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ABSTRACT 

Keratinocyte carcinomas (KC) which include basal cell carcinoma (BCC) and squamous 

cell carcinoma (SCC) of the skin represent the most common malignancies in the world. 

UVR is the major risk factor associated with KC, and contributes to skin cancer 

carcinogenesis both as a mutagen and an immune suppressing agent. Exposures to 

arsenic, immunosupressive medications, β-HPV, and individual susceptibility risk factors 

including genetic variability have also been implicated in KC development. Previous 

research was largely focused on the role of adaptive immunity in KC, while the role of 

innate immunity has not been fully investigated. Recent studies, including those on the 

action of Imiquimod, point to the centrality of innate immunity in KC pathogenesis. 

Natural killer (NK) cells of the innate immune system are the first line of defense against 

transformed and infected cells. NK cell killing capacity is determined by multiple 

inhibitory and activating cell surface receptors, including broad cellular-stress sensing 

natural killer group 2 member D (NKG2D) receptors, and highly diverse in gene content, 

copy number, and allelic polymorphisms killer-cell immunoglobulin-like receptors (KIR) 

that recognize self-human leukocyte antigen class I (HLA-I) ligands. Inter-individual 

variability of the KIR locus, and its interaction with cognate HLA-I, has been increasingly 

implicated in various disease settings including cancer. Genetic variability of NKG2D 

receptor activity has also been described in epithelial cancers. Given that NK cell 

function is influenced by these two classes of receptors, we hypothesized that genetic 

variability at these loci impacts innate immunity and BCC and SCC risk. Using a large 

population-based case-control study, a three part investigation was conducted. First 

investigation examined whether two genetic variants related to high natural cytotoxic 

activity of the NKG2D receptor decrease risk of KC and are modified by susceptibility 

and exposure factors including: sex, skin type, number of severe sunburns, 

glucocorticoids, and arsenic. This revealed differential effects of NKG2D genotype on 

KC risk by sex and skin type. The second study, determined whether KIR gene content 

alone and in combination with HLA-I ligands was associated with KC risk. The results 

suggested interactions of the activating KIR and HLA-I ligands may be implicated in 

control of BCC and to a lesser degree of SCC. The third study investigated the 

combined effects of KIR and NKG2D. NKG2D activity was assigned based on the 

number of alleles with high cytotoxic activity, and activating KIR were grouped based on 

the presence of 2DS1, 3DS1 and 2DS5 that were previously associated with reduced 

KC risk. The results showed reduced KC risk with the highest activating profile 

(containing 3 activating KIR and 2 or more NKG2D high activity alleles). Taken together, 

the results suggest a greater involvement of the innate immune response in the etiology 

of BCC, and to a lesser extent of SCC. In the context of SCC, these data suggest 

increased inflammation may deregulate the innate immune response.  
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Chapter 1 

Introduction 

Keratinocyte carcinoma 

 Keratinocyte carcinomas (KC) are non-melanoma skin cancers that represent the 

most commonly diagnosed malignancies in the world [1]. KC are mainly comprised of 

basal cell carcinoma (BCC) representing about 80% and squamous cell carcinoma 

(SCC) representing about 20% [2]. However, measuring incidence of these cancers is 

difficult as neither BCC nor SCC are reported in cancer registries, therefore only medical 

claims data, surveys, and special studies have been used to assess its incidence [2]. In 

the United States the current estimate is about 3.5 million KC cases per year [2]. In 

recent decades, a steep increase in KC has been reported by several studies [2-5]. A 

population-based study in New Hampshire directly compared incidence rates between 

1979–1980 and 1993–1994, and demonstrated that SCC increased by 235% in men and 

by 350% in women, and BCC rates increased by greater than 80% in men and women 

[5]. While KCs are highly treatable, and deaths are rare, the greatest population impact 

of KC is morbidity and health care costs associated with tumor removal, an increasingly 

large problem with an aging US population [1, 6, 7]. Between 2002 and 2006 the number 

of KC treatments in the Medicare population increased by 16% from about 1.6 to 1.9 

million, respectively [2].  

Differences in KC subtypes 

 KC commonly occur on sun exposed areas of the skin, however their formation is 

dependent on frequency, dose, and duration of sun exposure. While BCC are associated 

with intense intermittent ultraviolet radiation (UVR) exposure particularly in early life, 
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lifetime cumulative exposures are linked with SCC formation [8, 9]. KC also differ in their 

cellular origin, tumor environment, and metastatic potential [10]. BCC are thought to 

arise from the undifferentiated keratinocytes of the hair follicle, while SCC originate from 

differentiated keratinocytes of the interfollicular epidermis [10]. Unlike SCC, which often 

develops from a benign Actinic Keratosis (AK) pre-cursor lesion, BCC form de novo and 

have no known pre-cursor lesion [10]. Both KC subtypes may cause tissue destruction, 

however,  BCC has a very low metastatic potential and is mostly locally invasive [10]. In 

contrast, up to 12.5% of SCC may become aggressive and metastasize to lymph nodes 

[10]. Investigating the etiology of these two contrasting KC subtypes may help in 

understanding cancer more broadly, providing a model for cancers of epithelial origin 

(SCC) versus those that arise from a stem cell (BCC). 

Risk factors 

 The increase in KC incidence has been largely attributed to changes in UVR 

exposure, both from changes in the stratospheric ozone layer, and human behavior that 

favors more outdoor activities, sparser clothing, and a desire for tanned appearance [2, 

11-13]. UVR exposure has been shown to produce direct DNA modification via thymine 

dimer formation, as well as local and systemic immunosuppression [14-17]. UVR 

exposure is the primary environmental risk factor for KC development [14, 18]. However, 

exposures to arsenic from drinking water [19-22], administration of immunosupressive 

medications to prevent organ rejection in organ transplant recipients (OTR) [23], use of 

low dose oral steroids in the general population [24], and infection with cutaneous genus 

β human papilloma virus (β-HPV) [25, 26] are also thought to contribute to KC etiology. 

