HPV infection is likely to play a 

role in the increasing number of HNSCC cases, mostly in younger population without 

history of tobacco uses (Sturgis and Cinciripini 2007).  Meta-analysis of sixty studies 

with over 5,000 HNSCC cancer specimens shows approximately 26% of the specimens 
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are positive for HPV by polymerase chain reaction detection method (Kreimer, Clifford 

et al. 2005).  The majority (about 90%) of the HPV-positive HNSCC cases harbor HPV 

type 16 (Gillison 2008).  Infection with HPV-16 confers a high risk for neoplasm in the 

base of the tongue, tonsil and oropharynx (Cerovac, Sarcevic et al. 1996; Paz, Cook et al. 

1997; Gillison, Koch et al. 2000; Begum, Cao et al. 2005; Begum, Gillison et al. 2007).  

Persistance of HPV infection and the association with progression into carcinoma is not 

well understood but is linked to inactivation of tumor suppressor functions as described 

below.   

HPV is a non-enveloped, icosahedral DNA virus that infects and replicates 

exclusively in keratinocytes (Joyce, Tung et al. 1999; Giroglou, Florin et al. 2001; 

Nelson, Rose et al. 2003) lining the epidermis and the anogenital, oral and oropharyngeal 

mucosal surfaces.  In HPV-induced malignant transformation, the viral E6 and E7 

proteins inactivate p53 and pRB tumor suppressor functions, respectively (Szentirmay, 

Polus et al. 2005).  Although currently there are no effective treatments for HPV-induced 

infections, prophylactic vaccines such as Gardasil® (Merck & Co) targeting HPV types 

6, 11, 16, and 18 can reduce the burden of HPV infections and prevent precancerous 

lesions of the cervix, vulva, and vagina (Govan 2008) in adolescent females.  A similar 

vaccine has been pursued for the prevention of HPV-associated HNSCC but success is 

still lacking.   

1.4.2 Cancer stem cells and HNSCC 

In recent years, more effort is being directed toward understanding the origin of 

tumors and malignancies in association with cellular development.  Increasing evidence 
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of tumor heterogeneity and renewability strongly suggest that a quiescent, difficult to 

target population of precancerous cells known as cancer stem cells (CSC), which show 

unregulated self-renewal capability, may contribute to the initiation, progression, drug 

resistance and recurrence of HNSCC and other solid tumors (Prince and Ailles 2008; 

Graziano et al. 2008; Bianchini et al. 2008; Tang, Ang, and Pervaiz 2007).  This concept 

is generally known as CSC theory of tumorigenesis.   

Previous studies reported that tumor cell subpopulations representing a small 

fraction of tumor mass isolated from breast, prostate and head and neck cancers show 

CD44
+
/CD24

-
, CD44

+
/CD24

-
/CD133

+
, and CD44

+
/CD24

-
/BMI1

+
 stem cell-associated 

phenotypes, respectively (Fillmore and Kuperwasser 2007; Ponti et al. 2006; Hurt et al. 

2008; Miki et al. 2007; Prince et al. 2007; Pries et al. 2008; P Zhang et al. 2009).  

Although rare in numbers, tumor cells expressing stem cell surface markers show stem 

cell-like characteristics and readily give rises to new, heterogeneous and highly 

metastatic tumors in vivo.  Stem cell marker-negative tumor cells, on the other hand, 

grow little or no tumors.  Therefore, dysregulation of stem cell-associated molecular 

networks (Cabanillas and Llorente 2009) and the loss of cellular differentiation 

(Hombach-Klonisch et al. 2008) may be key factors leading to CSC-associated 

carcinogenesis and recurrence of HNSCC.  However, it remains to be resolved whether 

the emergence of CSC is due to accumulated mutations in the somatic (adult) stem cells 

or the dedifferentiation of mutated specialized tissue cells (Cho and Michael F Clarke 

2008).   
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Whether the CD44/CD24
-
/BMI1 population of tumor cells represents the actual 

CSCs is also unclear.  Tumor cells expressing CD44 and BMI1 with low or no expression 

of CD24 or other differentiation and lineage markers, such as involucrin, CD2, and CD3, 

have been suggested to represent specific CSC in HNSCC.  CD44+ BMI1+ CD24- cells 

recapitulate parental heterogeneous tumors when transplanted into nude mice.  CD44 

surface expression appears to be essential for HNSCC CSCs, since CD44-negative 

carcinoma cells do not produce any new tumors in animals (Ailles and Prince 2009).   

CD44 expression is therefore a likely marker for activated self-renewal pathways, which 

are required for survival and recapitulation (O'Brien, Kreso et al. 2010).  BMI1 is a 

nuclear factor demonstrated to play a role in stem cell self-renewal and is believed to be 

essential for maintaining proliferation and persistence of HNSCC CSCs (Prince, 

Sivanandan et al. 2007; Chen, Zhou et al. 2010).  Knockdown of BMI1 by gene silencing 

or over-expression of microRNA-200c appears to down-regulate CSC markers and 

attenuate CSC-like phenotypes and tumorigenicity of HNSCC-associated CSCs (Lo, Yu 

et al. 2010).  Serving as a significant cell surface protein marker for CSCs, CD44 likely 

plays a role in epithelial-mesenchymal transition (EMT), facilitating migration, invasion 

and metastasis of CSCs (Okamoto, Chikamatsu et al. 2009; Orian-Rousseau 2010; Chen, 

Wei et al. 2011; Faber, Barth et al. 2011; Joshua, Kaplan et al. 2011; Kokko, Hurme et al. 

2011).   

In addition to the migratory, invasive and self-renewal capabilities associated with 

CD44 and BMI1 expression, HNSCC-associated CSCs are also positive for aldehyde 

dehydrogenase 1 (ALDH1) expression (Chen, Chen et al. 2010).   ALDH1 is a cytosolic 
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enzyme involved in the oxidation of retinol to retinoic acid during the early stages of 

stem cell differentiation and is believed to play a role in tumor resistance to chemo- and 

radiotherapy in HNSCC and other cancers (Mihatsch, Toulany et al. 2011).  Although 

CSCs can be isolated from tumor mass using the markers described above and 

phenotyping in vivo, definitive markers that differentiate CSCs from normal stem cells 

are currently lacking.  In vitro characterization of CSC alone is also insufficient to ensure 

tumor-initiating capability (O'Brien, Kreso et al. 2010).  Therefore, characterization of 

specific molecular pathways responsible for tumorigenicity of CSC is essential to better 

understand their roles in tumor progression and resistance.  Since calprotectin is a 

putative regulator of cell differentiation, in this thesis we explored potential roles of 

calprotectin in the regulation of gene and protein networks that may be associated with 

CSC phenotypes in HNSCC. 

1.5 Calprotectin and HNSCC 

Although differentially regulated in different cancers (Gebhardt et al. 2006), 

expression of the S100A9 subunit at mRNA and protein level when compared to S100A8 

is significantly suppressed in HNSCC (Gonzalez et al. 2003; Roesch Ely et al. 2005).  

Unstudied as a potential regulator in squamous cell carcinogenesis, calprotectin has 

important functions in normal cellular growth and differentiation (J-P Kong et al. 2004; 

Murao, Collart, and Huberman 1990; Luo et al. 2004; Y Wu et al. 2004) and is, therefore, 

likely to control stem cell-associated molecular pathways during development.  In some 

cases of HNSCC, the loss of calprotectin functions may lead to the dysregulation of stem 

cell-specific pathways, emergence of tumorigenic cancer stem cell (CSC) and 
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carcinogenesis.  One possible mechanism that can lead to the loss of calprotectin and 

other associated gene functions and CSC transformation is the chronic infection by HPV 

(Talora, Sgroi et al. 2002; Smetana, Dvorankova et al. 2008; Wise-Draper and Wells 

2008; McNairn and Guasch 2011). 

  Although transformation by HPV can occur in fully differentiated cells or cells in 

early stages of differentiation, HPV infections are more common in the basal cell layers 

in the epithelium, suggesting that high-risk types of HPV may indeed infect epithelial 

stem cells and subsequently transform them to become cancer causing CSC (Martens, 

Arends et al. 2004; Albers, Chen et al. 2011).  Since stem cells can persist for a long 

period of time through self-renewal and can differentiate to generate mature epithelial 

tissue cells, it is most likely that the epithelial stem cells are the targets for HPV infection 

and persistence.  HPV infected stem cells will also allow more opportunity for epigenetic 

mutations to accumulate – activation of oncogenes and inactivation of tumor suppressor 

genes – resulting in transformation of the CSC phenotypes.  Since calprotectin is an 

essential factor in innate immunity and is highly expressed in the basal layer of the 

epithelium, calprotectin may be co-regulated as part of the epidermal differentiation 

complex (EDC) of the chromosomal 1q21 gene locus to control epithelial cell 

differentiation and growth.  Disruption of the EDC and calprotectin gene expression can 

lead to loss of differentiation, likely associated with the emergence of CSC-like 

phenotypes as a result from uncharacterized epigenetic transformations including chronic 

HPV infections. 
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1.6 Cell cycle regulation and calprotectin in carcinoma growth 

Hypothesized as a regulator of cellular growth, studies done as part of this thesis 

examine calprotectin and its functions with respect to cell cycle control in carcinoma.  

Cell cycle progression is tightly controlled by different cyclins and their associated 

cyclin-dependent kinases (CDK), which are required for the corresponding cyclin activity 

(John, Mews et al. 2001) (Figure 1.4).  As part of the canonical cell cycle progression and 

regulation pathway, Cyclin D and CDK4/6 are required for growing cells to enter and 

progress through G1 phase, whereas progression through S and G2 phases are controlled 

by Cyclin A and CDK2.   There are two main checkpoints in the cell cycle that are well 

regulated and described to ensure normal cellular division (see Figure 1.4), which will be 

addressed in Chapter 3 of this thesis.  G1/S checkpoint is regulated by Cyclin E and 

CDK2 to make certain that the cells are ready to progress from G1 to S phase and begin 

DNA replication.  G2/M checkpoint prepares cell to enter mitosis and is regulated by 

Cyclin B (sometimes Cyclin A) and CDK1 (also known as CDC2).  It is known that upon 

activation of p53 by DNA damage or apoptosis induction (Basu and Haldar 1998), p53 

can signal activation of cell cycle checkpoints and arrest progression from G1 to S 

through p21 or progression from G2 to M through GADD45 and/or p21 (Shaw 1996; 

North and Hainaut 2000; Stewart and Pietenpol 2001; Farid 2004).  Rb phosphorylation 

(pRb) is also essential for cells to exit G1 and enter S phase (Stewart, Soria et al. 2001).  

In Chapter 3, we studied how calprotectin induces cell cycle arrest and mitotic 

progression by analyzing changes in expression level of GADD45 and p21 to determine 

the involvement of p53 activity in cell cycle regulation by calprotectin.  We also 
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examined the effects of calprotectin on expression and activation of the cell cycle 

regulators, Cyclins A, B, D and E and their associated CDKs.  Activation of Cyclin 

B/Cdc2 complex and progression from G2 to mitotic phase requires phosphatase activity 

from Cdc25C, which is regulated by a protein phosphatase 2A (PP2A) (Figure 1.5). 

 

 

 

Figure 1.4.  Cell cycle progression and regulation system. 

Illustration is a modified version obtained from Abcam Inc. (http://www.abcam.com). 
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Figure 1.5.  G2/M cell cycle checkpoint regulation pathway. 

Growing cells must pass through G2/M checkpoint to prepare for entry into mitosis. 

Cdc25 activates exit from G2/M checkpoint and entry into mitosis.  Cdc25 is tightly 

regulated by PP2A during homeostasis.  In carcinoma, Cdc25C is hyperactivated and 

targets Cdc2 for dephosphorylation and activation.  As a result, the G2/M checkpoint is 

bypassed, increasing the rate of mitotic entry and cell division. 

 

1.7 Summary of findings 

In human primary HNSCC, we now show that S100A9-specific mRNA 

expression is significantly reduced and S100A8 mRNA is unaffected when compared to 

oral mucosal epithelium obtained from healthy control individuals.  The decrease in 
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S100A9 gene expression may explain the reported reduction in heterodimeric calprotectin 

protein complex in HNSCC (Heyden, Thrane et al. 1992; Roesch Ely, Nees et al. 2005).   

Using microarray expression profiling of HNSCC tissues, S100A9 expression 

correlates strongly with sets of genes encoding proteins involved primarily in 

cytodifferentiation, cell cycle control, proliferation, regulation of gene expression, and 

membrane and endosomal activities.  To characterize how calprotectin regulates cell 

growth in carcinoma, a calprotectin-negative, human papillomavirus (HPV) 18-positive 

human carcinoma cell line (KB cells) was transfected to express S100A8 and S100A9 

(Nisapakultorn, Ross et al. 2001).  These stable calprotectin-expressing carcinoma cells 

produce functional calprotectin complex (Nisapakultorn, Ross et al. 2001) and provide a 

relevant cellular model for mucosal carcinomas, which are frequently HPV 16 and 18-

positive (Furniss, McClean et al. 2007; Gillison 2009; Hennessey, Westra et al. 2009; 

Koutsky 2009; Mendenhall and Logan 2009; Psyrri, Gouveris et al. 2009). 

 Indeed, stable expression of calprotectin in KB cells suppresses carcinoma 

 growth in vivo and in vitro by restoring the G2/M cell cycle checkpoint.  Signaling may 

involve PP2A phosphatase- and Chk1 kinase-induced deactivation of G2/M-specific cell 

cycle transition factors Cdc25C and Cdc2.  Silencing of endogenous S100A8/A9 

expression in a well-differentiated HNSCC cell line (TR146) increases in vitro tumor 

growth and transformation.  Consistent with the normal processes of cellular 

development, where differentiated cells are less proliferative than the undifferentiated 

population, the tumor suppressing effect of calprotectin may be secondary to restoration 
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of differentiation and deactivation of stem cell-associated gene networks in KB 

carcinoma.   

Somatic stem cells (SSC) are quiescent and rare in normal tissues.  They have 

limited cell division (self-renew) capability, but are migratory.  Unlike normal somatic 

stem cells, CSCs are able to divide and differentiate into cancerous cells with limitless 

potential.  But like normal SSCs, tumor-producing CSCs express high levels of cellular 

migratory factors such CD44 and VIM (vimentin) and can migrate to repopulate tumors 

at distant sites.  With their migratory and unregulated self-renewal and proliferative 

capabilities, CSCs are likely to express little or no calprotectin and are predicted to be 

undifferentiated, highly tumorigenic and invasive (mobile) than calprotectin-expressing 

cells.  In this study, we report that the KB cell line, a poorly differentiated epithelial 

carcinoma, differentiates when transfected to express S100A8/A9 (calprotectin).  

Calprotectin-expressing KB cells show up-regulation of the differentiation markers, 

CD24 and FABP4, become more adherent to extracellular matrix coated surfaces, and 

resemble differentiated cells morphologically.  S100A8/A9 also induces KB carcinoma to 

undergo cytoskeletal reorganization.  Furthermore, in the presence of calprotectin, cancer 

stem cell factors CD44, VIM and PIWIL1 (stem cell self-renewal) are down-regulated.   

Calprotectin may act, therefore, as a tumor suppressor that helps to maintain 

homeostatic self-renewal and differentiation processes.  Suppression of calprotectin can 

lead to dedifferentiation, unregulated gain in CSC phenotypes and tumor development.  

In this study, we show calprotectin regulates the molecular pathways associated with self-
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renewal, migration and growth, resulting in restoration of cellular differentiation and 

suppression of CSC-associated phenotypes in HNSCC.   

1.8 Significance of findings 

Dysregulated stem cell-associated molecular networks and loss of differentiation 

may be critical in carcinogenesis and persistence of HNSCC.  Not previously studied as a 

regulator in squamous epithelial carcinogenesis, calprotectin likely regulates CSC-

specific molecular pathways and controls disease progression.  CSC-specific molecular 

pathways are attractive targets for more effective HNSCC treatment, because they appear 

to contribute to tumor characteristics consistent with unfavorable outcomes.  As a 

regulator of CSC phenotypes in HNSCC, calprotectin may prove to be a valuable 

diagnostic indicator, while associated molecular pathways could point to novel and 

important therapeutic drug targets.   
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Chapter 2  

Research Hypothesis and Aims 

 



 

26 

2.1 Hypothesis 

Tumorigenesis in head and neck squamous cell carcinoma (HNSCC) appears to 

be correlated with the down-regulation of calprotectin, a S100A8/A9 heterodimeric 

protein constitutively expressed in normal mucosal tissues of the head and neck.  

Calprotectin plays a major role in the regulation of intracellular calcium ions and is 

thought to function in controlling cellular growth, differentiation and innate immune 

response.  How calprotectin regulates these functions molecularly and how its loss of 

expression (and function) contributes to tumor development is poorly understood.  We 

hypothesized that calprotectin suppresses malignant transformation of carcinoma by 

negatively regulating growth and restoring cellular differentiation.   

This hypothesis was tested by three specific aims as described below.  The results 

explain how calprotectin exerts anti-tumor function by suppressing growth, survival and 

epithelial-to-mesenchymal transition in carcinoma, making carcinoma cells more 

responsive to an anti-cancer drug, cisplatin (Figure 2.1). 

2.2 Specific aims 

2.2.1 Specific Aim 1.  Characterize the effects on cell cycle progression 

following a gain or loss of S100A8/A9 expression 

Our first aim was to determine how calprotectin regulates carcinoma growth and 

survival using an in vitro carcinoma model.  Using calprotectin-negative KB carcinoma 

cells, we transfected the cells to stably express the S100A8/A9 heterocomplex.  We then 
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compared the S100A8/A9-expressing KB cells with the wild-type and sham-transfected 

control cells for tumor formation in nude mice, cell cycle progression under normal 

growth condition and colony formation in soft agar.  We also examined how calprotectin 

expression affects cell cycle regulation pathways.  Specific techniques and results will be 

discussed in Chapter 3. 

2.2.2 Specific Aim 2.  Identify genes and molecular pathways regulated by 

S100A8/A9 expression in carcinomas. 

To identify unique gene and protein networks specific to the development and 

progression (carcinogenesis) of HNSCC and show the involvement of S100A8/A9 in 

those pathways, microarray gene expression of clinical cases of HNSCC was analyzed 

using correlation analysis.  Gene expression profiles were established and compared to 

normal tissues using Affymetrix GeneChips.  Furthermore, using similar techniques, we 

identified genes and molecular pathways regulated by S100A8/A9 expression in KB 

carcinoma cells.  This aim will be discussed in Chapter 4. 

2.2.3 Specific Aim 3.  Characterize how calprotectin regulates malignant 

transformation. 

In Chapter 5, we describe calprotectin’s effects on cellular differentiation and 

dedifferentiation – the epithelial-to-mesenchymal transition (EMT) phenotype, and 

cellular adhesion.  Changes in cytokeratin expression were determined as differentiation 

markers.  Using transwell migration/invasion and extracellular matrix adhesion assays, 

we were able to determine how calprotectin affects malignant potential of carcinoma 
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cells.  Anti-cancer cytotoxic effects of cisplatin were also tested in KB cells with or 

without S100A8/A9 expression. 

 

 

 

Figure 2.1.  Proposed anti-tumor function of calprotectin. 

Dashed lines represent potential differentiation-independent regulation by calprotectin.  

Bolded are the main phenotypic regulations. 
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Chapter 3  

Calprotectin Arrests G2/M Cell Cycle Progression and Growth of 

Squamous Cell Carcinoma 
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3.1 Introduction 

This study sought to determine how calprotectin regulates carcinoma growth and 

survival and whether loss of expression could contribute to malignant transformation and 

proliferation in head and neck squamous cell carcinoma (HNSCC).  Calprotectin is a 

heterodimeric complex of calcium-binding proteins S100A8 and S100A9.  As members 

of the S100 protein family, calprotectin is postulated to regulate cell cycle progression, 

cell growth and cell survival (Heizmann, Fritz et al. 2002; Emberley, Murphy et al. 

2004).  Calprotectin is expressed in a cell- and tissue-specific manner and is differentially 

regulated in different types of malignancy.  Human primary tumors originating in 

squamous epithelial tissues that constitutively express calprotectin, such as head and neck 

(including oral, nasopharyngeal and oropharyngeal), esophageal and cervical squamous 

cell carcinomas (SCC) generally show down-regulation of calprotectin (Coleman and 

Stanley 1994; Fung, Lo et al. 2000; Gonzalez, Gujrati et al. 2003; Kong, Ding et al. 2004; 

Melle, Ernst et al. 2004; Wang, Cai et al. 2004; Tugizov, Berline et al. 2005).  In these 

squamous mucosal cancers, decreased calprotectin level is highly correlated with loss of 

differentiation and increased proliferation.  Conversely, calprotectin expressing SCCs 

appear less aggressive.  We hypothesized that calprotectin suppresses carcinoma growth 

by inhibiting cell cycle progression and cell survival, resulting in reduced tumor 

formation.   

