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IKKα is a 85KD serine/threonine protein kinase and a subunit of the IKK 

complex, which contains IKKα, IKKβ, and IKKγ. IKKα and IKKβ are highly conserved 

and they contain three functional domains of kinase domain, leucine zipper (LZ), and 

helix-loop-helix (HLH). Although IKKα and IKKβ can phosphorylate IκB proteins in 

vitro, IKKα and IKKβ have distinct physiological functions during mouse development. 

Genetic studies showed that IKKα is essential for embryonic skin development in mice. 

Mice deficient in IKKα display a hyperplastic epidermis that lacks terminal 

differentiation, resulting a death soon after birth because of the severely impaired skin. 

Recently, we reported a reduction in IKKα expression and identified somatic Ikkα 

mutations in a high proportion of poorly differentiated human squamous cell carcinomas 
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(SCCs) (Liu et al., 2006). The aim of this study is to investigate the novel role of IKKα in 

skin carcinogenesis. 

We firstly examined IKKα expression and Ikkα mutations in human SCCs and 

found a reduction of IKKα in poorly differentiated human SCCs and identified somatic 

Ikkα mutations in exon 15 of Ikkα in human SCCs.  

We then examined the susceptibility of Ikkα hemizygotes to chemical carcinogen-

induced skin carcinogenesis.  In this chemical carcinogen-induced skin carcinogenesis 

setting, 7,12-dimethylbenz[a]anthracene (DMBA) induces Ras mutations and 12-O-

tetradecanoyl-phorbol-13-acetate (TPA) promotes Ras-initiated cell proliferation. We 

found two times more papillomas and eleven times more carcinomas in Ikkα+/- mice than 

in Ikkα+/+ mice induced by DMBA/TPA. Ikkα+/- mice developed larger and earlier 

tumors than did Ikkα+/+ mice. Poorly differentiated carcinomas expressed low levels of 

IKKα. Ninety five percent of the Ikkα+/- carcinomas and 44% of the Ikkα+/- papillomas 

lost the remaining wild type Ikkα allele. This result indicates that the remaining one wild 

type Ikkα allele is important for preventing malignant carcinoma conversion. Also Ikkα 

mutations were detected in these skin tumors. Reduced IKKα was found to enhance 

TPA-induced mitogenic and angiogenic activities in mouse skin. Taken together, these 

results suggest that reduction of IKKα expression provides a selective growth advantage, 

which cooperates with DMBA-initiated Ras activity to promote skin carcinogenesis.  

In addition, we observed a small group of FVB female Ikkα+/- mice for 1.5 years 

and found that 12/ 24 mice developed various spontaneous tumors including mammary 

gland carcinomas, uterine and ovary tumors, and dermal fibrosacomas. Somatic Ikkα 



 ix 

mutations, elevated IKK/ NF-κB and extracellular signal-regulated kinases (ERK) 

activities and elevated cyclin D1 levels were detected in these spontaneous tumors. These 

results suggest that these molecular alterations may contribute to the development of 

these tumors although the precise role of the down-regulation of IKKα in the 

development of the tumors remains to be determined.  

Overall, our data and other published results suggest that IKKα is a new tumor 

suppressor in men and mice.   
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CHAPTER I. 

 

INTRODUCTION AND LITERATURE REVIEW 

 

1.1. NF-κB and IκB kinase (IKK) 

NF-κB is a group of structure-related transcription factors. The NF-κB family is 

composed of NF-κB1 (p50), NF-κB2 (p52), RelA (p65), RelB, and c-Rel (Rel), which 

can form homo- and heterodimers. The NF-κB inhibitors include IκBα, IκBβ, p50 

precursor p105, and p52 precursor p100. IκBα is a major NF-κB inhibitor that retains 

NF-κB in the cytoplam. The NF-κB target genes are involved in a variety of the 

biological processes, including the immune and inflammatory responses, cellular growth, 

and apoptosis (Greten et al., 2004; Pikarsky et al., 2004). Stimulation with cytokines, 

such as tumor necrosis factor α (TNFα) and interleukin-1 (IL-1) cell, activates the IκB 

kinase (IKK) complex. The IKK complex then phosphorylates IκB proteins (Karin and 

Ben-Neriah, 2000a). This phosphorylation event triggers degradation of IκB proteins 

through ubiquitination proteosome pathway, thus releasing NF-κB. Free NF-κB 

translocates to nuclei and regulates transcription of genes (Figure 1-1) (Karin and Ben-

Neriah, 2000a). 

 

1.1.1. IKK 

IKK regulates two distinct NF- κB pathways: the classical and the alternative 
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pathways (see Figure 1-1) (Bonizzi and Karin, 2004; Karin and Greten, 2005). The 

classical pathway is initiated by pro-inflammatory cytokines such as TNFα and IL-1. The 

activated IKK complex phosphorylates NF-κB-bound IκBs, and induces proteasomal 

degradation, which free NF-κB dimmers, which then enter the nucleus and convey 

transcription of target genes (Hayden and Ghosh, 2004). In the alternative pathway, 

activated IKKα-homodimers, independently of IKKβ or IKKγ, induce phosphorylation of 

p100 and process p100 to p52 (Senftleben et al., 2001). P52 can facility RelB entering to 

nuclei. Although both pathways can affect tumor development, most of the current 

studies suggest that the classical pathway is involved in the development of many 

inflammatory related tumors (Greten et al., 2004; Pikarsky et al., 2004). In addition, 

functions of the classical NF-κB activation are well understood in acute inflammation 

responses and cell-survival mechanisms. The role of the alternative pathway remains to 

be discovered. 

 

1.2. IKKα  activities 

1.2.1. The role of IKKα in embryonic skin development in mice 

IKKα and IKKβ are two highly conserved protein kinases and they contain three 

functional domains of kinase domain, leucine zipper (LZ), and helix-loop-helix (HLH) 

(Figure 1-2). Although IKKα and IKKβ can phosphorylate IκB proteins in vitro 

(DiDonato et al., 1997; Zandi et al., 1997), gene disruption studies have shown that IKKα 

and IKKβ have distinct physiological functions during mouse development (Li et al., 
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2005). Ikkβ-/- mice die at E13.5 day due to liver cell apoptosis. This phenotype of Ikkβ-/- 

mice is similar to that of p65-/- mice. Both Ikkβ-/- and p65-/- mice can be rescued by 

crossing with Tnfr1-/- mice. The result suggests that IKKβ is an upstream activator of 

p65.  

However, mice deficient in IKKα develop severely impaired skin and these mice 

die soon after birth (Hu et al., 2001). The epidermis of Ikkα-/- mice lacks terminal 

differentiation and displays striking hyperplasia. The skin phenotype has not been seen in 

any knockouts of other IKK and NF-κB family members. Reintroduction of IKKα 

rescued the skin phenotype independently of its kinase activity in vivo (Sil et al., 2004). 

In addition, reintroduction of IKKα, but not IKKβ, p65, and IκBα, induced terminal 

differentiation in Ikkα-/- primary cultured keratinocytes. Also, medium obtained from 

culturing wild-type keratinocytes was able to induce terminal differentiation in Ikkα-/- 

cultured keratinocytes. This activity is protein in nautre (Sil et al., 2004). 

 

1.2.2. Activity of IKKα in gene regulation 

Increasing evidence shows that IKKα regulates expression of genes at their 

transcription level (Anest et al., 2003; Yamamoto et al., 2003). Anest et al. (Anest et al., 

2003) reported that stimulation with cytokines, such as TNFα and IL-I, induced IKKα 

translocation from cytoplasm to nuclei in fibroblastic cells. The nuclear IKKα bound to 

the promoters of IL-8 and IκBα genes. The transcriptional activity of IKKα is dependent 

of NF-κB through phosphorylating serine 10 (Ser10) of histone-H3 in the nucleosomes. 
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IKKα also was found to directly bind to Bcl family member A1(Bfl-1), IL-12 (p40), 

iNOS of genes in macrophages (Lawrence et al., 2005). Park et al. (Park et al., 2005) 

reported that IKKα regulated cyclin D1 and  gene transcription in MCF7 cells (a breast 

cancer cell line) and Tu et al (Tu et al., 2006) reported that IKKα regulated E2F1 genes 

in MCF7 cells. We recently reported that IKKα bound to the distal promoter of VEGF-A 

and negatively regulated VEGF-A expression in keratinocytes, which was modulated by 

treatment with TPA or EGF (Liu et al., 2006). Thus, IKKα serves as a transcriptional 

regulator for many genes. 

 

1.2.3. Overexpression of IKKα in suppressing tumor progression and metastases  

Although IKKα loss causes severely impaired skin during embryonic 

development in mice, mice overexpressing IKKα in the basal epidermis driven by a 

keratin 14 (K14) promoter are normal (Sil et al., 2004). Recently we reported that mice 

overexpressing human IKKα in the suprabasal epidermis developed fewer carcinomas 

and metastases in a two-stage skin carcinogenesis setting than did wild-type mice (Liu et 

al., 2006). We further demonstrated that IKKα was able to inhibit ERK activity and Ras-

induced VEGF-A expression in keratinocytes and observed reduced Ki67 positive cells in 

the epidermis and reduced blood vessels in the skin stroma. Thus, IKKα inhibits induced 

mitogenic and angiogenic activities in chemical carcinogen-induced skin carcinogenesis 

(Liu et al., 2006).  
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1.3. NF-κB and cancer 

In the nucleus, NF-κB complexes bind to target DNA sequences and regulate the 

expression of genes involved in the immune response, cell growth control, and the 

regulation of cell survival (Kim et al., 2006a). In cancer progression, NF-κB-dependent 

genes include those encoding cytokines, chemokines, cyclin D1, matrix 

metalloprotienases, and anti-apoptotic proteins such as Bcl-xL (Figure 1-3). 

NF-κB activation promotes cellular proliferation, consistant with a role in 

promoting growth sufficiency of cancer cells. NF-κB can bind and activate the cyclin D1 

promoter, promoting Rb hyperphosphorylation (Baldwin, 2001; Karin et al., 2002). In 

addition, the IκB homologue Bcl-3 in association with p52 homodimers has been found 

to potently active transcription of the cyclin D1 gene. Inhibition of NF-κB in several 

tumor xenografts inhibits growth of those tumors (Reuther et al., 1998).  

 

1.3.1. Pharmacological inhibitors of NF-κB pathways 

Blocking NF-κB activation can serve to block cancer cell growth (Baldwin, 2001; 

Karin et al., 2002; Yamamoto and Gaynor, 2001). The most clinically relevant example 

of this response is the use of proteasome inhibitors for treatment of multiple myeloma, 

which is a disease dependent on NF-κB activation. Bortezomib/Velcade is a highly 

specific inhibitor of the proteasome and is currently approved for treatment of multiple 

myeloma (Richardson et al., 2004). The importance of NF-κB in multiple myeloma is 

suggested from its involvement downstream of CD40, the TNF receptor family member 
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that is expressed in a variety of B-cell malignancies and which is associated with 

multiple myeloma. In this process, monoclonal antibodies to CD40 block CD40L-

induced NF-κB activation as well as IL-6 and VEGF secretion in myeloma cells and bone 

marrow derived stromal cells.  

Proteasome inhibitors such as Bortezomib, Velcade, and Thalidomide inhibited 

cell growth and induced apoptosis in adult T-cell leukemia, an NF-κB relevant 

malignancy, correlated with stabilized IκBα and inhibited NF-κB (Nasr et al., 2005). 

However, proteasome inhibitors have shown efficacy in the treatment of multiple 

myeloma, but evidence for clinical efficacy for treatment of solid tumors is rare.  

 

1.3.2. IKKβ and cancer 

Activation of nuclear factor-κB (NF-κB) by the classical, IKK-β-dependent 

pathway is a mediator of inflammation-induced tumor growth and progression, as well as 

an important modulator of tumor surveillance. (Greten et al., 2004) and (Pikarsky et al., 

2004) describes IKKβ- dependent-NF-κB activation as the molecular link between 

inflammation and cancer. Mdr2-knock-out mouse model was used for spontaneous 

cholestatic hepatitis development followed by hepatocellular carcinoma, leading to an 

inflammation-associated cancer (Pikarsky et al., 2004). The inflammatory process 

initiates hepatocyte NF-κB by elevated TNF-α in adjacent endothelial and inflammatory 

cells. Suppressing inhibition by anti-TNFα treatment or induction of IκB-suppressor in 

late stages of tumor development results in apoptosis of transformed hepatocytes and 
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failure to progress to hepatocellular carcinoma. NF-κB promotes inflammation-

associated cancer indicating a potential target for cancer prevention in chronic 

inflammatory disease in this model system.  

Although NF-κB appeared as a critical promoter of inflammation-induced tumors, 

there is the opposite effect in models of chemically induced skin and liver cancers. NF-

κB inhibition in the epidermis promotes the development of spontaneous squamous-cell 

carcinoma, thus there is an antitumorigenic function of NF-κB in specific cell types 

(Dajee et al., 2002; van Hogerlinden et al., 1999). Inhibition of NF-κB activation in 

keratinocytes stimulates cell proliferation and promotes squamous cell carcinoma (SCC) 

when combined with oncogenic H-Ras (Dajee et al., 2003).  The IKK-β-driven NF-κB 

pathway inhibits tumor promotion when it is active in hepatocytes in this model, which is 

in contrast to the inflammation-induced liver-cancer model. Preventing the necrotic cell 

death of carcinogen-exposed hepatocytes can lead to compensatory proliferation (Maeda 

et al., 2005). 

 

1.4. EGFR-Ras-Mitogen-activated protein kinase pathway  

1.4.1. EGFR-Ras-MAPK pathway 

EGF-Ras-mitogenic pathway (Figure 1-4) is one of major pathways that regulate 

cell proliferation. Recently, our lab found that IKKα loss activated ERGR, Ras, and 

mitogenic activities in keratinocytes. Phosphorylation of EGFR activates the Ras-MAPK 

(mitogen-activated protein kinase) pathway through two mechanisms (Sebolt-Leopold 
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and Herrera, 2004). One is that activated EGFR directly binds to growth factor 

receptor-bound protein 2 (Grb2) at its SH2-domain, or the activated EGFR recruits Grb2 

through SHC, an adaptor protein (Nyati et al., 2006). Grb interacts with son of sevenless 

(SOS), a guanine nucleotide exchange factors for small G protein Ras. Ras-GDP is an 

inactive form and Ras-GTP is an active form. Activated Ras binds to Raf, which triggers 

the phosphorylation of mitogen-activated protein kinase kinase I and 2 (MEK1/2) and 

phosphorylation of extracellular signal-regulated kinases 1/2 (ERK1/2). Phosphorylated 

ERK1/2 translocates to the nucleus and activates various transcription factors. Various 

cytoskeletal proteins are also activated by ERK1/2 (Nishinaka and Yabe-Nishimura, 

2001; Sebolt-Leopold and Herrera, 2004). 

 

1.4.2. EGFR-STAT and PI3K pathway 

The activated EGFR can directly or indirectly activate signal transducers and 

activators of transcription 1 (STAT1), STAT3 and STAT5. EGFR activates 

phosphatidylinostol 3-kinase (PI-3K) that phosphorylates phosphatidylinositol 4,5 -

bisphosphate to form phosphatidylinositol 3,4,5trisphosphate. And then Akt is activated 

by binding at its pleckstrin homology (PH) domain. Phosphorylated Akt has several 

effects both in the cytoplasm and in the nucleus. These include the inhibition of 

proapatotic factors such as Bad (BCL antagonist of cell death), procaspase-9 and the 

Forkhead (FKHR) family of transcription factors (FOXO). Akt-mediated activation of 

mammalian target of rapamycin (mTOR) is also important in stimulating cell 

proliferation, and vascular endothelial growth factor (VEGF) and hypoxia 
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inducible factor-1α (HIF1α) are important in angiogenesis (Hennessy et al., 2005; 

Wendel et al., 2004).  

 

1.4.3. EGFR-PKC pathway 

Phospholipase c-γ (PLCγ) binds through its SH2 domain to phosphorylated EGFR 

tyrosine kinase to become active. Once activated, PLCγ hydrolyses phosphatidylinositol 

4,5-bisphosphate to diacylglycerol (DAG) and inositol trisphosphate (IP3). IP3 mediates 

calcium release from intracellular stores, affecting a host of Ca2+ -dependent enzymes. 