In addition, individual susceptibility factors including age, sex, skin pigmentation, 

susceptibility to sunburn, and genetic variability further modify KC risk [9, 27-30].  
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Immune suppression and tumor surveillance 

 The importance of immune surveillance in cancer prevention is highlighted by the 

various mechanisms employed by tumors that lead to immune suppression and evasion 

of immunity [31]. The effect of immune suppression on skin cancer risk has been 

highlighted in organ transplant patients who are at high risk for KC development, with 

upward of 65-fold increased risk of SCC and 10-fold increased risk of BCC [23, 32]. In 

addition, for OTR patients, risk of KC is inversely associated with latitude, and countries 

such as Australia observe highest incidence rates [23]. Further, experiments in mice by 

Kripke et.al. demonstrated the immunosupressive effects of UVR on tumor surveillance 

(rev in [17]). In these experiments, animals that were chronically exposed to UVR failed 

to reject UVR-induced skin cancer cells transferred from syngeneic donors, while 

animals unexposed to UVR rejected the tumors, demonstrating that UVR altered the 

immune response so that the tumor cells were no longer immune surveyed and 

eliminated (rev in [17]). Additionally, the importance of functional immune surveillance 

has been underscored by observations of spontaneous KC regressions, with the 

presence of a T-cell infiltrate in the regressing lesions [33, 34]. It is necessary to note 

that generally, it is the involvement of adaptive T-cell mediated immunity that has been 

found as most relevant to KC immune response [17, 34-36]. However, the approval of a 

toll-like receptor (TLR) 7 agonist, imiquimod, for the treatment of KC and AK (the SCC 

precursor lesion) suggests that both innate and adaptive immunity are important in the 

control of KC [37-39]. Hence, failure of innate immunity may be a contributing factor in 

the development of keratinocyte-derived skin cancer [37-39]. 
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NK cells  

 Natural killer (NK) cells of the innate immune system serve as the first line of 

defense in recognition of stressed, transformed, and infected cells [40, 41]. Human NK 

cells represent about 10% of all circulating lymphocytes [40]. NK cells are derived from 

the bone marrow and share a common progenitor with T cells (adaptive immunity) [40, 

41]. Unlike T cells, NK cells possess a variety of inhibitory and activating receptors that 

are encoded in DNA and available to respond to transformed cells without priming [40-

43]. NK cell killing potential is dependent on the balance of inhibitory and activating 

signals received through various inhibitory and activating receptors, these signals are 

integrated to determine NK cell activation or inhibition [41]. The structural differences of 

these inhibitory and activating receptors allow for two major mechanisms that yield NK 

cell activation. One mechanism involves "broad" cellular stress sensing of the "inducible" 

ligands via an activating receptor, natural killer group 2 member D (NKG2D) [44]. 

Another, increasingly complex mechanism which renders unhealthy cells susceptible to 

NK cell lysis, involves recognition of the lost "self" ligands by the highly diverse killer-cell 

immunoglobulin-like receptors (KIR) [41]. Inter-individual variability in NK cell activity, 

determined by functionality of its multiple and genetically variable receptors, has been 

associated with cancer risk [44-47]. 

 Inter-individual variability in NK cell activity has been associated with 

susceptibility to cancer [45, 47-49]. Imai et.al reported an inverse association between 

natural immunologic response and incidence of cancer in a prospective study of general 

population [45]. This study, after an 11-year follow-up, revealed a wide variation in 

natural cytotoxic activity among the participants, with an increased cancer risk in 

individuals with low cytotoxic activity, compared to those with medium or high natural 

cytotoxic activity [45]. Furthermore, earlier studies of familial cancer incidence, 
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suggested a genetic component in association with a decreased NK activity [48, 49]. 

Hersey et.al. reported low NK activity in melanoma patients and their relatives [48], and 

Strayer et.al. described high familial incidence of cancer was associated with low natural 

cytotoxicity, which was independent of gender and smoking status [49]. Thus, variability 

in NK cell activity may be a valuable marker in determination of overall cancer risk. 

NK cell education 

 One contributing factor to how robust NK cells function, is their education also 

called NK cell “licensing” [50]. To avoid indiscriminant killing and develop tolerance to 

"self", NK cells undergo a "licensing" process via interactions between their inhibitory 

receptors and cognate major histocompatibility complex class I (MHC-I) molecules that 

are present on healthy cells [41, 42]. NK cells are thought to express at least one 

inhibitory receptor to ensure recognition of normal cells that express self MHC-I 

molecules [41]. In addition to self-tolerance, the licensing process determines the NK cell 

functional capacity [42] as it has been shown that NK cells that are not educated through 

MHC-I become hypo-responsive [41]. Tumors and virally infected cells often down-

regulate MHC-I molecules to avoid antigen presentation to CD8+ T cells, however this 

MHC-I down-regulation triggers NK cells targeting [44, 51]. This recognition of lost 

ligands is based on the "missing self" hypothesis, which was one of the first described 

mechanisms of target recognition by NK cells, originally described by Klas Kärre [44, 

52]. According to the "missing self" hypothesis, healthy cells are recognized by the 

inhibitory receptors binding to "self" MHC-I molecules [51], but unhealthy cells that lack 

or have lower MHC-I expression, become targeted via the activating receptors [44, 50]. 

Important to this education process are the highly polymorphic inhibitory KIR which 

interact with similarly polymorphic MHC-I molecules [53], which give rise to the great 
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inter-individual variability of NK cell responses and impacts cancer susceptibility. This 

thesis is focused on understanding how this variation relates to KC risk. 

NKG2D 

 NKG2D receptor is encoded by a highly conserved killer cell lectin-like receptor 

subfamily member 1 (KLRK1) gene located on human chromosome 12 [54]. In humans, 

NKG2D is expressed by all NK cells, most peripheral γδ T cells, CD8+ T cells, and a 

subset of CD4+ T cells [54, 55]. NKG2D functions as a major activating receptor on NK 

cells, while on T-cells it acts as a co-stimulating molecule for T cell receptor (TCR) 

activation [54, 55]. NKG2D acts as a broad cellular-stress sensor by recognizing stress-

induced ligands on target cells [44, 55]. Genetic variation associated with NKG2D 

expression and natural cytotoxic activity has been identified by Hayashi et.al, and has 

been associated with decreased risk of cancer and autoimmunity [47, 56-59].  

KIR locus 

 Extraordinary inter-individual variability of KIR locus has been increasingly 

implicated in various disease settings including cancer [46], and is central to this thesis. 

The KIR locus is located on chromosome 19q13.4 within the leukocyte receptor complex 

(LRC), where 15 KIR genes (2DS1, 2DS2, 2DS3, 2DS4, 2DS5, 2DL1, 2DL2, 2DL3, 

2DL4, 2DL5A, 2DL5B, 3DL1, 3DS1, 3DL2, 3DL3) and 2 pseudo genes (2DP1 and 

3DP1) are arranged in head-to-tail fashion, spanning a region of about 150 kb [46, 60]. 

KIR genes are named according to the number of extracellular immunoglobulin domains 

(2D or 3D) and long (L) or short (S) intracellular domains [46, 60]. KIR are composed of 

3 immunoglobulin-like domains named D0, D1, and D2 [46]. The inhibitory or activating 

KIR function is defined by the length of the intracellular domain or cytoplasmic tail [46]. 

KIR with long tails (L) have one or two immunoreceptor tyrosine-based inhibitory motifs 
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(ITIM), while those with short tails (S) have immunoreceptor tyrosine-based activating 

motif (ITAM), that allow delivery of the activating signals [46, 60] (Figure 1). 

 

Figure 1. KIR domain organization. Bashirova et al. Annu. Rev. Genomics Hum. Genet. 

2006. 7:277–300. 