To characterize how calprotectin regulates cell growth, a calprotectin-negative, 

human papillomavirus (HPV) 18-positive human carcinoma cell line (KB cells) was 

transfected to express S100A8 and S100A9.  These stable S100A8- and S100A9-
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expressing KB carcinoma cells produce functional calprotectin complex (S100A8/A9) 

and provide a relevant in vitro model for HNSCC, which is frequently HPV 16- and 18-

positive (Furniss, McClean et al. 2007; Gillison 2009; Hennessey, Westra et al. 2009; 

Koutsky 2009; Mendenhall and Logan 2009; Psyrri, Gouveris et al. 2009).   

We now show for the first time that stable expression of calprotectin in KB cells 

suppressed carcinoma growth in vivo and in vitro.  When inoculated into nude mice, KB 

cells producing calprotectin showed reduced tumor growth when compared to sham-

transfected control and wild-type KB cells.  Similarly, calprotectin-expressing cells 

reduced anchorage-dependent growth and colony formation in soft agar.  To address how 

calprotectin suppresses tumor formation, carcinoma growth and survival without 

anchorage in soft agar, cell cycle analysis was performed to determine the effects on 

different phases of cell division.  Synchronized cells with or without calprotectin 

expression showed similar rates of cell cycle progression from G1 to G2, but KB cells 

expressing calprotectin appeared to be arrested at G2/M and showed reduced mitotic 

progression.   

Induction of G2/M cell cycle and mitotic arrest by calprotectin did not appear to 

involve regulation of GADD45 and p21, the two p53-depedent canonical downstream 

inhibitors of G2/M checkpoint exit (Han, Demetris et al. 2003; Jackson and Pereira-Smith 

2006).  Expression of the G1/S regulators cyclins A, D and E was unaffected but the 

G2/M regulator cyclin B1 was down-regulated by as a result of calprotectin expression.  

Calprotectin suppression of carcinoma growth appeared to be signaled through 

hyperphosphorylation of Cdc2 at Thr14/Tyr15 and inactivation of Cdc2/cyclin B1 
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complex required for mitotic entry, potentially through increased PP2A phosphatase- and 

Chk1 kinase-induced inactivation of Cdc25C, resulting in G2/M cell cycle checkpoint 

arrest.  Growth regulation by calprotectin did not appear to be through G1, G1/S 

checkpoint or S phase. 

To study whether the loss of calprotectin expression contributes to malignant 

transformation and proliferation of HNSCC, we performed a shRNA-induced gene 

silencing of S100A8 and S100A9 in calprotectin-expressing TR146 human HNSCC cells.    

Silencing of S100A8/A9 expression in TR146 cells increased growth and survival and 

reduced phosphorylation of Cdc2 at Thr14/Tyr15.  Calprotectin-mediated control of the 

G2/M checkpoint is, therefore, a likely suppressive mechanism in human squamous cell 

carcinomas, including HNSCC, and may point to new molecular targets for therapy.  
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3.2 Materials and Methods 

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

Gain-of-function study of S100A8/A9 was performed in calprotectin-negative KB 

carcinoma cells.  KB stably expressing calprotectin (KB-S100A8/A9, formerly known as 

KB-MRP8/14) and KB sham-control transfectants (KB-EGFP) were generated from KB 

cells (ATCC CCL-17), a HeLa-like calprotectin-negative human carcinoma cell line as 

previously described (Nisapakultorn, Ross et al. 2001).  KB cells are positive for human 

papillomavirus (HPV) 18 (J. Palefsky, UCSF, unpublished observation) and provide a 

relevant in vitro model for HNSCC, which is often associated with HPV infections.   

Briefly, KB cells were co-transfected with the mammalian expression vectors 

pIRES-EGFP (Clontech, Palo Alto, Calif.) containing S100A8 (MRP8) or S100A9 

(MRP14) calprotectin subunit gene and pSV2-neo containing the selectable neo marker 

gene (a G418 sulfate-resistant gene for selective growth), to generate KB-S100A8/A9.  A 

sham-control transfectant, KB-EGFP, was generated by co-transfection of insertless 

pIRES-EGFP and pSV2-neo.  Transfected cells were first selected by G418 sulfate-

selective growth media followed by fluorescence-activated cell sorting (FACS) for EGFP 

expression. Cytosolic calprotectin (S100A8/A9 complex) expression in transfected cells 

maintained in 700 µg/ml G418 was verified both by sandwich enzyme-linked 

immunosorbent assay (ELISA) and by indirect immunofluorescence microscopy and 

flow cytometry with the S100A8/A9 heterodimer-specific mouse monoclonal antibody 
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(mAb) 27E10 (Bachem, King of Prussia, PA.).  Co-immunoprecipitation was also 

performed to confirm individual subunit expression and complex formation. 

3.2.2 Stable knockdown of calprotectin in a human HNSCC cell line 

The calprotectin-positive human buccal SCC cell line TR146 was a generous gift 

from Dr. Reuben Lotan, University of Texas, M.D. Anderson Cancer Center (Houston, 

TX).  TR146 cells were transfected using the GeneEraser short hairpin RNA (shRNA) 

Mammalian Expression Vectors (Stratagene, Cedar Creek, TX) to produce siRNA-

induced silencing of S100A8 and S100A9 expression.  The calprotectin-knockdown cells 

generated were termed, TR146-shRNA-S100A8/A9KD.  Oligos for the sense and 

antisense strands of each gene were selected according to manufacturers’ guidelines and 

cloned into the pGE-1 shRNA plasmid containing neomycin (G418) resistance.  

Specifically, the sense and antisense oligo sequences for S100A8 were 5’-GATCCCG 

AGTTGGATATCAACACTGATGGTGCAGTGAAGCTTGACTGCACCATCAGTGT

TGATATCCAACTCTTTTTT-3’ and 5’-GATCCCGCAGCTGAGCTTCGAGGAGTT 

CATCATGC GAAGCTTGGCATGATGAACTCCTCGAAGCTCAGCTGCTTTTTT-3’ 

and for S100A9 were 5’-CTAGAAAAAAGAGTTGGATATCAACACTGATGGTGCA 

GTCAAGCTTCACTG CACCATCAGTGTTGATATCCAAC TCGG-3’ and 5’-CTAG 

AAAAAAGCAGCTGAGCTTCGAGGAGTTCATCATGCCAAGCTTCGCATGATGA

AC TCCTCGAAGCTCAGCTGCGG-3’, respectively.  In addition, the pGE-1 negative 

control vector expressing non-specific shRNA for any mammalian gene was used to 

produce a negative control cell line for calprotectin gene suppression (TR146-shRNA-
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control cells).  Clones that grew in the presence of 250 µg/ml G418 were selected and 

calprotectin gene and protein expression quantified by qRT-PCR and Western blot. 

3.2.3 Cell culture 

KB cells were grown and maintained in Minimum Essential Medium (MEM), 

whereas TR146 cells were cultured in Dulbecco’s Modified Eagle’s Medium/Ham’s F-12 

(DMEM/F-12; 1:1 volume ratio) (Mediatech Inc., Manassas, VA.) in 5% CO2 at 37°C; 

both media were supplemented with 10% fetal bovine serum (complete medium).  KB-

EGFP and KB-S100A8/A9 were maintained in 700 µg/ml Geneticin
®

 (G418) sulfate 

(Mediatech), while TR146-shRNA-control and TR146-shRNA-S100A8/A9KD were in 

250 µg/ml G418 sulfate.  The wild-type KB and TR146 cells were grown in complete 

medium without G418 sulfate.  Before assays, all cell lines were preconditioned and 

maintained in complete medium without G418 sulfate for at least 48 h.   

3.2.4 In vivo tumorigenesis  

To determine whether calprotectin expression affected tumor formation in KB 

carcinoma cells, BALB/c athymic nude mice (n = 5 per cell group per experiment) were 

inoculated subcutaneously with KB, KB-EGFP or KB-S100A8/A9 cells per hind flank at 

1 × 10
6 

cells per injection in PBS.  At weekly intervals up to 4 weeks post injection, the 

largest and smallest diameters of each tumor were measured with a caliper.  Tumor 

volume (V) was then calculated from the equation, V = π/6 × larger diameter × (smaller 

diameter)
2
.  Tumor growth rate was determined as the change in tumor volume (V) over 

time.  Experiments were performed in accordance to all federal guidelines and procedures 
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were reviewed and approved by the University of Minnesota Institutional Animal Care 

and Use Committee. 

3.2.5 Characterization of calprotectin-positive and -negative cells in vitro 

Anchorage-dependent growth rates of tumor cells were determined by culture in 

complete medium on non-pyrogenic polystyrene tissue flasks, harvested by trypsinization 

and counted by trypan blue exclusion using a Vi-Cell cell viability analyzer (Beckman 

Coulter, Fullerton, CA).  Anchorage-independent growth was determined by enumerating 

cell colonies after growth in standard soft agar medium (0.25% agar in complete medium 

plated on top of solidified 0.5% agar) for up to 2.5 weeks in 5% CO2 at 37°C.  Colonies 

were stained with 0.005% crystal violet for at least 1 h at room temperature and only 

visible colonies (by naked eye) were counted. 

3.2.6 Cell synchronization for cell cycle analysis 

KB, KB-EGFP and KB-S100A8/A9 cells were seeded at a density of 1 × 10
5
 

cells/ml and cultured in complete medium as described earlier and allowed to grow to 

approximately 70% confluency or up to 48 h.  Cells were then synchronized at G1/S by 

serum starvation overnight followed by blocking with 3 µg/ml aphidicolin in complete 

medium for 12 h.  Synchronized cells were then washed three times with 1X DPBS 

(without calcium and magnesium) to remove aphidicolin and cultured in fresh medium 

containing 10% FBS, which released the blockage and facilitated re-entry into the cell 

cycle.   
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3.2.7 Cell cycle analysis by propidium iodide staining and flow cytometry 

Cells released from G1/S blockage described above were harvested at various time 

points, washed once with 1X DPBS and stained with propidium iodide (PI) solution (25 

ug/ml Propidium Iodide, 1 mg/ml RNase, 0.1% Triton-X, and 1% BSA in DPBS) for 30 

min at 37ºC.  In PI solution, RNase treatment was required to remove RNA from being 

stained and analyzed.  BSA (1%) is not essential but used when stained cells were stored 

at 4 ºC overnight prior to analysis.  PI stained cells were analyzed for changes in DNA 

content by fluorescence flow cytometry gated with side scatter (SSC) vs. forward scatter 

(FSC) for uniformed cell sizes and threshold set for FL2 channel (red/orange).  

Percentages of G1, S and G2/M cells were measured with a histogram plot of FL2-A 

(area) gated from a scatter plot of FL2-A vs. FL2-W (width).    

3.2.8 Mitotic analysis 

Mitotic cells in synchronized cultures were also enumerated by immunostaining 

for phosphorylated histone H3 protein at Ser10 (Krutzik and Nolan 2003), using 

phospho-histone H3 (Ser10)-specific polyclonal antibody, detected by PE-conjugated 

secondary antibody and analyzed by flow cytometry.  Specifically, synchronized cells 

were harvested at various time points as described above, washed once with DPBS, fixed 

in 10% formalin phosphate buffered solution for 5 min at room temp., followed by 

permeabilization in ice-cold methanol (100%) for 10 min at 4ºC.  Permeabilized cells 

were washed twice with staining buffer (DPBS containing 1% BSA) and adjusted to 

equal cell concentration (0.5 - 1x10
6
 cells per 100 µl) and stained with phospho-histone 

H3 (Ser10)-specific polyclonal antibody at 1:10 dilution for 30 - 60 min at room temp.  
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Cells were then washed with 15 volumes of staining buffer followed by PE-conjugated 

secondary antibody staining for detection.  After another wash with 15 volumes of 

staining buffer, cells were analyzed by fluorescence flow cytometry using FL2 channel 

(red/orange). 

3.2.9 Cell lysis and protein extraction for protein analysis 

Cultured monolayer carcinoma cells were harvested by trypsinization, washed 

twice with DPBS and lysed for 2 h on ice in immunoprecipitation (IP) lysis buffer (50 

mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 

0.5% Nonidet P-40, 1 mM Na3VO4, 2 mM NaF) supplemented with fresh protease 

inhibitor cocktail (Cat# P8340, Sigma-Aldrich Biotechnology, St. Louis, MO) at 1:100 

dilution.  Insoluble materials were removed by centrifugation at 15,000 x g for 10 min at 

4°C and the supernatants were collected and protein concentrations were determined by 

BCA
TM

 Protein Assay (Pierce Biotechnology Inc., Rockford, IL).  

3.2.10 Western blot analysis 

Protein samples were boiled in 1X sample buffer (1% SDS in 31.25 mM Tris-

HCl, pH 6.8 with 12.5% glycerol, 0.005% bromophenol blue and 0.025% beta-

mercaptoethanol) for 5 min.  SDS-polyacrylamide gels were loaded with 50 - 100 µg total 

protein per well, transferred to PVDF or nitrocellulose membranes by a Bio-Rad (Bio-

Rad Laboratories, Inc., Hercules, CA) semi-dry protein transfer apparatus, blocked 

overnight with 5% skim milk in TBS-T buffer (20 mM Tris-HCl pH 7.4, 137 mM NaCl, 

0.1% Tween-20), and incubated with the primary antibody diluted at 1:1000 in TBS-T 
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containing 5% BSA (staining buffer) for 1 h at room temperature.  The blots were then 

washed three times for 5 min with TBS-T followed by incubation with horseradish 

peroxidase (HRP)-conjugated secondary antibody diluted at 1:3000 for another 1 h in 

blocking buffer.  All antibodies were purchased from Santa Cruz Biotechnology, Inc., 

Santa Cruz, CA.  Final washes were performed three times with TBS-T before the blots 

were incubated in ECL Western Blotting Detection substrate (Amersham Biosciences, 

Piscataway, NJ).  Chemiluminescent bands were documented and analyzed by exposing 

to an X-ray film.   

3.2.11 Co-immunoprecipitation (Co-IP) for protein-protein interaction 

analysis 

An equal amount of cell lysate from each cell line was incubated with Ezview 

Red Protein A Affinity Gel (protein-A gel, Sigma-Aldrich) to remove non-specific 

binding (pre-clear).  The pre-cleared lysate was then mixed with 5 µg of capture antibody 

and the volume was adjusted to 1 ml with PBS.  The mixture was incubated at 4°C with 

gentle rotation for 1 h, followed by an addition of 25 µl of protein-A gel and incubated 

for an additional hour at 4°C with gentle rotation.  The protein-A-antibody-protein 

complex was then washed three times with cold immunoprecipitation lysis buffer 

(described above), eluted from the protein-A gel with IgG Elution Buffer (Pierce 

Biotechnology, Product #21013) to eliminate protein A contamination.  Eluted samples 

were boiled for 5 min in 1X sample buffer (as described above), briefly centrifuged, and 

analyzed by Western blot.  Western blot analysis for Co-IP was performed with a primary 
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antibody produced in a different species than the one used in target capturing to eliminate 

contaminations by heavy and light chains of IgG in the blot. 

3.2.12 PP2A phosphatase activity assay 

 Phosphatase activity was performed using Immunoprecipitation Phosphatase 

Assay Kit (Millipore, Cat# 17-313).  Synchronized and unsynchronized cells were 

harvested, washed twice with DPBS, pelleted and resuspended in IP lysis buffer 

supplemented with fresh protease inhibitor cocktail as described above but without 

phosphatase inhibitors, Na3VO4 and NaF.   

Fresh cell lysates were used in each reaction.  Briefly, 100 µg of total protein 

(concentration adjusted in IP lysis buffer) was mixed with 2 µg of mouse monoclonal 

capture antibody (PP2A, C subunit clone 1D6, Millipore), isotype mouse IgG2b was used 

as control, and the volume was adjusted 500 µl with pNPP Ser/Thr Assay Buffer (50 mM 

Tris-HCl, pH 7.0, 100 µM CalCl2), followed by a 1 h incubation with constant rocking in 

4°C.  After incubation, 25 µl of protein A agarose beads was added to each reaction 

mixture and incubation continued for another 1 h at 4°C with constant rocking.   The 

beads were then washed 3 times with 700 µl TBS (without Tween-20), followed by one 

wash with 500 µl Ser/Thr Assay Buffer.  The beads were then resuspended in 80 µl of 

750 µM threonine phosphopeptide (K-R-pT-I-R-R) diluted in Ser/Thr Assay Buffer and 

incubated for 10 min at 30ºC in a shaking incubator.  The bead mixture was centrifuged 

briefly and 25 µl of the supernatant was mixed with 100 µl of Malachite Green Phosphate 

Detection Solution to allow for color development at room temperature for 15 min.  The 
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absorbance was measured at 595 nm and total inorganic phosphate (Pi) released was 

calculated using a standard curve generated from supplied phosphate standard. 
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3.3 Results 

3.3.1 Expression of S100A8, S100A9 and S100A8/A9 (calprotectin complex) 

in KB cells 

 KB cells (KB-S100A8/A9) were stably transfected with two pIRES-EGFP 

expression vectors, each containing either S100A8 or S100A9 calprotectin subunit gene 

and a pSV2-neo vector containing neomycin-resistance gene as selective growth marker. 

KB-S100A8/A9 cells show stable expression of EGFP (data not shown), grow in the 

presence of 700 µg/ml G418 and express S100A8, S100A9 and calprotectin complex 

(Figure 3.1).  Calprotectin expression was measured by fluorescence conjugated 27E10 

mouse monoclonal antibody specific for S100A8/A9 protein complex and analyzed by 

fluorescence flow cytometry (Figure 3.1A).  Expression was compared between KB-

S100A8/A9, KB-EGFP sham-transfected control and KB wild-type cells.  Compared to 

KB-S100A8/A9, KB-EGFP cells show stable EGFP expression and grow in the presence 

of G418, but show no calprotectin expression. 

 To further confirm individual subunit expression and calprotectin complex 

formation, a co-immunoprecipitation (IP) assay was performed.  S100A8 and S100A9 

was expressed in KB-S100A8/A9 cells but not in KB-EGFP or KB wild-type cells 

(Figure 3.1B).  In KB-S100A8/A9 cells, IP of S100A8 showed positive immunoblotting 

(IB) of S100A9 and IP of S100A9 showed positive detection of S100A8.  This co-IP data 

provided further validation of S100A8/A9 protein-protein interaction and, hence, 

complex formation. 
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Figure 3.1.  Confirmation of S100A8, S100A9 and S100A8/A9 calprotectin 

complex expression in KB cells. 

(A) Immunofluorescence flow cytometry analysis of calprotectin expression detected 

by PE-conjugated S100A8/A9 complex-specific mouse monoclonal antibody (27E10) 

in KB-S100A8/A9 and KB-EGFP sham-transfected control cells.  Shaded histograms 

represent S100A8/A9-specific 27E10 fluorescence compared to isotype control 

(unshaded histograms).  Cells were fixed in 10% formalin solution and permeabilized 

in ice-cold methanol prior to staining.  (B) Co-immunoprecipitation (IP) of S100A8 or 

S100A9 and detected by immunoblotting (IB) of the immunoprecipitating protein 

partner. 
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3.3.2 S100A8/A9 knockdown in well-differentiated TR146 HNSCC cells 

 TR146 is a HNSCC cell line that has detectable, constitutive expression of 

S100A8, S100A9 and calprotectin complex.  Transfection of shRNA constructs to 

generate siRNA gene silencing shows marked knockdown of both S100A8 and S100A9 

proteins in TR146-shRNA-S100A8/A9KD cells (Figure 3.2).  Transfection with shRNA 

control sequence in TR146-shRNA-control shows no significant effect on calprotectin 

expression level compared to TR146 wild-type cells. 

 

 

 

Figure 3.2.  Western blot of S100A8 and S100A9 following shRNA gene silencing in 

TR146 HNSCC cells. 

Total protein lysates were separated in 10% SDS-PAGE gels.  β-actin was used as protein 

loading control.  S100A8- and S100A9-specific antibody was used to detect expression 

levels in TR146-shRNA-S100A8/A9KD calprotectin-knockdown, TR146-shRNA-

control transfection control and TR146 WT (wild-type) cells. 
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3.3.3 Calprotectin expression reduced tumor formation in nude mice 

To study how calprotectin affect tumorigenicity of KB carcinoma cells, we 

performed tumor formation study in athymic nude mice.  When compared with KB-

S100A8/A9 cells, KB and KB-EGFP cells injected in the hind flanks of mice formed 

significantly larger tumors over time (Figure 3.3).  Tumors produced by KB and KB-

EGFP cells grew at similar rates from days 12 to 26, increasing in mean volume from 66 

to 845 mm
3
.  In contrast, the KB-S100A8/A9 cells formed small, slow growing tumors 

that increased in mean volume from 29 mm
3
 at day 12 to 220 mm

3
 at day 26.   

 

 

 

Figure 3.3.  Calprotectin expression reduced tumor formation in nude mice. 