However, DAG is a cofactor for the activation of the serine /threonine kinase protein 

kinase-C (PKC). The activation of PKC results in cell-cycle progression, transformation, 

differentiation and apoptosis (Oliva et al., 2005).  

 

1.5. VEGF-A 

VEGF-A is a major keratinocyte-derived skin angiogenesis factor that elevates 

neovascularization (Skobe et al., 1997). Our lab reported that RasV61 (an active form) 

increased VEGF-A expression and that overexpressed IKKα repressed RasV61-mediated 

VEGF-A expression in keratinocytes (Liu et al., 2006). Furthermore, we showed that 

IKKα bound to a distal promoter of VEGF-A (-2.0-kb to -2.5-kb) and that overexpression 

of IKKα increased this binding of IKKα to the VEGF-A promoter in keratinocytes 

overexpressing RasV61, tested by using chromatin immunoprecipitation (ChIP) assays. 

We also observed increased blood vessels in TPA-treated Ikkα+/- skins relative to TPA-
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treated Ikkα+/+ skins. These results suggest IKKα negatively regulates VEGF-A 

expression.  
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Figure 1-1. The two NF-κB signaling pathways that lead to the activation of NF-

κB (Karin, 2005). The classical pathway is triggered by proinflammatory stimuli and 
genotixic stress, including the following: cytokines, such as tumor-necrosis factor (TNF) 
and interleukin-1 (IL-1); bacterial cell-wall components, such as lipopolysaccharide; 
virus; and DNA-damaging agents. This leads to the IKK-β-dependent and IKK-γ-
dependent phosphorylation of IκBs, which results in their proteasomal degradation, and 
to the subsequent release of NF-κB dimers. The alternative pathway is triggered by TNF-
family members and leads to the phosphorylation of p100 by IKKα and the degradation 
of its carboxy-terminal half by the proteasome. This results in nuclear translocation of 
p52-REL-B dimers. 
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Figure 1-2. Schematic structure of IKKα, IKKβ and IKKγ. LZ, Leucine zipper; 
HLH, helix-loop-helix; CC, coiled coil; ZF, zinc finger; NBD, NEMO-binding domain.  
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Figure 1-3. Presentation of NF-κB dependent genes involved in different aspects 

of oncogenesis. Target genes are included with the relevant oncogenic process (Kim et 
al., 2006a).  
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Figure 1-4. The major downstream signaling pathways of EGFR (Nyati et al., 

2006). Epidermal growth factor receptor (EGFR) phosphorylation can directly and 
indrectly activate STAT, PI3K, Ras-MAPK and PKC. 
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1.6. Skin 

1.6.1. Skin structure 

At the surface of the human body, the skin is the largest organ of the body,  its 

epidermis and appendages provide a protective barrier that keeps microbes out and 

essential body fluids in.  It receives attacks, including ultraviolet radiation from the sun, 

and scratches and wounds and continues self-renewal to repair damaged tissue and 

replace old cells. The skin is composed of two primary layers (Figure 1-5). The epidermis 

is the ectodermally derived outer layer composed of keratinized stratified squamous 

epithelium. The dermis is the mesodermally derived layer of dense irregular collagenous 

connective tissue that underlies and interdigitate with the epidermis. The hypodermis is a 

loose connective tissue containg varying amount of adipose that underlies and supports 

the skin. 

 

1.6.2. Proliferation and differentiation 

During development, basal epidermal cell density is low and cells proliferate. As 

cells increase in density the number of adherens junctions at cell-cell borders increases. 

This provides a regulatory feedback loop to control Ras-MAPK activity and cell 

proliferation.  

The epidermis constantly replenishes itself by a process of homeostasis. During 

this process, dividing cells in the innermost (basal) layer continually do a programme of 

terminal differentiation, move outwards and are sloughed from the skin surface. In the 

epidermis, there are cytoplasmic heteropolymers known as intermediate 
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filaments that are coposed of keratin proteins (Fuchs, 2007). As cells exit from the 

basal layer and begin their journey towards the skin surface, they switch from the 

expression of keratin (K) 14 and K5 to K1 and K10 (Fuchs and Green, 1980). They are 

the most reliable indication that an epidermal cell has undergone a commitment to 

terminally differentiate. The first suprabasal cells are known as spinous cells, reflecting 

their cytoskeleton of K1/K10 filament bundles connected to robust cell-cell junctions 

known as desmosomes. These connections provide a cohesive, integrated mechanical 

framework across and within stacks of epithelial sheets. K6, K16 and K17 are also 

expressed suprabasally, but only in hyperpoliferative situations such as wound healing. 

This keratin network not only remodels the cytoskeleton for migration but also regulates 

cell growth through binding to the adaptor protein 14-3-3σ and stimulating Akt/mTOR 

(mammalian target of rapamycin) signaling (Coulombe and Wong, 2004; Kim et al., 

2006b).  

As spinous cells progress to the granular layer, they produce electron dense 

keratohyalin granules packed with the protein profillaggrin, which bundles keratin 

intermediate filaments even more to generate large macrofibrillar cables.  In addition, 

cornified envelop proteins, which are rich in glutamine and lysine residues, are 

synthesized and deposited under the plasma membrane of the granular cells. When the 

cells become permeabilized to calcium, they activate transglutaminase, generating γ-

glutamyl ε–lysine crosslinks to create an indestuctible proteinaceous sac to hold the 

keratin macrofibrils (Fuchs, 2007) . 

The final steps of terminal differentiation involve the destruction of 
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cellular organelles including the nucleus, and the extrusion of lipid bilayers, packaged 

in lamellar granules, onto the scafold of the cornified envelope. The dead straum 

corneum cells create an inpenetrable seal that is continually replenished as inner layer 

cells move outwards and are sloughed from the skin surface.  
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Figure 1-5. Structure of human skin. Skin is composed of two primary layers. The 

epidermis is the ectodermally derived outer layer composed of keratinized stratified 
squmous epithelium. The dermis is the mesodermallly derived layer of dense irregular 
collagenous connective tissue that underlies and interdigitates with the epidermis. The 
basement membrane is illustated as a waved line. 
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1.6.3. Multi-step skin carcinogenesis 

It has been well established that two stage carcinogneis study is a multi-step 

process with many genetic alterations. These stages are termed initiation, promotion, and 

progression (Hursting et al., 1999) and are shown in Figure 1-6.  Tumor initiation begins 

when DNA in a cell or population of cells is damaged by exposure to exogenous or 

endogenous carcinogens. If this damage is not repaired, it can lead to genetic mutations. 

The responsiveness of the mutated cells to their microenvironment can be altered and 

may give them a growth advantage relative to normal cells. In the classic two-stage 

carcinogenesis system in the mouse skin, a low dose of 7,12-

dimethylbenz[a]anthracene(DMBA) causes permanent DNA damage-the initiating event-

but does not give rise to tumors over the life span of the mouse unless a tumor promoter, 

such as 12-O-tetradecanoyl-phorbol-13-acetate (TPA) is repeatedly applied (Yuspa et al., 

1985). The most frequent genetic change in the DMBA-initiated mouse skin is a mutation 

in the H-ras oncogene, which causes it to be constitutively active (Balmain et al., 1991). 

The tumor promotion stage is characterized by selctive clonal expansion of the 

initiated cells, a result of the altered expression of genes whose products are asssociated 

with hyperproliferation, tissue remodeling, and inflammation (Yuspa et al., 1981). During 

tumor progression, preneoplastic cells develop into tumors through a process of clonal 

expansion that is facilitated by progressive genomic instability and altered gene 

expression (Yuspa, 1983). In promotion, the devleopment of clonal outgrowth results in 

bening papillomas. The progression stage is characterized first by dysplasia and 

ultimately by invasion and metastasis, due to additional alteration such as loss of 
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tumor suppressor function and progressive genomic instability.  
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Figure 1-6. Multistage carcinogensis in the mouse skin (Hursting et al., 1999). 
The initiation stage is characterized by the generation of a cell that is genetically altered 
through covalent binding of a carcinogen to DNA and subseqeunt fixation of a mutation. 
The epidermis retains a normal apperance at this stage. The promotion stage involves the 
expansion of initiated stem cells through epigenetic mechanisms, accompanied by 
alterations in the expression of critical genes that regulate proliferation, inflammation, 
differentiation, and other processes. The development of clonal outgrowths results in 
benign papillomas. The progression stage is characterized first by dysplasia and by 
invasion and metastasis. 

 

Initiation Promotion Progression 
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1.7. Specific Aims 

1.7.1. To determine the role of IKKα in human SCCs 

IKKα is essential for embryonic skin development in mice. The epidermis of 

Ikkα-/- mice lacks terminal differentiation and exhibits hyperplasia, implying that IKKα 

may function in human skin diseases. To evaluate this possibility, we examined the 

expression of IKKα in 114 human SCCs from two micro-array slides by 

immunohistochemical staining with an anti-IKKα, and then examined Ikka mutations in 

19 human SCCs by RT-PCR and direct sequencing. I also identified Ikka mutations in 

human SCCs. Thus, IKKα plays a critical role in the development of SCCs. 

 

1.7.2. To determine the susceptibility of Ikkα  to chemical carcinogen-induced skin 

carcinogenesis 

Although Ikkα mutations were identified in human SCCs, it still was not clear 

whether reduced IKKα promoted skin tumor development. Thus, we used two-stage skin 

carcinogenesis to test the susceptibility of Ikkα+/- mice. We treated Ikkα+/+ and Ikkα+/- 

mice with DMBA/ TPA, a standard two-stage skin carcinogenesis protocol.  After 

treatment with TPA for 28 weeks, we analyzed tumor incidence, multiplicity, tumor 

sizes, and malignant conversion. To determine the pathway responsible for reduced 

IKKα-mediated tumor promotion, we analyzed Ras mutations and ERK activity in 

papillomas and carcinomas and in TPA-treated skins. The IKKα levels in papillomas and 

carcinomas were also evaluated by Western blotting. Because the IKKα levels were 
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dramatically reduced in Ikka+/- carcinomas, we tested loss of heterozygosity (LOH) by 

Southern blot and PCR. We tested growth factors, cytokines and vascular endothelial 

growth factor-A in skin with TPA treatment using by Real-time PCR and ERK activity in 

skin and TPA treated-keratinocytes using by Western-blotting. We found that reduction 

in IKKα expression provides a selective growth advantage, which promotes Ras-initiated 

skin carcinogenesis. Also, reduced IKKα enhances TPA-induced mitogenic and 

angiogenic activities in skin carcinogenesis. These results suggest that reduction in IKKα 

promotes skin carcinogenesis. 

 

1.7.3. To analyze the alternative several signaling pathways in spontaneous tumors 

of female Ikkα+/- mice  

To examine whether IKKα loss promotes spontaneous tumor development, we 

observed a small group of female Ikkα+/- and WT mice for one and half years. Thus, we 

observed 12 out of 24 female Ikkα+/- mice developed spontaneous tumors including 

mammary gland tumors, uterine tumors and fibrosarcomas. To determine the potential 

mechanisms that might contribute to the development of these tumors, we tested the 

IKKα level in all types of tumors by Western blotting and Ikkα mutation by sequencing. 

We investigated IKK/NF-κB activities in these tumors. These results showed that 

reduced IKKα expression and elevated IKK/NF-κB activities may contribute to the 

development of these tumors. 
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CHAPTER II.  

 

DETERMINE WHETHER IKKα  PLAYS A ROLE IN HUMAN SCCs 

 

2.1. Summary 

I found that most of the human SCC II and SCC III samples had a marked 

reduction in IKKα expression. I also detected many missense and nonsence Ikkα 

mutations in 8 of 9 human skin SCCs and 7 of 10 ovary SCCs.  

 

2.2. Introduction 

IKKα is an important for skin development in mice. Although a role for IKKα in 

skin and SCCs development in mice has been reported (Hu et al., 2001; Liu et al., 2006; 

Sil et al., 2004), the role of IKKα in human SCCs remained unknown. Thus, we assessed 

the relationship between IKKα expression level and the malignant degree of human 

SCCs on skin tissue array by immunohistological staining with an anti-IKKα antibody.  

I examined mutations in exon 15 of IKKα in nine human SCCs as well as normal 

human genome DNA, which were provided by the Department of Pathology, of what 

initiation by PCR, subcloning, and directly sequencing.  

 

2.3. Matherials and Methods: 
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Staining Ikkα  in HSCC slides 

We purchased slides (SK801-107 and SK802-111) containing 114 human skin 

SCC and 8 human skin arrays from US Biomax, Inc, Rockville, MD. These slides were 

immunohistochemically stained with an anti-IKKα antibody (M-110, Santa Cruz 

Biotechnology, CA), at the Histology and Tissue Processing Core at the Science Park 

Research Division. The level of IKKα expression in tissue arrays of human SCC grade I, 

II, and III (the highest grade means malignant) with an anti-IKKα was determined as +, 

++, and +++ (the strongest expression) compared with the level in normal skin.  

 

Preparation of DNA from Human SCCs 

The sliced samples containing paraffin-embedded sections from each of 19 human 

SCCs obtained from the Department of Pathology at M.D. Anderson Cancer Center were 

dissolved in xylene for 30 min at room temperature, and centrifuged for 10 min at 14,000 

rpm. The supernatant was discarded, and the pellets were dissolved in xylene. This 

procedure was repeated twice. The pellets were then incubated with 100% ethanol for 30 

min at room temperature and centrifuged at 14,000 rpm for 10 min. This procedure was 

followed with 95% ethanol and 70% ethanol. The pellets were air-dried and lysed in a 

500 µl solution containg 50mM Tris-Cl, 10mM ethylenediamineteraacetic acid (EDTA), 

1% Tween 20, and 100 µg of proteinase K at 55°C overnight. These were incubated at 95 

°C for 10 min and centrifuged at 14,000 rpm for 10-15 min. The supernatant contained 

genomic DNA. 
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Mutation analysis of Ikkα  

PCR primers (5’-tcagaatctgaagaatagaaag-3’ and 5’-tatatttggggaaaggaaaac-3’) 

located in intron 14 and 15 of the human Ikkα  gene was used to generate a genomic 

DNA fragment. An expanded high-fidelityplus PCR system (3-300-242, Roche 

Diagnostics GmbH, Indianapolis, IN) was used for PCR. The PCR products were 

subcloned into p-GEMT vectors (Promega) and twenty colonies from each sample were 

sequenced. The PCR sequences were analyzed by the National Center for Biotechnology 

Information (NCBI) database. 

 

2.4. Results  

 

Human poorly differentiated squamous cell carcinomas express little IKKα  

and have mutations in IKKα .  

To determine whether IKKα plays a role in the development of human SCCs, I 

purchased the paraffin specimen slides containing 114 human SCCs of three different 

degrees of malignancy (SCC I, SCC II, and SCC III) and examined the expression of 

IKKα in these samples by immunohistochemistry staining with an anti-IKKα antibody. 

The result showed that the low level of IKKα expression occurred in 31.7% (20/63) in 

SCC I, 79% (34/43) in SCC II, and 77.7% (7/9) in SCC III (Figure 2-1), highlighting the 

importance of IKKα in the development of human SCCs. To determine whether Ikkα 
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mutations possibly occur in human SCCs, I used PCR to generate the fragment 

containing exon 15 of Ikkα, subcloned it to the pGEM-T vector, and sequenced 20 DNA 

clones from each tumor sample. Sequencing analyses found many Ikkα mutations in 8 of 

9 human skin SCCs (Table 2-1) and 7 of 10 human ovary SCCs (Table 2-2). Nucleotide 

substitutions cause misense and nonsense mutations. I also detected deletion and 

insertions in the exon 15 of Ikka. These results suggest that these genetic alterations are 

involved in destabilization and inactivation of IKKα in these malignancies.  

 

2.5. Discussion 

In summary, we identified an inverse correlation between IKKα expression levels 

and human SCC aggressiveness. Also, we identified inactivating Ikkα mutations in exon 

15 in human SCCs. These results imply that the integrity of IKKα is important for 

development of human cancer. 