 

 A complete repertoire of KIR genes that are present in an individual constitutes a 

KIR haplotype [60]. Collectively KIR haplotypes have been organized by their KIR gene 

content into two groups termed A and B, which respectively have an overall inhibitory or 

activating role in NK cell function [60]. Group A haplotypes consist of a fixed gene 

content and include only one activating gene, KIR2DS4, whereas group B haplotypes 

have variable gene content and may contain 2 or more activating KIR genes (Figure 2) 

[61].  
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Figure 2. The KIR region. Adopted from Pyo et al. BMC Genomics 2013 14:89.    

 

 The increased number of activating KIR genes of the group B haplotypes are 

thought to have been evolutionarily shaped by increased exposure to infections and 

have a more activating role on NK cell function, while group A haplotypes are more 

inhibitory [60]. Because each individual inherits one of each KIR haplotypes (maternal 

and paternal), there is great diversity of KIR haplotypes [42]. KIR haplotype distribution  

varies by geography and ethnicity [42] (Figure 3). Thus individuals can be assigned  to 

A/A, A/B, or B/B haplotypes (A/B and B/B haplotypes are sometimes grouped into Bx 

haplotype) [43, 60]. KIR gene content has been studied in nearly 200 populations around 

the world, and over 30 different haplotypes have been identified, while new haplotypes 

are continuously being discovered [42, 43].  
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Figure 3. KIR haplotype distribution. Adopted from Rajalingam R. Korean J 

Hematol 2011;46:216-28.                                                   

 Framework KIR genes 3DL3 and 3DP1 flank the centromeric haplotype block of 

the KIR locus, while KIR 2DL4, and 3DL2 mark the ends of the telomeric haplotype block 

[61]. The intergenic region between the two segments gives rise to new haplotypes, 

through ongoing reciprocal recombination [61]. In addition, to haplotype and allelic 

diversity, KIR exhibit variability in gene copy number, which is driven by 

insertion/deletion events, that produce less common shortened or expanded KIR 

haplotypes [61]. Other particularities of the KIR locus include segregation of KIR genes 

2DL2 and 2DL3, and 3DL1 and 3DS1 as alleles [60], and presence of the KIR gene 

block 2DL5-2DS3/2DS5 in either the centromeric or telomeric segments [61, 62]. There 

is an extensive linkage disequilibrium between KIR genes in each centromeric and 

telomeric segments, which can aid in resolution of KIR haplotypes [42, 61, 63] (Figure 

4).  
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Figure 4. Linkage Disequilibrium among KIR genes. Two LD maps of the KIR region were 
constructed using Arlequin v3.5, comparing D’ and r2 values between pairwise combinations of 
the 16 KIR genes. Each block on the maps represent either the D’ (left map) or r2 (right map) 
value calculated. The two color keys indicate the range of values represented by different colors. 

Gene names are shown at the left and bottom of each map. Pyo et al. BMC 
Genomics 2013 14:89. 

KIR ligands 

 MHC-I also known as human leukocyte antigen (HLA) complex class I is located 

on chromosome 6 [43]. MHC-I molecules were originally identified in the 1930s as being 

important in transplant rejection, but their role in T-cell immunity and innate interactions 

with NK cells was not recognized until the 1970s and 90s, respectively [43]. Of the six 

HLA class I genes, HLA-A, B, and C are highly polymorphic and encode ligands that 

bind cognate KIR [43].   

 While the ligands for the activating KIR have yet to be fully defined, inhibitory 

interactions that are important for licensing and "missing self" recognition have been 

characterized (Table 1) [46]. HLA-C allotypes are defined as either C1 or C2, defined by 

dimorphism at amino acid 80; KIR2DL2/2DL3 specifically bind HLA-C1 (defined by 

Asn80), while KIR2DL1 binds HLA-C2 (Lys80) [46]. The variation in strength between 

these receptor/ligand pairs impacts NK cell function, and is central to this thesis’s 

hypothesis that inter-individual variation in these pairs impacts KC risk.  
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Table 1. The human KIR and their ligands. Adopted from Bashirova et.al. Annu.Rev. 

Genomics Hum. Genet. 2006. 7:277-300. 

The binding strength between KIR2DL3/HLA-C1 is thought to be the weakest, with 

increasing affinity between KIR2DL2/HLA-C1 and KIR2DL1/HLA-C2 respectively 

(Figure 5) [64, 65]. A similar licensing occurs with HLA-B; KIR3DL1 binds specifically to 

the HLA-Bw4 ligand, but not HLA-Bw6 (defined by sequence at amino acids 77–83) [46, 

51, 66]. In this thesis NK cell activity was assessed using gene-gene interactions 

between the activating KIR and HLA class I molecules, which was informed by the 

known "licensing" interactions between the inhibitory KIR and their HLA-I ligands. 

 

Figure 5. Hierarchy of inhibition mediated by KIR2DL binding to HLA-C.                                               

Parham P. Rev Immunol, 2005. 5(3): p. 201-14. 
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New Hampshire Health Study 

 To investigate how inter-individual variation in NK cell genetics impacts KC risk 

we utilized the New Hampshire Health Study (NHHS). This study was initiated in 1993 to 

estimate the current incidence rates of BCC and SCC in New Hampshire, USA, and to 

quantify changes in the incidence rates of these malignancies over time. The study was 

conducted at Dartmouth College under the direction of Dr. Karagas and included 3 

enrollment phases, each designed to address new research questions: phase 1 1993 - 

1995, phase 2 1997 - 2000, and phase 3 2001-2002. 

All newly diagnosed BCC and SCC were identified through a network of 

practicing dermatologists, dermato-pathologists, and pathology laboratories in New 

Hampshire and bordering areas of adjacent states [5, 22, 67]. Cases were identified 

from pathology records, biopsy logs or billing records of each practice or laboratory. For 

each new case, diagnosis date, histologic type, stage and anatomic site were recorded. 

Records were reviewed for basic demographic information, prior history of skin cancer, 

and histologic type and anatomic location of tumor [5, 22, 67]. Tumors diagnosed as a 

reappearance of a previously treated tumor (recurrence or metastasis) and those 

appearing contiguous with a scar from a previously excised skin cancer were not 

considered new primaries, and were excluded. Only invasive SCC and BCC were 

included [5, 22, 67].  

From this incidence survey, a subset of cases were recruited into the case-

control study. Cases were: 25 -74 years of age, had a listed telephone number, and 

spoke English. Controls were frequency-matched on age and sex to the combined 

distribution of cases. Controls aged 25-64 years were identified from the New Hampshire 

State Department of Transportation records and those aged 65-74 years were obtained 

from enrollment lists of the Center for Medicaid and Medicare Services. All participants 
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provided informed consent in accordance with the Committee for the Protection of 

Human Subjects at Dartmouth College [5, 22, 67]. The participants filled out an 

extensive questionnaire and were administered an in-person interview including 

demographic factors, residence, occupation, medical history, lifestyle factors, family 

history of cancer, pigmentation characteristics, sun exposure and sensitivity [5, 22, 67].     