Mice injected with calprotectin-expressing KB-S100A8/A9, KB or KB-EGFP cells 

were compared for tumor burden.  Data shown as Mean ± SEM (*p < 0.05) of two 

independent repeats; 5 mice per cell line were used in each repeat. 
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3.3.4 Anchorage-dependent and -independent growths of KB carcinoma 

cells are suppressed by calprotectin 

Consistent with reduced tumor formation, KB-S100A8/A9 cells showed 

approximately two-fold less anchorage-dependent growth in vitro than KB-EGFP or KB 

wild-type cells (Figure 3.4A) when grown on non-pyrogenic polystyrene tissue flasks in 

MEM supplemented with 10% FBS.  In soft agar, which modeled anchorage-independent 

malignant growth, KB-S100A8/A9 cells grew poorly, forming smaller and fewer colonies 

than control cells (Figure 3.4B).   

 

Figure 3.4.  Anchorage-dependent and -independent growths of KB cells. 

(A) Growth curves of KB-S100A8/A9 cells compared to KB-EGFP and KB wild-type 

control cells.  Cells were grown on non-pyrogenic polystyrene tissue flasks in fresh 

MEM supplemented with 10% FBS every three days.  (B) Anchorage-independent 

growth (colony formation) in soft agar for KB, KB-EGFP and KB-S100A8/A9 cells 

(Mean ± SEM, *p < 0.03, n = 4). 
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3.3.5 Calprotectin knockdown increases growth of TR146 HNSCC cells 

To confirm the effect of calprotectin on carcinoma growth, a calprotectin-positive 

head and neck squamous cell carcinoma cell line (TR146) was stably transfected with 

shRNA constructs to generate siRNA-induced silencing of S100A8 and S100A9 mRNA 

and protein expression.  Induction of siRNA silencing or knockdown (KD) substantially 

reduced expression of S100A8 and S100A9 in TR146 cells (TR146-shRNA-

S100A8/A9KD) (Figure 3.2 described above).  TR146-shRNA-S100A8/A9KD showed 

increased anchorage-dependent growth on tissue culture flasks (Figure 3.5A) and 

increased colony formation (anchorage-independent growth) in soft agar (Figure 3.5B) 

compared to TR146 wild-type and control transfectant (TR146-shRNA-control) cells.   

 

Figure 3.5.  Calprotectin-knockdown increases anchorage-depend and -

independent growths of TR146 HNSCC cells. 

(A)  Anchorage-dependent growth on tissue flasks in complete medium (Mean ± SD, 

*p < 0.02, n = 3) and (B) colony formation in soft agar (Mean ± SEM, n = 2) of TR146-

shRNA-S100A8/A9KD cells compared to TR146 WT and TR146-shRNA-control cells. 
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3.3.6 Calprotectin induces G2/M cell cycle checkpoint arrest 

To determine how calprotectin suppresses tumor formation in vivo and carcinoma 

growth in vitro, cell cycle analysis was performed to compare changes in cell cycle 

progression in KB-S100A8/A9 compared to KB-EGFP and KB cells.  KB cells with or 

without calprotectin expression were synchronized by serum starvation overnight and 

then blocked at G1/S with 3 µg/ml aphidicolin for 12 h as described in Materials and 

Methods section.  After re-entry into the cell cycle, KB, KB-EGFP and KB-S100A8/A9 

cells progressed through the S phase at similar rates and entered G2/M phase after 

approximately seven hours post-synchrony (Figure 3.6A-B).  KB and KB-EGFP cells 

exited G2/M by 11 h and the G2/M cell population returned to background levels by 13 h 

post-synchrony, as summarized in Figure 3.6B.  KB-S100A8/A9 cells, however, 

appeared to arrest in G2/M phase for at least 3 h (Figure 3.6B).  Consistent with these 

observations, fewer KB-S100A8/A9 cells stained with phospho-histone H3 (Ser10) at 9 h 

post-synchrony (Figure 3.7A) and remained in metaphase (mitotic-positive cells) longer 

than KB-EGFP cells (Figure 3.7B).  
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Figure 3.6.  Calprotectin expression suppresses KB cell growth by reducing cell 

cycle progression at G2/M. 

(A) Calprotectin-induced cell cycle arrest at G2/M in KB-S100A8/A9.  Synchronized 

cells were stained with propidium iodide and analyzed by flow cytometry for changes 

in DNA content.  (B) Percentage of cells in G2/M.  KB, KB-EGFP and KB-S100A8/A9 

cells were analyzed over time post-synchrony and reported as Mean ± SEM; n = 2 

independent experiments (each analysis performed in duplicate); *p < 0.05.   
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Figure 3.7.  Mitotic progression reduced in calprotectin-expressing KB-S100A8/A9 

cells. 

(A) Mitotic analysis of synchronized cells stained with phospho-Histone H3 (Ser10) 

and analyzed by flow cytometry.  (B) Percent mitotic cells post-synchrony, representing 

the mean of two independent repeat experiments. 
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3.3.7 Calprotectin modulates G2/M signaling pathway 

So far we have shown that calprotectin expression reduces carcinoma growth in 

vivo and in vitro by delaying cell cycle progression at G2/M phase.  We have also shown 

that progression through S phase was not affected by calprotectin.  To characterize how 

calprotectin signals cell cycle arrest, gene and protein expression of cell cycle regulators 

were compared.  KB, KB-EGFP and KB-S100A8/A9 cells expressed similar levels of the 

cell cycle regulators cyclin A, cyclin E, p21, Rb, Chk2, and Cdc25B (Figures 3.8 and 

3.9A).  Cyclin B1, which is a G2/M regulator required for Cdc2 activity and entry into 

mitosis, was reduced at both mRNA (data not shown) and protein (Figure 3.9B) levels in 

KB-S100A8/A9 relative to KB and KB-EGFP cells. 

More significantly, S100A8/A9 expression increased phosphorylation of G2/M-

associated kinase Chk1 (Chk1-P
Ser345

), phosphatase Cdc25C (Cdc25C-P
Ser216

) and cyclin-

dependent kinase Cdc2 (Cdc2-P
Thr14/Tyr15

) in KB-S100A8/A9, but did not alter expression 

levels of these proteins (Figure 3.9B).  Calprotectin also decreased the mitotic active 

form of Cdc25C-P
Thr48

 (Figure 3.9B).  In KB-S100A8/A9 cells, Cdc25C co-

immunoprecipitated with 14-3-3β (Figure 3.9C).  On the other hand, knockdown of 

calprotectin subunits S100A8 and S100A9 decreased Cdc2-P
Thr14/Tyr15

 phosphorylation in 

TR146-shRNA-S100A8/A9KD (Figure 3.10).   
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Figure 3.8.  Gene expression levels of cell cycle regulators in KB cells. 

The mRNA expression of G1 regulators (cyclin D1 and cyclin D3) and cell cycle 

checkpoint regulators (p21 and GADD45A/B) in KB, KB-EGFP and KB-S100A8/A9 

cells was analyzed and normalized to GAPDH housekeeping gene.  Data presented as 

Mean ± SD (n = 2). 

 

0

1

2

3

4

5

6

7

8

9

10

CDKN1A 
(p21)

GADD45A GADD45B cyclin D1 cyclin D3

m
R

N
A

 E
x
p

re
s
s
io

n
N

o
rm

a
li
z
e

d
 to

 G
A

P
D

H

KB

KB-EGFP

KB-S100A8/A9



 

53 

 

Figure 3.9.  Expression and phosphorylation (activation/inactivation) status of cell 

cycle regulators in KB cells by Western blot analysis. 

Data shown are representative of two independent experiments.  Goat anti-β-actin 

polyclonal IgG was used to detect β-actin as protein loading control.  (A) Expression of 

G1/S regulating proteins, cyclin A, cyclin E, p21 and Rb, Chk2 and Cdc25B, in KB, 

KB-EGFP and KB-S100A8/A9.  (B) Expression and phosphorylation status of G2/M 

regulators, Chk1, Chk1-P
Ser345

, mitotic active form Cdc25C-P
Thr48

, Cdc25C, Cdc25C-

P
Ser216

, Cdc2, Cdc2-P
Thr14/Tyr15

, and cyclin B1.  (C) Immunoblotting (IB) of Cdc25C 

protein co-immunoprecipitated (IP) with 14-3-3β.  
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Figure 3.10.  Protein analysis of Cdc2 and phosphorylated Cdc2-P
Thr14/Tyr15

 in 

TR146 HNSCC cells. 

Western blot is a representative of multiple repeats (n = 2) of total protein lysates from 

wild-type TR146 (TR146 WT), control shRNA transfectant (TR146-shRNA-control) 

and shRNA-induced calprotectin knockdown (TR146-shRNA-S100A8/A9KD) cells 

separated in 10% SDS-PAGE gel.  β-actin was used as protein loading control. 

 

3.3.8 Calprotectin interacts with and increases PP2A phosphatase activity 

 To address a potential mechanism of direct interaction between S100A8/A9 and 

cell cycle regulators, a database (Ingenuity Pathway Analysis, Genedata Inc.) of protein-

protein interaction was explored.  We found that calprotectin may interact with protein 

phosphatase 2A (PP2A), a known cell cycle regulator, and potentially modulate its 

phosphatase activity.  PP2A is a heterotrimeric protein complex with three subunits: 

Structural protein subunit A (either α or β isoform), regulatory subunit B, and catalytic 

subunit C (either α or β isoform).  Phosphatase activity of PP2A-C is regulated by 

phosphorylation at Tyr307 and C-terminal methylation.  Co-immunoprecipitation study 

indeed confirmed that calprotectin binds PP2A (Figure 3.11).  By Western blot analysis, 
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PP2A subunit protein levels (subunits Aα/β, B56δ and Cα/β) were not affected by 

calprotectin expression in KB-S100A8/A9; phosphorylation of subunit Cα/β (Tyr307), 

however, was reduced (Figure 3.12).  C-terminal methylation as identified by anti-

methylated-PP2A-C antibody appeared unaffected by calprotectin expression. 

 

 

 

 

Figure 3.11.  Calprotectin interacts with PP2A. 

(A) Immunoblotting (IB) of S100A9 (used as calprotectin marker protein) co-

immunoprecipitated (IP) with PP2A-Aα/β subunit. (B) IB of PP2A-Aα/β co-

immunoprecipitated with either S100A8/A9 complex (IP with 27E10 antibody) or 

S100A9 calprotectin subunit. 
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Figure 3.12.  Calprotectin reduces phosphorylation of catalytic subunit C (Tyr307) 

of PP2A phosphatase. 

Western blot analysis of expression, phosphorylation and methylation of PP2A subunit 

proteins was compared in KB, KB-EGFP and KB-S100A8/A9 cells.  Blot shown is a 

representative of multiple repeats (n ≥ 3) of total protein lysates separated in 10% SDS-

PAGE gels.  β-actin was used as protein loading control. 
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 To show whether calprotectin modulates PP2A phosphatase activity, we 

performed an immunoprecipitation of PP2A-C catalytic subunit as described in the 

Materials and Methods section.  We found that in the presence of calprotectin, PP2A-C 

phosphatase activity was increased by approximately 34% at 4 h post-synchrony but was 

decreased by 23% at 12 h post-synchrony (Figure 3.13A).  Similar changes in PP2A-C 

activities were also observed when cell lysate from KB-EGFP was preincubated with 1 

µg of purified calprotectin.  Calprotectin-dependent modulations of PP2A-C activity in 

KB cells appear to depend on different phases of the cell cycle as shown in Figure 3.13B.  

To estimate PP2A/calprotectin interaction-dependent phosphatase activity, we 

normalized PP2A-C activities in KB-EGFP and KB-S100A8/A9 to the detectable PP2A-

Aα/β level co-immunoprecipitated with S100A8/A9 (27E10 antibody).  Calprotectin-

dependent increase in PP2A-C activity is then shown as normalized to KB-EGFP (Figure 

3.14).  PP2A-C phosphatase activity was similar in unsynchronized cells (Figure 3.15). 
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Figure 3.13.  PP2A activity is modulated by calprotectin in KB carcinoma cells. 

(A) PP2A-C (both α and β isoforms) phosphatase activity was compared in cell lysates 

from KB-S100A8/A9 and KB-EGFP or KB-EGFP pre-incubated with 1 µg of purified 

calprotectin for 1 h at 4ºC.  (B) PP2A-C (both α and β isoforms) phosphatase activity in 

lysates from synchronized KB-EGFP and KB-S100A9 cells. 
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Figure 3.14.  PP2A activity normalized to PP2A-S100A8/A9 interaction level. 

The PP2A-C phosphatase activities in KB-EGFP and KB-S100A8/A9 shown in Figure 

3.13 were normalized to the detectable PP2A-Aα/β co-immunoprecipitated with 

S100A8/A9 (27E10 antibody) shown in Figure 3.11, and then further normalized to 

KB-EGFP level.  Data was shown as Mean ± SE (n = 2).   
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Figure 3.15.  PP2A phosphatase activity in unsynchronized cells. 

Total PP2A-Cα/β phosphatase activity estimated after immunoprecipitation was similar 

in unsynchronized KB-S100A8/A9 and KB-EGFP (ratio = 0.97) cell cultures. 
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3.4 Discussion 

As members of the S100 family of proteins, calprotectin complex (S100A8/A9) is 

thought to have a regulatory role in cell cycle progression.  If so, reduced levels of 

calprotectin and resulting loss of expression (and function) could contribute to 

carcinogenesis by de-regulating growth.  To characterize cellular and potential anti-tumor 

functions of calprotectin we transfected a calprotectin-negative and HPV-positive human 

carcinoma cell line (KB cells) to express the S100A8/A9 protein complex.  By comparing 

to the sham-transfected calprotectin-negative KB control cells, we developed a clinically 

relevant in vitro model for the function of calprotectin in mucosal carcinomas.   

Calprotectin-expressing KB-S100A8/A9 carcinoma cells showed reduced 

anchorage-dependent growth on tissue culture flasks under normal growth conditions 

compared to sham-transfectant and wild-type controls.  Furthermore, reductions in 

tumorigenicity in nude mice and anchorage-independent survival and growth in soft agar 

were highly significant in calprotectin-expressing KB-S100A8/A9 cells.  These results 

suggest that calprotectin not only suppresses carcinoma growth, but it also exerts 

negative regulation on the malignant phenotype of KB cells.   

Soft agar colony formation is an anchorage-independent in vitro survival and 

growth assay that measures the malignant transformation ability of a cell.  Normal 

epithelial cells cannot survive and grow on soft agar without adhesion or anchorage to the 

extracellular matrix (ECM).  The ability of KB cells to survive, grow and form visible 

single cell colonies on soft agar medium suggests that KB cells possess a malignant 

phenotype of a cancer stem cell (CSC), which is a stem cell-like cancer cell with 
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capabilities to bypass anoikis or detachment-induced apoptosis and survive, replicate and 

produce colonies or spheres of clones without anchorage (Mattox and Von Hoff 1980; 

Chumsri, Phatak et al. 2007).  Calprotectin appears to have a greater effect on colony 

formation on soft agar than on anchorage-dependent growth with ECM attachment.  In 

KB cells, expression of calprotectin reduced anchorage-dependent growth by 

approximately 2-fold, but suppressed anchorage-independent colony formation by 6-fold.  

Consistent with growth inhibition in KB cells, TR146 HNSCC cells expressing 

calprotectin showed slower growth.  Knockdown of S100A8/A9 by shRNA gene 

silencing in TR146-shRNA-S100A8/A9KD cells caused significant loss of calprotectin 

expression and an approximately 2-fold increase in anchorage-dependent growth and a 

10-fold increase in colony formation.  Our results suggest strongly that the intracellular 

function of calprotectin is complex and exerts negative regulatory effects toward the CSC 

phenotype of carcinoma.  KB cells adhere to the ECM and grow like epithelial cells.  In 

soft agar suspension, however, the loss of cell-ECM adhesion likely signals an activation 

of CSC-associated molecular pathways in KB cells for growth and survival.  Calprotectin 

expression in KB cells may counteract the switching on of CSC phenotype.  Down-

regulation of calprotectin in TR146, and potentially in HNSCC, abrogates the inhibitory 

effects of the protein against CSC transformation. 

To address how expression of calprotectin regulates carcinoma growth, we 

analyzed the changes in cell cycle progression of KB cells.  Cells were first synchronized 

by serum-starvation overnight followed by blockage at G1/S to allow re-entry into the cell 

cycle at the same time point.  When synchronized at G1/S, KB cells with or without 
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S100A8/A9 expression re-entered cell cycle and progressed to G2/M phase at similar 

rates, suggesting that cell cycle entry and progression from G1 through S phase are not 

under the control of calprotectin.  Consistent with that result, the gene and protein 

expressions of G1/S regulators were unperturbed, thus calprotectin does not appear to 

have a role in G1/S checkpoint.  Expression of S100A8/A9, however, caused KB-

S100A8/A9 cells to accumulate at G2/M and reduce mitotic progression, indicating that 

calprotectin reactivated the DNA damage checkpoint mechanism in these cells leading to 

cell cycle and mitotic arrest at G2/M (Viallard, Lacombe et al. 2001).     

Consistent with the cell cycle analysis, we found calprotectin-associated 

hyperphosphorylation of G2/M-specific kinase Chk1 at Ser345 (Chk1-P
Ser345

).  Hence, 

Chk1 is likely activated (Shiromizu, Goto et al. 2006) by calprotectin through a 

mechanism that is yet unknown but likely as a response to an inactivation of Cdc25C, a 

G2/M-specific phosphatase targeted by Chk1 kinase in the canonical cell cycle 

checkpoint signaling pathway.  It is known that activated Chk1-P
Ser345

 phosphorylates  

Cdc25C at Ser216 (Cdc25C-P
Ser216

) and promotes its
 
binding to the molecular chaperone 

14-3-3β (Peng, Graves et al. 1997; Peng, Graves et al. 1998).  Binding to 14-3-3β 

inactivates and promotes cytosolic accumulation of Cdc25C-P
Ser216

 (Graves, Lovly et al. 

2001).  Alternatively, active Cdc25C dephosphorylates inhibitory residues Thr14 and 

Tyr15 of Cdc2 of the Cdc2/cyclin B1 maturation-promoting factor (MPF) complex.  

Dephosphorylation of Cdc2 activates cyclin B1 to begin entry into mitosis (Graves, 

Lovly et al. 2001; Hutchins and Clarke 2004; Ozen and Ittmann 2005).  In KB-

S100A8/A9 calprotectin-expressing cells we observed a marked increase in the levels of 
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Cdc25C-P
Ser216

, Cdc25C/14-3-3β complex, and phosphorylated Cdc2-P
Thr14/Tyr15

.  

Consequently, the level of mitotically active Cdc25C-P
Thr48

 and cyclin B1 was greatly 

reduced in the presence of calprotectin.  Taken together, calprotectin-dependent reduction 

in expression of cyclin B1 and hyperphosphorylation of Cdc2 are consistent with Cdc2 

inactivation, G2/M checkpoint arrest and growth inhibition.   

Knockdown of S100A8/A9 by shRNA in a HNSCC cell line (TR146), on the 

other hand, significantly increased growth and colony formation in soft agar, which was 

found to be associated with Cdc2 hypophosphorylation at Thr14/Tyr15.  Increase in 

growth of the TR146 HNSCC cells is likely caused by the loss of calprotectin-dependent 

regulation of the G2/M checkpoint and increased activation of the G2-M transition.   

The specific mechanism of how calprotectin signals inactivation of Cdc25C and 

G2/M cell cycle arrest is an ongoing investigation.  We predict that reduction of mitotic 

Cdc25C-P
Thr48

 phosphoprotein is likely signaled through dephosphorylation by a serine 

and threonine (Ser/Thr) protein phosphatase 2A (PP2A), known to exert anti-tumor 

activities by inhibiting AKT and C-MYC in the cell survival and proliferation pathways  

and by inducing cell cycle arrest (Guenin, Schwartz et al. 2008).  Therefore, we decided 

to determine the biochemical activity of PP2A with respect to calprotectin expression. 