Human Ikkα is located at 10q24.31, close to Pten (10q23). It has been reported 

that alterations in more than one gene within the 10q22-10q26 region may be involved in 

human cancer development (Petersen et al., 1998). In the present study, mutations in 

exon 15 of Ikkα  were detected in human SCCs. These mutations appeared to occur 

randomly at any nucleotide in one of the Ikkα DNA strands (Figure 2-2). Some of the 

same mutations were detected in several tumors and may represent hot spots. 

Furthermore, the frequency of these repeated mutations from the same tumor was low 

(Figure 2-2, Table 2-1, 2-2), suggesting that the mutations did not occur at an early stage 
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of cancer development. Nucleotide substitutions can cause missense and nonsense 

mutations, and deletions can cause frameshifts. Therefore, some of these mutations may 

be involved in destabilization or inactivation of IKKα or interfere with IKKα synthesis. 

In addition, we observed that most poorly differentiated human and mouse SCCs 

expressed markedly reduced IKKα and that the levels of the IKKα transcript were not 

altered significantly in papillomas and carcinomas in mice (Figure 3-5). Thus, it is 

possible that genetic alterations in Ikkα affect the level of IKKα protein in these tumors. 
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Figure 2-1. IKKα expression in human SCCs. A. The level of IKKα expression in 

tissue arrays of human SCC grade I, II, and III (the highest grade means malignant) with 
an anti-IKKα  antibody. +++, strong expression; ++, medium; + weak expression. B. 
IKKα staining in human skin (HS; strong staining), grade I SCC (strong staining), grade 
II SCC (weak staining) and grade III SCC (weak staining), Dark brown color, IKKα-
positive staining. 

B 
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Table 2-1. Mutations within exon 15 of Ikka in human skin SCCs. 

Samples 
Types of mutations, deletions at amino acid positions of 

IKKα 
HSCC-1 

20 
clones 

542ATG→gTG; 551AGA→gGA; 553CAG→CgG; 555GAC→GgC; 
558GAA→cAA; 559TCT→TCc 

HSCC-2* 
20 

clones 

527ATT→ATg 

HSCC-3 
20 

clones 

531deletion→1bp(G); 536TCT→TCg; 551AGA→gGA; 552CGT→CGc; 
552CGT→CGc; 553CAG→CgG; 560CTG→CcG 

HSCC-4 
20 

clones 

538CAT→CgT; 541ATC→AcC; 557ATG→AcG 

HSCC-5 
20 

clones 

528deletion→1bp(A); 534ATT→ATc; 536TCT→cCT; 537TTG→TcG; 
544CTA→CcA; 556TTG→cTG; 556TTG→TcG; 558GAA→GgA 

HSCC-6 
20 

clones 

533CAG→CgG; 535ATG→AcG; 538CAT→tAT; 542ATG→ATt; 
546AAG→AgG; 549TAT→cAT; 551AGA→tGA; 552CGT→CGc; 
552CGT→CGa; 558GAA→GgA 

HSCC-7 
20 

clones 

526GTC→GTg; 527ATT→ATa; 533CAG→CtG; 551AGA→AGg 

HSCC-8 
20 

clones 

533CAG→CgG; 537TTG→TcG; 540GAA→GgA 

HSCC-9 
20 

clones 

535ATG→AcG; 537TTG→TcG; 539GCT→aCT; 558GAA→aAA; 
559TCT→TCc 

HS-1* 
20 

clones 

543GAG→GAa 

HS-2* 
20 

clones 

557ATG→AaG 

HSCC, human squamous cell carcinoma; HS, human genomic DNA. Mutated 
nucleotides are indicated in boldface. *Considered to be background. 
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Table 2-2. Mutations within exon 15 of Ikkα in human ovary SCCs. 

 

No. of  
Samples 

No. of 
lesions 

Types of mutations, deletion, and insertions at amino acid positions of 
IKKα  in human ovary tumors. 

1. IKKα  
Ovary 
tumor 
20 clones 

1 
2 
3 

531GAG→GgG; 543GAG→GgG 
535ATG→gTG, 546AAG→AtG; 545CAG→CtG, 553CAG→tAG 

2. IKKα  
Ovary 
tumor 
20 clones 

1 
2 
3 

557ATG→AaG; 539 GCT→aCT; 547AGC→AcC; 541ATC→AaC; 
559TCT→TCc 

3. IKKα   
Ovary 
tumor 
20 clones 

1 
2 
3 
>3 

535ATG→AcG; 549TAT→aAT; 527ATT→tTT; 527Inser-1bp(A) 
 
 
536TCT→cCT, 537TTG→Tta, 546AAG→gAG, 548CCC→tCC 

4. IKKα  
Ovary 
tumor 
19 clones 

1 
2 
3 

550GGA→aGA; 540GAA→GgA; 537TTG→cTG; 525GGT→GGc; 
525GGT→GGc 
537 TTG→TcG, 559TCT→TCa 

5. IKKα  
Ovary 
tumor 
20 clones 

1 
2 
3 

526 GTC→GcC; 544 CTA→CTg; 538 CAT→CAg; 549 TAT→TAc 

6. IKKα  
Ovary 
tumor 
20 clones 

1 
2 
3 

531Del 1bp(g);  
525GGT→GGc, 548CCC→CtC; 536TCT→TtT, 549TAT→TAc 

7. IKKα  
Ovary 
tumor 
19 clones 

1 
2 
3 

556 TTG→TcG; 553CAG→CgG 
547Inser-4bp(agcc), 555Inser-1bp(c) 

 
Mutated nucleotides are indicated in boldface. 20 subclones as a control were used. 
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        Figure 2-2. Mutation within exon 15 of Ikkα sequence in human ovary SCCs. 
Positive result in 7/10 samples. *, mutation; , deletion; 20 subclones as a control were 
used. 
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CHAPTER III. 

 

Reduction in IKKα  Expression Promotes the Development  

of Skin Papillomas and Carcinomas 

 

3.1. Summary 

We recently reported a marked reduction in IKKα expression in a large 

proportion of human poorly-differentiated squamous cell carcinomas (SCCs) and the 

occurrence of Ikkα mutations in human SCCs. Also, overexpression of IKKα in the 

epidermis inhibited the development of skin carcinomas and metastases in mice. 

However, whether a reduction in IKKα expression promotes skin tumor development is 

currently unknown. Here we assessed the susceptibility of Ikkα hemizygotes to 

chemical carcinogen-induced skin carcinogenesis. Ikkα+/- mice developed 2 times more 

papillomas and 11 times more carcinomas than did Ikkα+/+ mice. The tumors were 

larger in Ikkα+/- than in Ikkα+/+ mice, but tumor latency was shorter in Ikkα+/- than in 

Ikkα+/+ mice. Some of the Ikkα+/- papillomas and most Ikkα+/- carcinomas lost the 

remaining Ikkα wild-type allele. Somatic Ikkα mutations were detected in carcinomas 

and papillomas. The chemical carcinogen-induced H-Ras mutations were detected in all 

the tumors. The phorbol ester tumor promoter induced higher mitogenic and angiogenic 

activities in Ikkα+/- than in Ikkα+/+ skin. These elevated activities were intrinsic to 
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keratinocytes, suggesting that a reduction in IKKα expression provided a selective 

growth advantage, which cooperated with H-Ras mutations to promote papilloma 

formation. Furthermore, excessive ERK and IKK kinase activities were observed in 

carcinomas compared to those in papillomas. Thus, the combined mitogenic, 

angiogenic, and IKK activities might contribute to malignant conversion. Our findings 

provide evidence that a reduction in IKKα expression promotes the development of 

papillomas and carcinomas and that the integrity of the Ikkα gene is required for 

suppressing skin carcinogenesis. 

 

3.2. Introduction 

We recently reported somatic Ikkα mutations in human squamous cell carcinomas 

(SCCs) and a marked reduction in IKKα expression in poorly-differentiated human and 

mouse cutaneous SCCs (Liu et al., 2006), which highlights the importance of IKKα in 

human skin cancer. However, the natural role for IKKα in skin tumor development is 

unclear. The animal model provides an appropriate tool to address these questions.  

IKKα is one subunit of the IKK complex, which is central for NF-κB activation 

(Karin and Ben-Neriah, 2000b). Its involvement in the development of lymphoid organs 

and innate immunity requires IKK/NF-κB activity (Lomada et al., 2007; Senftleben et al., 

2001). IKKα also plays an essential role in the formation of the epidermis during 

embryonic development in mice (Hu et al., 1999; Li et al., 1999; Takeda et al., 1999). 

Ikkα-/- mice develop a striking hyperplastic epidermis that lacks terminal differentiation 
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and these mice die at birth (Hu et al., 1999; Li et al., 1999; Takeda et al., 1999). Ikkα-/- 

keratinocytes and skin preserve IKK/NF-κB activity (Hu et al., 1999; Hu et al., 2001). 

Reintroduction of IKKα or kinase-inactive IKKα induced terminal differentiation in 

Ikkα-/- keratinocytes, but reintroduction of IKKβ, RelA p65, or IκBα (an inhibitor for 

NF-κB) failed to do so (Hu et al., 2001). Furthermore, Sil et al. reported that IKKα or 

kinase-inactive IKKα transgene driven by the keratin 14 (K14) promoter rescued the skin 

phenotype of Ikkα-/- mice. These results suggest that the function of IKKα in determining 

the formation of the epidermis is IKK/NF-κB-independent (Sil et al., 2004).  

We recently reported that Lori.IKKα transgenic mice developed normal skin and 

that the elevated IKKα in the suprabasal epidermis enhanced terminal differentiation 

markers (Liu et al., 2006). These transgenic mice developed significantly fewer 

malignant carcinomas and metastases than did wild-type (WT) mice when they were 

challenged with the chemical carcinogen 7,12-dimethylbenz[a]anthracene (DMBA) and 

tumor promoter 12-O-tetradecanoylphorbol-13-acetate (TPA). The mitogenic and 

angiogenic activities were reduced in the DMBA/TPA-treated skin of Lori.IKKα mice 

relative to those in the DMBA/TPA-treated skin of WT mice. These results suggest that 

elevated IKKα expression antagonizes chemical carcinogen-induced mitogenesis and 

angiogenesis, thereby repressing the development of malignant carcinomas and 

metastases. However, the effect of reduced IKKα on skin tumor development is 

unknown.  

Ras plays a prominent role in the development of human SCCs and H-Ras 
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mutations are frequently found in human SCCs (Pierceall et al., 1991; Spencer et al., 

1995). Ras activation is required for chemical carcinogen-induced skin carcinogenesis in 

mice. The carcinogen DMBA causes activating H-Ras mutations, and the tumor promoter 

TPA expands the population of Ras-initiated cells (Kiguchi et al., 1997; Yuspa, 1983). 

Most papillomas eventually regress, and only a few become carcinomas in mice with a 

C57BL6 or a C56BL/129/Sv background (Hennings et al., 1993; Kemp et al., 1993). 

Mice lacking H-Ras developed significantly fewer skin tumors than did WT mice 

induced by DMBA/TPA (Ise et al., 2000). In the present study, we tested the 

susceptibility of Ikkα hemizygotes to DMBA/TPA-induced skin carcinogenesis. Ikkα+/- 

mice developed 2 times more benign tumors (papillomas) and 11 times more malignant 

carcinomas than did WT mice. Furthermore, we found that most Ikkα+/- carcinomas and 

some Ikkα+/- papillomas lost the remaining wild-type Ikkα allele. These findings 

demonstrate that reduction in IKKα expression promotes papilloma formation and 

malignant conversion.  

 

3.3. Materials and Methods 

Mice and skin carcinogenesis.   

All the mice used in this study were cared for in accordance with the guidelines of 

our institution’s Animal Care and Use Committee (animal protocol 04-01-05732). 

DMBA (D3254, Sigma-Aldrich, Inc, St. Louis, MO) and TPA (p-1680, LC Laboratories, 

Woburn, MA) were used to treat mice. Six to eight 8-week-old female Ikkα+/+ and Ikkα+/- 
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mice with a C57BL6 background (C57BL6/129/Sv mice were backcrossed with 

C57BL6 mice three times) were topically treated with 100 µg of DMBA in 200 µl of 

acetone; two weeks later, treated with 2.5 µg of TPA in 200 µl of acetone 5 times a week 

for 28 weeks. For controls, 15 Ikkα+/+ and 15 Ikkα+/- mice were treated with 100 µg of 

DMBA in acetone (no TPA) and 15 Ikkα+/+ and 15 Ikkα+/- mice were treated with 2.5 µg 

of TPA in acetone (no DMBA) 5 times a week for 28 weeks. For BrdU (B-9285, Sigma, 

St. Louis, MO) incorporation experiment, mice were treated with 2.5 µg of TPA in 200 

µl of acetone or 200 µl of acetone alone as a control 5 times a week for 4 weeks or with 

100 µg of DMBA in 200 µl of acetone once. Bromodeoxyuridine (BrdU, 0.05 mg/kg 

body weight) was administered intraperitoneally to mice 1 h before they were killed. Skin 

specimens were embedded in paraffin and then sectioned, and BrdU labeling was counted 

in 1,000 cells in the basal epidermis. Immunohistochemical BrdU detection was 

performed by our Histology and Tissue Core 

(http://sciencepark.mdanderson.org/histology/ihc.html). Paraffin-embedded sections of 

tumor tissue and skin were prepared, and routine hematoxylin and eosin and 

immunohistochemical staining of these sections with antibodies against PCNA and IKKα 

were performed in our Histology and Tissue Core.  

 

Detection of H-Ras (V61 and V12) mutations.  

Analyses for H-Ras mutations were performed in our Molecular Biology Core 

(http://sciencepark.mdanderson.org/mbcore/ihc.html). PCR primers for H-Ras codon 61 
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mutation detection were 5'-ggtgtaggctggttctgtggattctc-3' and 5'-gcacacggaaccttcctcac-3', 

which generated a 329-bp band that was gel purified and used for a second PCR round. 

PCR primers for the second round were 5'-tgtggattctctggtctgaggagag-3' and 5'-catagg 

tggctcacctgtactgatg-3', which produced a 269-bp fragment. The PCR products were 

digested with Xha I. PCR primers for H-Ras codon 12 mutation detection were 5'-

cctggattggcagccgctgt-3' and 5'-tcatactcgtccacaaagtg-3', which generated a 125-bp 

fragment. The fragments were digested with MnI I. 

 

Real-time PCR.  

Total RNA was isolated from skin, tumors and keratinocytes by TRI Reagent 

(Molecular Research Center, Inc., Cincinnati, OH), and cDNA was synthesized by a 

RETROscript kit (Ambion, Inc., Austin, TX). The PCR primers and probes were 

purchased from Applied Biosystems, Foster City, CA (TNFa, Mm00443258_m1; IL-1a, 

Mm00439620_m1; TGFa, Mm00446231_m1; VEGF-A, Mm00437304_m1; EGF, 

Mm00438696_m1; amphiregulin, Mm00437583_m1; HB-EGF, Mm00439307_m1; 

FGF2, Mm00433287_m1; FGF13, Mm00438910_m1). The reactions were performed 

according to the manufacturer’s instructions. Each cDNA sample was analyzed in 

triplicate by an ABI 7900 sequence detector (Applied Biosystems). Thermal cycling was 

performed as follows: 1 cycle at 50°C for 2 min, 95°C for 10 min; and 40 cycles at 95°C 

for 15 s, and 60°C for 1 min. Data were analyzed by the Prism Dissociation Curve 
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software program (SDS 2. 2. 2, Applied Biosystems). GAPDH was used as an internal 

control.  

 

Southern blot analysis.  

DNA was isolated from tumors and normal skin by an extraction kit (Promega, 

Madison, WI). DNA (10 µg) was digested with BamHI overnight, applied to a 0.9% 

agarose gel, transferred to blotting membranes (Zeta-Probe GT; Bio-Rad, Hercules, CA), 

and fixed by ultraviolet light. The DNA blotting membranes were hybridized with an N-

terminal IKKα cDNA (nucleotides 1 to 575) probe, and a 400-bp N-terminal GAPDH 

cDNA probe as a control. Southern blotting was performed according to the 

manufacturer’s instructions (Bio-Rad). 

 

Western blotting.  

A cell lysate (40 µg) was applied to SDS gel, and specific protein levels were 

measured by Western blotting as described previously (Hu et al., 2001) with the 

following antibodies against IKKα (IMG 136, Imgenex, San Diego, CA), p-ERK (9109, 

Cell Signaling Technology, Beverly, MA), ERK1 (SC-93, Santa Cruz Biotechnology, 

CA), ERK2 (SC-1647, Santa Cruz), and β-Actin (A-5441, Sigma).  