In New Hampshire about 40% of households are supplied with unregulated 

private drinking water wells, 10% of which contain arsenic at levels that exceed the 

current EPA standard of 10μg/L [19]. Previous analysis of NHHS population showed 

increased KC risk with highest (above 97th percentile) toenail arsenic concentrations 

[21]. Another study in this population showed significant enrichment in immune related 

genes including KIR with high arsenic exposure (drinking water concentration averaged 

32 μg/L, toenail arsenic concentration > 0.11 μg/g) [19]. Arsenic exerts multiple adverse 

effects on human health including mutagenic, and can act as a co-carcinogen with UVR 

[68], and high concentrations have been associated with development of BCC and SCC 

[68, 69]. 

Study participants were asked to document each place of residence and type of 

water supply for each residence [5, 22, 67]. Interview questions on household water 

supply included: the type of water supply that serves their household the duration of use, 

type of water supply how many glasses of water per day are consumed in foods or 

beverages from this drinking water supply, and use of water filters (type and duration) [5, 

22, 67].     

 Participants provided a bio-specimen of blood or mouthwash sample for 

genotyping, and a toenail clipping as a biomarker of arsenic exposure. The detection 

limit for arsenic was 0.001 μg/g, and all samples were blinded to case–control status [5, 
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22, 67]. DNA for genotyping work was available from 3247 study participants including 

1139 controls, 1235 BCC, and 873 SCC.  

Thesis Aims 

 Despite being highly treatable, KC rates continue to increase, as has been 

reported by several studies including the NHHS, with considerable morbidity and 

economic burden [2-5]. Multiple exposures including UVR (major) [14-18], arsenic [19-

22], immunosupressive medications [23, 24], β-HPV [25, 26], and individual susceptibility 

risk factors including genetic variability have been implicated in KC etiology [9, 27-30]. 

Previous research was largely focused on the role of adaptive immunity in KC, while the 

role of innate immunity has not been fully investigated [17, 34-36]. However, recent 

studies, including those on the action of Imiquimod, point to the centrality of innate 

immunity in KC pathogenesis [37-39].  

 NK cells are first responders in the recognition and elimination of transformed 

cells [40, 41]. NK cell killing capacity is determined by multiple inhibitory and activating 

cell surface receptors, including broad-sensing NKG2D receptors and highly variable 

and self-specific KIR [41]. Inter-individual variability of the KIR locus, and its interaction 

with cognate HLA-I, has been increasingly implicated in various disease settings 

including cancer [46]. Genetic variability of NKG2D activity has also been described in 

epithelial cancers [47]. Given that NK cell function is influenced by these two classes of 

activating receptors, we hypothesized that genetic variability at KIR and NKG2D loci may 

impact the innate immunity and KC risk.  

 The first study, described in Chapter 2, examined whether two genetic variants 

related to high natural cytotoxic activity of the NKG2D receptor decrease risk of KC and 

are modified by susceptibility and exposure risk factors including: sex, skin type, number 

of severe sunburns, glucocorticoids, and arsenic. NKG2D genotypes were determined 
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via the Taqman method. Analyses stratified on each of the risk factors were used to 

examine each NKG2D single nucleotide polymorphism (SNP) with KC risk. This 

straightforward approach revealed differential effects of NKG2D genotype on KC risk by 

sex and skin type.  

 The second study, described in Chapter 3, determined whether KIR gene content 

alone and in combination with HLA class I ligands was associated with KC risk. KIR 

gene content was determined through genotyping with multiplexed sequence specific 

oligonucleotide probe (SSOP) polymerase chain reaction (PCR) on the Luminex 

platform, followed by KIR haplotype construction using the published literature. Taqman 

allelic discrimination technology was used to genotype the HLA-C dimorphism, and a 

custom assay was used to detect the non-functional allelic variant KIR 3DL1*004. 

Pyrosequencing based HLA-B genotyping method was developed to detect Bw4 and 

Bw6 alleles. After initially examining the main effects of KIR haplotype and HLA class I 

genes, joint effects of the activating KIR*HLA-I were examined with stratified analyses. 

This approach was informed by the known licensing interactions between the inhibitory 

KIR and HLA-I ligands, and allowed to test the biologically relevant genetic interactions 

at KIR and HLA-I loci. 

 The third study, described in Chapter 4, was designed to investigate the 

combined effects of both classes of activating receptors, KIR and NKG2D. NKG2D 

activity was assigned based on the number of alleles with high cytotoxic activity, and 

activating KIR were grouped based on the presence of three KIR genes (2DS1, 3DS1 

and 2DS5).  This approach allowed us to explore the effect of a "maximum" activation 

profile, and revealed KC risk reducing synergy of these different activating NK cell 

receptors. 
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Abstract 

Efficient early immune surveillance is important for the elimination of transformed cells, 

including epithelial cells that may develop into keratinocyte carcinomas (KC). NKG2D is 

an activating receptor present on human NK cells and skin-homing γδ T cells, which 

participate in the elimination of abnormal cells that express stress proteins. Exposure to 

ultraviolet radiation is a major risk factor in the development of KC, as are immune 

modulating exposures. Using a population-based case-control study, we tested the 

hypothesis that high NKG2D activity, captured by genetic variants rs1049174 (C>G) and 

rs2255336 (G>A), is associated with reduced risk of basal cell (BCC) and squamous cell 

(SCC) carcinoma of the skin. There was no association between rs1049174 and KC risk. 

Those homozygous for AA variant of rs2255336 had a reduced risk of BCC (OR=0.68, 

95% CI: 0.44-1.06); the association was particularly strong in men (OR=0.46, 95% CI: 

0.25-0.84) and those with skin type with a tendency to tan rather than burn (OR=0.53, 

95% CI: 0.31-0.93).  Similar trends were observed for SCC in males (OR=0.58, 95% CI: 

0.32-1.03) and those with a tanning rather than burning skin type (OR=0.64, 95% CI: 

0.35-1.19). In contrast, there was no association between NKG2D genotype and BCC in 

women (rs2255336 P-interaction =0.13; rs1049174 P-interaction =0.70), and an 

increased risk of SCC in women with genotypes associated with high NKG2D activity 

rs2255336 OR=1.96 (95% CI: 0.90-4.28) (P-interaction =0.01), and rs1049174 OR=1.66 

(95% CI: 0.96-2.88) (P-interaction =0.05). rs1049174 CG was related to a slight 

reduction in odds of BCC (OR=0.70, 95%CI: 0.53-0.92) for those with low (<2) lifetime 

severe sunburns. There was no evidence for gene-environment interaction between 

NKG2D and oral glucocorticoids, or arsenic exposure. Our findings suggest that genetic 

variation in NKG2D modulates risk of skin cancer, and these effects may differ by tumor 
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histology, gender, and sun sensitive skin type. Our data highlight the potential role of 

genetic factors related to innate immune surveillance in skin cancer etiology. 

Introduction 

 Keratinocyte carcinomas (KC) represent the most common malignancies in the 

world [1]. In the United States, about 3.5 million new cases are diagnosed per year [2]. 