 PP2A is a heterotrimeric holoenzyme consisting of regulatory subunits Aα/β and 

B (with over twenty interchangeable and differentially expressed isoforms) and a 

catalytic subunit Cα/β essential for mitotic events, including G2/M checkpoint regulation 

for correct mitotic entry and exit (Lorca, Bernis et al. 2010; Nolt, Rice et al. 2011).  The 

regulatory subunit A (PP2A-Aα/β) serves as a structural or scaffolding protein required 
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for correct function, whereas subunit B (PP2A-B) regulates target specificity (Perrotti and 

Neviani 2008) and the B56δ isoform has been reported to control Cdc25C and G2/M cell 

cycle checkpoint activity (Margolis, Perry et al. 2006; Forester, Maddox et al. 2007; 

Perry and Kornbluth 2007; Shouse, Cai et al. 2008).  The PP2A-Cα/β subunit is the 

enzymatic active site of PP2A and its phosphatase activity is controlled by 

phosphorylation at Tyr307 and methylation at Leu309, which is also essential for the 

holoenzyme assembly (Guenin, Schwartz et al. 2008; Perrotti and Neviani 2008).  In KB 

cells expression of calprotectin, however, did not affect the protein level of PP2A-Aα/β, -

B56δ or -Cα/β subunit.  Methylation levels of PP2A-C (methyl-PP2A-C) subunit were 

also similar in KB-S100A8/A9 and KB-EGFP or wild-type control.  These data suggest 

that calprotectin has no regulatory effects on PP2A expression or the holoenzyme 

assembly in KB cells.  The phosphorylation level of the Tyr307 inhibitory residue of 

PP2A-C, however, was reduced in KB-S100A8/A9 calprotectin-expressing cells, 

suggesting increased phosphatase activity of the enzyme.   

To test the effect of calprotectin on PP2A activity, we next performed an 

immunoprecipitation of PP2A-Cα/β from cell lysates and measured its phosphatase 

activity on a threonine phosphopeptide.  We found that calprotectin expression in 

synchronized KB-S100A8/A9 cells increased pre-mitotic PP2A-C phosphatase activity 

by 20 – 34% of the total detectable PP2A activity.  By 7 h post-synchrony (early part of 

G2/M phase), PP2A-C activity in KB-S100A8/A9 cells restored to the same level as in 

KB-EGFP and was lower than KB-EGFP by 23% at 12 h post-synchrony.  Pre-incubation 

of KB-EGFP cell lysate with purified calprotectin showed similar modulation of PP2A-C 
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activity, suggesting that calprotectin directly signals an increase in dephosphorylation and 

activation of PP2A-C and not through an intracellular signaling mechanism.  

Interestingly, the difference in PP2A-C activities was not detectable in unsynchronized 

cells.  Co-immunoprecipitation of PP2A and calprotectin showed an interaction between 

the holoenzyme and the calprotectin complex, providing a possible mechanism of PP2A 

activation by the protein complex.  However, further investigation is required to confirm 

the actual interaction and increase in phosphatase activity.  One possible explanation is 

that the phosphorylatable Thr113 residue of S100A9 calprotectin subunit (Champaiboon, 

Sappington et al. 2009) may serve as a phosphate accepter during a phosphoryl transfer 

induced by calprotectin-PP2A interaction.    

In summary, we propose a model describing a signaling pathway of calprotectin 

in the induction of G2/M cell cycle checkpoint and mitotic arrest (Figure 3.16).  

Calprotectin expression increases PP2A phosphatase activity, potentially through protein-

protein interaction and dephosphorylation of the inhibitory residue Tyr307 of the 

catalytic subunit PP2A-C, resulting in increased activation of PP2A.  Activated PP2A is 

hypothesized to target and dephosphorylate Cdc25C-P
Thr48

, allowing Cdc25C to be 

phosphorylated by Chk1 at inhibitory residue Ser216 (Perry and Kornbluth 2007).  

Whether activation of Chk1 kinase (by phosphorylation at Ser345) is directly signaled by 

calprotectin expression or by PP2A dephosphorylation of Cdc25C at Thr48 is still 

unclear.  Phosphorylated Cdc25C-P
Ser216

 is targeted and bound by 14-3-3β, leading to 

inactivation and cytosolic accumulation of Cdc25C.  As a result, Cyclin B1/Cdc2-
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P
Thr14/Tyr15

 complex is inactivated, arresting cell cycle at G2/M checkpoint while other 

mitotic checkpoint inhibitors are unaffected. 

It should be noted that Wee1 and MYT1, the two kinases responsible for 

phosphorylating Cdc2 at inhibitory residues Thr14 and Tyr15, are also essential for Cdc2 

inactivation and G2/M checkpoint arrest (Wang, Decker et al. 2004).  While increased 

Cdc2-P
Thr14/Tyr15 

phosphorylation observed in KB-S100A8/A9 cells may be due to 

enhanced Wee1 and MYT1 activities, the key factor that regulates Cdc2 activation and 

mitotic entry is Cdc25C.  Therefore, we focused our study on Cdc25C signaling pathway 

rather Wee1 and MYT1.  As part of ongoing studies, the activities of Wee1 and MYT1 

may be analyzed to determine whether calprotectin directly or indirectly modulate their 

activation cascades during G2/M checkpoint arrest.  
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Figure 3.16.  Summary of calprotectin-mediated regulation of the G2/M cell cycle 

checkpoint signaling pathway. 

Calprotectin is hypothesized to interact with PP2A, activate and increase the 

serine/threonine phosphatase activity of PP2A catalytic subunit.  Expression of 

calprotectin also increases phosphorylation and activation of Chk1 (Ser345) and down-

regulates Cyclin B1.  Activated PP2A can target and dephosphorylate Cdc25C-P
Thr48

, 

allowing Cdc25C to be phosphorylated by Chk1-P
Ser345

 at inhibitory residue Ser216.  

Phosphorylated Cdc25C-P
Ser216

 is targeted and bound by 14-3-3β, leading to 

inactivation and cytosolic accumulation of Cdc25C.  As a result, Cdc2 is 

hyperphosphorylated at Thr14/Tyr15 and the Cyclin B1/Cdc2-P
Thr14/Tyr15

 maturation-

promoting factor (MPF) complex is inactivated, arresting cell cycle at G2/M 

checkpoint.  
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Chapter 4  

Involvement of calprotectin (S100A8/A9) in molecular pathways 

associated with carcinogenesis of HNSCC 
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4.1 Introduction 

 Calprotectin, a calcium-regulating heterodimer of S100A8 and S100A9, is 

differentially expressed in various types of cancer and has been reported to be down 

regulated in head and neck squamous cell carcinoma (HNSCC).  Down regulation 

appears to be both at the transcription and protein expression levels but no specific 

genetic mutations have been reported (Gonzalez, Gujrati et al. 2003; Melle, Ernst et al. 

2004; Wang, Cai et al. 2004; Roesch Ely, Nees et al. 2005).  Previously we have shown 

that ectopic expression of S100A8/A9 in KB carcinoma cells suppressed growth in vitro 

and tumor formation in vivo.  Growth suppression by calprotectin appeared to be signaled 

through hyperphosphorylation and inactivation of Cdc2/cyclin B1 maturation-promoting 

factor (MPF) complex activity, resulting in cell cycle arrest at G2/M checkpoint and 

reduced mitotic entry.  Knockdown of S100A8/A9 by shRNA gene silencing in TR146 

HNSCC cell line resulted in hypophosphorylation of Cdc2 and increase in carcinoma 

growth and survival without anchorage in soft agar.  Cell cycle progression and 

regulation at G1/S and S phase of the cell cycle was unaffected by calprotectin. 

The goal of this study was to determine the involvement of calprotectin in growth 

regulation in primary human tissues and whether loss of expression is associated with the 

development of HNSCC.  To confirm that calprotectin-mediated regulation of cell cycle 

in KB carcinoma cells was not an idiosyncratic in vitro phenomenon, we estimated the 

involvement of calprotectin in human primary HNSCC from a genome-wide association 

analysis using microarray gene expression profiling.  Oral mucosal epithelia from 11 

healthy volunteers and primary tumor tissues from 50 HNSCC patients were harvested by 
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laser capture microdissection (LCM) and total RNA was extracted and amplified to 

generate mRNA for gene expression analysis. The mRNA was labeled and hybridized to 

Affymetrix Human Genome U133 Plus 2.0 GeneChips.  Microarray gene expression 

analysis was also performed in KB cells to compare calprotectin-expressing and non-

expressing carcinoma cells.  Statistical analyses of the microarrays were performed using 

large-scale data mining packages (Genedata Expressionist Analyst) followed by 

functional analysis using Ingenuity Pathway Analysis. 

To identify genes involved in growth regulation by calprotectin in HNSCC, genes 

identified as highly regulated and associated with tumor development were subjected to 

correlation analysis to determine associations with tumor progression and the expression 

profile of other genes.  In HNSCC, we found that the gene encoding the S100A9 

calprotectin subunit was significantly down regulated in tumors compared to normal 

samples, whereas S100A8 expression was unaffected.  S100A9 expression level, 

however, was not strongly correlated with either primary tumor size (T) or regional 

lymph node involvement (N).  Since cytosolic calprotectin is an equimolar complex of 

S100A8 and S100A9, selective down-regulation of S100A9 expression would result in an 

overall reduction in calprotectin levels in HNSCC.  S100A9 was, therefore, used as a 

marker gene for calprotectin in the remaining analyses.   

Expression of S100A9 in HNSCC was found to be strongly correlated with sets of 

genes encoding proteins involved in cytodifferentiation, cell cycle control and 

proliferation, regulation of gene expression, cellular movement, and membrane and 

endosomal activities.  When calprotectin expression levels were high, cell cycle and 
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transcription factor related genes were disproportionately down-regulated.  These data are 

consistent with our hypothesis that calprotectin serves as a negative regulator of tumor 

growth.  Furthermore, expression of calprotectin in KB cells was associated with down-

regulation of genes involved in signaling pathways associated with self-renewal, cellular 

invasion and cellular maintenance.  This expression profile is consistent with the 

presence of cancer stem cells.   

As described in the previous Chapter, stem cells or stem-like cells show single 

cell colony formation in soft agar without anchorage to extracellular matrix (ECM) 

(Mattox and Von Hoff 1980; Schiff and Shugar 1984).  KB cells were able to survive, 

grow and form colonies in soft agar suspension, suggesting that they are highly malignant 

and have cancer stem cell-like properties.  When calprotectin was expressed, however, 

KB cells showed significantly reduced colony formation in soft agar, whereas growth on 

standard tissue flasks (with ECM attachment), was largely unaffected.  Hence, 

calprotectin-mediated suppression of anchorage-independent growth did not reflect 

generalized affects on control of cell division.  Calprotectin may inhibit stem cell-like 

characteristics among carcinoma cells.   

As presented in this Chapter, calprotectin appears to have regulatory roles in gene 

expression in addition to phosphorylation-dependent activation of protein signaling 

cascades as observed in G2/M cell cycle checkpoint control (Chapter 3).  It is unclear, 

however, whether calprotectin directly or indirectly regulates gene transcription.   
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4.2 Materials and Methods 

4.2.1 Tissue samples, laser capture microdissection and RNA extraction for 

microarray 

For in vivo RNA extraction, primary HNSCC and normal oral mucosa tissue 

specimens were obtained from patients undergoing primary malignant resection surgery 

using a University of Chicago IRB-approved informed consent protocol.  Tissues were 

obtained from 11 non-HNSCC subjects and 50 HNSCC patients with tumors in various 

TNM stages, ranging from T1 to T4 with N0 to N3, and MB to MC (Table 4.1).  Fifty-four 

percent of the HNSCC patients were males and 38% females, with ages ranging from 26 

to 90 years old (mean and median = 60).  No demographic information was available for 

three patient specimens and ages were unavailable for three others (highlighted on Table 

4.1).   

The samples were handled under strictly maintained temperatures to prevent 

degradation of RNA. Immediately after collection, the samples were embedded in 

TissueTek OCT compound and snap frozen at -80°C.  Frozen sections were cut to 5 - 8 

µm thicknesses followed by a quick Hematoxylin and Eosin (H&E) staining protocol to 

identify and differentiate epithelial cells from stromal or infiltrating immune cells in the 

tissue sections.  Briefly, sections were fixed in 70% ethanol for 30 s and stained with 

Hematoxylin and Eosin followed by three dehydration steps of 30 s each in 70%, 95%, 

and 100% ethanol. Laser capture microdissection of epithelial cells was performed using 

a Leica AS LMD (Leica Microsystems, Wetzlar, Germany) immediately following the 

staining.  
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To extract RNA, the microdissected cells were directly placed in lysis buffer 

provided in the RNA purification kit (RNeasy Micro Kit; Qiagen, Valencia, Ca) and 

adequately homogenized before storing at -80°C.  Total RNA was extracted from the 

captured cells with the RNeasy Micro Kit and treated with DNAse to remove genomic 

DNA.  The quantity and quality of purified RNA was determined immediately with the 

Agilent 2100 BioAnalyzer (Agilent Technologies, Santa Clara, CA).  For in vitro total 

RNA extraction, cultured KB carcinoma cells (described in previous Chapter) were 

harvested and the RNA was extracted (see section 4.2.6), purified and prepared for 

microarray as described above. 

4.2.2 Target labeling and microarray hybridization and analysis 

Target preparation was performed according to a standard protocol described in 

the Eukaryotic Target Preparation section of GeneChip
®

 Expression Analysis Technical 

Manual (Affymetrix Inc., Santa Clara, CA 95051).  To generate biotin-labeled 

complementary RNA (cRNA) from the cDNA, double-stranded cDNA was synthesized 

from total RNA using a Two-Cycle Target Labeling protocol for HNSCC RNA samples 

or One-Cycle Target Labeling for KB cell RNA extracts, followed by an in vitro 

transcription (IVT) reaction.  Biotin-labeled cRNA was then fragmented and hybridized 

to Affymetrix Human Genome U133 Plus 2.0 for HNSCC samples or U133A arrays for 

KB cell samples according to the manufacturer’s protocol.  The arrays were then scanned 

and images processed and analyzed using Affymetrix’s GeneChip Operating Software 

(GCOS). 
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Table 4.1.  Anonymized tumor samples from HNSCC patients with associated treatment and epidemiological information used 

in microarray gene expression analysis. 
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Key for Table 4.1 

 

**Therapy:   

Op. = Operation  

RT. = Radiation  

Chem. = Chemotherapy 

Chem/RT = Concurrent Chemotherapy and Radiation. (Example = Op. + Chem/RT) 

Survival = Survival in months 

Disease Free = Disease free survival in months 

 

4.2.3 Microarray expression data analysis 

Data mining and statistical analyses were performed using Expressionist Analyst 

Pro (Genedata Inc., Waltham, MA).  In brief, an expression data matrix from GCOS was 

imported into Expressionist Analyst Pro.  Expression signals of housekeeping genes were 

first examined to ensure consistency in all arrays.  Expression signals (normally 

distributed) of all gene probes were then normalized to the GAPDH housekeeping gene 

in each array by the arithmetic mean method to ensure that gene expression values were 

comparable across multiple samples (arrays).  In addition, gene probes were further 

filtered by detection calls.   

For HNSCC microarrays, gene probes with “Absent” detection calls in all 

samples (normal and tumor) were eliminated from analysis since probe detection levels 

would be considered unreliable.  When comparing normal and HNSCC samples, HNSCC 

genes were considered up-regulated only when the gene probe detection call was 

“Present” in all HNSCC samples.  Conversely, genes considered down-regulated in 
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HNSCC only included gene probes with detection call “Present” in all normal samples.  

To determine differential expression, ten iterations of Student’s t-test comparisons were 

performed using a false discovery rate or q-value < 0.05 as significance threshold and 

fold-change of 2.0-fold as cutoff.  For KB cell arrays, gene probes were filtered similarly 

and the same statistical comparative analysis method was performed, except the cut-offs 

were a p-value < 0.05 and 1.5-fold-change.  Fold-change was determined as the ratio of 

means of tumor (experimental) to normal (control) samples.  Fold down-regulation with 

ratio of means less than 1.0 is presented as -1/(ratio of means).  

To determine the mRNA expression profiles of the S100A8 and S100A9 

calprotectin genes, HNSCC cases were stratified into three groups by their anatomical 

origins (Table 4.1): oral cavity, oropharynx, and larynx.  Expression of S100A8 and 

S100A9 was then compared between these anatomical groups to determine their levels 

across different anatomical sites.    

To identify genes significantly (r > 0.5, p < 0.05) co-regulated or associated with 

calprotectin genes in HNSCC, correlation analysis was performed.  Genes significantly 

correlated to S100A9 in tumor but not in normal specimens were confirmed in KB and 

KB-EGFP sham-transfected carcinoma cells, in comparison to calprotectin transfected 

KB-S100A8/A9 cells (see below).  Pathway analysis and gene ontology (Ingenuity 

Pathways Analysis; IPA, Ingenuity Systems, Inc., Redwood City, CA) were performed to 

identify putative functions associated with the calprotectin- and cancer-associated genes.  

Finally, genes of interest were validated by quantitative reverse transcriptase-polymerase 
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chain reaction (qRT-PCR) or at the protein level by Western blot or immunofluorescence 

flow cytometry.   

4.2.4 Stable epithelial cell lines expressing calprotectin  

The calprotectin-negative KB carcinoma cell line transfected to over-express 

calprotectin (KB-S100A8/A9) and KB empty vector control (KB-EGFP) were used in 

this study as described in the previous Chapter and elsewhere (Nisapakultorn, Ross et al. 

2001).  The TR146 human buccal cell carcinoma cell line, which constitutively expresses 

calprotectin, was used as an in vitro model for HNSCC.  Knockdown of calprotectin in 

TR146 cells was generated by shRNA-induced gene silencing technique as described in 

Chapter 3. 

4.2.5 Cell Culture 

KB-EGFP and KB-S100A8/A9 cells were maintained in modified Eagle medium 

supplemented with 10% fetal bovine serum and 700 µg of Geneticin (G418 sulfate) per 

ml at 5% CO2 and 37ºC. TR146 cells were cultured at 5% CO2 and 37ºC in 50% 

Dulbecco's Modified Eagle Medium and 50% HAM F-12 medium supplemented with 

10% fetal bovine serum and 250 µg/ml of G418.  Cells were plated at 5,000 cells/cm
2
 in 

T75 flasks and grown until the epithelial layer reached approximately 70% confluency, or 

72 h. Cells were then harvested by trypsinization for mRNA and protein expression 

analysis. 
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4.2.6 RNA extraction and expression analysis by RT-PCR 

The cells were trypsinized, centrifuged and collected as a pellet, and washed once 

with Dulbecco's Phosphate Buffered Saline without calcium and magnesium (DPBS).   

Total RNA was extracted and purified using RNeasy Mini Kit (Qiagen).  The final total 

RNA was eluted in 50 µl RNase-free water.  Total RNA samples were quantitated by 

spectrophotometry for absorbance at 260 nm and adjusted to equal concentration. 

Reverse transcription reaction was performed using the iScript cDNA Synthesis kit (Bio-

Rad).  Comparative quantitative real-time RT-PCR (qRT-PCR) was performed using 

primers designed to specifically detect and amplify genes of interest with SYBR® Green 

QPCR Master Mix (Stratagene, cat# 600843). 

4.2.7 Fluorescence flow cytometry for protein expression 

 Cells were harvested at 70% confluency by trypsinization, washed twice with 

DPBS, fixed in 10% formalin phosphate buffered solution for 5 min at room temp, 

followed by permeabilization in ice-cold methanol (100%) for 10 min at 4ºC.  

Permeabilized cells were washed twice with staining buffer (DPBS containing 1% BSA), 

adjusted to equal cell concentrations (0.5 – 1 x 10
6
 cells per 100 µl) and stained with 

specific primary antibody at 1:10 dilution for 30 to 60 min at room temp.  Cells were then 

washed with 15 volumes of staining buffer followed by incubation with PE-conjugated 

secondary antibody.  After another wash with 15 volumes of staining buffer, cells were 

analyzed by fluorescence flow cytometry using FL2 channel (red/orange). 
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4.3 Results 

4.3.1 Calprotectin gene expression is down-regulated in human HNSCC 

Microarray gene expression profiles of the S100A8 and S100A9 calprotectin 

genes were first analyzed across all HNSCC samples (Figure 4.1A).  Tumor specimens 

that originated in the region of the larynx (n = 9) showed significantly lower S100A9 

mRNA expression than those excised from the oral cavity (n = 27) or oropharynx (n = 8), 

p-value = 0.007 by ANOVA (Figure 4.1B).  The S100A8 mRNA level was also slightly 

lower in the laryngeal carcinomas (p-value = 0.025) than the HNSCC samples from other 

sites.  Laryngeal-specific reduction of S100A8 and S100A9 expression was greater than 

in other HNSCCs.  Normal control tissues from the larynx were unavailable.  Laryngeal 

carcinomas, therefore, were not included in further analyses (except as noted) or 

comparisons of normal and tumor samples.  We also excluded samples when the specific 

anatomic resection site was unknown other than the clinical identification of HNSCC to 

eliminate potential tissue-specific bias and the absence of appropriate controls. 

The gene expression profile analysis then included HNSCC samples originating in 

oral cavity and the oropharynx (n = 35) in comparison to healthy tissues (Figures 4.2A 

and 4.3A).  When compared to normal mucosal epithelia (n = 11), HNSCC samples 

showed significant down-regulation of the calprotectin subunit S100A9 gene (average 

fold-change = -3.7, p = 0.00008), whereas S100A8 expression did not change markedly (-

1.4-fold, p = 0.02) (Figure 4.2B).  Neither S100A8 nor S100A9 expression levels, 

however, strongly correlated with the primary tumor volume (T; r = 0.2) (Figure 4.2A) or 
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regional lymph node involvement (N; r = -0.1) (Figure 4.3A).  Although expression of 

both S100A8 and S100A9 appeared to be lowest in T1 graded tumor (Figure 4.2B), only 

one T1 sample was available and no statistical significance could be inferred. No 

statistical differences in S100A8 and S100A9 were found when varying nodal 

involvement grades (N0, N1, N2, N2a, N2b, N2c, or N3) were compared (Figure 4.3B).   