 

Keratinocyte culture.  
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Mouse primary keratinocytes were isolated and cultured as described previously 

(Hu et al., 2001). Briefly, skin specimens isolated from newborn mice or E19 embryos 

were treated with 0.25% trypsin (15050-065, Rockville, MD) for 8 to 10 h at 4°C; the 

epidermis was separated from the dermis. Isolated keratinocytes were plated on 60-cm 

cell dishes containing keratinocyte serum-free medium (10785, GIBCO, Rockville, MD).  

 

Ikkα  mutation analysis.  

Total RNA was isolated from skin or tumors with TRI Reagent (Molecular 

Research Center), and cDNA from these samples was synthesized by a Retroscript kit 

(Ambion). The PCR fragments were generated by an expanded high-fidelityplus PCR 

system (3-300-242, Roche Diagnostics GmbH, Indianapolis, IN) with primers (IKKα: 5′-

ccattcactattctgaggttggtgtc-3′ and 5′-tactggaggggttactgtgccttc-3′). The  PCR products were 

subcloned into pGEM-T vectors (Promega) and sequenced (Liu et al., 2006). The 

sequences were compared to the National Center for Biotechnology Information, gi 

6680941. 

 

ChIP assay.   

ChIP assay was performed following the manufacturer’s instructions (17-295; 

Upstate, Charlottesville, VA). Keratinocytes were starved for 24 hours (no growth 

factors) and cells were treated with EGF (10 ng/ml) for 24 hours or with TPA (48 nM) 

for 2 hours. After cells were fixed, washed, and collected, their DNA was sheared by 
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sonication in 200 µl of lysis buffer. Then, 20 µl of sonicated DNA from each sample 

was purified and used as an input DNA control. The rest of the DNA was pre-cleared. 

The chromatin DNA was precipitated with an anti-IKKα antibody (Imgenex) and protein 

A/G beads, and the DNA was eluted from the beads. The precipitated DNA was analyzed 

by PCR for 1 cycle at 95°C for 5 min; 35 cycles at 95°C for 20 s, 55°C for 20 s, and 72°C 

for 30 s; and 1 cycle at 72°C for 10 min. The PCR primers for proximal VEGF-A 

promoters (-903 bp to -1233 bp) were 5'-gtgttcctgagcccagtttgaag-3' and 5'-

agtccgctgaatagtctgccttg-3' and the primers for distal VEGF-A promoter (-2414 bp to -

2065 bp) were 5'-tgggttagaggtgggggttttg-3' and 5'-aactgaagccagggtgccaatg-3'. PCR 

primers for analyzing the mRNA level of VEGF-A (491-bp) were 5′-

gcacccacgacagaaggagagcaga-3′ and 5′-cgccttggcttgtcacatctgcaa-3′.  

 

3.4. Results  

Ikkα+/- mice develop many more and larger skin tumors earlier than do 

Ikkα+/+ mice. To determine the relationship between IKKα expression and skin 

carcinogenesis, we topically treated Ikkα+/+ and Ikkα+/- mice with a single dose of 

DMBA followed by repeated treatment with TPA. At week 28 of TPA treatment, we 

collected and weighed the tumors. Ikkα+/- mice developed significantly more tumors than 

did Ikkα+/+ mice (P < 0.0005, linear regression model) (Figure 3-1A and Table 3-1A). 

Incidence of tumors in the Ikkα+/+ mice reached 100% by 19 weeks, and in the Ikkα+/- 

mice by 14 weeks (P = 0.0014, log-rank test) (Figure 3-1B). Papillomas and carcinomas 
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in Ikkα+/- mice were significantly larger than those in Ikkα+/+ mice (P < 0.0005, 2-sided 

Fisher exact test) (Figure 3-1C, D). Control mice treated with DMBA once or TPA (5 

times per week) alone did not develop any tumors at week 28. The repeated experiment 2 

showed similar results (Figure 3-2A, B and Table 3-2B). To determine the rate of 

carcinoma conversion, we histologically examined all the tumors that weighed more than 

0.03 g. Four (3.2%) of the 125 tumors that developed in the 15 Ikkα+/+ mice and 47 

(16.5%) of the 285 tumors that developed in the 15 Ikkα+/- mice were carcinomas (P < 

0.005, Fisher exact test) (Figure 3-1C). These results suggested that Ikkα+/- mice were far 

more susceptible to skin carcinogenesis than Ikkα+/+ mice. Genetic background affects 

the susceptibility of mice to chemical carcinogen-induced skin carcinogenesis (Hennings 

et al., 1993). Although the mice used for this study were not 100% C57BL6, Ikkα+/- and 

Ikkα+/+ mice were sisters. Mice with a mixed C57BL6 genetic background have been 

used for the studies of chemical carcinogen-induced skin carcinogenesis (Kemp et al., 

1993; Mao et al., 2004). In addition, the differences in the tumor incidence and the tumor 

multiplicity between Ikkα+/+ group and Ikkα+/- group were dramatically significant. Thus, 

it was likely that the genetic background was not a major factor that caused these 

differences. We also examined apoptotic cells in tumors from Ikkα+/+ and Ikkα+/- mice by 

immunostaining analysis and did not observe a significant difference for this endpoint 

between Ikkα+/+ and Ikkα+/- tumors (data not shown). 

 

H-Ras mutations are detected in papillomas and carcinomas. The papillomas 
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in the Ikkα+/+ and Ikkα+/- mice displayed well-differentiated patterns with a thick 

surface layer of keratin. The carcinomas were less differentiated or undifferentiated in the 

Ikkα+/+ and Ikkα+/- mice (Figure 3-3A). The carcinomas expressed proliferating cell 

nuclear antigen (PCNA) in the entire tumor, but the papillomas expressed PCNA only in 

the hyperproliferating basal cells (Figure 3-3A).  

To determine whether these skin tumors were initiated by DMBA-mediated H-

Ras mutations, we examined V61 mutations (CAA→CTA) of H-Ras in randomly 

selected papillomas and carcinomas from Ikkα+/+ and Ikkα+/- mice by using PCR. The H-

Ras (V61) mutations were detected in 19 (82.6%) of 23 Ikkα+/+ tumors and in 24 (85.7%) 

of 28 Ikkα+/- tumors (Figure 3-3B). Moreover, we found V12 mutations (GGA→GGC) in 

the tumors that were negative for V61 mutations of H-Ras (Figure 3-3C). We did not 

detect any H-Ras mutations in 7 untreated skin specimens of Ikkα+/+ and Ikkα+/- mice, 

respectively, and in 8 DMBA/TPA-treated skin specimens of Ikkα+/+ and Ikkα+/- mice, 

respectively. These results suggested that all the skin tumors were initiated by DMBA-

mediated H-Ras mutations.  

 

Levels of IKKα  proteins are markedly reduced in most Ikkα+/- carcinomas 

and some Ikkα+/- papillomas. We further evaluated the IKKα level in papillomas and 

carcinomas. Western blotting analysis showed higher levels of IKKα in 10 papillomas 

than in skin specimens from Ikkα+/+ mice (Figure 3-4A). The increased IKKα could be 

induced by long-term treatment with TPA, as suggested by Saleem et al. (Saleem et al., 
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2004). We previously reported that poorly differentiated SCCs expressed markedly 

reduced IKKα (Liu et al., 2006). Reduction in IKKα was also detected in the 8 poorly-

differentiated carcinomas of the 15 Ikkα+/+ carcinomas (Figure 3-4A, Figure 3-5A, B). 

Furthermore, some of the 17 Ikkα+/- papillomas expressed elevated IKKα, but the 

remainder expressed reduced IKKα (Figure 3-4A). All 18 Ikkα+/- carcinomas expressed 

markedly reduced IKKα. Comparison of IKKα relative levels suggested that the IKKα 

levels were inversely correlated with the increased numbers of carcinomas (Figure 3-4B). 

Immunohistochemical staining showed a reduction in IKKα expression only in 

carcinomas, not in the skin that surrounded the tumors (Figure 3-4C). Collectively, these 

results suggested that a reduction in IKKα expression contributed to the formation of 

papillomas; a further reduction greatly enhanced the development of carcinomas although 

the mechanism by which IKKα was reduced might be different in Ikkα+/+ and Ikkα+/- 

tumors. 

 

Genetic alterations of Ikkα  occur in skin tumors. We previously reported that 

the poorly-differentiated carcinomas expressed reduced IKKα proteins, however, IKKα 

mRNA levels were not reduced in these carcinomas obtained from wild-type mice (Liu et 

al., 2006), and we observed similar results in this study (Figure 3-5B). In addition, we 

observed that papillomas and carcinomas from Ikkα+/- mice tended to lose IKKα (Figure 

3-4A), suggesting that loss of heterozygosity (LOH) of Ikkα might be responsible for loss 

of IKKα protein in Ikkα+/- tumors. To test this hypothesis, we examined the BamHI-
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digested Ikkα gene in papillomas and carcinomas by Southern blotting with an N-

terminal IKKα cDNA probe covering exons 1 to 6 of Ikkα (Figure 3-6A). This probe 

hybridized with three fragments including a 9.3-kb fragment from exon 2 to upstream of 

the Ikkα gene, a 3.6-kb fragment from exons 3-4, and a 5.2-kb fragment from exons 5-9 

in Ikkα+/+ cells (Figure 3-6B). In the Ikkα-/- cells, the 5.2-kb fragment disappeared 

because exon 7 in the Ikkα allele included a neo gene that contained two additional 

BamHI sites at its 5' and 3' ends (Figure 3-6A, B) (Hu et al., 1999). After BamHI 

digestion, this probe only recognized a 1.3-kb fragment from exons 5-7, but not the 

fragment from exons 7 to 9. Thus, three DNA fragments (9.2-kb, 3.6-kb, and 1.3-kb) in 

Ikkα-/- cells and four DNA fragments (9.3-kb, 3.6-kb, 5.2-kb, and 1.3-kb) in Ikkα+/- cells 

were detected. When Ikkα LOH occurred in Ikkα+/- cells, only 9.3-kb, 3.6-kb, and 1.3-kb 

were detected. We found LOH in 4 (44%) of the 9 papillomas and 22 (95%) of the 23 

carcinomas (Figure 3-6B and Table 3-3). The faint wild-type bands (5.2-kb) in Ikkα+/- 

carcinomas were presumably caused by the presence of contaminating noncarcinoma 

cells in the tumor samples. We confirmed LOH in the Ikkα+/- carcinomas by PCR (Figure 

3-6, Figure 3-7A) (Hu et al., 1999). RT-PCR confirmed that Ikkα+/- carcinomas retained 

low levels of IKKα mRNA (Figure 3-7B). Collectively, these results indicated that LOH 

of Ikkα might be largely responsible for loss of IKKα protein in Ikkα+/- carcinomas and 

papillomas.  

We then examined the Ikkα gene in 11 papillomas and 7 carcinomas from Ikkα+/+ 

mice by Southern blotting with the IKKα cDNA probe and found no alterations in Ikkα 



46 

 
(Figure 3-6C and Table 3-4). Ikkα mutations in human SCCs were previously reported 

(Liu et al., 2006). To identify mutations in the Ikkα murine gene, we used RT-PCR to 

amplify an IKKα transcript (nucleotides 1606 to 2090; amino acids 518 to 679 of IKKα; 

NM_007700) from either acetone-treated control skins or Ikkα+/+ carcinomas. Amplified 

PCR products were sub-cloned into the pGEM vectors and sequenced. We sequenced 33 

clones from two acetone-treated skin samples, which were used as PCR background 

controls (numbers 5 and 6 in Table 3-5). Many Ikkα mutations, including insertions and 

deletions, were detected in 45 clones from four Ikkα+/+ carcinomas (Figure 3-6D and 

Table 3-5). Ikkα mutations were also detected in Ikkα+/- papillomas and Ikkα+/- 

carcinomas (Table 3-6). Interestingly, we detected many Ikkα mutations in the IKKα 

transcript of one Ikkα+/- carcinoma (Table 3-6). Ikkα LOH was not detected in all the 

Ikkα+/- carcinomas (Table 3-3). Thus, Ikkα mutations might also contribute to loss of 

IKKα proteins in carcinomas if some cells in carcinomas retained the remaining wild-

type Ikkα allele. Apparently, there were more Ikkα mutations in carcinomas than in 

papillomas. These transition and transversion nucleotide substitutions caused missense 

and nonsense mutations. (Figure 3-6D). Although we detected some repeated mutations 

in the same tumors, the frequency of the repeated mutations was low, suggesting that 

these somatic mutations were not amplified, which was consistent with our previous 

results (Liu et al., 2006). Also, sequencing results confirmed that the mutations were not 

homologous (Figure 3-7C). Collectively, Ikkα mutations were found in both human and 

mouse SCCs.  
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Reduction in IKKα expression enhances mitogenic activity in skin and 

carcinomas. A previous study suggested that ERK activity was a signature for Ras-

initiated skin tumors in two-stage chemical carcinogenesis settings (Mao et al., 2004). 

We found H-Ras mutations in the tested papillomas and carcinomas. Because control 

mice treated with DMBA alone did not produce any tumors at 28 weeks, we investigated 

the effect of reduced IKKα on the promotion of TPA-induced tumors. 

Immunohistochemical staining showed a higher fraction of BrdU positive cells in the 

epidermis of Ikkα+/- mice than in the epidermis of Ikkα+/+ mice treated with TPA (P = 

0.009, Student’s t-test) (Figure 3-8A), suggesting that TPA enhanced cell proliferation in 

Ikkα+/- skin. We next examined phosphorylation of ERK (p-ERK), a downstream target 

of Ras. ERK activity was higher in Ikkα+/- than in Ikkα+/+ cultured keratinocytes under 

routine culture conditions (Figure 3-9). ERK activity was much higher in TPA-treated 

Ikkα+/- than in TPA-treated Ikkα+/+ skin (Figure 3-8B). Furthermore, examination of 

several growth factors that are downstream targets of TPA (Kiguchi et al., 1997) by real 

time PCR showed excessive expression of transforming growth factor alpha (TGFα), 

epidermal growth factor (EGF), amphiregulin (AR), fibroblast growth factor (FGF)-2, 

FGF-13, vascular endothelial growth factor A (VEGF-A) and tumor necrosis factor α 

(TNFα) in TPA-treated Ikkα+/- skin specimens relative to that in TPA-treated Ikkα+/+ skin 

specimens (Figure 3-8C). TPA moderately elevated expression of heparin-binding (HB)-

EGF and interleukin (IL)-1 in Ikkα+/- compared with that in Ikkα+/+ skin. The basal levels 
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of ERK activity and expression of these growth factors were slightly higher in Ikkα+/- 

than in Ikkα+/+ skin (Figure 3-8B, C). Moreover, we isolated keratinocytes from Ikkα+/+ 

and Ikkα+/- newborn mice and found that TPA treatment induced significant higher levels 

of ERK activities and higher expression levels of the growth factors in Ikkα+/- 

keratinocytes than in Ikkα+/+ keratinocytes (Figure 3-8D, E), suggesting that the 

increased mitogenic activity was intrinsic to keratinocytes. Western blotting showed 

considerably higher ERK activity in carcinomas than in papillomas (Figure 3-8F). 

Collectively, these results indicated that reduced IKKα markedly elevated TPA-induced 

ERK activity and expression of these growth factors, which provided a molecular basis 

for promoting keratinocyte proliferation, papilloma formation, and malignant conversion 

in Ikkα+/- mice.  

Because IKKα is one subunit of the IKK complex, we then evaluated IKK 

activity. Kinase analysis (KA) showed that IKK activity was only slightly increased in 

TPA-treated Ikkα+/- compared with that in TPA-treated Ikkα+/+ skin specimens; the levels 

of IKKβ were similar in these skin specimens (Figure 3-10). However, the IKK activity 

was higher in carcinomas than in papillomas although the IKKβ level was not increased 

in carcinomas (Figure 3-8G). The levels of IκBα were found to be lower in some 

carcinomas than in papillomas (Figure 3-11A). To determine whether IKKα loss 

deregulated expression of IKKβ and IκBα, we examined their levels in the epidermis. 