Despite their low metastatic potential, these tumors impose a significant burden on 

public health due to the large number of diagnoses, the need for repeated treatments, 

and associated medical costs [1, 6, 7]. Solar ultraviolet radiation (UVR) is the major 

environmental exposure associated with the development of KC [14, 18], which include 

basal cell carcinoma (BCC) and squamous cell carcinoma (SCC) of the skin [9]. UVR 

contributes to skin carcinogenesis through direct DNA damage as well as secondary 

effects of inflammation and immunosuppression [16, 70]. Skin pigmentation and 

susceptibility to sunburn [27-29], as well as genetic predisposition are important factors 

in KC development [30]. In addition, use of glucocorticoids and exposure to arsenic have 

been linked to KC risk through their immune-modulating effects [21, 24]. The importance 

of early non-specific innate immune response against pre-malignant and transformed 

cells has been suggested in KC control [71]. 

 Natural killer group 2, member D (NKG2D) activating receptor acts as a broad 

cellular stress sensor, and allows for early immune surveillance of stressed or abnormal 

cells [54]. NKG2D is expressed by the innate natural killer (NK) cells, and subsets of 

cytotoxic T lymphocytes including γδ T cells, which have been identified in the dermis 

and participate in skin-homing during wounding [54, 72]. NKG2D recognizes an array of 

polymorphic stress-induced ligands which are distantly related to the major 

histocompatibility complex I (MHC-I), including MHC class-I-chain-related protein A 
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(MICA) and B (MICB), and six members of UL16-binding proteins (ULBPs) [54]. In 

contrast to healthy cells, stressed cells show high levels of these ligands, which can be 

induced by a range of cellular stressors, such as UVR, DNA damage, heat shock, viral 

infections, and rapid cellular proliferation [54, 73-75].  

 Previously, Hayashi et.al. identified genetic variation associated with NKG2D 

expression and high or low levels of natural cytotoxic activity [47]. Two NKG2D 

haplotype blocks were described, hb-1and hb-2, each having an independent 

association with NK cell activity and a lower prevalence of epithelial cancers [47]. Two 

SNPs tag the genetic variation in each block (rs1049174 (C>G) and rs2255336 (G>A)). 

These high activity NKG2D SNP variants have been associated with reduced risk of 

colorectal, lung, and cervical cancer [47, 56, 57] as well as reduced risk of systemic 

lupus erythematosus (SLE) [58, 59]. Given the importance of the NKG2D receptor in 

surveillance of early, cell-transformative signals, we hypothesized that NKG2D activity, 

tagged by rs1049174 (C>G) and rs2255336 (G>A) SNPs, is associated with KC risk, 

and may potentially vary by host exposure factors. 

Materials and Methods 

Study population 

 The New Hampshire Health Study (NHHS) is a population-based case-control 

study of KC and has been previously described [5, 67]. Briefly, a statewide incidence 

survey was used to identify incident BCC and SCC, and a subset of these cases were 

recruited into a case-control study. Cases were: 25 -74 years of age, had a listed 

telephone number, and spoke English. Controls were frequency-matched on age and 

sex to the combined distribution of cases.  Controls aged 25-64 years were identified 

from the New Hampshire State Department of Transportation records and those aged 
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65-74 years were obtained from enrollment lists of the Center for Medicaid and Medicare 

Services. The participants filled out an extensive questionnaire and were administered 

an interview including  demographic factors, pigmentation characteristics, sun exposure 

and sensitivity, glucocorticoids use, and other factors as previously described [5, 25]. 

Participants provided a bio-specimen of blood or mouthwash for genotyping, and a 

toenail clipping as a biomarker of arsenic exposure. Toenail clipping samples were 

analyzed for arsenic and other trace elements by instrumental neutron activation 

analysis (INAA) at the University of Missouri Research Reactor (Columbia, MO) using a 

standard comparison approach as described previously by Nichols et.al. [76]. The 

detection limit for arsenic was 0.001 μg/g, and all samples were blinded to case–control 

status [22]. DNA for genotyping work was available from 3247 study participants 

including 1139 controls, 1235 BCC, and 873 SCC.  

NKG2D genotyping 

 Genomic DNA was extracted from buffy coat using Qiagen genomic DNA 

extraction kits. We collected data on two SNPs in the NKG2D gene, rs2255336 (G>A) 

SNP resulting in Thr72Ala substitution in exon 6, and rs1049174 (C>G) located in the 

un-translated region of exon 10, covering two haplotype blocks as previously described 

by Hayashi et.al. [47]. Genotyping of the two polymorphisms was performed using the 

Taqman allelic discrimination method (Life Technologies, Carlsbad, CA). Of the 3247 

samples tested 194 (6%) did not cluster for rs2255336, and 315 (9.6%) for rs1049174. 

Missing genotype data was not associated with case status.  

Statistical analysis  

 We used unconditional logistic regression to compute adjusted odds ratios (OR) 

and 95% confidence intervals (95% CI) for BCC and SCC. All models were adjusted for 
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age at diagnosis (continuous), sex (categorical), and skin type (categorical). For 

rs2255336, heterozygous and homozygous genotypes with the variant allele A, were 

each compared to a referent homozygous wild type GG genotype. Similarly, for 

rs1049174, heterozygous and homozygous genotypes with the G variant were each 

compared to the referent wild type CC genotype. Skin type was defined as the reaction 

to 1 hour of sun exposure the first time in the summer. Those who responded that they 

had a severe sunburn with blistering, or painful sunburn for a few days followed by 

peeling were assigned to the burn category, and those who responded that they tanned 

without any sunburn, or had a mild burn followed by tanning, were assigned to the tan 

category. Lifetime painful sunburns were dichotomized based on the median number in 

controls (<2 vs. ≥2), and toenail arsenic concentrations were grouped based on quartiles 

in the controls. Glucocorticoids use was assessed via self-reporting. We evaluated effect 

modification using stratified analyses (sex, skin type, lifetime severe sunburns, oral 

glucocorticoid use, and toenail arsenic). We conducted interaction testing for 

NKG2D*risk factors and KC risk with likelihood ratio test for MLE method with 2 d.f. 

(three-level variable for NKG2D SNP genotypes), comparing logistic regression models 

with and without an interaction term. Statistical analyses were performed in R v2.13.1.  

Results 

  NKG2D genotype analyses were performed in 1139 controls, 1235 BCC and 

873 SCC. Selected demographic characteristics and KC risk factors, including age, sex, 

skin type, lifetime number of severe sunburns, glucocorticoids use, and toenail arsenic 

exposures are shown in Table 1. Among controls, the prevalence of rs2255336 (A) and 

rs1049174 (G) were 21% and 30% respectively. The distribution of the two NKG2D 

polymorphisms were in Hardy-Weinberg equilibrium (rs1049174: 2= 0.84, P=0.36), 

(rs2255336: 2=0.69, P= 0.41). We examined the main effect of each SNP with BCC and 
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SCC status (Table 2). Those with the rs2255336 AA genotype had a decreased risk of 

BCC (OR=0.68, 95%CI: 0.44-1.06) compared to the GG wild type genotype, however 

there was no difference in SCC risk. The rs1049174 genotype was not associated with 

risk of either KC type (Table 2).  