To determine whether calprotectin expression was associated with metastatic potential, 

we compared HNSCC samples according to their M grades (0, B or C).  Since the 

number of tumors with graded M was limited, we combined M grades B and C (MB-C, n = 

6).  Compared to M0 (n = 29), the expression of S100A9 appeared to be slightly lower in 

MB-C but the difference was not statistically significant for either S100A8 or S100A9 

(Figure 4.4). 
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Figure 4.1.  Expression of calprotectin subunit genes S100A8 and S100A9 in 

HNSCC. 

HNSCC samples (n = 50) were categorized by anatomical site: oral cavity, oropharynx, 

larynx or NA (no specific head and neck resection site was recorded for these patients).  

(A) Expression profiles of S100A8 and S100A9 mRNA in HNSCC samples from the 

larynx (n = 9), oral cavity (n = 27), oropharynx (n = 8) and uncategorized HNSCC 

(NA, n = 6).  (B) mRNA expression of S100A8 and S100A9 presented as Mean ± SE. 

*p = 0.025 and **p = 0.007 by ANOVA.  The n represents number of independent 

arrays (patients) used.  Array expression was normalized to GAPDH.  Each array 

sample shown on top of the expression profile chart is labeled according to the patient 

data listed in Table 4.1, Section 4.2.2. 
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Figure 4.2.  Comparison of S100A8 and S100A9 expression in normal mucosa and 

HNSCCs. 

(A) S100A8 and S100A9 calprotectin gene expression (mRNA) profiles in normal 

mucosal samples (n = 11) and HNSCC (n = 35, stratified by tumor grades 1 – 4).  (B) 

S100A8 and S100A9 expression levels in each sample group, presented as Mean ± SE.  

*Comparison between normal and HNSCC averaged across all tumor (T) grades (fold-

change = -3.7, p-value = 0.00008).  Statistical comparison was performed using two-

sample Student’s t-Test.  Gene expression in each array was normalized to GAPDH.  n:  

Number of independent arrays (patients). 
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Figure 4.3.  S100A8 and S100A9 expression in HNSCC samples with different N 

grades. 

(A) S100A8 and S100A9 calprotectin gene expression (mRNA) profiles in HNSCC 

(stratified by nodal involvement grades 0 – 3).  (B) Summary of S100A8 and S100A9 

expression level in each node, N, sample group, presented as Mean ± SE.  Statistical 

comparison was performed by ANOVA and no statistical difference was found among 

the sample groups.  Gene expression in each array was normalized to GAPDH.  n:  

Number of independent arrays (patients). 
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Figure 4.4.  Expression of S100A8 and S100A9 in HNSCC samples with different 

M grades (0, B and C). 

Data presented as Mean ± SE.  Statistical comparison was performed by the two-

sample t-Test and no statistical difference was between the sample groups.  M0: 

HNSCC samples with TNM grades of M = 0 (n = 29).  MB-C:  M grades of B and C (n = 

6). 

 

4.3.2 Cellular differentiation and growth associated genes were differentially 

regulated HNSCC 

HNSCC specimens showed significant numbers of differentially expressed genes 

when compared to healthy oral mucosal specimens and normalized to GAPDH in 

microarray analysis (Figure 4.5).  Including S100A9, a total of 497 genes were down-

regulated (fold-change ≤ -2.0, q-value < 0.05) in HNSCC and 1,655 genes were up-

regulated (fold-change ≥ 2.0, q-value < 0.05) (Figure 4.6).  In HNSCC, cell cycle-

associated and related genes involved with RNA and metabolic processes (Figure 4.7), 
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RNA post-transcriptional modification, DNA replication, recombination and repair, gene 

expression and protein processes (Figure 4.9) were the most highly up-regulated based on 

gene ontology and pathway analyses.  The most abundant genes down-regulated in 

HNSCC were related to cellular differentiation, tissue development, keratinization and 

regulation of energy production (Figures 4.8 and 4.9).   

In HNSCC, the disproportionately up-regulated genes appeared to be located in 

clusters distributed throughout all chromosomes, including X but not Y (Figure 4.10).  

Similarly, down-regulated genes were located in all chromosomes (including the Y 

chromosome) but in smaller clusters (Figure 4.11), reflecting the smaller proportion of 

total genes that were down-regulated.  As expected, genes located in the chromosomal 

1q21 epidermal differentiation gene cluster, especially 1q21.3 locus where S100A8 and 

S100A9 genes are located, were down-regulated in HNSCC (Figure 4.12).  Only one 

gene located in the 1q21.3 locus was found to be up-regulated in HNSCC (Figure 4.10). 

4.3.3 S100A9 is co-regulated with cellular differentiation regulating genes in 

HNSCC 

To determine whether dysregulated calprotectin is co-regulated with a larger gene 

network in HNSCC, we examined the expression patterns of the regulated genes in all 

tumor samples (including laryngeal).  Using analysis of variance, we first confirmed that 

S100A9 mRNA levels were more highly variable in HNSCC samples (σ
2
 = 1.9, n = 50) 

than housekeeping genes: β-actin, β-tubulin and TATA box binding protein (σ
2 
≈ 0.1).  

We then determined whether changes in S100A9 expression were correlated with other 

down-regulated genes.  S100A9 was found to be positively correlated (r ≥ 0.5, p < 0.05) 
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with 144 (of 496) down-regulated genes in HNSCC (Figure 4.13), including gene sets 

involved primarily in cellular differentiation (Figure 4.14).  Using pathway analysis, the 

S100A9-correlated genes down-regulated in HNSCC showed biological functions in 

regulation of cell-to-cell signaling and interaction, molecular transport, cellular 

movement, cellular growth and proliferation (including cell cycle regulation) and cellular 

maintenance (Figure 4.14).   

Since we have shown previously that calprotectin expression in carcinoma cells 

suppressed cell cycle progression and growth, we were interested to learn whether the 

suppression was correlated with cell cycle-regulating genes.  Indeed, the cell cycle 

regulating genes BLNK, RICS, MXD1, TXN, CAST, HES1 and PIM1 were significantly 

down-regulated in HNSCC and showed high correlations with S100A9 mRNA 

expression (Figure 4.14, inset table).  Interestingly, genes that were inversely correlated 

to S100A9 were not apparently up-regulated in HNSCC.  Lastly, cellular differentiation-

associated genes were highly correlated with S100A9, potentially co-regulated and 

suppressed in HNSCC based upon gene ontology and pathway analyses (Table 4.2). 
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Figure 4.5.  Red-green heat-map representation of the expression profiles of gene 

probes between normal (n = 1) and HNSCC (n = 35) samples. 

(A) Up-regulated genes.  (B) Un-regulated genes.  (C) Down-regulated genes. 
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Figure 4.6.  Volcano plot representing genes significantly regulated in HNSCC (n 

= 35) compared to normal (healthy) mucosal tissues (n = 11). 

Regulation analysis was performed by the two-sample t-Test with 10 balanced 

permutations (Genedata Analyst for microarray analysis).  Significance was determined 

by a minimum fold-change of 2.0 (+/-) and a false discovery rate (q-value) less than 

0.05. 
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Figure 4.7.  Biological functions of up-regulated genes in HNSCC (N = 35) by gene 

ontology. 

Enhancement: Enriched genes.  Suppression: Underrepresented genes. 

Suppression EnhancementNormal HNSCC
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Figure 4.8.  Biological functions of down-regulated genes in HNSCC (N = 35) by 

gene ontology. 

Enhancement: Enriched genes.  Suppression: Underrepresented genes. 

Suppression EnhancementNormal HNSCC
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Figure 4.9.  Molecular and cellular functions of the genes differentially regulated 

in HNSCC compared to normal mucosa samples. 

Functional characterization was performed using Ingenuity Pathway Analysis (IPA) 

and sorted by -log of p-value.  From top to bottom, genes are ranked from highest to 

lowest significance values of up-regulated genes.  Red bars were gene sets up-regulated 

in HNSCC and green bars were down-regulated genes.  The most significant set of 

genes up-regulated in HNSCC (red) were associated with cell cycle processes.  Energy 

production regulating genes were the most down-regulated (green). 

0 2 4 6 8 10

Cell Cycle
RNA Post-Transcriptional Modification

DNA Replication, Recombination, and Repair
Gene Expression

Protein Degradation
Protein Synthesis

Post-Translational Modification
Cell Death

Cell Morphology
Cellular Function and Maintenance

Molecular Transport
Protein Trafficking

Cellular Development
Cellular Assembly and Organization

Antigen Presentation
Carbohydrate Metabolism

Cellular Movement
Cellular Growth and Proliferation

RNA Damage and Repair
Nucleic Acid Metabolism

Small Molecule Biochemistry
Cell-To-Cell Signaling and Interaction

Protein Folding
Amino Acid Metabolism

Cellular Compromise
Drug Metabolism

Energy Production
Lipid Metabolism

RNA Trafficking
Vitamin and Mineral Metabolism

Cell Signaling
Cellular Response to Therapeutics

Free Radical Scavenging

-log(p-value)

M
o

le
c
u

la
r a

n
d

 C
e

llu
la

r F
u

n
c
tio

n
s

Up-Regulated in HNSCC

Down-Regulated in HNSCC



 

Figure 4.10.  Chromosomal mapping

A red line on the right of each chromosome represents 

Zoom-out inset shows the q21 gene locus of the chromosome 1, also known as an 

epidermal differentiation complex
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mosomal mapping of the genes up-regulated in H

A red line on the right of each chromosome represents a single up-regulated

out inset shows the q21 gene locus of the chromosome 1, also known as an 

epidermal differentiation complex (EDC).   

 

regulated in HNSCC. 

regulated gene.  

out inset shows the q21 gene locus of the chromosome 1, also known as an 



 

 

Figure 4.11.  Chromosomal mapping of the genes down

A green line on the right of each chromosome marks a single gene.  Zoom

shows a cluster of down

(epidermal differentiation complex), where the S100A8 and S100A9 encoding genes 

are located. 
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Chromosomal mapping of the genes down-regulated in HNSCC.

A green line on the right of each chromosome marks a single gene.  Zoom

shows a cluster of down-regulated genes within the chromosomal locus 1q21.3 

(epidermal differentiation complex), where the S100A8 and S100A9 encoding genes 

 

regulated in HNSCC. 

A green line on the right of each chromosome marks a single gene.  Zoom-out inset 

cus 1q21.3 

(epidermal differentiation complex), where the S100A8 and S100A9 encoding genes 
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Figure 4.12.  Biological function analysis of the chromosomal 1q21 genes (20 

genes) down-regulated in HNSCC. 

Enhancement: Enriched genes.  Suppression: Underrepresented genes. 

Suppression EnhancementNormal HNSCC
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Figure 4.13.  Correlation analysis of S100A9 expression profile in HNSCC. 

Genes down-regulated in HNSCC (oral cavity and oropharynx, n = 35) showing 

positive correlation to S100A9 in HNSCC (including laryngeal carcinomas, n = 50).  

450 gene probes were positively correlated with the expression profile of S100A9 (p < 

0.05).  Blue lines represent a subset of genes (160 gene probes representing 144 unique 

genes) highly correlated with S100A9 (r-value > 0.5) and were selected for further 

analysis to determine biological functions. 
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Figure 4.14.  Biological functions of 144 genes positively correlated (r-value > 0.5, 

p < 0.05) with S100A9 down-regulated in HNSCC. 

Enhancement: Enriched genes.  Suppression: Underrepresented genes. 
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Figure 4.15.  Cellular and molecular functions (by IPA) associated with S100A9-

correlated (r > 0.5, p < 0.05) genes down-regulated in HNSCC. 

Cell cycle regulation (genes listed in inset table; correlation is reported as r-value, p < 

0.0005; fold-change in HNSCC) is among the top ten (*) significant functions 

associated with the genes positively correlated and down-regulated with S100A9.   
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HES1 0.54 -6.3 5.38E-13

MXD1 0.77 -22.5 7.55E-10

PIM1 0.54 -4.0 2.16E-08

RICS 0.53 -2.5 7.16E-05

TXN 0.58 -2.5 1.87E-07
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Table 4.2.  Differentiation enhancing genes positively correlated with S100A9 were down-regulated in HNSCC. 

 

 

HNSCC.

Probe ID Gene Description Fold P-Value

r-Value to 

S100A9

233011_at ANXA1 annexin A1 -4.4 0.000536 0.55

224329_s_at CNFN cornifelin -7.3 0.000266 0.77

219799_s_at DHRS9 dehydrogenase/reductase (SDR family) member 9 -5.8 2.35E-05 0.67

223952_x_at DHRS9 dehydrogenase/reductase (SDR family) member 9 -2.7 2.79E-05 0.72

224009_x_at DHRS9 dehydrogenase/reductase (SDR family) member 9 -2.7 3.06E-05 0.72

232360_at EHF ets homologous factor -3.6 0.00013 0.68

214599_at IVL involucrin -2.4 0.02224 0.73

203407_at PPL periplakin -4.6 1.66E-10 0.78

219554_at RHCG Rhesus blood group, C glycoprotein -11.8 2.78E-06 0.63

206884_s_at SCEL sciellin -8.8 2.55E-06 0.75

232056_at SCEL sciellin -5.7 0.000118 0.76

205185_at SPINK5 serine protease inhibitor, Kazal type 5 -3.9 4.72E-05 0.74

214549_x_at SPRR1A small proline-rich protein 1A -2.9 0.001328 0.66

208539_x_at SPRR2B small proline-rich protein 2B -3.5 0.008665 0.70

220664_at SPRR2C small proline-rich protein 2C -3.7 0.002873 0.57

218990_s_at SPRR3 small proline-rich protein 3 -15.0 4.82E-06 0.50

232082_x_at SPRR3 small proline-rich protein 3 -2.4 0.002361 0.69

206008_at TGM1 transglutaminase 1 (K polypeptide epidermal type I) -11.8 1.35E-05 0.81

206004_at TGM3 transglutaminase 3 (E polypeptide) -33.0 5.30E-12 0.59
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4.3.4 Calprotectin down-regulates genes associated with proliferation, 

survival and anti-apoptosis and up-regulates cellular differentiation genes in 

carcinomas 

From the analysis of HNSCC-regulated genes, calprotectin (represented as 

S100A9) appeared to be co-regulated and potentially involved in the regulation of cell 

cycle and tumor growth.  Calprotectin may also play an important role in the induction of 

epithelial cell differentiation.  To learn how calprotectin affects cellular differentiation, 

cell cycle control and carcinoma growth, we transfected KB cells to express the 

S100A8/A9 protein complex.  Expression and complex formation of S100A8/A9 were 

first confirmed by co-immunoprecipitation and by immunofluorescent flow cytometry 

with 27E10 complex-specific antibody as previously reported in Chapter 3.  Genomic 

expression analysis was then performed to compare regulation between calprotectin-

negative (KB and KB-EGFP, n = 4) and calprotectin-expressing (KB-S100A8/A9, n = 2) 

cells.  Calprotectin expression significantly down-regulated 161 genes while 41 genes 

were up-regulated in KB-S100A8/A9 cells (Figure 4.16).  Consistent with the results 

found by correlation analysis in HNSCC, calprotectin expression up-regulated genes 

associated with cellular differentiation and maturation (Figure 4.17).  In KB-S100A8/A9 

cells, calprotectin appeared to down-regulate genes involved in protein translocation, 

ribonucleoside recycling, cytokine-mediated signaling pathway (potentially inhibiting 

inflammatory response) and cytoskeletal organization (Figure 4.18).   

Next, we compared the expression profiles of the HNSCC-regulated genes in the 

presence of absence of calprotectin.  However, we did not find the expression of the 144 
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S100A9-correlated genes (down-regulated in HNSCC) to be regulated in KB-S100A8/A9 

cells.  Therefore, it is unlikely that these genes were regulated by calprotectin in 

carcinoma. 

To isolate genes involved in tumor development under the control of calprotectin, 

we expanded our search to include all 1,655 up-regulated genes identified in HNSCC.  

While not showing significant correlation with S100A9 in HNSCC, the expression of 

ETS2, XIAP, PRPF4, STAT3 and SKP1 was down-regulated in KB-S100A8/A9 (Table 

4.3).  These five genes are known to be associated with cell cycle progression, cell 

growth and cell survival by gene ontology and pathway analyses.  Furthermore, genes 

specifically regulated by calprotectin in KB-S100A8/A9 were identified.  Genes involved 

in contact growth inhibition, tumor suppressor function and differentiation were up-

regulated (Tables 4.4 and 4.6) and in tumor maintenance (or self-renewal), apoptosis 

inhibition, proliferation and invasion were down-regulated (Tables 4.5 and 4.6) by 

calprotectin in KB-S100A8/A9 cells.   

Lastly, to confirm self-renewal regulating function of calprotectin that may 

potentially exert anti-cancer stem cell phenotype in carcinoma while inducing and/or 

maintaining differentiation, we performed protein analysis by fluorescence flow 

cytometry of PIWIL1 protein.  PIWIL1 was one of the stem cell factors shown to be 

down-regulated by calprotectin in KB-S100A8/A9 cells at the mRNA expression level 

(Table 4.6 and Figure 4.19A).  At the protein level PIWIL1 expression was also lower in 

KB-S100A8/A9 cells compared to the sham-transfected control KB-EGFP cells (Figure 

4.19B). 
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Figure 4.16.  Differential gene regulation in KB-S100A8/A9. 

Differentially regulated genes (fold > 1.5, p < 0.05) were identified in KB-S100A8/A9 

cells when compared to KB wild-type and KB-EGFP controls by two-sample t-Test.   
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Figure 4.17.  Gene ontology analysis for biological functions of gene set up-

regulated in calprotectin-expressing KB-S100A8/A9 cells. 

Enhancement: Enriched genes.  Suppression: Underrepresented genes. 

Suppression Enhancement
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Figure 4.18.  Gene ontology analysis for biological functions of gene set down-

regulated in calprotectin-expressing KB-S100A8/A9 cells. 

Enhancement: Enriched genes.  Suppression: Underrepresented genes. 

Suppression Enhancement



 

105 

Table 4.3.  Genes known to be associated with cell cycle progression, growth and 

survival up-regulated in HNSCC are down-regulated in KB-S100A8/A9 

carcinoma cells. 

 

 

Table 4.4.  Cell-to-cell interaction and contact growth inhibition genes up-

regulated in KB-S100A8/A9 carcinoma cells. 

 

 

In KB-S100A8/A9 In HNSCC

Gene 

Symbol
Description

Fold-

Change
P-Value

Fold-

Change
P-Value

ETS2
V-ets erythroblastosis virus E26 oncogene homolog 2 

(avian)
-3.1 0.015 3.8 2.01E-06

XIAP X-linked inhibitor of  apoptosis -1.8 0.018 3.3 3.92E-07

PRPF4 PRP4 pre-mRNA processing factor 4 homolog (yeast) -1.8 0.029 4.4 1.36E-12

STAT3 Signal transducer and activator of  transcription 3 -1.7 0.023 2.4 7.30E-06

SKP1 S-phase kinase-associated protein 1 -1.5 0.049 2.1 3.53E-05

Gene Description Probe ID Fold FDR Location

ABCG2 ATP-binding cassette, sub-

family G (WHITE), member 2

209735_at 2.1 0.048 Plasma Membrane

CDH2 Cadherin 2, type 1, N-cadherin 

(neuronal)

203440_at 1.7 0.048 Plasma Membrane

COL3A1 Collagen, type III, alpha 1 201852_x_at 1.8 0.048 Extracellular Space

CTNNB1 Catenin (cadherin-associated 

protein), beta 1, 88kDa

201533_at 2.2 0.048 Nucleus

GJA1 Gap junction protein, alpha 1, 

43kDa

201667_at 3.8 0.049 Plasma Membrane

GPNMB Glycoprotein (transmembrane) 

nmb

201141_at 6.5 0.043 Plasma Membrane

GPR56 G protein-coupled receptor 56 212070_at 6.4 0.048 Plasma Membrane

MARCKS Myristoylated alanine-rich 

protein kinase C substrate

201669_s_at 2.6 0.049 Plasma Membrane

NPTX1 Neuronal pentraxin I 204684_at 1.7 0.043 Extracellular Space

ROBO1 Roundabout, axon guidance 

receptor, homolog 1 

(Drosophila)

213194_at 2.2 0.048 Plasma Membrane
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Table 4.5.  Apoptosis inhibiting genes down-regulated in KB-S100A8/A9 cells. 