Western blotting showed that Ikkα+/+ and Ikkα-/- epidermis expressed similar levels of 

IKKβ, IκBα, and p65 (Figure 3-11B). Presumably, the replacement of IKKα by IKKβ in 
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the IKK complex might contribute to the increased IKK kinase activity in IKKα 

deficient cells as suggested by 3 previous reports (Correa et al., 2005; Hu et al., 2001; Li 

et al., 2005; Zandi et al., 1997).  

 

Loss of IKKα  promotes VEGF-A expression and blood vessel formation. Our 

skin carcinogenesis experiments showed that Ikkα+/- mice developed 11-times more 

carcinomas than did Ikkα+/+ mice (Figure 3-1C). VEGF-A, an important angiogenesis 

factor, promotes neovascularization and the onset of tumor invasion (Conti, 2002). We 

previously reported that overexpression of IKKα repressed Ras-induced VEGF-A 

expression; binding of IKKα to a distal VEGF-A promoter (-2414 bp to -2065 bp) was 

correlated to a decrease in VEGF-A expression (Liu et al., 2006). In the present study, we 

observed elevated VEGF-A expression in Ikkα+/- compared with that in Ikkα+/+ skin 

specimens and keratinocytes (Figure 3-8C, E). It has been reported that EGF enhances 

VEGF-A expression (Enholm et al., 1997). We thus examined whether reduced IKKα 

elevated VEGF-A expression and blood vessel formation. ChIP assay showed that EGF 

treatment reduced binding of IKKα to the distal VEGF-A promoter, which was 

associated with elevated EGF-A expression in Ikkα+/+ keratinocytes (Figure 3-12A-C). 

Reintroduced IKKα bound to the distal VEGF-A promoter and repressed VEGF-A 

expression in Ikkα-/- keratinocytes (Figure 3-12A, B, C). IKKα did not bind to the 

proximal VEGF-A promoter (Figure 3-12A), which was consistent with our previous 

finding (Liu et al., 2006). Furthermore, we found that TPA and DMBA dramatically 
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enhanced the formation of blood vessels in the skin of Ikkα+/- mice relative to that in 

the skin of Ikkα+/+ mice (Figure 3-12D). Significantly more blood microvessels in the 

skin stroma of Ikkα+/- mice than in the skin stroma of Ikkα+/+ mice were also observed 

after treatment with DMBA/TPA for 14 weeks (Figure 3-13A, B). Thus, IKKα loss-

enhanced VEGF-A expression might foster the development of carcinomas in Ikkα+/- 

mice.  

 

3.5. Discussion 

In the present study, we found that Ikkα+/- mice developed many more and larger 

tumors than did Ikkα+/+ mice; the latency period for tumor appearance was shorter in 

Ikkα+/- mice than in Ikkα+/+ mice (Figure 3-1A-D), indicating that a reduction in IKKα 

expression provided a selective growth advantage, which promoted the formation of skin 

tumors. Elevated ERK activity has been suggested as a signature event for Ras-initiated 

skin tumors (Mao et al., 2004). For example, ERK activity and H-Ras mutations were not 

detected in skin carcinomas that lost the remaining wild-type Pten allele in Pten+/- mice 

(Mao et al., 2004). H-Ras mutations were detected in all the tumors in our mice and 

elevated ERK activity was observed in carcinomas compared to those in papillomas, 

which suggested that reduced IKKα provided a selective growth advantage that 

cooperated with DMBA-induced H-Ras mutations to promote skin carcinogenesis. Our 

results further showed that TPA treatment induced excessive ERK activity and excessive 

expression of EGF, TGFα, AR, FGF2, FGF13, and VEGF-A in Ikkα+/- skin specimens. 
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The elevated mitogenic activity was intrinsic to keratinocytes, which was consistent 

with a previous study, in which the expression levels of a group of FGFs and ERK 

activity were dramatically higher in Ikkα-/- skin and keratinocytes than in Ikkα+/+ skin and 

keratinocytes, and that reintroduction of IKKα or kinase-inactive IKKα repressed ERK 

activity and expression of FGFs (Sil et al., 2004). The mitogenic activity was associated 

with the nuclear function of IKKα (Sil et al., 2004). Thus, a reduction in IKKα 

expression induced excessive mitogenic activities following TPA treatment, which 

provided a molecular basis for promoting keratinocyte proliferation and papilloma 

formation. Elevated ERK activity and excessive expression of growth factors were 

previously reported to contribute to the malignant conversion during skin carcinogenesis 

(Mao et al., 2004; Wang et al., 2000). In addition, IKKα loss enhanced expression of 

VEGF-A that was likely to be important for tumor invasion (Figure 3-12, Figure 3-13) 

(Larcher et al., 1996). Thus, IKKα loss-mediated mitogenic and angiogenic activities 

might facilitate malignant conversion as well.  

We previously showed that elevated IKKα expression repressed chemical 

carcinogen-induced mitogenic and angiogenic activities in the epidermis and the dermis 

of Lori.IKKα transgenic mice (Liu et al., 2006). The IKKα transgenic mice developed 

significantly fewer malignant carcinomas and metastases than did wild-type mice. Here 

we report that reduced IKKα expression promoted chemical carcinogen- or growth 

factor-induced mitogenic and angiogenic activities, and that Ikkα+/- mice were far more 

prone to skin carcinogenesis than were Ikkα+/+ mice. These findings suggest that IKKα 
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associated-mitogenic and -angiogenic activities are an important mechanism in 

repressing or promoting skin carcinogenesis.  

Moreover, we observed elevated IKK kinase activity in carcinomas compared 

with that in papillomas, although the levels of IKKβ were not elevated in the carcinomas. 

Also, the levels of IκBα were reduced in some carcinomas (Figure. 3-8G, Figure 3-11A). 

Loss of IKKα was not found to elevate the levels of IKKβ or downregulate the levels of 

IκBα in the epidermis (Figure 3-11B). Previous findings suggested that IKKβ 

replacement for IKKα in the IKK complex elevated the IKK kinase activity in IKKα 

deficient cells because IKKβ showed a stronger kinase activity for IκBs than did IKKα 

(Correa et al., 2005; Hu et al., 2001; Li et al., 2005; Zandi et al., 1997). Thus, IKKα loss 

or other indirect causes might be involved in the IKK kinase activation in the carcinomas. 

Increased IKK kinase activity has been implied to promote tumor progression through a 

variety of avenues (Karin and Greten, 2005). Increased IKKβ-dependent IKK activity 

was reported to promote human cancer development and colitis-associated cancer in mice 

(Greten et al., 2004; Hu et al., 2004). Reduced IκBα levels and increased NF-κB 

activities were previously observed in chemical carcinogen-induced carcinomas 

compared with those in papillomas (Budunova et al., 1999). In addition, IKKα loss was 

reported to promote the expression of cytokines, such as TNFα (Li et al., 2005), and we 

also detected elevated expression of TNFα in IKKα-deficient keratinocytes (data not 

shown). Thus, elevated IKK/NF-κB activity might promote skin carcinogenesis in Ikkα+/- 

mice although the detailed mechanisms remain to be elucidated.  
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We previously reported somatic Ikkα mutations in human SCCs (Liu et al., 

2006). In this study, we also observed Ikkα mutations in carcinomas and papillomas, 

suggesting that the Ikkα gene might be a susceptible target for mutagenesis during skin 

carcinogenesis. Recently, Greenman et al., (Greenman et al., 2007) reported that Ikkα 

(Chuk) mutations were frequently detected in human cancers after examining mutations 

in 518 genes. We found more transition mutations (T→C and A→G) than transversion 

mutations (Tables 3-5, 3-6), which was consistent with our previous report (Liu et al., 

2006). Some of the mutations resulted in changed amino acids, which might destabilize 

IKKα, or alter IKKα activity. Some of the mutations created the stop codon, which 

presumably generated a truncated IKKα protein. We also detected deletions and 

insertions in the IKKα transcripts, which caused frameshift mutations for IKKα. 

Seemingly, there were more Ikkα mutations in carcinomas than in papillomas, suggesting 

that the increased numbers of Ikkα mutations might contribute to destabilization of IKKα 

in skin carcinomas. Furthermore, we found some repeated mutations in different tumors, 

which might be “hot spots”. We also noticed more Ikkα mutations in DMBA/TPA-

induced mouse SCCs than those in human SCCs (Liu et al., 2006), which might be due to 

repeated treatments with a high dose of TPA for inducing skin tumors in mice. It is 

known that TPA can increase the amount of intracellular oxidative damage that 

influences the potential for DNA damage in cells (Wei and Frenkel, 1991). However, we 

previously observed markedly reduced IKKα expression in poorly-differentiated human 

SCCs (Liu et al., 2006). Possibly, in addition to Ikkα mutations, IKKα in human SCCs 
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can be down-regulated by alternative pathways. For example, p63 was reported to 

regulate IKKα expression in the formation of the epidermis, and deregulated p63 

expression was involved in skin tumor development (Candi et al., 2006; Koster et al., 

2007; Koster et al., 2006). Oncogenic stress, mutations, or unbalanced alleles can cause 

LOH of genes in tumors (Bartkova et al., 2005; Hill et al., 2005; Kemp et al., 1993). We 

observed that 44% of the Ikkα+/- papillomas and 95% of the Ikkα+/- carcinomas lost the 

remaining wild-type Ikkα allele. Ikkα+/- mice developed 11 times more carcinomas than 

did Ikkα+/+ mice. These results suggested that the integrity of the Ikkα gene was 

important for suppressing malignant conversion. The development of malignancies is 

complex; more mechanisms remain to be revealed. 
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Figure 3-1. Ikkα+/- mice are more susceptible to DMBA/TPA-induced skin 
carcinogenesis than are Ikkα+/+ mice. A, Tumor multiplicity in Ikkα+/+ and Ikkα+/- mice 
(P < 0.0005, linear regression model). B, Tumor incidence in Ikkα+/+ and Ikkα+/- mice (P 
= 0.0014, log-rank test). C, Tumor weights in Ikkα+/+ and Ikkα+/- mice at week 28 (P < 
0.0005, Fisher exact test). D, Ikkα+/+ and Ikkα+/- mice with carcinomas and papillomas at 
week 28.  
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Table 3-1. Comparison of the numbers of papillomas and carcinomas in 

experiment 1. 

Experimental 
group 

No. of 
mice with 

tumors 
(%) 

Total no. 
of tumors 

No. of 
carcinomas 

No. (%) of mice 
with carcinomas 

Conversion 
frequency: 

no. of 
carcinomas/no. of 

tumors (%) 
15 Ikkα+/+  mice 15 (100) 125 4 2 (13.3) 4/125 (3.2) 
15 Ikkα+/- mice 15 (100) 285 47 15 (100) 47/285 (16.5) 

 

        Table 3-2. Comparison of the numbers of papillomas and carcinomas in experiment 
2.  

Experimental 
group 

No. of 
mice with 

tumors 
(%) 

Total no. 
of tumors 

No. of 
carcinomas  

No. (%) of mice 
with carcinomas 

Conversion 
frequency: 

no. of 
carcinomas/no. of 

tumors (%) 
21 Ikkα+/+  mice 21 (100) 155 5 4 (19.0) 5/155 (3.2) 
21 Ikkα+/- mice 21 (100) 315 81 21 (100) 81/315 (25.7) 
 
Comparison of the numbers of papillomas and carcinomas in experiment 2. The 
papillomas in these mice began to regress after 24 weeks of TPA treatment. 
Regardless of TPA treatment, most papillomas eventually regressed. Thus, we decided 
to stop TPA treatment after 28 weeks and sacrificed mice at week 44 in Experiment 2. 
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Figure 3-2. Ikkα+/- mice are more susceptible to DMBA/TPA-induced skin 

carcinogenesis than are Ikkα+/+ mice (Experiment 2). A, Tumor multiplicity in Ikkα+/+ 
and Ikkα+/- mice (P < 0.0005, linear regression model). B, Tumor incidence in Ikkα+/+ 
and Ikkα+/- mice (P < 0.0015, log-rank test). 
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Figure 3-3. H-Ras mutations are detected in papillomas and carcinomas. A, 

Histology of Ikkα+/+ and Ikkα+/- papillomas and carcinomas by staining with hematoxylin 
and eosin. Original magnification is indicated at left. Carcinomas expressed PCNA across 
the entire tumor, but papillomas expressed PCNA only in the hyperproliferating basal 
cells.  #, sample numbers; PCNA, proliferating cell nuclear antigen; dark brown nuclear 
staining, positive immunohistochemical staining; blue staining, hematoxylin 
counterstaining. B, PCR fragments containing V61 mutations (CAA to CTA) of H-Ras 
were digested with XhaI to generate two bands. C, PCR fragments containing V12 
mutations of H-Ras (GGA to GGC) were not digested with MnI I.  
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Figure 3-4. Reduction in IKKα proteins in most Ikkα+/- carcinomas, some of 

Ikkα+/- papillomas and poorly differentiated Ikkα+/+ carcinomas. A, IKKα levels in 
papillomas and carcinomas, detected by Western blotting. β-Actin, a protein loading 
control; Control, normal skin. Ratio, densities of the IKKα signal normalized to those of 
the β-Actin signal (ratio for wild-type skin was set as 1). Signals were scanned by a 
Kodak Image Station 440 with the ID3.6 software program (Kodak) and analyzed by the 
ImageQuant TL software program (version 2003.02). B, Comparison of relative IKKα 
expression levels in papillomas and carcinomas. Ikkα+/+ carcinomas were obtained from 
experiments 1 and 2. C, IKKα expression in Ikkα+/+ and Ikkα+/- skin, papillomas and 
carcinomas, detected by immunohistochemical staining. +/+, Ikkα+/+; +/-, Ikkα+/-, -/-, 
Ikkα-/-; #, sample numbers; dark brown staining, IKKα staining; blue staining, 
hematoxylin counterstaining. Original magnification in papillomas and carcinomas, 
×100; original magnification in skin, ×200.  
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Figure 3-5. Levels of IKKα in Ikkα+/+ carcinomas. A, IKKα protein levels in 

carcinomas from Ikkα+/+ mice with a C57BL6 background (Experiment 2), as 
detected by Western blotting analysis. Ratio, densities of the IKKα signal 
normalized to those of the β-Actin signal (ratio for wild-type skin was set as 1); 
Control, normal skins. B, IKKα protein levels in Ikkα+/+ (+/+) carcinomas from FVB 
mice. WB, Western blot analysis; NS, nonspecific protein bands. Bottom panel: RT-
PCR showing IKKα transcript levels in carcinomas found in wild-type FVB mice. 
GAPDH, a loading control; differentiation degree, determined by histological 
examination.  
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Figure 3-6. Genetic alterations in skin tumors. A, A map for BamHI-digested Ikkα 

genomic DNA. Numbered boxes represent exons. Lines between the exons represent 
introns. Numbers for the IKKα cDNA probes (bp) indicate nucleotide positions. 
Numbers for the Ikkα gene (kb) indicate the sizes of the BamHI-digested genomic 
DNA fragments. B, BamHI; Neo, neomycin gene inserted into exon 7 in the Ikkα 
knockout allele. B-C, BamHI-digested DNA samples of skin, papillomas, and 
carcinomas were analyzed by Southern blotting that was probed with an N-terminal 
IKKα cDNA. Control, skin; C, carcinoma; P, papilloma; +/+, Ikkα+/+; +/-, Ikkα+/-; -/-, 

Ikkα-/-. D, Detection of Ikkα mutations including mutations, deletions, and insertions 
in 45 clones from four Ikkα+/+ carcinomas. *, mutations; ↓, insertion; }, deletion. 
Thirty three clones from 2 acetone-treated skin specimens were used as background 
controls. 
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Table 3-3. Analysis of loss of the wild-type Ikkα allele in Ikkα+/- papillomas 

and carcinomas.  *+, yes; -, no; +/+, Ikkα+/+; +/-, Ikkα+/-; -/- Ikkα-/-. #, Southern blots 
were scanned by using a Kodak Image Station 440 (Kodak, Rochester, NY). The 
densities of wild-type and mutant allele copies were measured by using the 
ImageQuant TL software program (version 2003.01, Amersham Bioscience, 
Piscataway, NJ). The Gapdh densities were used to normalize the wild-type and 
mutant alleles. The wild-type and mutant allele controls were set as 1. If the density 
(wild-type allele/Gapgh) was < 0.3, it was identified as LOH. 
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Gel# Sample No. Wild-type allele/Gapdh Mutant allele/Gapdh LOH* 