 Next, we examined whether NKG2D genotype modifies KC risk differently in 

males and females (Table 3). In males, the rs2255336 AA variant was inversely 

associated with risk of BCC (OR=0.46, 95%CI: 0.25-0.84), and SCC (OR=0.58, 95%CI: 

0.32-1.03); while the rs1049174 GG variant showed a slight reduction in odds of BCC 

(OR=0.74, 95%CI: 0.50-1.11), and SCC (OR=0.72, 95%CI: 0.46-1.11). In females, there 

was an elevated risk of SCC with both the rs2255336 AA variant (OR=1.96, 95%CI: 

0.90-4.28) and rs1049174 GG variant (OR=1.66, 95% CI: 0.96-2.88), although with wide 

confidence intervals (Table 3). No associations between either SNP and BCC were 

observed among women (Table 3). Formal testing for gene*sex interaction did not reveal 

significant associations for BCC with either SNP (rs2255336 P-interaction =0.13; 

rs1049174 P-interaction =0.70), however associations were statistically significant for 

SCC (rs2255336 P-interaction =0.01, rs1049174 P-interaction =0.05) (Table 3) 

(Appendix, Chapter 2 Table S1).  

 To investigate potential interactions between UVR exposure and NKG2D we 

performed stratified analyses by skin type and number of lifetime severe sunburns. 

Stratifying on skin type, the rs2255336 AA variant was associated with a reduced risk for 

those who tan, BCC (OR=0.53, 95%CI: 0.31-0.93) and SCC (OR=0.64, 95%CI: 0.35-

1.19) (Table 4). There was a significant interaction between skin type and rs2255336 

observed for SCC (P-interaction=0.03) but not BCC (P-interaction=0.28); no interactions 

between skin type and rs1049174 were observed (BCC P-interaction=0.15, SCC P-

interaction=0.59) (Table 4) (Appendix Chapter 2 Table S2). For those with low (<2) 
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lifetime severe sunburns, rs1049174 CG genotype was related to a slight reduction in 

odds of BCC (OR=0.70, 95%CI: 0.53-0.92), and (OR=1.17 95%CI: 0.91-1.49) for those 

with a higher (≥2) number of severe sunburns (Table 5). There was a significant 

interaction between number of severe burns and rs1049174 and BCC (P-

interaction=0.01), but not SCC (P-interaction=0.98); no significant interactions between 

number of severe sunburns and rs2255336 were observed (BCC P-interaction = 0.85; 

SCC P-interaction = 0.80) (Table 5) (Appendix Chapter 2 Table S3). 

 Exposures to glucocorticoids and arsenic have immune-modulating potential and 

are risk factors for KC. We tested the effect of NKG2D SNPs stratified by use of 

glucocorticoids; no significant differences in risk of KC with NKG2D genotype were 

observed in those who used glucocorticoids compared to those that did not (data not 

shown). Lastly, we examined the association between NKG2D SNPs and KC within 

quartiles of toenail arsenic concentrations (Figure 1 A-D). Overall, there were no 

significant differences in KC risk by toenail arsenic quartiles for either NKG2D SNP.  

Discussion 

 We examined the association of two SNPs related to NKG2D natural cytotoxic 

activity in KC within a large population-based case-control study. Overall the NKG2D 

rs2255336 SNP had a more pronounced association with KC than rs1049174. The 

NKG2D rs2255336 (AA) variant was inversely associated with risk of BCC, but not SCC. 

Furthermore, the rs2255336 (AA) genotype was inversely related to risk in males and 

those who generate a tanning response, particularly with BCC.  In contrast, among 

females and those with the burn phenotype there was an elevated risk of SCC 

associated with this genotype. Our results suggest that enhanced NKG2D activity is 
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beneficial in immune surveillance of BCC. This benefit is absent in SCC, and is 

potentially a risk factor in some sub-groups of patients.  

 Previous studies have suggested a protective effect of the high activity NKG2D 

rs1049174 (GG) and rs2255336 (AA) variants for certain types of epithelial tumors [47, 

56].  More recently the rs2255336 (AA) variant was related to a reduced risk of cervical 

cancer progression [57] and reduced susceptibility to SLE [58, 59]. Consistent with these 

reports, we found the rs2255336 (AA) variant was associated with a reduced the risk of 

BCC, pointing to a potential role of innate or innate-like immunity in this KC type. 

However, this relationship was diminished in SCC, potentially due to the differences in 

tumor-specific cellular abnormalities, with an increased role of the adaptive immune 

response in SCC.   

 There were noted sex effects in our study.  The inverse association with the 

rs2255336 (AA) variant was prominent for males, particularly with BCC, however 

females with rs2255336 (AA) (and to a lesser extent the rs1049174 (GG) variant) had an 

elevated risk of SCC. This difference may be attributable to the immunosupressive and 

mitogenic effects of estrogen [77], which may contribute to evasion of early immune 

surveillance. Estrogen receptor β (ERβ) is distributed in human skin [78, 79], and has 

been shown to exert an anti-inflammatory response, as well as aid in wound healing and 

skin re-epithelialization [79, 80]. Estrogen has also been associated with epithelial 

carcinogenesis in breast [81] and reported to affect the development of BCC and SCC in 

rodent models [78]. While estrogen effects are likely tissue dependent, both up and 

down regulation of NKG2D ligand expression with estrogen have been reported [82, 83]. 

MICA expression was up-regulated in endometrial cell culture with increased estradiol 

levels in the secretory stage [82], while physiologic concentrations had an inhibitory 

effect on MICA/B and ULBP expression [83]. Thus, estrogen may reduce NKG2D 
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surveillance via down-regulation of NKG2D ligands. Sex differences in immune 

suppression and KC risk have been previously reported in our study population by 

Welsh et.al. suggesting possible estrogen-dependent immune suppressive effects in 

females [30]. Increased immunosuppressive tumor microenvironment and estrogen-

dependent regulation of NKG2D ligands may derail early immune response in females 

and contribute to SCC risk.  

 Tanning response is a protective mechanism for excess UV exposure, with 

melanosomes forming a UVR shield over the keratinocyte nucleus to reduce genotoxic 

damage [29]. The rs2255336 (AA) variant was associated with a significant reduction in 

BCC risk for those who tan, however this effect was null for those with a burn skin type, 

and SCC risk was slightly elevated with this variant. It is possible that the early immune 

response may work efficiently to eliminate transformed cells in the context of "brief" 

cellular stress, in particular with the high cytotoxicity NKG2D genotype, while lower 

cytotoxic activity may result in an insufficient elimination. Furthermore, prolonged stress, 

such as may occur in those with a susceptibility to burn, and may result in decreased 

immune surveillance through tumor directed reduction of immune surveillance (Figure 2).  