 

Gene Description Probe ID Fold p-value

ABCG1 ATP-binding cassette, sub-family G (WHITE), member 1 211113_s_at -2.5 0.019

ACTN4 actinin, alpha 4 200601_at -1.8 0.038

BNIP3 BCL2/adenovirus E1B 19kDa interacting protein 3 201848_s_at -1.9 0.030

CALR calreticulin 200935_at -4.8 0.045

CAST calpastatin 212586_at -3.1 0.021

CTTN cortactin 201059_at -1.8 0.023

DAPK1 death-associated protein kinase 1 203139_at -3.6 0.011

DSP desmoplakin 200606_at -3.7 0.007

EEF1A2 eukaryotic translation elongation factor 1 alpha 2 204540_at -1.6 0.043

EMP3 epithelial membrane protein 3 203729_at -1.6 0.016

ETS2 v-ets erythroblastosis virus E26 oncogene homolog 2 (avian) 201328_at -3.1 0.015

GAL galanin prepropeptide 214240_at -2.1 0.026

GLUD1 glutamate dehydrogenase 1 200947_s_at -1.7 0.047

HK1 hexokinase 1 200697_at -2.2 0.012

HLA-B major histocompatibility complex, class I, B 211911_x_at -2.1 0.020

HMGB1 high-mobility group box 1 216508_x_at -1.7 0.050

HRAS v-Ha-ras Harvey rat sarcoma viral oncogene homolog 212983_at -2.2 0.004

HYAL1 hyaluronoglucosaminidase 1 210619_s_at -2.4 0.020

ITSN1 intersectin 1 (SH3 domain protein) 209298_s_at -3.0 0.005

KRT18 keratin 18 201596_x_at -2.0 0.027

KRT8 keratin 8 209008_x_at -4.1 0.013

LEPR leptin receptor 209894_at -1.7 0.038

MSN moesin 200600_at -2.0 0.016

MT2A metallothionein 2A 212185_x_at -1.6 0.025

MUC1 mucin 1, cell surface associated 207847_s_at -2.1 0.004

NUAK2 NUAK family, SNF1-like kinase, 2 220987_s_at -1.8 0.031

OAS1 2',5'-oligoadenylate synthetase 1, 40/46kDa 202869_at -2.3 0.044

OPTN optineurin 202073_at -3.5 0.031

PDE4A phosphodiesterase 4A, cAMP-specif ic 204735_at -2.0 0.034

PLAGL1 pleiomorphic adenoma gene-like 1 207002_s_at -3.3 0.028

PPP1R2 protein phosphatase 1, regulatory (inhibitor) subunit 2 202166_s_at -1.7 0.001

PROCR protein C receptor, endothelial 203650_at -2.1 0.049

PSCA prostate stem cell antigen 205319_at -2.8 0.047

PTGS1 prostaglandin-endoperoxide synthase 1 (Cox-1) 215813_s_at -3.4 0.040

PTPRF protein tyrosine phosphatase, receptor type, F 200635_s_at -2.0 0.003

PXN paxillin 201087_at -1.5 0.047

RHOC ras homolog gene family, member C 200885_at -1.7 0.037

S100A6 S100 calcium binding protein A6 217728_at -2.0 0.037

SEMA3F semaphorin 3F 209730_at -3.2 0.006

SERPINB5 serpin peptidase inhibitor, clade B , member 5 204855_at -3.0 0.001

SH2D2A SH2 domain containing 2A 207351_s_at -1.9 0.048

SLC2A3 solute carrier family 2 (glucose transporter), member 3 202499_s_at -14.9 0.006

SRGN serglycin 201859_at -4.2 0.001

STAT3 signal transducer and activator of  transcription 3 208991_at -1.7 0.023

TGFB1 transforming growth factor, beta 1 203085_s_at -5.9 0.004

TGM2 transglutaminase 2 201042_at -2.3 0.039

TNIP1 TNFAIP3 interacting protein 1 207196_s_at -2.3 0.034

XIAP X-linked inhibitor of  apoptosis 206536_s_at -1.8 0.018
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Table 4.6.  Genes involved in tumor maintenance (or self-renewal), growth and 

invasion were down-regulated in KB-S100A8/A9 carcinoma cells. 

 

  

Gene Description Fold P-Value Cellular / Molecular Function

NT5E 5'-nucleotidase, ecto (CD73) -10.7 0.006 Adhesion, invasion

PIWIL1 piwi-like 1 (Drosophila) -6.2 0.004 Maintenance (self-renewal)

THPO thrombopoietin -5.6 0.008 Maintenance, growth

TGFB1 transforming growth factor, beta 1 -5.4 0.008 Transforming growth factor

RET ret proto-oncogene -5.4 0.021 Growth/proliferation

PTGER2 prostaglandin E receptor 2 -4.6 0.018 Maintenance, growth, adhesion, invasion, angiogenesis

PTGS1
prostaglandin-endoperoxide synthase 1 
(COX1) -3.2 0.007 Maintenance, growth, adhesion, invasion, angiogenesis

TBX3 T-box 3 -2.1 0.018 Maintenance, growth

PLA2G5 phospholipase A2, group V -1.8 0.001 Arachidonic acid biosynthesis, invasion, angiogenesis

MIA3 melanoma inhibitory activity family, member 3 -1.7 0.034 Transformation

VIM vimentin -1.7 0.013 Adhesion, invasion

AKT3 protein kinase B, gamma (v-akt homolog 3) -1.6 0.017 Maintenance, growth, invasion, angiogenesis

LEPR leptin receptor -1.6 0.021 Growth

CD44 CD44 molecule (Indian blood group) -1.6 0.039 Maintenance, adhesion, invasion

JUN jun oncogene (AP1) -1.6 0.039 Growth, transforming factor

STAT3
signal transducer and activator of transcription 
3 -1.6 0.021 Maintenance

TFRC transferrin receptor (p90, CD71) 1.6 0.028 Differentiation

LPIN1 lip in 1 2.0 0.011 Differentiation

ASCL2
achaete-s cute complex homolog 2 
(Drosophila) 2.4 0.001 Differentiation

THY1 Thy-1 cell surface antigen 3.1 0.032 Differentiation

EPB41L3 erythrocyte membrane protein band 4.1-like 3 7.0 0.015 Tumor suppressor

CD24 CD24 molecule 7.2 0.004 Differentiation

FABP4 fatty acid binding protein 4, adipocyte 13.0 0.002 Differentiation
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Figure 4.19.  PIWIL1 mRNA and protein expression levels were reduced in KB-

S100A8/A9. 

(A) mRNA expression levels of PIWIL1 normalized to GAPDH housekeeping gene in 

calprotectin-expressing KB-S100A8/A9 cells, wild-type (KB) and vector control (KB-

EGFP) cells.  Data shown as Mean ± SD, **p = 0.004 (n = 2).  (B) Protein expression 

by direct immunofluorescence flow analysis of PE-conjugated anti-PIWIL1 antibody 

(Anti-PIWIL1 PE).  PE-conjugated isotype IgG was used as control (PE Isotype 

Control).  Data shown as a representative of two independent repeats.   
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4.3.5 Calprotectin down-regulates putative biomarker genes for HNSCC 

 The top 10 genes expressed and up-regulated in more than 90% of the HNSCC 

samples but not detectable in normal mucosal tissues were identified using analysis of 

differential gene expression in the microarrays combined with detection calls filtration 

(Table 4.20A).  These genes encode proteins that localize to each cellular compartment 

(e.g., extracellular space, cytoplasm, plasma membrane and nucleus) and could serve as 

biomarkers for tumorigenesis in HNSCC (summarized in Table 4.7).   

The effect of calprotectin expression on the putative HNSCC-specific biomarker 

genes was analyzed to determine whether calprotectin could function as an anti-tumor 

molecule.  KB-EGFP empty vector transfection control cells were compared to KB-

S100A8/A9 calprotectin-expressing cells for mRNA expression using quantitative real-

time RT-PCR.  Similarly, TR146 HNSCC cells (calprotectin-expressing) were compared 

with S100A8/A9-knockdown TR146 cells.  From this analysis, we chose INHBA, 

PTGS2 (COX-2) and SULF1, highly associated with cellular proliferation, differentiation 

and carcinogenesis (Takeno, Takemasa et al. 2008; Junnila, Kokkola et al. 2010; Rosen 

and Lemjabbar-Alaoui 2010; Scheer, Drebber et al. 2010), as candidate genes to be 

regulated by calprotectin.  Their expression profiles in normal mucosal tissues and 

HNSCC relative to S100A8, S100A9 and other putative marker genes are shown in 

Figure 4.20B. 

 We then determined whether these genes were associated with the presence and 

absence of S100A8/A9 in KB cells and TR146 cells.  First, relative expression of 

S100A8 and S100A8 was confirmed in KB-EGFP, KB-S100A8/A9, TR146 Neg3 
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(shRNA transfection control), and three different clones of TR146 with shRNA silencing 

of S100A9 alone (A9kd c18) and with double shRNA silencing of S100A8/A9 (A8/9kd 

c10 and A8/9kd c25) (Figure 4.21).  Knockdown of S100A9 alone in TR146 (A9kd c18) 

appeared to down-regulate expression of S100A8.  When compared to KB-EGFP cells, 

KB-S100A8/A9 cells showed no detectable INHBA mRNA and attenuated PTGS2 and 

SULF1 expression (Figure 4.22A-C).  Knockdown of S100A8/A9 in TR146 cells 

increased INHBA, PTGS2 and SULF1 expression (Figure 2.22D-F).  Interestingly, up-

regulation of the three candidate HNSCC marker genes was much greater in the TR146 

shRNA single knockdown of S100A9 (A9kd C18 clone). 
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Figure 4.20.  Microarray mRNA expression profiles of S100A8, S100A9 and 

putative HNSCC marker genes in normal mucosal (n = 11) and HNSCC samples 

(n = 35). 

(A) Detection calls for each marker gene: Absent (no detection), Marginal (marginally 

expressed), Present (highly expressed).  (B)  Expression profiles (tile plot) of HNSCC 

marker genes. 
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Table 4.7.  Potential HNSCC marker genes. 

The genes were not detectable in normal mucosal tissues but expressed and up-

regulated in > 90% of HNSCC samples. 

 

*INHBA, PTGS2 and SULF1 were selected as representative HNSCC candidate 

marker genes for calprotectin regulation study. 

 

 

 

 

Gene Description Fold p-value Probe ID Functions

MMP1
Matrix metallopeptidase 1 

(interstitial collagenase)
171.5 0.0000 204475_at

Extracellular matrix 

remodeling

INHBA*
Inhibin, beta A (activin 

family)
43.1 0.0000 210511_s_at

Proliferation / 

dif ferentiation

FST
Follistatin (binds/regulated 

by INHBA)
23.1 0.0000 226847_at

Proliferation / 

dif ferentiation

LAMC2 Laminin, gamma 2 18.5 0.0000 202267_at
Extracellular matrix, 

adhesion

CCL3
Chemokine (C-C motif ) 

ligand 3
14.9 0.0000 205114_s_at Inf lammation, migration

PTGS2*
Prostaglandin-endoperoxide 

synthase 2 (COX-2)
10.7 0.0000 204748_at

Inf lammation, 

mitogenesis

SULF1* Sulfatase 1 8.1 0.0000 212353_at Mitogenesis, motility

ALDH1L2
Aldehyde dehydrogenase 1 

family, member L2
7.9 0.0000 231202_at Oxidation reduction

RUNX2
Runt-related transcription 

factor 2
6.2 0.0000 232231_at

Proliferation / 

dif ferentiation

SLC16A1
Solute carrier family 16, 

member 1
3.9 0.0000 202235_at

Acidif ication, membrane 

transport
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Figure 4.21.  Relative mRNA expression of S100A8 and S100A9 in KB and TR146 

HNSCC cell lines. 

(A) KB-EGFP: Empty vector transfection control; KB-S100A8/A9: S100A8/A9 

transfected.  (B) TR146 Neg3: shRNA transfection control; A9kd c18: TR146 with 

shRNA silencing of S100A9; A8/A9kd c25 and c10: TR146 with shRNA silencing of 

S100A8 and S100A9 clones 25 and 10.  Relative expression was measured by 

comparative quantitative real-time RT-PCR. 
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Figure 4.22.  Expression of putative HNSCC marker genes in KB and TR146 

HNSCC cells. 

Relative mRNA expression of INHBA, PTGS2 and SULF1 in KB (A – C) and TR146 

HNSCC (D – F) cells.  TR146 Neg3: shRNA transfection control.  TR146: Wild-type 

control. A9kd c18: TR146 with shRNA silencing of S100A9.  A8/A9kd c10 and c25: 

TR146 with shRNA silencing of S100A8 and S100A9 clones 10 and 25.  Relative 

expression was measured by comparative quantitative real-time RT-PCR. 
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4.4 Discussion 

Previously we showed that calprotectin (S100A8/A9) suppresses carcinoma 

growth in vivo and in vitro by signaling cell cycle arrest at G2/M checkpoint.  To confirm 

the regulatory roles of calprotectin in cell cycle progression and growth we performed 

correlation analysis of the S100A8 and S100A9 mRNA expression profiles in primary 

human HNSCC.  Since the genes encoding S100A8 and S100A9 are located within 

chromosomal locus 1q21, which contains a cluster of (at least 43) genes known as the 

epidermal differentiation complex or EDC (Elder and Zhao 2002), we predicted that 

calprotectin induces cell cycle arrest and suppresses carcinoma growth observed in 

carcinoma cell by signaling cellular differentiation.  If so, reduced levels of calprotectin 

and resulting loss of function could result in loss of differentiation and growth control, 

contributing to carcinogenesis in HNSCC and resistance to chemoradiotherapy (Luthra, 

Ajani et al. 2007).   

Using human genome microarrays, mRNAs from normal oral mucosa and clinical 

cases of HNSCC (including oral, oropharyngeal and laryngeal carcinomas) were first 

compared for differential gene expression.  We found that the expression of S100A9 

subunit gene, but not S100A8, was significantly down-regulated in HNSCC.  Although 

positively correlated with S100A9 in both the control and HNSCC samples, S100A8 

mRNA expression levels were not significantly affected by tumorigenesis.  Assuming 

that reduced S100A9-specific mRNA reflects the reduction in S100A9 protein levels as 

we observed when calprotectin was knocked down in TR146 cells and reduced 

calprotectin levels in clinical specimens of HNSCC (Fung, Lo et al. 2000; Gonzalez, 
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Gujrati et al. 2003; Melle, Ernst et al. 2004), dysregulation of S100A9 expression may 

best explain down-regulation of functional calprotectin in HNSCC.  Interestingly, 

S100A9 dysregulation was similar across all tumor grades (T) and was independent of 

nodal involvement (N) or distant metastasis (M).  Hence, suppression of S100A9 

expression is likely an early event in the pathogenesis of HNSCC.  As disease progresses, 

the levels of S100A9 are not further affected.   

Using gene ontology and pathway analysis techniques (Seo, Bae et al. 2005), we 

identified gene networks associated with carcinogenesis.  We found that positive 

regulators of cell cycle were disproportionately up-regulated in HNSCC, consistent with 

the proliferative nature of the disease.  None of these genes, however, were inversely 

correlated with S100A9.  Chromosomal mapping showed disproportionate up-regulation 

of genes distributed across the entire genome, except for the Y chromosome.  By gene 

enrichment and ontology analysis, down-regulation of epithelial cell differentiation genes 

was the most abundant in HNSCC, including the EDC chromosomal locus 1q21 where 

S100A8, S100A9 and other differentiation enhancing genes are located.  Our data suggest 

that loss of tumor suppressor and cellular differentiation gene expression in the EDC 

(Liu, Yin et al. 2008) is a hallmark in malignant transformation and aggressiveness of 

HNSCC.  Interestingly, in HNSCC a significant number of down-regulated epithelial cell 

differentiation genes showed strong positive correlation with S100A9 expression.  

Similarly down-regulated in HNSCC and highly correlated with S100A9 expression were 

gene sets involved in immune response, cell-to-cell signaling and interaction, 

cytodifferentiation, cell movement, cell growth and proliferation, cell cycle regulation 
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and cell survival control.  Likely functioning in the same gene networks as S100A9, 

down-regulation of these genes along with S100A9 may explain more completely the loss 

of cell cycle regulation and increased growth in HNSCC.  These results suggest that 

S100A9 and, hence, calprotectin is involved in normal molecular pathways with anti-

tumor functions, most likely as a positive regulator of cell differentiation and cell cycle 

arrest in human primary squamous epithelial tissues.  Whether S100A9 dysregulation 

results from a driver or a passenger mutation in tumorigenesis cannot be ascertained from 

these correlation analyses. 

Consistent with our findings in human primary HNSCC microarray correlation 

and gene ontology analyses, KB cells transfected to express S100A8/A9 also showed 

significant up-regulation of cell maturation and differentiation genes.  These results 

support our hypothesis that in carcinoma calprotectin expression reactivates cellular 

differentiation gene networks, resulting in induction of G2/M cell cycle checkpoint arrest 

and reduced mitosis as described previously (Crowe, Nguyen et al. 2005; Harnacke, 

Kruhoffer et al. 2005; Xiang, Xie et al. 2008).  Activation of G2/M checkpoint arrest and 

suppression of cellular division may also signal for down-regulation of upstream 

regulators.  For example, up-regulated in HNSCC, the cell cycle, growth and survival-

inducing genes STAT3 (Leeman, Lui et al. 2006; Bollrath, Phesse et al. 2009), SKP1 

(Yu, Gervais et al. 1998; Li, Li et al. 2004), XIAP (Burstein, Idrees et al. 2008), ETS2 

(Li, Lu et al. 2003; Carbone, Napoli et al. 2004) and PRPF4 (Schmidt-Kastner, 

Yamamoto et al. 2008) were indeed down-regulated by calprotectin in KB-S100A8/A9.   
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In addition to inducing cell cycle arrest at G2/M, calprotectin may also trigger 

down-regulation of the growth and survival genes in carcinoma.  Consequently, genes 

involved in tumor maintenance (or self-renewal), migration/invasion, transformation and 

angiogenesis were also found to be down-regulated in KB-S100A8/A9.  These gene 

networks are highly associated with cancer stem cell phenotype in carcinomas (Costea, 

Tsinkalovsky et al. 2006; Prince, Sivanandan et al. 2007; Jensen, Jones et al. 2008; Prince 

and Ailles 2008).  Among the putative cancer stem cell genes found to be down-regulated 

in KB-S100A9, PIWIL1 (HIWI, MIWI, PIWI) was selected for protein expression 

validation.  PIWIL1, or piwi-like 1, is a member of the PIWI subfamily of the RNA-

induced silencing complex (RISC) catalytic proteins.  PIWIL1 contains conserved 

domains with both PAZ and Piwi motifs, which play important roles in stem cell self-

renewal, RNA silencing, and translational regulation in diverse organisms (Parker, Roe et 

al. 2004; Lee, Schutte et al. 2006; Liu, Sun et al. 2006; Wilczynska, Minshall et al. 2009).  

Up-regulation of the PIWIL1 gene is associated with the development and progression of 

many cancers, including head and neck squamous cell carcinoma (Grochola, Greither et 

al. 2008; He, Wang et al. 2009; Liu, Jiang et al. 2010).  We confirmed that calprotectin 

expression in KB cells down-regulated PIWIL1 at both mRNA and protein levels.  Our 

microarray and protein expression data strongly suggest that calprotectin negatively 

regulates malignant potential of carcinoma by down-regulating and inactivating 

molecular pathways associated with cancer stem cell phenotypes.   

Finally, to provide further evidence that calprotectin negatively regulates 

carcinogenesis in HNSCC we isolated putative HNSCC-specific marker genes by 
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microarray analysis that may serve as biomarkers for disease development.  The top ten 

genes ranked by their expression profiles and fold up-regulation in HNSSC, including 

MMP1, INHBA, PTGS2 and SULF1, were found to be undetectable in normal oral 

epithelium but were highly expressed in HNSCC.  Inhibin beta A (INHBA), 

prostaglandin-endoperoxide synthase 2 (PTGS2 or COX-2) and sulfatase 1 (SULF1) are 

known to be associated with cellular proliferation and carcinogenesis (Takeno, Takemasa 

et al. 2008; Junnila, Kokkola et al. 2010; Rosen and Lemjabbar-Alaoui 2010; Scheer, 

Drebber et al. 2010) and were chosen as candidate disease-specific or -enhancing genes 

for regulation by calprotectin. 