Panel a Tissue control    1-/-                   0.00                1.00  
     2-/-                  0.00                1.00  
     1+/+                  1.00                0.00  
     2+/+                  1.00                0.00  
     1+/-                  0.50                0.60  
     2+/-                  0.50                0.60  
  Papillomas    1P                 0.41 0.85 - 
     2P                 0.18 1.17 + 
  Carcinomas    1C                 0.26 0.25 + 
  2C                 0.09 1.17 + 
  3C                 0.32 1.07 + 
  4C                 0.14 0.66 + 

Panel c Tissue control    1-/-                   0.00                1.00  
   2-/-                  0.00                1.00  
    1+/+                 1.00                0.00  
   1+/-                  0.50                0.50  
   2+/-                  0.50                0.50  
  Carcinomas 5C                 0.11 0.94 + 
  6C                 0.19 0.42 + 
  7C                 0.39 1.10 - 
  8C                 0.24 0.63 + 
  9C                 0.17 0.75 + 
  10C                 0.16 0.90 + 
  11C                 0.10 0.86 + 
  12C                 0.32 0.71 + 
  13C                 0.13 0.82 + 
  14C                 0.21 0.97 + 
  15C                 0.16 0.94 + 
  16C                 0.15 0.79 + 
  17C                 0.20 0.79 + 
  18C                 0.30 0.13 + 
  19C                 0.20 0.24 + 
  20C                 0.15 0.28 + 
  21C                 0.23 0.22 + 
  22C                 0.20 0.21 + 
  23C                 0.27 0.96 + 

Panel d Tissue control    1-/-                 0.00                1.00  
    1+/+                  1.00                0.00  
    2+/+                  1.00                0.00  
   1+/-                  0.50                0.50  
   2+/-                  0.50                0.50  
  Papillomas 3P                 0.21                  0.41 + 
  4P                 0.37                  0.40 - 
  5P                  0.29                  0.43 + 
  6P                    0.63                  1.09 - 
  7P                    0.32                  1.17 + 
  8P                  0.52                  1.05 - 
  9P                 0.52                  1.17 - 
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Figure 3-7. Genetic alterations of Ikkα in skin tumors. A, Comparison of PCR 

products from skin specimens and carcinomas generated by PCR primers of wild-type 
Ikkα and knockout Ikkα (Hu et al., 1999), +/+, Ikkα+/+; +/-, Ikkα+/-. B, RT-PCR shows 
expression levels of IKKα in Ikkα+/+ (+/+) and Ikkα-/- (-/-) keratinocytes. S, skin; P, 
papilloma; C, carcinoma; GAPDH, a loading control. C, Sequences of wild-type Ikkα 
and Ikkα mutation at 615 amino acid (aa). 
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Table 3-4. Analysis of loss of the wild-type Ikkα allele in Ikkα+/+ papillomas 

and carcinomas 
 

Gel Sample No. Wild-type allele/Gapdh Mutant allele/ Gapdh LOH 
Panel b Tissue control    1-/-   0.00 1.00  

     2-/-  0.00 1.00  
     1+/+ 1.00 0.00  
   1+/-  0.50 0.50  
   2+/-  0.50 0.50  
  carcinomas 1C 0.95 0.00 - 
  2C 1.19 0.00 - 
  3C 0.90 0.00 - 
  4C 0.98 0.00 - 
  5C 1.00 0.00 - 
  6C 1.00 0.00 - 
  7C 0.90 0.00 - 
  Papillomas 1P 0.93 0.00 - 
  2P 0.88 0.00 - 
  3P 0.81 0.00 - 
  4P 0.92 0.00 - 

Panel d Tissue control    1-/- 0.00 1.00  
     1+/+  1.00 0.00  
     2+/+  1.00 0.00  
     1+/-                    0.50 0.50  
     2+/-   0.50 0.50  
  Papillomas 5P 1.08  0.00 - 
  6P 1.01  0.00 - 
  7P                    0.98  0.00 - 
  8P    1.11                 0.00 - 
  9P    1.16                 0.00 - 
  10P  1.08  0.00 - 
  11P 1.19  0.00 - 
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Table 3-5.  Types of mutations, deletions, and insertions in the 484-

nucleotide IKKα DNA fragments isolated from Ikkα+/+ tumors and normal skin   
 

 No. of 
samples 

No
* 

          Types of mutations, deletions, and insertions at amino acid positions 
of IKKα  
                    

1. IKKα 
Carcinoma: 
14 clones&  

1 
2 
 
3 
 
>3 

565ATT→AcT; 620GAT→GtT; 641TTT→cTT 
587GTG→GgG, 591GTG→aTG; 590ATC→gTC, 642ATG→AgG; 
587GTG→aTG, 640ATG→gTG 
581AGC→gGC, 592CAC→CtC, 645AAG→gAG; 621CTA→CcA, 
630AGT→gGT, 640ATG→AcG,  

2. IKKα 
Carcinoma: 
8 clones 

1 
2 
3 
>3 

631AAC→AgC 
595CAG→CgG, 613GGC→GtC; 615AAG→AgG, 652CAC→CgC 
548CCC→tCC, 624AAG→AtG, 652CAC→CgC 
602AAG→tAG, 646AGG→gGG, 665TCT→TCc, 637Del-1bp(A); 
549TAC→TAg, 553→555Del-10bp(CCAGGGAGAC), 576CCT→gtT, 
600Inser-4bp(GTGG), 603GAG→GgG, 615AAG→gAG, 616CAG→CgG, 
619ATT→gTT, 620GAT→GgT, 624AAG→gAG, 630AGT→gGc, 
632ATC→Acg, 633AAA→gAA, 640ATG→gcG, 652CAC→CgC, 
659ACA→ctA 

3. IKKα 
Carcinoma: 
9 clones 

1 
2 
 
3 
>3 

 
539ACT→gCT, 546AAG→AgG; 618ATT→gTT, 655AAA→AgA; 
638ACT→AtT, 649GAA→GgA; 566GAT→GAa, 606Del-1bp(G)  
650ATT→gTT, 659ACA→tCA, 679GTA→GaA 
565ATT→tTT, 597CAG→CgG, 652CAC→CgC, 637Del-1bp(A) 

4. IKKα 
Carcinoma: 
14 clones 

1 
2 
3 
>3 

539ACT→gCT; 552CGC→CaC; 675Del→1bp(A) 
566GAT→GgT, 611TTG→TcG 
 
565ATT→AcT, 566GAT→aAT, 588AAG→AgG, 606GGT→GaT 

5. IKKα 
Skin:  
16 clones as 
a PCR 
background 
control 

1 
2 
3 

586ATG→AcG; 670GTG→GcG 

6. IKKα 
Skin: 
17 clones as 
a PCR 
background 
control 

1 
2 
3 

614TGC→cGC; 616CAG→CgG; 648AAA→gAA 

*Number of mutations within the IKKα transcript (Fig. 4D, nucleotides 1606 to 2090;     
amino acids 518 to 679 of IKKα; NM_007700), including deletions, and insertions;    
bold letter, mutated nucleotide; &clone, each pGEM-T vector clone contains a PCR   
fragment. 
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 Table 3-6.  Types of mutations, deletions, and insertions in the 484-

nucleotide IKKα DNA fragments isolated from Ikkα+/- tumors   
 

No. of  
Samples 

No. 
* Types of mutations, deletion, and insertions at amino acid positions of IKKα  

1. IKKα 
Papilloma: 
10 clones& 

1 
2 
 
3 
>3 

554GGA→GGg; 661AGT→AaT 

538CAC→CgC, 626GAA→aAA; 572AAG→AgG, 623CCC→Cct; 
649GAA→GcA, 670AGT→AGg 

2. IKKα 
Papilloma: 
9 clones 

1 
2 
3 
>3 

527ATT→cTT; 594GTG→GTa; 623CCC→CCt;  
534ATT→gTT, 572AAG→tAG; 631AAC→AAt, 633AAA→AtA 

3. IKKα 
Papilloma: 
10 clones 

1 
2 
 
3 
>3 

592CAC→CgC 
568TAT→gAT, 669TCC→TaC; 536TCT→TCc, 603GAG→GgG; 
610AAG→AgG, 623CCC→CCt; 623CCC→CCt, 594GTG→GTa 
528GGT→GtT, 569AAG→AgG, 669TCC→TaC 

4. IKKα 
Carcinoma: 
11 clones 

1 
2 
 
3 
>3 

603GAG→GgG; 623CCC→CCt; 631AAC→AAt; 594GTG→GTa 

633Del→1bp(A), 669TCC→TaC; 565ATT→ATc, 568TAT→gAT; 
634GAA→GgA, 667GTA→GaA 
549TAC→cAT, 570CAG→CcG, 652CAC→CtC 

5. IKKα 
Carcinoma: 
10 clones 

1 
 
2 
3 
>3 

594GTG→GTa; 631AAC→AAt; 596AGT→AGa; 603GAG→GgG; 
546AAG→gAG; 
568TAT→gAT 
644GGA→GGg, 669TCC→TaC; 587GTG→GcG, 630AGT→AGc 
527ATT→gTT, 591GTG→ GTa, 642ATG→gTG 

6. IKKα 
Carcinoma: 
12 clones 

1 
2 
 
3 
 
>3 

569AAG→AgG; 664CGC→CaC; 660AGT→AaT; 603GAG→GgG 
568TAT→gAT, 631AAC→AAt; 568TAT→gAT, 602AAG→gAG; 
594GTG→GTa, 623CCC→CCt 
528GGT→GGc, 623CCC→CCt, 631AAC→AgC; 568TAT→gAT, 
633Del→1bp(A), 669TCC→TaC; 549TAC→cAT, 570CAG→ CcG, 
652CAC→CtC  
438AAG→gAG, 446Inser-1bp(C), 551CGA→tGA, 652CAC→CtC; 
527ATT→cTT, 603GAG→GgG, 630AGT→AGc, 661AGT→AaT 
  

     *Number of mutations within the IKKα transcript (nucleotides 1606 to 2090;  
      amino acids 518 to 679 of IKKα; NM_007700), including deletions, and      
      insertions; bold letter, mutated nucleotide; &clone, each pGEM-T vector clone  
      contains a PCR fragment. 
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Figure 3-8. Reduced IKKα expression elevates ERK activity and expression of 

growth factors and cytokines in TPA-treated skin and carcinomas. A, Percentage of cells 
with BrdU incorporation in skin specimens treated with acetone, TPA, or DMBA for 4 
weeks. +/+, Ikkα+/+; +/-, Ikkα+/-. B, Levels of p-ERK and ERK1/2 in skin specimens 
treated with TPA for 4 weeks, detected by Western blotting. β-Actin, loading control. C, 
Relative levels of indicated growth factor and cytokine mRNA in the skin specimens, 
detected by real-time PCR. D, ERK activities in Ikkα+/- (+/-) and Ikkα+/+ (+/+) primary 
cultured keratinocytes, which were starved overnight before TPA treatment, detected by 
Western blotting. β-Actin, protein loading control. E, Relative levels of indicated growth 
factor mRNA in primary cultured keratinocytes as detected by real time PCR. C, control; 
T, TPA treatment for 2 hours. F, levels of p-ERK and ERK in Ikkα+/+ and Ikkα+/- skin 
specimens, papillomas, and carcinomas, detected by Western blotting (WB). G, IKK 
kinase activity and IKKβ levels in papillomas, carcinomas, and skin specimens, detected 
by immunocomplex kinase assay (KA) with an anti-IKKγ antibody. IKKγ recovery was 
determined by Western blotting (WB). GST-IκBα (1-54 aa), IKK kinase substrate; IP, 
immunoprecipitation; Su-KA, kinase substrate; +/+, Ikkα+/+; +/-, Ikkα+/-. 
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Figure 3-9. Levels of IKKα, p-ERK, and ERK1/2 as detected by Western 

blotting in primary cultured keratinocytes under routine culture conditions. +/+, 
Ikkα+/+. 

 

 

 



74 

 
  

 

                

 
Figure 3-10. IKK kinase activities in skin specimens. IKK kinase activity in 

skin specimens of mice treated with TPA for 4 weeks. IKKγ recovery was 
determined by immunoblotting. WB, Western blotting; KA, immunocomplex kinase 
assay; GST-IκBα (1-54 aa), IKK kinase substrate; IP-KA, immunoprecipitation for 
KA; Sub-KA, kinase substrate. +/+, Ikkα+/+; +/-, Ikkα+/-. 
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Figure 3-11. Comparison of levels of IKK and NF-κB family members in 

skin specimens, papillomas, and carcinomas. A, Levels of IκBα in skin specimens, 
papillomas, and carcinomas, detected by Western blotting. ERK, protein loading 
control. B, Levels of indicated proteins in Ikkα+/+ (+/+) and Ikkα-/- (-/-) 
keratinocytes, detected by Western blotting. NS, nonspecific band.  
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Figure 3-12. Reduction in IKKα expression promotes the expression of VEGF-

A and the formation of blood vessels. A, Binding of IKKα to the distal VEGF-A 
promoter (dist-P), not proximal VEGF-A promoter (pro-P), detected by ChIP with an 
anti-IKKα antibody. Ikkα+/+ (+/+) keratinocytes were starved with medium without EGF 
overnight and treated with EGF (10 ng/ml). -/-, Ikkα-/-; Input, PCR control. B, Levels of 
VEGF-A mRNA in Ikkα+/+ primary cultured keratinocytes that were starved (-) or treated 
with EGF (10 ng/ml) (+) and in Ikkα-/- primary cultured keratinocytes infected with 
adenovirus expressing green fluorescent protein (GFP) (-) or IKKα (+), detected by real-
time PCR. NS, nonspecific PCR bands; GAPDH, loading control.  C, Comparison of 
levels of VEGF-A expression in panel B. *, P< 0.05 (t-test); +/+, Ikkα+/+; -/-, Ikkα-/-. D, 
Comparison of the formation of blood vessels in the skin specimens of Ikkα+/- and Ikkα+/- 
mice treated with acetone, TPA, or DMBA. Six-week-old female Ikkα+/+ and Ikkα+/- 
mice were treated with acetone (200 µl), TPA (2.5 µg in 200 µl of acetone), or DMBA 
(100 µg in 200 µl of acetone) once. The skin specimens of the mice were photographed 
72 h after treatment. 
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Figure 3-13. Reduction in IKKα expression promotes the formation of blood 
microvessels in the dermis. (A) Blood microvessels in the skin stroma of Ikkα+/+ (+/+) 
and Ikkα+/- (+/-) mice treated with DMBA/TPA for 14 weeks. Dark brown, CD-31 
staining for blood vessels; Original magnification, ×200. (B) Average numbers of blood 
microvessels in the skin stroma of Ikkα+/+ (+/+) and Ikkα+/- (+/-) mice treated with 
DMBA/TPA for 14 weeks. Four slides (15 views in each slide) from Ikkα+/+ mice and 
four slides from Ikkα+/- mice were counted. *, P< 0.001 (t-test).  
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CHAPTER IV. 

 

Various Spontaneous Tumors Developed in Ikkα  Heterozygous Mice 

on a FVB Background 

 

4.1. Summary 

IKKα is essential for embryonic skin development in mice. Mice deficient in 

IKKα develop hyperplasic epidermis that lacks terminal differentiation, and they die 

soon after birth because of the severely impaired skin. Recently, we reported a reduction 

in IKKα expression and identified Ikkα mutations in a high proportion of the poorly 

differentiated human squamous cell carcinomas (SCC) (Liu et al., 2006). We also showed 

that the reduction in IKKα expression provided a selective growth advantage, which 

cooperated with H-Ras mutations to promote papilloma formation and malignant 

conversion in a two-stage skin carcinogenesis setting (Park et al., 2007). Also, Maeda el 

al. and others showed that downregulation of IKKα was associated with differentiation, 

invasion and progression (Maeda et al., 2007; Van Waes et al., 2007). To further study 

the effect of IKKα on the tumor development, we observed a small group of FVB female 

Ikkα+/- and WT mice for one and half years and found that 12 out of 24 mice developed 

spontaneous mammary carcinomas, uterine tumors, and fibrosarcomas. Reduced IKKα 

and somatic Ikkα mutations were founded in these spontaneous tumors. Furthermore, 

elevated IKK kinase, NF-κB DNA binding and ERK activities and cyclin D1 levels were 

observed in these tumors. Together, these results suggest that these molecular 
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alterations may contribute to the development of these tumors.  