 Immune surveillance of KC has been mainly investigated in the context of T-cell 

mediated responses [34, 84, 85], while innate immune involvement in KC remains 

unclear. Innate-like γδ T cells possess functionality of both the innate rapid immune 

response via the NKG2D, as well as T cell receptor restricted (TCR) activity, that is 

tissue and context dependent [54, 86, 87]. Indeed, both direct activation of γδ T cells via 

NKG2D [88], and TCR co-stimulatory role of NKG2D in recognition of MICA ligands by 

Vδ1+ γδ T cells [89] have been reported. While Vδ1+ γδ T cells are present in mucosal 

tissues and intestinal epithelium [89], these have also been found to reside in the skin 

[72]. Increased recruitment of the peripheral Vδ2+ γδ T cells in addition to dermal Vδ1+ 
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have been reported in early stage melanoma, where γδ T cells represented a major 

infiltrating cell type [90]. Progression to metastasis was linked to a decline in resident 

and peripheral γδ T cells [90], pointing to the importance of a robust initial response to 

perturbation, and gradual decrease in surveillance with increased tumor evasion. 

Similarly, it is possible that NKG2D expressing NK or γδ T cells may be present early in 

KC development, but rare or absent once the malignancy is established. This may be 

particularly relevant to SCC lesions which are thought to arise from pre-malignant actinic 

keratoses (AK) lesions [10], and progressive deregulation of cellular signaling may 

interfere with early cellular stress surveillance. Additionally, spontaneous BCC 

regression has been reported [34], and while it is thought to be mediated by T-cells [34, 

85], it is possible that early NKG2D response may effectively bridge the innate and 

adaptive immunity for an effective tumor control. 

 Tumors may counter early immune surveillance through alterations in 

transforming growth factor beta (TGF-β) and epidermal growth factor receptor (EGFR) 

signaling with reduction of NKG2D visibility via ligand shedding [75, 91, 92]. Tumor 

suppressive activity of TGF-β can be down-regulated by UVB in human skin [93], and 

has been shown to be reduced in BCC  [10]. However, up-regulation of TGF-β is 

common in solid tumors including SCC [94]. Increased TGF-β expression has been 

shown to impair NK cell activity through reduction of DAP10-dependent NKG2D 

expression [95]. Another potential tumor escape mechanism is through over-activation of 

EGFR, which is also common in epithelial tumors, and up-regulates cellular proliferation 

while decreasing apoptosis [75, 96]. Up-regulation of EGFR has been reported in SCC 

but not BCC [97], and UVB induced up-regulation of NKG2D  ligands via EGFR 

activation has been reported in human keratinocytes [75]. Thus, it is possible that 

NKG2D SNP rs2255336 (AA) (which is associated with DAP10-dependent NKG2D 
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expression) could reduce BCC, and elevate SCC occurrence, when stratified by sex and 

skin type, and may be related to differences in tumor defenses. Increased EGFR and 

TGF-β signaling in SCC may down-regulate NKG2D surface expression both by 

induction of tumor shed soluble NKG2D ligands and DAP10 down-regulation, promoting 

tumor evasion. In the context of BCC, down-regulation of TGF-β, and low EGFR 

signaling may yield a more effective NKG2D response, in particular with the NKG2D 

rs2255336 (AA) variant combined with a lower inflammatory profile, such as with male 

sex and tan skin type. 

 Number of severe sunburns has been associated with an increased risk of KC, 

and erythema related pro-inflammatory effects in the skin [8, 16]. However, for the 

exception of a slight inverse association of rs1049174 CG genotype with risk of BCC for 

those with low number of sunburns, overall we did not observe significant effect 

modification of burns with the NKG2D variants, possibly due to the low cutoff based on 

the median number in controls. Similarly, we did not observe significant associations or 

consistent trends with oral glucocorticoids or arsenic, again possibly due to low dose 

exposures and too few observations in the highest arsenic quartile. In addition, subtle 

effects of the NKG2D polymorphisms may have been concealed by potentially saturating 

effects of UVR, with activation of multiple cellular-stress response pathways, particularly 

in SCC. 

 Taken together our data suggest that enhanced immune surveillance by the 

NKG2D high cytotoxicity variant rs2255336 (AA) may reduce risk of BCC, but not SCC. 

An increased pro-inflammatory environment in SCC, such as with increased EGFR and 

TGF-β signaling, burn phenotype, or estrogen modulation may contribute to dampening 

of the early immune response and NKG2D immune surveillance. It will be important to 

further investigate the NK and γδ T cell contribution in immune surveillance of each 
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tumor type, and their ability to infiltrate distinct microenvironments of BCC and SCC. In 

addition, examination of the highly polymorphic NKG2D ligands, which are known to fine 

tune NKG2D response [54], may deepen our understanding of NKG2D in the 

development of KC. 

 

Table 1. Selected demographic characteristics of study participants 

  Controls BCC SCC 

N=3247 1139 (35%) 1235 (38%) 873 (27%) 

Age       

Mean (SD) 59 (12) 56 (12) 64 (9) 

Sex       

Male  650 (57%) 647 (52%) 556 (64%) 

Female  489 (43%) 588 (48%) 317 (36%) 

Skin Type 
a
       

Burn  454 (40%) 525 (43%) 432 (49%) 

Tan  683 (60%) 705 (57%) 437 (50%) 

Lifetime severe 

sunburns
b  

 

    

Mean (SD) 15 (74) 21 (41) 20 (57) 

Median [range] 1 [0-2280] 5 [0-490] 3 [0-1028] 

Low (<2)* 575 (50%) 455 (37%) 347 (40%) 

High (≥2) 553 (49%) 752 (61%) 495 (57%) 

Glucocorticoid use
c
       

No 1050 (92%) 1111 (90%) 751 (86%) 

Yes 59 (5%) 80 (6%) 76 (9%) 

Toenail arsenic
d**       

Quartile 1  272 (25.0%) 267 (21.6%) 242 (27.7%) 

Quartile 2 274 (25.2%) 275 (22.3%) 218 (25.0%) 

Quartile 3 269 (24.7%) 321 (26.0%) 197 (22.6%) 

Quartile 4 272 (25.0%) 332 (26.9%) 184 (21.1%) 

Missing data: a- controls 2 (<1%), BCC 5 (<1%), SCC 4(<1%); b- controls 11 (1%), BCC 28 (2%), 

SCC 31 (4%); c-controls 30 (3%), BCC 44 (4%), SCC 46 (5%); d-controls 52 (4.6%), BCC 40 (3.2%), 

SCC 32 (3.7%). * Cutoff based on median=1 in controls; ** Cutoff based on quartiles in controls 
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Table 2.  Association between NKG2D polymorphisms and BCC/SCC. 