  Although little is known about how INHBA is involved in malignancy, its over-

expression is highly associated with adenosquamous endometrial carcinoma 

(Gingelmaier, Gutsche et al. 2007).  Inhibin normally acts as an inhibitor of follicle-

stimulating hormone (FSH) synthesis and secretion, and participates in the regulation of 

menstrual cycle.   Normally undetectable in most healthy tissues, COX-2 is an inducible 

enzyme that becomes abundant at sites of inflammation.  This gene is frequently over-

expressed in tumors and is highly associated with the progression and tumor-associated 

inflammation of esophageal squamous cell carcinoma (Zhi, Wang et al. 2006), lung 

carcinoma and many other types of cancer (Mascaux, Martin et al. 2005; Scheer, Drebber 

et al. 2010).  COX-2 catalyzes the biosynthesis of prostaglandins known to drive tumor 

growth.  COX-2 specific inhibitors have been shown to suppress COX-2 expression, 

resulting in  reduction of growth and proliferation (Zhi, Wang et al. 2006; Liu, Li et al. 

2008) and induction of apoptosis (Liu, Zhang et al. 2008).  In contrast, little information 
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is available about SULF1 in carcinogenesis.  In hepatocellular carcinoma, SULF1 is 

found to desulfate cell surface heparan sulfate glycosaminoglycans and down-regulate 

cell growth signaling in HCC cells in vitro (Lai, Yu et al. 2006), apparently inhibiting 

tumor growth and promoting apoptosis (Perdiguero, Pillaire et al. 2003; Lai, Yu et al. 

2006).  How up-regulation of SULF1 might contribute to HNSCC is unclear.           

 We indeed found that KB-S100A8/A9 cells, which produce calprotectin, 

significantly down-regulated the three candidate HNSCC genes.  The comparative qRT-

PCR results showed a complete reduction in expression of INHBA gene, nine-fold 

reduction of PTGS2 and three-fold reduction of SULF1 when calprotectin was produced 

in comparison to KB-EGFP cells.  Hence, over-expression of calprotectin in KB cells 

could serve to regulate a gene expression network and perhaps molecular pathways 

essential for tumorigenesis in HNSCC.  Consistent with this conclusion, endogenous 

calprotectin produced in TR146 HNSCC cells negatively regulated INHBA, PTGS2 and 

SULF1 genes.  Knockdown of S100A9 alone in TR146 (A9kd c18) caused the greatest 

up-regulation of all three genes.  The double S100A8/A9 knockdown TR146 clones A8/9 

c10 and c25 also showed loss of suppression of INHBA, PTGS2 and SULF1, but up-

regulation was less than in the A9kd c18 TR146 knockdown clone.  

             In summary, we showed that the high calprotectin expression level in KB-

S100A8/A9 and TR146 cells effectively down-regulated three HNSCC marker genes, 

INHBA, PTGS2 and SULF1, but the specific mechanism of regulation is still unclear.  

Knocking down calprotectin in TR146 cells significantly increased expression of the 

candidate genes, strongly supporting the regulatory role of calprotectin in anti-cancer 



 

121 

function. Whether calprotectin expression induces carcinoma cells to become senescent 

or benign is yet to be determined.  From our microarray data, it is highly unlikely that 

calprotectin induces carcinoma cells to undergo apoptosis under standard growth 

condition in vitro.  Down-regulation of INHBA, PTGS2, SULF1 and other tumor-

associated genes suggest that calprotectin acts on a malignant biological pathways to re-

establish a more benign phenotype of KB cells.  In the next Chapter we will describe how 

calprotectin affects malignant and metastatic potentials of carcinoma cells. 
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Chapter 5  

Calprotectin suppresses malignant and metastatic potential of 

carcinoma 
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5.1 Introduction 

 Previously we showed that calprotectin, a calcium-binding and regulating 

heterodimer of S100A8 and S100A9, functions as a potential inhibitor of tumor growth 

and inducer of cellular differentiation.  We and others have found that calprotectin 

(S100A8/A9) is constitutively expressed in oral squamous mucosa but is down-regulated 

in head and neck squamous cell carcinoma (HNSCC) (Heyden, Thrane et al. 1992; 

Roesch Ely, Nees et al. 2005).  Ectopic expression of calprotectin in a carcinoma cell 

induces cell cycle arrest at the G2/M checkpoint by deactivation of the Cdc2/Cyclin B1 

maturation-promoting complex through PP2A- and Chk1-induced inactivation of Cdc25C 

mitotic activator.  Deactivation of Cdc2/Cyclin B1 also causes reduced entry into mitosis, 

suppression of carcinoma growth in vitro and tumor formation in vivo (Chapter 3).  

Calprotectin-mediated G2/M cell cycle arrest and cellular differentiation may be linked.  

Hence, mediated by calprotectin, these processes appear to inhibit malignant 

transforming biological processes (Hanahan and Weinberg 2011) in carcinoma (Chapter 

4), including epithelial-mesenchymal transition (EMT) and resistance to apoptosis.   

Epithelial tissues play specialized roles in managing the flow of substances in and 

out of the body and in protecting underlying organs.  To form these tissues, growth and 

organization of epithelial cells must be tightly regulated to form interconnected cell 

layers that line the hollow organs and glands, oral cavity, gastrointestinal track, breast, 

lung, prostate, colon and skin.  Dysregulated epithelial growth and organization is 

generally believed to predispose to dysplasia and tumorigenesis (Fusenig, Limat et al. 

1994; Montesano, Soriano et al. 1999; Caja, Bertran et al. 2011).  A major factor that 
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controls epithelial growth and organization is cell surface adhesion molecules.  These 

adhesion molecules bind extracellular matrix (ECM) or the basement membrane, and act 

as a bridge for cell-to-cell interactions and growth regulation (Ouko, Ziegler et al. 2004; 

Bissell, Kenny et al. 2005).  Increased breakdown of the ECM by matrix 

metalloproteinase (MMP) and/or dysregulation of adhesion molecules can disrupt the 

cellular adherence and contact growth inhibition, which are known to be associated with 

EMT, increased proliferation and malignancy (Guarino, Rubino et al. 2007; Neth, Ries et 

al. 2007; Orlichenko and Radisky 2008; Shibata, Marushima et al. 2009; Iwai, Yonekawa 

et al. 2010).  

During EMT, cell-to-cell and cell-to-ECM interactions are altered, resulting in the 

loss of epithelial phenotypes and acquisition of mesenchymal properties (Sarrio, 

Rodriguez-Pinilla et al. 2008).  Mediated by reorganization of cellular cytoskeleton and 

cell surface adhesion molecules, EMT occurs naturally during embryogenesis and wound 

healing (Turley, Veiseh et al. 2008), allowing epithelial cells to release from the proximal 

tissues (Radisky 2005).  Cells can be induced to undergo EMT by various extracellular 

signals, including MMPs, Wnt signaling and growth factors (Neth, Ries et al. 2007; 

Shibata, Marushima et al. 2009; Iwai, Yonekawa et al. 2010).  During tumorigenesis, 

EMT can be commandeered to produce highly malignant and metastatic cells that are 

invasive, migratory and stem cell-like (Stallings-Mann and Radisky 2007; Sarrio, 

Rodriguez-Pinilla et al. 2008; Taube, Herschkowitz et al. 2010; Qiao, Johnson et al. 

2011).  The ability to suppress EMT in pre-malignant cells prevents metastasis of 
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carcinoma in situ and may enhance the outcomes for the treatment of solid malignant 

tumors (Bagnato and Rosano 2007; Saito, Watabe et al. 2009; Caja, Bertran et al. 2011). 

Control of cellular differentiation and growth and regulation of EMT by 

calprotectin may also control maligant phenotype in human epithelial carcinoma KB 

cells.  In these cells, when calprotectin is expressed, migration associated genes and 

certain EMT markers are down-regulated.   One of the EMT markers is cyclooxygenase 2 

(Cox-2) (Chandler, Barden et al. 2007), an enzyme involved in metabolizing arachidonic 

acid (AA) and biosynthesis of prostaglandin E2 (PGE2).  AA is a polyunsaturated fatty 

acid present in the phospholids of cell membranes.  Phospholipase A2 (PLA2) cleaves 

AA from the phospholipids, which is converted into prostaglandin H2 and in turn 

metabolized into PGE2 by prostaglandin E synthase.  The AA metabolism and the actions 

of its metabolites are collectively known as the arachidonic acid signaling cascade.   

PGE2 is known to stimulate cellular proliferation, migration and angiogenesis 

(Chell, Kaidi et al. 2006; Kamiyama, Pozzi et al. 2006) and may play a role in the 

induction of malignant transformation and metastasis of tumor cells.  In calprotectin-

expressing KB and TR146 HNSCC cells, Cox-2 mRNA expression is found to be  down-

regulated while knockdown of calprotectin in TR146 cells up-regulates Cox-2 (Chapter 

4).  These observations suggest that calprotectin negatively control PGE2 biosynthesis.  

In addition, the C-terminal region of the S100A9 subunit of calprotectin complex 

contains a HHH-domain, a putative binding site for AA that can bind and sequester 

cytosolic AA and mediate AA extracellular release (Sopalla, Leukert et al. 2002).  Thus, 
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calprotectin may also suppress EMT by regulating the arachidonic acid signaling cascade, 

inhibiting PGE2 biosynthesis and PGE2 receptor signaling. 

In this study, we wanted to learn whether calprotectin affects malignant and 

metastatic potential of carcinoma cells by regulating epithelial cell adhesion and motility 

essential for EMT processes. We also determined whether regulation by calprotectin 

requires the C-terminal AA-binding region of the S100A9 subunit and whether 

calprotectin regulates apoptosis and the cytotoxic response to an anti-cancer drug in KB 

cells.   
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5.3 Materials and Methods 

5.3.1 Cell Culture 

The calprotectin-negative KB carcinoma cell line was transfected to over-express 

calprotectin (KB-S100A8/A9) and compared to the KB empty vector control (KB-EGFP) 

as described in Chapter 3 and elsewhere (Nisapakultorn, Ross et al. 2001).  KB cells were 

also transfected to express both full-length S100A8 and S100A9 with a truncated C-

terminal tail (KB-S100A8/A9-Cterm) as described previously (Champaiboon, Sappington 

et al. 2009).  KB-EGFP, KB-S100A8/A9 and KB-S100A8/A9-Cterm cells were 

maintained in modified Eagle medium (MEM) supplemented with 10% fetal bovine 

serum (FBS) and 700 µg/ml of Geneticin (G418 sulfate) at 5% CO2 and 37ºC.  KB wild-

type cells (when used) were grown and maintained in identical medium but without 

Geneticin.   

5.3.2 Cellular morphology and in vitro anchorage-independent growth  

For microscopic examination, KB, KB-EGFP and KB-S100A8/A9 carcinoma 

cells were grown under identical conditions on gelatin coated glass cover slips and cross 

sectional bright field microscopic imaging was performed.  Polymerization of actin was 

visualized by staining the cells with phalloidin conjugated to Alexaflor 594, followed by 

fluorescence microscopic imaging.  Anchorage-independent growth was determined by 

enumerating cell colonies after growth in soft agar. 
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5.3.3 Cellular adhesion to extracellular matrix   

Cell adhesion assays were performed on extracellular matrix (ECM) protein 

coated wells using the CytoSelect
TM

 48-Well Cell Adhesion Assay Kit (Cat# CBA-070, 

Cell Biolabs, Inc., San Diego, CA).  KB-EGFP and KB-S100A8/A9 cells were grown in 

MEM + 10% FBS under standard condition as described in Chapter 3.  At approximately 

70% confluency (~ 48 h in culture), cells were synchronized by overnight serum 

starvation.  Serum starved cells were then harvested by trypsinization and resuspended in 

serum free media at 1 x 10
6
 cells/ml.  Wells pre-coated with fibronectin, collagen I, 

collagen IV, laminin I, fibrinogen, or BSA were seeded with 1.5 x 10
5
 of serum-starved 

cells per well, followed by 90 min incubation at 37ºC in 5% CO2.  BSA-coated wells 

served as a negative control.  The media from each well were then aspirated and each 

well was gently washed 4 times with 250 µl PBS.  After the last wash, the adhered cells 

were stained with 200 µl of Cell Staining Solution for 10 min at room temperature, 

washed 4 times with deionized water and air dried for 10 min.  Stained cells were 

enumerated by addition of 200 µl of Extraction Solution per well and incubated for 10 

min on an orbital shaker at room temperature.  150 µl of each extracted sample was 

transferred to a 96-well microtiter plate and optical density (OD) was measured at 570 

nm.   

5.3.4 Cell migration/invasion assay   

Migration and invasion of carcinoma cells were tested using a transwell system.  

Transwell chambers with tissue culture-treated polycarbonate microporous membranes (8 

µm pore size, 24.5 mm in diameter; Costar 3428, Fisher Thermal Scientific cat# 07-200-
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169) were used for this study.  Cells growing in log phase (~70% confluency; 48 h of 

growth) were synchronized by serum starvation overnight, followed by G1/S blockage 

with 2 µg/ml aphidicolin in MEM + 10% FBS overnight.  Synchronized cells were then 

harvested by trypsinization, washed three times with DPBS and resuspended in serum-

free MEM.  Cells in serum-free media were seeded in a transwell chamber at 1 x 10
6
 cells 

(in 2 ml volume) per chamber and allowed to settle for 30 min in the incubator in 5% 

CO2 at 37ºC.  MEM supplemented with 20% FBS was then added to the outer well (2 

ml/well of 6-well plate) to stimulate migration and incubated for 13 h.  After 13 h of 

incubation, the media in both the transwell chamber and outer well were aspirated and the 

chamber and outer well were washed once with DPBS (2 ml each).  After migrating to 

the bottom surface of the transwell membranes, adherent cells were harvested by 

trypsinization and total cells counted by haemocytometer.   

5.3.4 MMP zymography assay   

Matrix metalloproteinase (MMP) enzymatic activity in each cell line was assayed 

by the hydrolysis of gelatin, a common substrate for MMP, by a gelatin zymography 

technique (Giraudo, Inoue et al. 2004).  Cells were grown to approximately 80% 

confluency, synchronized at G1/S by overnight incubation with 2 µg/ml aphidicolin, 

harvested by trypsinization, lysed for 30 min on ice with 1X Lysis Buffer (25 mM Tris-

HCl, pH 7.2, 150 mM NaCl, 5 mM MgCl2, 1% NP-40 and 5% glycerol; plus 1:100 

Sigma P8340 Protease Inhibitor Cocktail, 2 mM NaF, 1 mM Na3VO4) without EDTA or 

EGTA, and clarified by centrifugation at 10,000 x g for 10 min.  Approximately 50 µg of 

total lysate protein in 1X Tris-Glycine SDS sample buffer was loaded onto 10% Tris-
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Glycine SDS-PAGE zymogram gel containing 0.1% gelatin as the substrate.  Gel 

electrophoresis was performed in Tris-Glycine SDS running buffer at 125 V (constant 

voltage) for 90 min.   

Following electrophoresis, the zymogram gels were renatured and equilibrated in 

1X Zymogram Renaturing Buffer (Invitrogen, Cat# LC2670) and in 1X Zymogram 

Developing Buffer (Invitrogen, Cat# LC2671), respectively, for 30 min at room 

temperature with gentle agitation.  Fresh 1X Zymogram Developing Buffer was then 

added to the gels and allowed to develop at 37ºC overnight with constant agitation.  

Developed zymogram gels were then stained in standard Coomassie Blue protein stain 

and analyzed for gelatinase activity. 

5.3.5 Apoptosis and response to cytotoxic effect of cisplatin 

 The Annexin V-PE Apoptosis Detection Kit (BioVision, Cat# K128-25) was used 

to detect apoptotic cells.  Approximately 1 x 10
5
 freshly harvested cells (by trypsinization 

at approx. 70% confluency) were resuspended in 500 µl of 1X Binding Buffer and 

incubated with 5 µl of Annexin V-PE at room temperature for 5 min in the dark.  

Annexin V-PE binding was analyzed by fluorescence flow cytometry (Ex = 488 nm; Em 

= 578 nm) using the phycoerythrin (PE) emission signal detection channel FL2.  Cells 

were treated with either media control or 50 µM of cisplatin (Sigma, Cat# P4394; 

dissolved in dimethylformamide; DMF) for 4 h to induce apoptosis.  Cells were also 

treated with different concentrations (0, 1, 10, 50, and 100 µM) of cisplatin for 24 h in 

normal growth condition to study the effect of calprotectin on cell sensitivity to 

cytotoxicity.   
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5.3.6 Cell viability analysis 

 Cell viability in response to cisplatin was analyzed using the XTT Cell Viability 

Assay Kit (Biotium, Inc., Cat# 30007).  XTT is a tetrazolium derivative that measures 

cell viability based on the activity of mitochondria enzymes in live cells to reduce XTT to 

a highly water-soluble orange colored product.  In a 96-well plate, XTT solution (25 µl 

per well) was added to wells containing cell monolayers in 100 µl of growth media and 

incubated for 2 h.   The plate was then shaken to gently distribute the dye in the wells.  

Absorbance was measured at 490 nm.    
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5.4 Results 

5.4.1 Calprotectin affects KB cell morphology and actin polymerization 

 When compared to KB-EGFP vector-transfected and KB wild-type controls, KB 

carcinoma cells transfected to express calprotectin (KB-S100A8/A9) appeared flatter and 

more adherent (less motile) when cultured on gelatin-coated glass cover slips (Figure 

5.1A).  Calprotectin-expressing cells also showed extended and organized F-actin 

microfilaments (Figure 5.1B).  Consistent with our microarray gene expression data 

(Chapter 4), F-actin expression appeared to be lower at the protein (Figure 5.1B) and 

mRNA levels (Figure 5.2).   

5.4.2 Carcinoma adhesion to ECM increased by calprotectin 

To determine whether changes in morphology and cytoskeletal structure reflect 

changes in cellular adhesion, we tested the ability of carcinoma cells to adhere to tissue 

culture wells coated with different extracellular matrix proteins.  In the presence of 

calprotectin, KB-S100A8/A9 cells showed increased adhesion to ECM proteins; adhesion 

was increased most significantly to collagen types I and IV (Figure 5.3).  Deletion of the 

C-terminal tail of S100A9 containing the arachidonic acid binding region abrogated the 

increased calprotectin-dependent adhesion to collagen types I and IV. 
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Figure 5.1.  Calprotectin affects KB cell morphology and actin polymerization. 

Images represent results from multiple experimental repeats.  (A) Bright-field images 

of cross sections of KB, KB-EGFP and KB-S100A8/A9 cell monolayers, showing a 

more flat and tightly adherent phenotype in calprotectin-expressing KB-S100A8/A9 

cells.  (B) F-actin fluorescent microscopy displaying cells stained with Alexaflor 594-

conjugated phalloidin.  Extended and organized (long) actin filaments were more 

prominent in KB-S100A8/A9 (black arrow) than in KB and KB-EGFP cells (white 

arrow). 
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Figure 5.2.  Calprotectin down-regulates F-actin expression. 

The expression of filamentous actin gamma 1 (ACTG1) mRNA, a member of F-actin 

cytoskeletal proteins, was compared in KB wild-type, KB-EGFP and KB-S100A8/A9 

carcinoma cells.  Data shown as Mean ± SD (*p < 0.05, n = 2) normalized to GAPDH. 
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Figure 5.3.  Calprotectin regulates cellular adhesion to ECM proteins. 

KB-EGFP, KB-S100A8/A9 (wild-type calprotectin) and KB-S100A8/A9-Cterm (C-

terminal tail deletion mutation of S100A9 subunit) were tested for their adhesion to 

different ECM proteins coated on a tissue culture well.  BSA coated well was used as a 

negative control.  Data presented as Mean ± SD; *p < 0.05 (n = 2). 
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5.4.3 MMP gelatinase activity 

 KB, KB-EGFP, KB-S100A8/A9 and KB-S100A8/A9-Cterm cells were 

synchronized by 2 µg/ml aphidicolin blockage, harvested at 3, 9 and 12 h post-synchrony, 

and analyzed for gelatinase activity.  Gelatin digested bands (clear bands) were found 

between 150 and 100 kDa, ~72 kDa and ~42 kDa, representing potential MMP gelatinase 

activities (Figure 5.4).  Increased gelatinase activities were observed in KB-S100A8/A9 

expressing wild-type calprotectin.  Overall gelatin digestion at ~72 kDa was higher in all 

cell lines at 12 h than the earlier time points post-synchrony. 

5.4.4 Calprotectin suppresses carcinoma cell migration and invasion 

independently of S100A9 C-terminal tail 

 Calprotectin was previously found to induce differentiation gene networks in 

carcinoma (Chapter 4) and appeared to increase cellular adhesion to extracellular matrix.  

To test whether calprotectin also suppresses epithelial-mesenchymal transition, we 

performed a tumor migration and invasion in vitro assay using a tissue culture-treated 

microporous polycarbonate transwell system.  Two KB cell clones expressing wild-type 

S100A8/A9 (KB-S100A8/A9 Cl1 and Cl2) each suppressed KB cell migration and 

invasion (Figure 5.5).  We also determined whether EMT regulation requires the C-

terminal tail of the S100A9 subunit of calprotectin, which potentially binds arachidonic 

acid and down-regulates prostaglandin E2 pathway essential for tumor invasion.  When 

calprotectin was expressed with truncated S100A9 at the C-terminal tail (KB-

S100A8/A9-Cterm), KB cell migration/invasion was also inhibited. 
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Figure 5.4.  Calprotectin-dependent gelatinase activities. 