 

4.2. Introduction 

Allelic loss on chromosome 10q occurs during development and progression of a 

wide variety of human malignancies including renal cell carcinoma (Morita et al., 1991), 

non-Hodgkin’s lymphoma (Speaks et al., 1992), glioblastoma (Karlbom et al., 1993), 

malignant melanoma (Herbst et al., 1994), endometrial cancer (Peiffer et al., 1995), 

prostate cancer (Komiya et al., 1996), bladder carcinomas (Cappellen et al., 1997) and 

squamous cell carcinomas of the head and neck (Bockmuhl et al., 1997). Several studies 

have been to refine the regions on chromosome 10q potentially harbouring tumor 

suppressor genes. IKKα is located at chromosome 10q 24.31. Maeda G et al. reported 

that human oral SCCs exhibited genetic instability and hypermethylation on the promoter 

of Ikkα, which caused down-regulated KKα. Moreover, we reported Ikkα+/- mice 

developed two times more papillomas and eleven time more malignant carcinomas than 

did WT mice in two-stage skin carcinogenesis study (Park et al., 2007). The Elevated 

mitogenic and IKK kinase activities were observed in carcinomas compared with those in 

papillomas. Reduction in IKKα expression promoted the expression of VEGF-A and the 

blood vessels. Thus, reduced IKKα promotes the development of papillomas and 

carcinomas in skin through multiple pathways.  

In cell survival and the growth, NF-κB might directly stimulate cell cycle 

progression through cell cycle genes, such as cyclin D1(Joyce et al., 2001). In mammary 
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epithelial cells, expression of cyclin D1 depends on IKKα (Cao et al., 2001). NF-κB 

also involved in TNF-α mediated induction of cyclin D1 and other cell cycle genes in 

mouse colorectal carcinomas (Luo et al., 2004).  NF-κB dependent genes involves in 

oncogenesis. 

Approximately 10-15% of laboratory rodents have cancer by 2 years (Rangarajan 

et al., 2001) and many strains of laboratory mice tend to develop cancer in the cells of 

mesenchymal tissues, such as lymphomas and sarcomas. However, most age-related 

carcinomas in human arise in epithelial-cell layers. Lung, stomach, colon and endometrial 

carcinomas are rare in mice (Anisimov et al., 2005). 

In this study, we set up FVB female Ikkα+/- mice for one and half years and found 

that 12 out of 24 mice developed spontaneous mammary carcinomas, uterine tumors and 

dermal fibrosarcomas. Reduced IKKα and somatic Ikkα mutations were founded in these 

spontaneous tumors. Furthermore, elevated IKK kinase and NF-κB DNA binding, and 

ERK activities and cyclin D1 levels were observed in these tumors. These findings 

suggest that these molecular alterations may contribute to the development of these 

spontaneous tumors. 

 

4.3. Materials and Methods 

Mice 

Twenty four female mice in each group of WT and Ikkα+/- on a FVB genetic 

background were observed for one and half years. All mice were sacrificed on 18 months  
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by CO2.  Paraffin-embeded sections of tumors and normal organs were prepared and 

were stained with hematoxylin and eosin (H&E) and immunohistochemical staining by 

kerationcyte markers (K8). These stainings were performed by the histology core facility 

of our department.  

 

Western blot analysis 

Protein lysates (50µg) were prepared from tumors and normal organs as controls 

(Park et al., 2007). A cell lysate (50 µg) was applied to SDS gel, and specific protein 

levels were measured by Western blotting with the following antibodies against anti-

IKKα (imgenex), cyclin D1(c-20, Santa cruz) , and p-erk1/2 (Cell signaling, #9101). β-

actin was used as a loading control. 

 

Ikkα  mutation analysis 

Total RNA was isolated from tumors with TRI reagent and cDNA from these 

samples was synthesized by a RETROscript kit. The PCR products generated with 

primers (IKKα: 5′-ccattcactattctgaggttggtgtc-3′ and 5′-tactggaggggttactgtgccttc-3′) were 

subcloned into p-GEMT vectors and sequenced.  The sequence was analyzed by the 

National Center for Biotechnology information, gi 6680941. 

 

IκB kinase and gel shift assays 

IKK immunocomplex kinase assay was performed in protein lyate (100µg) with 
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an anti-IKKγ antibody (BD #559675) for immunoprecipitation in overnight incubation 

(Senftleben et al., 2001). 10ul of protein A/G beads was used and reaction was washed 

three times. GST-IκBα(1-54aa) was used as an IKK kinase substrate. KA reaction was 

seperated by 10 % SDS-PAGE gel. 

Electrophoretic mobility shift assays for NF-κB DNA binding activites were 

tested in gel shift assay system (promega, cat# E3300). Reactions were performed in 5% 

non-denature polyacrylamid gel. Reaction containing total 15µl for 7.5 µl of 2xEMSA 

buffer, 1.5µg of poly dI-dC, 10µg of whole cell protein lysates, NF-κB probe 5x103cpm, 

H2O up to 15µl was incubated at room temp for 30 minutes and a gel was pre-run in 

0.5xTBE for one and half hours at 100V. After running a gel with reactions, the gel was 

dry and exposed with film. 

 

4.4. Results 

 

Ikkα+/- mice develop spontaneous tumors 

To investigate the role of IKKα in tumor development, we observed female 

Ikkα+/- and WT mice for 18 months. Mice were examined weekly for tumor formation. 

Animals, which developed tumors due to large tumor burden, or were 18 months old, 

were euthanized. All tumors were analyzed histologically.  We found that 50% (12/24 

mice) of Ikkα+/- mice spontaneously developed tumors over a observation period, but WT 

mice did not develop any tumors (Figure 4-1). These spontaneous tumors were derived 
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from mammary gland (3 out of 24 mice), uterine (5/24), ovary (2/24), and dermis 

(3/24). Moreover, tumors developed in 4 Ikkα+/- mice metastasized to lungs, liver, and 

lymph nodes. We found dermal fibrosacromas in Ikkα+/- mice of 10 to 12 months of ages; 

mammary gland tumors in Ikkα+/- mice of 12 to 18 months. Most uterine tumors were 

detected when we sacrificed Ikkα+/- mice of 18 months of age (Figure 4-1B). Once we 

found dermal sarcomas and mammary tumors, these tumors already were very large and 

some mice died. We did not pay attention on uterine. It might miss to detect the early 

development of a uterine tumor. Overall, these results suggest that loss of one wild-type 

of Ikkα gene significantly enhanced susceptibility to spontaneous tumorigenesis in mice. 

 

Histological analyses of tumors in Ikkα+/- mice 

All of the tumors spontaneously formed in Ikkα+/- mice were subjected to routine 

histological analyses. We examined the Hematoxylin and eosin (H&E) stained sections of 

all the tumors in microscopy with magnification X40, X200 and X400, and classified 

these tumors into epidermal fibrosarcoma, ductal mammary carcinoma, lobular mammary 

carcinoma, leiomyoma and endometrioid adenocarcoma of uterine tumors, which are 

depicted in Figure 4-2. As shown in Figure 4-2, ductal mammary carcinoma was 

aggressive and poorly differentiated. Endometrioid adenocarcoma, which originates in 

the inner lining of the uterus, was invasive and metastasized to lungs and liver. We also 

examined these tumor sections for K8, an epithelial cell marker. All the mammary 

carcinomas were positive for K8 staining (Figure 4-2). In adition, we found elongated 



85 

 
cells and large blood vessels in ovary (data not shown). 

 

Downregulation of IKKα  and Ikkα mutations  

 

To determine the effect of IKKα on tumor development, we examined IKKα 

levels in all type tumors of Ikkα+/- mice.  Immunoblot of tumor extracts showed that 

IKKα levels were lower in tumors of Ikkα+/- mice than these in WT and Ikkα+/- organs 

(Figure 4-3). Especially, protein size of IKKα was changed in mammary gland 

carcinomas in Ikkα+/- mice. We previously reported that Ikkα+/- mice developed 11 times 

more skin carcinoma than did WT mice induced by DMBA/TPA and that poorly 

differentiated SCCs expressed dramatically reduced IKKα in skin carcinogensis studies 

(Liu et al., 2006; Park et al., 2007). Together, the result suggests that reduction of IKKα 

may also contribute to the formation of uterine and mammary carcinomas.  

Somatic Ikkα mutations in human SCCs were reported (Liu et al., 2006; Maeda et 

al., 2007). To determine whether mutations of Ikkα occur in these spontaneous tumors in 

Ikkα+/- mice, we examined mutations of the Ikkα gene in the tumors of Ikkα+/- mice. We 

amplified a fragment of nucleotides 1606 to 2090bp of IKKα transcript in total 7 samples 

including mammary gland tumors, uterine tumors, and dermal fibrosarcomas using by 

RT-PCR. Amplified fragments were subcloned into the pGEM vectors and sequenced 

directly. Ten clones from each tumor sample was sequenced and summarized in Figure 4-

4 and Table 4-1. A number of Ikkα mutations including insertions and deletions were 
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detected in 7 tumors. The Ikkα mutations were heterozygous (Figure 4-4). These 

changed nucleotides caused missense and nonsense mutations in IKKα. Interestingly, 

amino acids 549 and 669 codons of IKKα were very frequently mutated in most of 

tumors. We did not detect mutations in each twenty clone as a control group. These data 

suggest that the mutations of Ikkα gene in Ikkα+/- mice may be associated with the 

reduced or changed levels of IKKα in these tumors. 

 

Elevated IKK/NF-κB, ERK activities and cyclin D1 levels in these tumors  

IKKα is one subunit of the IKK complex composed of IKKα, IKKβ, and IKKγ 

(Rothwarf and Karin, 1999). To further determine the mechanism of the development of 

these spontaneous tumors, we examined IKK kinase activity in tumor samples. We used 

an anti-IKKγ antibody to immunoprecipitate the IKK complex for the IKK kinase assay 

(KA). The IKK activity was higher in all tumor samples than in normal tissue. Also, 

elevated IKKβ can increase IKK activity (Figure 4-5). Several studies previously 

reported that the homo-dimer of IKKβ by loss of IKKα might lead to the increased IKK 

kinase activity (Hu et al., 2001; Li et al., 2005; Zandi et al., 1997).  Furthermore, we 

found the elevated levels of IKKβ in same tumor samples (Fig 4-5). 

IKK is the upstream of NF-κB activator. The elevated IKK can also enhance NF-

κB DNA binding activity. The NF-κB DNA binding activity is induced during tumor 

progression (Nakshatri et al., 1997). As shown in Figure 4-6, NF-κB activity both in Ikkα 

knockout mouse skin and in Ikkα+/- spontaneous tumors was elevated, as shown by two 
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bands. To determine which NF-κB components in the NF-κB dimers, we examined Rel 

A (p65), Rel B, c-Rel, p50, and p52 in these spontaneous tumors by using super-shift 

assay. We used antibodies against p65, p52, and p50 to incubate with these tumor lysates 

and then performed gel shift assay to determine which antibody reduced the band 

intensity. We found that anti-p65 or p52 antibody reduced the intensity of the top band in 

tumors (Figure 4-6) suggesting that most NF-κB complexes are composed of p65/p52 

heterodimers in these tumors. 

NF-κB might directly stimulate cell cycle progression through promoting 

transcriptional activation of cell cycle genes, especially cyclin Dl. (Joyce et al., 2001). In 

mammary epithelial cells, IKKα mediates expression of cyclin D1 through RAN-ligand-

mediated NF-κB pathway (Cao et al., 2001). Indeed, cyclin D1 expression in these 

tumors and the skin of Ikkα-/- mice was elevated compared with that in WT mice (Figure 

4-7). In addition, ERK activity as a mitogenic activity was higher in all type tumors than 

these in WT mice (Figure 4-7), which was consistent with our previous results in 

DMBA/TPA induced skin carcinomas. Taken together, the increased IKK/NF-κB kinase 

and ERK activities, and higher cyclin D1 level may be relevant to the development of 

these tumors.  

 

4.5. Discussion 

A recent report found Ikkα mutations in various human cancers (Greenman et al., 

2007). Downregulation of IKKα and loss of IKKα were detected in SCCs. Chemical 
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carcinogenesis study by using gain and loss of function of IKKα shows that IKKα 

plays a role in suppressing skin tumors (Liu et al., 2006; Park et al., 2007). Our findings 

in this study suggest that IKKα may be also important for preventing other types of 

tumors. Here, I found that 12 out of 24 aged female Ikkα+/- mice with 10 months to 1.5 

years old developed various spontaneous to 1.5 tumors. Reduced IKKα and somatic Ikkα 

mutations were founded in these spontaneous tumors of Ikkα+/- mice. Elevated IKK/ NF-

κB activities, ERK activity and cyclin D1 levels were also detected in these tumors.  

We observed many mutations within the helix-loop-helix (HLH) motif. The HLH 

motif is required for IKKα function in keratinocyte differentiation and IKKα kinase 

activity (Hu et al., 2001; Zandi et al., 1997). HLH facilities two helices containing basic 

charged residues to create a DNA-binding interface (Chen and Lopes, 2007). HLH 

proteins have a DNA-binding specificity with sequences known as the E box (5’-

CANNTG-3’). We found that amino acids 549 and 669 in HLH motif of IKKα were very 

frequently mutated in most of tumors, these two codons may be considered to be hot 

spots in the Ikkα gene and affect the normal function of IKKα. 

Loss of IKKα is found to have minor defects in NF-κB activation in fibroblastic 

cells in response to proinflammatory stimuli (Hu et al., 1999; Hu et al., 2001). Although 

IKKα is essential for epidermal differentiation, this function does not depend on its 

protein kinase activity or NF-κB (Hu et al., 2001). Furthermore, IKKβ, but not IKKα, is 

a major activator of the classical NF-κB pathway. IKKα kinase activity was found to 

process the precursor NF-κB2 p100 to the mature form p52 (Senftleben et al., 2001). 
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IKKα kinase activity is also required the development of the mammary gland. In 

Chapter III, we showed that IKKα plays a role in controlling cell proliferation in 

keratinocyte during tumor development. Partially, IKKα negatively regulates the 

expression of growth factors such as VEGF-A in nucleus. In this Chapter, we showed that 

Ikkα+/- mice were susceptible to the development of spontaneous tumors including 

mammary gland carcinomas, epithelial ovarian carcinomas, endometrioid adenocarcomas 

in uterine tumors and dermal fibrosarcomas.  All of the spontaneous tumors showed 

elevated IKK/NF-κB kinase activities. Moreover, the level of IKKβ, a subunit of IKK 

complex which mainly regulates in classical NF-κB pathway was higher in spontaneous 

tumors. Thus, elevated NF-κB activity is a common featuring, might its important in 

tumor development. Based on previous findings, IKK/NF-κB promotes tumorigenesis 

through multiple pathways, such as inflammation and apoptosis. Those elevated IKK/NF-

κB may contribute to the development of these tumors, although the precise mechanism 

remains to be determined. Also, IKKα may have different function in mammary gland 

development and in preventing mammary carcinomas in aged mice. 

In previous studies, increased IKK kinase activity can elevate expression of 

cytokines TNFα and IL1 through activating NF-κB (DiDonato et al., 1997). TNFα and 

IL-α induced much greater IKK kinase and NF-κB DNA binding activity in Ikkα-/- than 

in Ikkα+/+ keratinocytes (Hu et al., 2001), and TPA induced IKK kinase activity was 

higher in Ikkα+/- skin than in Ikkα+/+ skin (Park et al., 2007). In addition, several studies 

reported that the IKKα and IKKβ forms homo- or heterodimers (Mercurio et al., 1997) 
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and the octameric IKKβ/IKKγ complex in cells (Drew et al., 2007). Here, we observed 

that IKKα loss enhanced IKK/NF-κB activity during spontaneous tumor development. 

Thus, it is possible that the IKK complex without IKKα has a stronger kinase activity 

than the IKKα/IKKβ/IKKγ complex in keratinocyte. However, the mechanism remains to 

be determined how IKKα loss in IKK complex affect to the IKK complex corresponding 

to its kinase activity in other types of tumors. It is also possible that elevated IKKβ was 

the responsible for enhanced IKK/NF-κB activity. Thus, how IKKβ is upregulated 

remains to be determined.  

IkkαAA/AA mice containing alanines instead of serines in the activation loop of 

IKKα are healthy but, a lactation defect due to failed proliferation of mammary epithelial 

cells (Cao et al., 2001). IKKα activity is required for NF-κB activation in response to 

RANK ligand of TNF family and controls cyclin D1 in the development of  mammary 

gland. NF-κB activation also appears to promote proliferation via cyclin D1 (Baldwin, 

2001). In this study, the spontaneous tumors showed a higher level of cyclin D1 

expression but not in normal tissue. Thus, NF-κB activity may be an important for 

promoting the development of these tumors developed in adult mice. Taken together, 

these findings suggest that IKKα may affect mammary gland development at early 

development stage and tumor development through two different mechanisms to activate 

NF-κB. 

Uterine cancer is the most common gynecologic cancer. It develops in the body of 

the uterus or womb, which is a hollow organ located in the lower abdomen. The wall of 
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the uterus is comprised of an inner lining (called the endometrium) and an outer layer 

of muscle tissue (called the myometrium). We found that Ikkα+/- mice developed both 

spontaneous endometrium cancer, which were derived from the inner lining of the uterus, 

which accounts for about 90% of uterine cancers in human and leiomyoma from muscle, 

thus Ikkα+/- mouse model may be important for studying uterine cancer development. In 

addition, we found hyperplasia and angiostasis in ovary in the Ikkα+/- mice of 18 months 

old. In this Chapter, our results suggest that Ikkα+/- mice were susceptible to the 

development of uterine tumors, mammary carcinomas and dermal fibrosarcomas. I also 

identified some common alterations in these tumors although this study was in a small 

scale. The precise mechanisms of how reduced IKKα is involved in the development of 

those tumors remains to be determined, these findings firstly highlight the importance of 

IKKα in preventing various tumors. 
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ID Tumor Types Sacrifice 
(months) 

1 Dermal fibrosarcoma  10 
2 Dermal fibrosarcoma - metastasis to lung 11 
3 Dermal fibroarcoma 11 
4 Mammary gland carcinoma- metastasis to 

lung 
12 

5 Mammary gland carcinoma 15 
6 Uterine tumor– metastasis to liver and 

lymph node 
16 

7 Unknown origin – metastasis to lung* 16 
8 Mammary gland carcinoma 18 
9 Uterine 18 

10 Uterine 18 
11 Uterine 18 
12 Uterine 18 

 
Figure 4-1. Ikkα+/- mice develop various spontaneous tumors. A. Tumor incidence 

in  Ikkα+/-  mice. Wild-type (WT) mice did not develop any tumors. B. Tumor types in 
Ikkα+/- mice. SAC, Sacrifice. 

B 

A 
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Figure 4-2. A. Various tumor photos in Ikkα+/- mice. B. Histology of Ikkα+/- 

tumors stained with H&E and K8. MC, mammary carcinoma; UT, uterine tumor; FS, 
dermal fibrosarcoma. Magnification (top; X40, bottom; X200) 

B. 
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Figure 4-3. Reduced IKKα proteins in tumors developed in Ikkα+/- mice. IKKα 

protein levels detected by using western blotting.  +/+, wild type as a control; +/-, Ikkα+/-; 
-/-, Ikkα-/-; S, sarcoma; M, mammary carcinoma; Ly, Mammary carcinoma metastasized 
to lung; U, uterine tumor; UL, uterine metastasized to liver; NS, non specific bands. 
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Figure 4-4. Detection of Ikkα mutations in seven tumors. A. Table of Ikkα  

mutations including point mutations and deletions in tumors developed in Ikkα+/- mice. B. 
Sequence of Ikkα  mutations in Ikkα+/- mouse tumors. *, mutation; , deletion; S, 
sarcoma; M, mammary carcinoma; Ly, Mammary carcinoma metastasized to lung; U, 
uterine tumor, UL; uterine metastasized to liver. Twenty subclons from normal mouse 
DNA as a control were used. 
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No. of 
Samples 

No. of 
lesions 

Types of mutations, deletion, and insertions at amino acid positions of 
IKKα  in various mouse tumors 

1. IKKα  
S 
:10clones 

1 
2 
3 
>3 

497CAG→CtG; 564GCC→GtC;  
433TAC→TgC, 666CTT→Ctc; 568TAT→gAT, 600GTT→Gtc 

2. IKKα  
MC 
:10clones 

1 
2 
3 
>3 

645AAG→AgG; 677CCT→ aCT; 668GGA→ tGA 
591GTG→ aTG, 641TTT→ TcT;  
 
494TAT→TtT, 669TCC→TaC, 672deletion(1bp), 455deletion(1bp), 
563CGT→CaT; 467AAT→AAc, 594GTG→aTG, 549TAC→TAt, 669TCC→TaC; 
440GAC→GgC, 537TTG→TTa , 549TAC→TAt, 633AAA→AAg 

3. IKKα  
MC:  
10 clones 

1 
2 
3 
 
>3 

639GTC→GTt; 673deletion(1bp) 
452-502deletion(151bp), 503TCT→TCc; 579TTG→aTG, 642ATG→AaG;  
485AAA→AAt, 549TAC→TAt, 563CGT→CGa; 438AAG→AgG, 
442AGC→gGC, 659 ACA→ACg 
 

4. IKKα  
UL: 
9 clones 

1 
2 
3 
>3 

477AAA→AcA; 489CTT→CTc; 631AAT→AAc 

656ATT→AaT, 669TCC→TaC;  

544CTG→CcG, 597CAG→CgG, 604CTG→CTa, 646AGG→AaG;  
5. IKKα  
U: 
9 clones 

1 
2 
 
3 
>3 

515GAA→GAg; 599CGT→CGa; 464AAA→gAA; 
495AGT→gGT, 549TAC→TAt; 442AGC→tGC, 600GTT→cTT; 538CAC→Cag, 
549TAC→TAt; 
 
483TTT→TTc, 532GAT→GAc, 549TAC→TAt, 551CGA→CGg, 600CTC→CcC; 
599CGT→CaT, 639GTC→GcC, 661AGT→AGc, 669TCC→TaC;  

6. IKKα  
UL: 
7 clones 

1 
2 
3 
>3 

431GTG→GcG;  
549TAC→TAt, 669TCC→TaC;  
435TCT→TCa, 439GAA→GAg, 524GTT→GgT 

7. IKKα  
UL: 
9 clones 

1 
2 
3 
>3 

497CAG→CAa 
649GAA→GgA, 650ATT→AcT; 656ATT→ATc, 669TCC→TaC 

 

  A. 
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Figure 4-5. A. Up-regulation of IKK Kinase activity in the various tumors 

developed in Ikkα+/- mice. CL, cutaneous fibrosarcoma; MC, mammary gland carcinoma; 
Ly, Mammary gland carcinoma metastasized to lung; UL, uterine tumor; ULM, uterine 
tumor metastasized to liver. B. Elevation of the IKKβ expression in tumors using by 
Western blotting. KA, IKK kinase activity; IKKγ, IKK complex immunoprecipitated with 
anti-IKKγ antibody; +/+, wild type as a control; +/-, Ikkα+/-; -/-, Ikkα-/-; S, sarcoma; M, 
mammary carcinoma; Ly, Mammary carcinoma metastasized to lung; U, uterine tumor; 
UL, uterine tumor metastasized to liver. 

                     

   
IKKβ 

B
. 
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Figure 4-6. Up-regulation of NF-κB activation in various Ikkα+/- tumors. A. NF-

κB activity is elevated in Ikkα+/- tumors. S, sarcoma; M, mammary carcinoma; Ly, 
Mammary carcinoma metastasized to lung; U, uterine tumor; UL, uterine tumor 
metastasized to liver. B. Identification of NF-κB components in tumors by using super 
shift gel assay. Whole cell extracts were prepared and NF-κB activity was tested by 
EMSA. P65, anti-p65 antibody (2µ) incubated in samples; p52, anti-p52 antibody; p50, 
anti-p50 antibody; -, no treatment as a control; +/+, wild-type as a control; S, sarcoma; 
M, mammary gland carcinoma. 
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Figure 4-7. Elevated cyclin D1 levels and ERK activity in various Ikkα+/- tumors. 

Extracts of tumors were immunoblotted with anti-cyclin D1, erk and p-erk 1/2 antibodies. 
CL, cutaneous fibrosarcoma; MC, mammary gland carcinoma; Ly, Mammary gland 
carcinoma metastasized to lung; UL, uterine tumor; ULM, uterine tumor metastasized to 
liver. 
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CHAPTER V. 

 

Summary, Discussion and Future Directions 

 

5.1. Summary and Discussion 

 

IKKα is one subunit of the IKK complex, which is central for NF-κB activation 

(Karin and Ben-Neriah, 2000b). Mice deficient in IKKα develop severely impaired skin 

and these mice die soon after birth (Hu et al., 2001). The epidermis of Ikka-/- mice lacks 

terminal differentiation and displays striking hyperplasia. The skin phenotype has not 

been seen in any knockouts of other IKK and NF-κB family members. Reintroduction of 

IKKα rescued the skin phenotype independently of its kinase activity in vivo (Sil et al., 

2004). In addition, reintroduction of IKKα, but not IKKβ, p65, and IκBα, induced 

terminal differentiation in Ikka-/- primary cultured keratinocytes. Also, medium obtained 

from cultured wild-type keratinocytes was able to temporaily induce terminal 

differentiation in Ikka-/- cultured keratinocytes. This activity is protein in nature (Sil et al., 

2004). The previous studies highlight the importance of IKKα in embryonic skin 

development and keratinocyte differentiation. 

In Chapter II, we identified an inverse correlation between IKKα expression 

levels and human SCC aggressiveness. Also, we identified inactivating Ikka mutations in 

exon 15 in human SCCs. These results imply that the integrity of Ikkα is important for 

the development of human cancer. 
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In Chapter III, we assessed the susceptibility of Ikkα hemizygotes to chemical 

carcinogen-induced skin carcinogenesis. Ikkα+/- mice developed 2 times more papillomas 

and 11 times more carcinomas than did Ikkα+/+ mice. The tumors were larger in Ikkα+/- 

than in Ikkα+/+ mice, but tumor latency was shorter in Ikkα+/- than in Ikkα+/+ mice. Some 

of the Ikkα+/- papillomas and most Ikkα+/- carcinomas lost the remaining Ikkα wild-type 

allele. Somatic Ikkα mutations were detected in carcinomas and papillomas. The 

chemical carcinogen-induced H-Ras mutations were detected in all the tumors. The 

phorbol ester tumor promoter induced higher mitogenic and angiogenic activities in 

Ikkα+/- than in Ikkα+/+ skin. These elevated activities were intrinsic to keratinocytes, 

suggesting that a reduction in IKKα expression provided a selective growth advantage, 

which cooperated with H-Ras mutations to promote papilloma formation. Furthermore, 

excessive ERK and IKK kinase activities were observed in carcinomas compared to those 

in papillomas. Thus, the combined mitogenic, angiogenic, and IKK activities might 

contribute to malignant conversion. Our findings provide evidence that a reduction in 

IKKα expression promotes the development of papillomas and carcinomas and that the 

integrity of the Ikkα gene is required for suppressing skin carcinogenesis. 

In Chapter IV, we further determined whether aged Ikkα+/- mice develop 

spontaneous tumors because Ikkα-/- mice die soon after brith. We found that 12 out of 24 

FVB female Ikkα+/- mice with 10 months to 1.5 years old developed spontaneous 

mammary gland carcinomas, leiomyoma and endometrioid adenocarcoma of uterine and 

dermal fibrosarcomas. Reduced IKKα and somatic mutations of Ikkα, up-regulation of 
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IKK kinase, NF-κB DNA binding and ERK activities and higher cyclin D1 levels were 

observed in these tumors. Together, these results suggest that these molecular alterations 

may contribute to the development of these tumors in mice. 

 

5.2. Future directions 

 

Recently, several reports (Greenman et al., 2007; Maeda et al., 2007) and our 

studies (Park et al., 2007) provide evidence that IKKα is a new identified suppressor for 

SCCs in human and mice. Further mechanistic studies will help investigators to identify 

therapeutic targets for preventing and treating cancer patients. 

 

1. Identification of hot-spots of Ikkα in human cancers. 

Several groups reported Ikkα mutations in human cancers. A study ranked IKKα 

as the 7th cancer potential protein kinase after examining mutations on 518 genes 

encoding protein kinases in 210 human cancers (Greenman et al., 2007). In Chapter II, 

we identified Ikkα mutations in human skin SCCs (Liu et al., 2006) and ovarian tumors. 

Thus, it remains to further determine allelic loss of Ikkα and mutation of Ikkα in other 

types of tumors in human. Also, it is important to determine any hot-spots of Ikkα 

mutations in human cancers and to further determine the effect of these hot-spots on 

tumor development.  
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2. The functions of IKKα in the nucleus 

IKKα has been shown to function in the nucleus both as transcriptional regulator 

and protein kinase (Anest et al., 2003; Sil et al., 2004; Yamamoto et al., 2003). In 

Chapter III, we showed that IKKα negatively regulate RAS-MAPK pathway in tumor 

development. IKKα directly binds to the promoter of growth factors such as VEGF-A in 

keratinocytes. It will be important to examine whether IKKα loss affects expression of its 

target genes through NF-κB-dependent or NF-κB-independent pathways.  

 

3. The role of IKKα in papilloma formation and carcinoma conversion  

We showed that Ikkα+/- mice developed two times more papillomas and eleven 

times more carcinomas than did WT mice in two-stage skin carcinogenesis. Thus the 

IKKα may affect both the early stage and late stage of tumor formation. Further studies 

need to reveal mechanisms of how IKKα prevents the development of papilloma 

formation and malignant tumor conversion. 

 

4. The role of IKKα as the IKK complex in the cytoplasm 

We showed elevated IKK activity in chemical carcinogen-induced SCCs and 

elevated IKK/NF-κB activities in spontaneous tumors in Chapter III and IV. We believe 

that IKKα not only directly binds and controls the promoter activities of growth factors 

such as VEGF-A in the nucleus but also plays a role in regulating IKK/NF-κB activities 

in the cytoplasm during the tumor development. The mechanism remains to be elucidated 
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how IKKα loss in the IKK complex affects to the kinase activity of IKKβ/IKKγ and the 

relationship between IKK kinase activity and the tumor development. In chapter IV, we 

showed a clue that enhanced IKK/NF-κB activity corresponded to increased IKKβ 

expression in spontaneous tumors. Thus, we will investigate whether IKKα loss elevates 

IKK activity or whether IKKα loss indirectly increases IKKβ levels, leading to increased 

IKK activity. 

 

5. The role of IKKα in gynecologic cancer 

Ikkα+/- mice developed mammary gland carcinomas and endometrial carcinomas. 

Breast cancer and endometrial carcinoma are the most common gynecologic malignancy 

in women in the US. We have shown the molecular alteration in the spontaneous 

gynecologic tumors in Ikkα+/- mice. Thus, we will investigate whether blocking IKK/NF-

κB activity can prevent the development of these tumors. The outcome will help to 

design therapeutic drugs against cancers. 

 

6. Effect of nutrient on the tumor development with related IKKα loss  

Retinoic acid (RA) is necessary for the maintenance of epithelial differentiation 

and is the immediate ligand for its nuclear receptors. Squamous neoplastic foci forms in 

the epithelia of vitamin A-deficient animals (Darwiche et al., 1993; Genta et al., 1974). 

Moreover, retinoic acid as a differentiation agent inhibited acute promyelocytic leukemia 

(Huang et al., 1988). We showed IKKα negatively regulates RAS-MAPK pathway in 



107 

 
tumor development and found IKKα was down-regulated in most of poorly 

differentiated SCCs, suggesting that RA may affect the development of IKKα-loss 

related tumors. Thus, we will examine the effect of RA on inhibition of cell proliferation 

of IKKα deficient keratinocytes, which will evaluate whether RA has a therapeutic value 

for treating or preventing cancer. 
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