Gelatinase activities were found between 150 and 100 kDa, ~72 kDa and ~42 kDa 

(arrows).  Cells were synchronized by 2 µg/ml aphidicolin blockage and harvested at 3, 

9 and 12 h post-synchrony, and assayed for gelatinase activity.  KB: KB wild-type.  E: 

KB-EGFP.  -Ct: KB-S100A8/A9-Cterm.  8/9: KB-S100A8/A9.  Gelatin zymogram gel 

presented is a representative of multiple repeats. 
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Figure 5.5.  Effect of calprotectin on carcinoma cell migration and invasion in 

vitro. 

Carcinoma cell migration and invasion was performed in transwell chambers.   KB 

cells expressing wild-type calprotectin (KB-S100A8/A9) were compared with cells 

expressing calprotectin with C-terminal tail truncated S100A9 (KB-S100A8/A9-Cterm) 

and KB-EGFP control cells.  Cl1: Clone 1, used in previous studies described in 

Chapters 3 and 4.  Cl2: Clone 2, new wild-type calprotectin control.  Data presented as 

Mean ± SE (*p < 0.05, n = 2; **p < 0.005, n = 6). 
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Sappington et al. 2009) in KB cells.  When tested for their ability to grow and form 

colonies on soft agar, KB-S100A8/A9 cells showed significant reduction in colony 

formation consistent with our previous report using a different clone (Chapter 3).  

Truncation of the S100A9 C-terminal end (14 amino acids in length) reversed the 

suppressive effect on anchorage-independent growth in KB cells (Figure 5.6). 

 

 

Figure 5.6.  Anchorage-independent growth and survival by soft agar colony 

formation assay. 

KB cells expressing wild-type calprotectin (KB-S100A8/A9) or calprotectin with 

truncated S00A9 C-terminal tail (KB-S100A8/A9-Cterm) were compared to KB-EGFP 

and KB wild-type control cells.  Data presented as Mean ± SD (*p < 0.05, n = 3). 
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5.4.6 Calprotectin down-regulates resistance of carcinoma cells to apoptosis 

and increases cytotoxicity of cisplatin 

 To learn whether suppression of malignant and metastatic potential of KB cells 

could provide therapeutic benefits, we examined the apoptotic response in the presence 

and absence of calprotectin.  We found that expression of XIAP (X-linked inhibitor of 

apoptosis) mRNA, a canonical inhibitor of caspases 3 and 9 in the apoptosis signaling 

pathway, was significantly down-regulated by calprotectin in KB-S100A8/A9 cells 

(Figure 5.7).  Expression of calprotectin also induced apoptosis in KB cells as determined 

by surface expression of Annexin V, a standard early phase apoptotic marker (Bossy-

Wetzel and Green 2000; Gerber, Bohne et al. 2000; Span, Pennings et al. 2002), using 

fluorescence flow cytometry.  When compared to KB-EGFP cells, KB-S100A8/A9 cells 

were twice as frequently apoptotic (Annexin V-positive) cells and approximately 1.7-fold 

more frequently non-viable (Figure 5.8, Media Control).  To induce apoptosis, we treated 

KB cells with 50 µM cisplatin for 4 h in normal growth conditions.  In KB-S100A8/A9 

cells, cisplatin slightly increased surface detection of Annexin V; and KB-EGFP cells 

were unaffected (Figure 5.8, 50 µM Cisplatin).  In response to cisplatin treatment, KB-

S100A8/A9 showed twice as many dead/apoptotic cells than KB-EGFP.  In general, 

cisplatin appeared to be more cytotoxic on KB-S100A8/A9 than KB-EGFP and wild-type 

cells (Figure 5.9). 
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Figure 5.7.  The expression of XIAP (X-linked inhibitor of apoptosis) mRNA in 

KB wild-type, KB-EGFP and KB-S100A8/A9 carcinoma cells. 

Data shown as Mean ± SD (*p < 0.05, n = 2) normalized to GAPDH. 
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Figure 5.8.  Sensitivity of KB cells to cisplatin. 

KB cells were analyzed for apoptosis using flow cytometry analysis of Annexin V-PE 

(PE-conjugated).  KB-EGFP and KB-S100A8/A9 cells were grown in normal growth 

conditions to 70% confluency.  To induce apoptosis, cells were treated with 50 uM 

cisplatin for 4 h and compared to media treatment control.  Y-axis: Side scatter (SSC) 

signal.  X-axis: Annexin V-PE signal.  Upper left quadrant: Viable, non-apoptotic cells.  

Upper right quadrant: Early apoptotic (Annexin V-positive) cells (viable).  Lower left 

quadrant: Dead/non-viable cells.  Lower right quadrant: Apoptotic, Annexin V-positive 

cells. 
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Figure 5.9.  Cytotoxicity of cisplatin in KB cells. 

KB-WT (wild-type), KB-EGFP (transfection control) and two clones (Cl1 and Cl2) of 

calprotectin-expressing KB-S100A8/A9 cells were treated with 0, 1, 10, 50 and 100 µM 

of cisplatin (dissolved in dimethylformamide; DMF) for 24 h under normal growth 

conditions.  0 µM means DMF vehicle control treatment.  Cytotoxicity of cisplatin was 

recorded as percent viable cells measured by XTT Reduction Assay.  Reduction in 

percent viable cells was compared between two groups: Control and calprotectin-

expressing cells.  Data shown as Mean ± SD (n = 2; *p < 0.005, **p < 0.00005). 
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5.5 Discussion 

The malignant and metastatic potential of a carcinoma cell reflect the ability to 

de-differentiate into stem cell-like cells, migrate and invade surrounding tissues, 

metastasize to distant sites and resist apoptosis (Birchmeier, Birchmeier et al. 1996; 

Glinsky 2005).  In this study, we found that expression of calprotectin increased cellular 

adhesion to ECM and repressed migration and invasion of KB carcinoma cells in 

transwell assay.  Compared to calprotectin-negative KB wild-type and KB-EGFP control 

cells, KB-S100A8/A9 cells transfected to express calprotectin showed a more 

differentiated morphology, with elongated and organized F-actin microfilaments, 

resembling non-motile (adherent), benign epithelial cells.  KB and KB-EGFP cells 

showed higher levels of filamentous gamma 1 actin (ACTG1) expression and F-actin 

staining distributed in multiple clusters, suggesting increased assembly of focal adhesions 

and filopodia for migration and invasion (Sood, Coffin et al. 2004; Basson, Sanders et al. 

2006; Parri, Buricchi et al. 2007; Zhang, Chen et al. 2011).  Calprotectin also increased 

cellular adhesion to ECM proteins, primarily collagen types I and IV, and inhibited 

migration and invasion through microporous transmembranes.  These results suggest that 

calprotectin inhibits the EMT phenotype of KB carcinoma cells.   

When compared to KB or KB-EGFP cells, calprotectin-expressing cells showed 

increased MMP gelatinase activities, which appeared to be associated with cell cycle 

progression.  The gelatin digest band at approximately 72 kDa appeared to correspond to 

the pro-MMP-2 (Das, Chakraborti et al. 2002; Mandal, Das et al. 2003), suggesting an 

increase in MMP-2 production in the presence of calprotectin.  The putative pro-MMP-2 
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band appeared to increase at 12 h post-synchrony in all cells in late G2/M phase.  MMP-2 

activity was likely required during cell growth and division.  Synchronized and 

unsynchronized KB-S100A8/A9 cells showed a constant increase in 72 kDa gelatinase 

activity (data not shown).  The 72 kDa gelatinase activity could also be a response to 

increased adhesion to collagens I and IV, since MMP-2 is a known collagenase (Araya, 

Maruyama et al. 2001; Wilson, Sellers et al. 2002; Ke, Lin et al. 2006; Cai, Yang et al. 

2007).  Interestingly, gelatinase activity at 72 kDa was the only prominent MMP activity 

produced by KB-S100A8/A9 cells.  Activation of MMP-2 requires a cleavage of the 

proform (72 kDa) to an active form (62 kDa) and can be visualized on gelatin zymograms 

at the corresponding sizes (Ke, Lin et al. 2006).  Although there was an increase in 

MMP-2 production, the cleaved active form was not present in or on the surface of KB 

cells according to our gelatin zymography. 

When compared to KB-S100A8/A9 cells expressing wild-type calprotectin, 

MMP-2 gelatinase activity and ECM protein adhesion were reduced and anchorage-

independent growth in soft agar was increased when the calprotectin heterodimer was 

formed between S100A8 and S100A9 with a truncated C-terminal tail.  The S100A9 C-

terminal tail contains an AA-binding domain.  In KB-S100A8/A9-Cterm cells, however, 

cellular migration and invasion were still repressed.  The C-terminal tail containing an 

AA-binding region, therefore, appeared to be essential in suppressing malignant growth 

and cell survival without ECM achorage, but was not required to inhibit cellular 

movement.  A role for AA binding is consistent with the literature, since PGE2 is also 
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necessary for carcinoma growth and survival in addition to migration and angiogenesis 

(Thomas, Bhola et al. 2006; Yu, Wu et al. 2008; Kuo, Wang et al. 2009). 

Calprotectin also down-regulated mRNA expression of apoptosis inhibiting XIAP 

and increased cytotoxic sensitivity of KB cells to the anti-cancer agent, cisplatin.  Highly 

up-regulated in HNSCC (Nagi, Xiao et al. 2007; Burstein, Idrees et al. 2008; Wu, 

Kafanas et al. 2008), XIAP plays a role in the canonical anti-apoptosis pathway by 

inhibiting caspases 3 and 9.  Apoptosis in carcinomas is also inhibited by Cox-2 and 

PGE2 (Du, Zhang et al. 2008; Li, Zhang et al. 2009; Oh, Kim et al. 2010).  Therefore, 

combined down-regulation of XIAP and Cox-2 (Chapter 4) expression by calprotectin 

likely reactivates apoptosis induction in KB cells.  Since the increase in apoptotic cells 

and cytotoxic response to cisplatin were proportional (approximately 2-fold) in the 

presence of calprotectin, the reduction in cell viability following treatment with cisplatin 

is best explained by removal of apoptosis inhibition.  Calprotectin appears to increase KB 

cell sensitivity to cisplatin.   

In summary, calprotectin is confirmed to suppress EMT and tumor invasion by 

increasing cellular adhesion to the extracellular matrix proteins and restoring epithelial 

phenotype.  Consequently, the maligant and metastatic potential of carcinoma cells is 

likely to be attenuated as modeled in vivo when calprotectin-producing KB cells showed 

suppressed tumorigenesis in nude mice as compared to wild-type and EGFP-expressing 

control KB cells (Chapter 3).  By eliminating blockages in normal apoptosis signaling, 

calprotectin essentially induces carcinoma cells to undergo apoptosis and become more 

sensitive to therapy.  Conversely, from our findings, down-regulation of calprotectin may 
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be a key mechanism responsible for an increase in proliferation and malignancy in head 

and neck squamous cell carcinoma. 
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Chapter 6  

Conclusion and Further Discussion 

Malignant transformation is a progressive multistep process of acquiring 

biological capabilities allowing a cancer cell to sustain proliferative signaling, evade 

growth or tumor suppressors, resist apoptosis (survival), obtain replicative immortality 

(self-renewal), induce angiogenesis, and activate invasion and metastasis or epithelial-

mesenchymal transition (EMT) (Hanahan and Weinberg 2000).  These six biological 

capabilities are the hallmarks of cancer.  Recently, two emerging hallmarks have also 

been recognized that further describe the cancer cell’s ability to (1) reprogram energy 

metabolism and (2) evade immune destruction (Hanahan and Weinberg 2011), which are 

essential for persistence and progression of a malignant cell.  Head and neck squamous 

cell carcinoma (HNSCC) possesses these hallmarks of cancer, making these tumors 

potentially aggressive and resistant to therapy (Rogers, Harrington et al. 2005; Shimizu, 

Seki et al. 2007; Babu, Prathibha et al. 2011).    

 In HNSCC, we found that cell cycle inducing and apoptosis inhibiting genes were 

highly up-regulated, contributing to the sustainability of proliferative signaling and 

survival.  Cellular differentiation-associated genes were significantly down-regulated in 

HNSCC, which could contribute to loss of growth control and tumor suppressor 

functions.  Consequently, stem cell-like capabilities would be expected to increase 

including immortalization and epithelial-mesenchymal/mesenchymal-epithelial 

transitions (or inducible de-differentiation/re-differentiation capability) (Graziano, 

d'Aquino et al. 2008; Zhang, Zhang et al. 2009; Skvortsova, Skvortsov et al. 2010).   In a 



 

149 

dynamic tumor microenvironment, a small subset of tumor cells with established cancer 

hallmarks can respond to stimuli such as stress (including nutrient depletion and anti-

cancer therapies) and transforming growth factors (e.g. TGF-β) and behave like stem or 

mesenchymal cells, which favor resistance to therapy and metastasis (Dalerba, Cho et al. 

2007; Tan, Alexe et al. 2008; Shi and Stack 2010).    

Among the differentiation-enhancing genes down-regulated in HNSCC, S100A9 

is a calprotectin subunit essential for the formation of the functional heterodimeric 

complex with S100A8.  Well studied as a calcium regulating and innate immune response 

molecule (Hsu, Champaiboon et al. 2009), calprotectin (S100A8/A9) was found to 

enhance differentiation and induce mitotic arrest of KB carcinoma cells in vitro.  Growth 

suppression by calprotectin in KB cells was observed in both in vitro and in vivo 

conditions and appeared to involve phosphorylation-dependent deactivation of mitotic 

activators Cdc25C and Cdc2 and reactivation of the G2/M cell cycle checkpoint.  

Microarray gene regulation analysis suggested that up-regulation of cell-to-cell contact 

growth inhibition and suppression of anti-apoptosis signals may be another key function 

of calprotectin in the attenuation of carcinoma growth and survival.   

More specifically, normal epithelial cells show contact-dependent growth 

inhibition (Kandikonda, Oda et al. 1996; Takahashi and Suzuki 1996; Baba, Hirai et al. 

2001; Yamashiro, Sasaki et al. 2011).   Two of the contact growth inhibition genes 

significantly up-regulated in KB-S100A8/A9 calprotectin-expressing cells were cadherin 

2 (N-cadherin or CDH2) and cadherin-associated protein CTNNB1 (catenin, beta 1) 

(Chapter 4, Table 4.4).  Cadherin/catenin complex is a canonical cell-cell contact and 
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adhesion mechanism that inhibits growth and motility of differentiated epithelial cells 

(Nam, Ino et al. 2002; Grazia Lampugnani, Zanetti et al. 2003; Modarresi, Lafond et al. 

2005), including cell cycle arrest (Gavard, Marthiens et al. 2004; Motti, Califano et al. 

2005).   

Among the anti-apoptosis and cell survival factors found to be down-regulated by 

calprotectin was XIAP (or CIAP), an X-linked inhibitor of apoptosis, which inhibits 

caspases 3 and 9 in the canonical apoptosis signaling pathway.  Down-regulation of 

XIAP likely allows carcinoma cells under stress or anoikis (during detachment from 

ECM) to undergo apoptosis  (Liu, Li et al. 2005; von Wnuck Lipinski, Keul et al. 2006), 

and increase sensitivity to cytotoxic agents (e.g. cisplatin treatment) (Asselin, Mills et al. 

2001; Denault, Eckelman et al. 2007; Kang, Choi et al. 2008; Tomicic, Christmann et al. 

2010).  We indeed saw an increase in apoptosis of KB-S100A8/A9 cells when cells were 

placed in suspension (during harvest and cellular analysis) or treated with an anti-cancer 

agent, cisplatin.  

Calprotectin was also found to up-regulate tumor suppressor function and down-

regulate self-renewal, cellular maintenance and cell migration/invasion signaling 

networks as shown by microarray and pathway analysis.  We also confirmed that 

expression of calprotectin inhibited epithelial-mesenchymal transition or EMT in 

carcinoma cells and reduced migration and invasion in a transwell system.  Interestingly, 

deletion of the C-terminal tail of the S100A9 calprotectin subunit did not alter 

calprotectin complex formation (Champaiboon, Sappington et al. 2009) or inhibition of 

carcinoma cell migration.   
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Truncation of the C-terminal tail of S100A9 in the calprotectin complex, 

however, attenuated cellular adhesion to extracellular matrix proteins and suppression of 

anchorage-independent growth in soft agar, marking a more malignant phenotype of the 

cells.  The S100A9 C-terminal tail (14 aa) contains an arachidonic acid-binding domain 

suggested to regulate cyclooxygenase (Cox)-dependent biosynthesis of prostaglandin E, 

which is essential for carcinoma growth and prevention of anoikis (Choi, Kwak et al. 

2005; Joseph, Yazer et al. 2005), programmed cell death resulting in cellular detachment 

from ECM.  The C-terminal tail also contains the phosphorylatable threonine residue 113, 

which may be essential for cellular localization of calprotectin (Champaiboon, 

Sappington et al. 2009).  Further studies are required, however, to define how the C-

terminal tail of S100A9 regulates carcinoma growth and survival without anchorage.  

Site-directed mutagenesis or antibody blockage of the HHH-domain of the S100A9 C-

terminal region may provide clues about the molecular role in the function of 

calprotectin.  

In the presence of calprotectin, KB cells appeared morphologically more 

differentiated with organized and long F-actin microfilament structures, supporting our 

data showing increased adhesion to the extracellular matrix proteins, types I and IV 

collagens, and up-regulation of cell-cell contact enhancing genes.  Consistent with these 

findings, the extracellular collagen-producing gene COL3A1 (Chapter 4) was up-

regulated in KB-S100A8/A9 cells.  Without calprotectin expression, KB cells appeared 

more rounded and less adherent with increased F-actin expression, reorganization and 

assemblies resembling a restructuring of focal contacts and adhesion essential for tumor 
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migration and invasion as part of EMT.  However, focal adhesion-specific staining would 

be a critical future study to confirm this inference.  Whereas calprotectin expression was 

shown to increase MMP activities as estimated by gelatin zymography, specific MMP 

activities must also be characterized in KB cells.  Gelatinase activity resolved as a band 

of the same size as pro-MMP-2 (72 kDa) collagenase, but no cleaved, active MMP-2 

band (62 kDa) was apparent.  If pro-MMP-2 is induced, calprotectin expression may 

signal for enhanced extracellular collagen production and adhesion in carcinoma cells.  

Although anti-proliferative during tumorigenesis, TGF-β also functions to induce EMT in 

carcinomas (Valdes, Alvarez et al. 2002; Caja, Bertran et al. 2011; Geismann, Arlt et al. 

2011) and appears to function in concert with collagen type I (Shintani, Maeda et al. 

2008).  In the presence of calprotectin, TGF-β1 expression in KB cells was significantly 

down-regulated.  Down-regulation of TGF-β1 may contribute to inhibition of MMP-2 

cleavage and EMT, while collagen production was augmented (at least at the gene 

expression level).  These pathways need to be explored to more fully understand how 

calprotectin functions as a tumor suppressor in HNSCC.   

We identified putative marker genes specifically associated with calprotectin in 

HNSCC.  In KB and TR146 HNSCC cells, expression of calprotectin down-regulated the 

HNSCC marker genes, INHBA, PTGS2 and SULF1.  These data suggest that calprotectin 

functions as a negative regulator during tumorigenesis of HNSCC.  Calprotectin may also 

inhibit aggression and invasiveness of the disease as marked by down-regulation of 

INHBA (Ye, Yu et al. 2008; Kim, Watkinson et al. 2010; Wang, Wen et al. 2010).  
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As a broad spectrum antimicrobial molecule and positive regulator of innate 

immunity (Nisapakultorn, Ross et al. 2001; Ross and Herzberg 2001), calprotectin likely 

plays a role in immune evasion of carcinomas, an emerging hallmark of cancer.  

Although further study is required to clarify the effect of calprotectin on immune 

response and evasion by a carcinoma cell, our current data and this thesis strongly 

suggests that calprotectin functions as a negative regulator of the major biological 

hallmarks of cancer: inhibition of proliferative signaling; up-regulation of tumor 

suppressor function; down-regulation of anti-apoptosis and survival gene network; 

induction of differentiation to prevent potential replicative immortality (self-renewal); 

and deactivation of migration and invasion or EMT essential for tumor metastasis.  To 

support this conjecture, future studies in HNSCC cell lines will be critical to address the 

specific functions of calprotectin in disease development.  Additionally, understanding 

how S100A9 calprotectin gene expression is down-regulated in HNSCC will enable us to 

determine whether the loss of function drives tumorigenesis.  Clearly, a selective 

epigenetic mechanism such as promoter methylation must be considered.  If so, a targeted 

induction of S100A9 expression to re-establish calprotectin functions in HNSCC may 

serve as a potential therapeutic strategy in combination with other cytotoxic anti-cancer 

drugs. 
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