NKG2D SNP* Controls BCC  OR** (95%CI) SCC  OR** (95%CI) 

rs2255336 n=1069 n=1180   n=804   

GG 674 (63%) 754 (64%) Referent 517 (64%) Referent 

GA 344 (32%) 387 (33%) 1.01 (0.85-1.21) 249 (31%) 0.95 (0.77-1.16) 

AA 51 (5%) 39 (3%) 0.68 (0.44-1.06) 38 (5%) 0.89 (0.56-1.40) 

rs1049174 n=1022 n=1129   n=781   

CC 505 (49%) 586 (52%) Referent 380 (49%) Referent 

CG 418 (41%) 450 (40%) 0.92 (0.77-1.10) 322 (41%) 1.02 (0.83-1.25) 

GG 99 (10%) 93 (8%) 0.82 (0.60-1.12) 79 (10%) 1.01 (0.72-1.42) 

*Missing genotype data: rs2255336 n=194, rs1049174 n=315; of those, missing  both SNPs n=91 

** OR adjusted by sex, age, and skin type 
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* OR adjusted by age and skin type 

**BCC rs2255336 P-interaction =0.13, rs1049174 P-interaction =0.70; *** SCC rs2255336 P-interaction =0.01, rs1049174 P-interaction =0.05. 

 

 

 

Table 3. Association of sex, NKG2D SNPs, and case status.       

Sex NKG2D SNP Controls BCC** OR* (95%CI) SCC***  OR* (95%CI) 

Males rs2255336 n=614 n=612   n=514   

  GG 368 (60%) 382 (62%) Referent 341 (66%) Referent 

  GA 210 (34%) 213 (35%) 0.97 (0.76-1.23) 152 (30%) 0.80 (0.61-1.04) 

  AA 36 (6%) 17 (3%) 0.46 (0.25-0.84) 21 (4%) 0.58 (0.32-1.03) 

  rs1049174 n=589 n=589   n=498   

  CC 283 (48%) 298 (51%) Referent 247 (50%) Referent 

  CG 240 (41%) 239 (40%) 0.93 (0.73-1.19) 209 (42%) 1.00 (0.77-1.29) 

  GG 66 (11%) 52 (9%) 0.74 (0.50-1.11) 42 (8%) 0.72 (0.46-1.11) 

Females rs2255336 n=455 n=568   n=290   

  GG 306 (67%) 372 (65%) Referent 176 (61%) Referent 

  GA 134 (30%) 174 (31%) 1.06 (0.81-1.40) 97 (33%) 1.23 (0.88-1.74) 

  AA 15 (3%) 22 (4%) 1.16 (0.59-2.30) 17 (6%) 1.96 (0.90-4.28) 

  rs1049174 n=433 n=540   n=283   

  CC 222 (51%) 288 (53%) Referent 133 (47%) Referent 

  CG 178 (41%) 211 (39%) 0.90 (0.69-1.18) 113 (40%) 1.05 (0.75-1.48) 

  GG 33 (8%) 41 (8%) 0.96 (0.58-1.57) 37 (13%) 1.66 (0.96-2.88) 
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Table 4. Association of skin type, NKG2D SNPs, and case status.  

Skin type NKG2D SNP Controls BCC** OR* (95%CI) SCC*** OR* (95%CI) 

Tan rs2255336 n=636 n=678   n=398   

  GG 405 (64%) 441 (65%) Referent 252 (63%) Referent 

  GA 193 (30%) 216 (32%) 1.03 (0.81-1.30) 130 (33%) 1.10 (0.84-1.46) 

  AA 38 (6%) 21 (3%) 0.53 (0.31-0.93) 16 (4%) 0.64 (0.35-1.19) 

  rs1049174 n=608 n=640   n=387   

  CC 298 (49%) 348 (54%) Referent 188 (49%) Referent 

  CG 246 (40%) 231 (36%) 0.79 (0.62-1.00) 161 (41%) 1.03 (0.78-1.36) 

  GG 64 (11%) 61 (10%) 0.83 (0.56-1.23) 38 (10%) 0.89 (0.57-1.40) 

Burn rs2255336 n=431 n=497   n=402   

  GG 267 (62%) 309 (62%) Referent 263 (65%) Referent 

  GA 151 (35%) 171 (34%) 0.99 (0.75-1.30) 118 (29%) 0.77 (0.56-1.05) 

  AA 13 (3%) 17 (4%) 1.11 (0.53-2.33) 21 (5%) 1.45 (0.68-3.07) 

  rs1049174 n=413 n=484   n=390   

  CC 206 (50%) 235 (49%) Referent 190 (49%) Referent 

  CG 172 (42%) 218 (45%) 1.11 (0.84-1.46) 161 (41%) 1.00 (0.73-1.35) 

  GG 35 (8%) 31 (6%) 0.77 (0.46-1.30) 39 (10%) 1.22 (0.72-2.06) 

* OR adjusted by sex and age   

** BCC rs2255336 P-interaction=0.28, rs1049174 P-interaction=0.15; ***SCC rs2255336 P-interaction=0.03, rs1049174 P-interaction=0.59  
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Table 5.  Association of lifetime severe sunburns, NKG2D SNPs, and case status.     

Lifetime severe 

burns 
NKG2D SNP Controls BCC** OR* (95%CI) SCC***  OR* (95%CI) 

<2 rs2255336 n=542 n=436   n=323   

  GG 339 (63%) 280 (64%) Referent 198 (61%) Referent 

  GA 175 (32%) 139 (32%) 0.97 (0.74-1.28) 106 (33%) 1.01 (0.74-1.38) 

  AA 28 (5%) 17 (4%) 0.71 (0.37-1.34) 19 (6%) 1.01 (0.54-1.89) 

  rs1049174 n=512 n=410   n=309   

  CC 238 (46%) 224 (55%) Referent 136 (44%) Referent 

  CG 225 (44%) 147 (36%) 0.70 (0.53-0.92) 140 (45%) 1.05 (0.77-1.43) 

  GG 49 (10%) 39 (9%) 0.85 (0.53-1.35) 33 (11%) 1.04 (0.63-1.73) 

≥2  rs2255336 n=517 n=717   n=450   

  GG 330 (64%) 458 (64%) Referent 301 (67%) Referent 

  GA 164 (32%) 238 (33%) 1.06 (0.83-1.35) 131 (29%) 0.89 (0.67-1.20) 

  AA 23 (4%) 21 (3%) 0.66 (0.36-1.21) 18 (4%) 0.83 (0.42-1.63) 

  rs1049174 n=501 n=692   n=442   

  CC 263 (52%) 348 (50%) Referent 228 (51%) Referent 

  CG 189 (38%) 294 (43%) 1.17 (0.91-1.49) 171 (39%) 1.07 (0.80-1.42) 

  GG 49 (10%) 50 (7%) 0.79 (0.52-1.22) 43 (10%) 1.00 (0.63-1.62) 

* OR adjusted by sex, age, and skin type 

** BCC rs2255336 P-interaction = 0.85, rs1049174 P-interaction=0.01; *** SCC rs2255336 P-interaction = 0.80, rs1049174 P-interaction=0.98.  
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Figure 1. Adjusted odds ratios with 95% confidence intervals (y-axis) for the association 

of toenail arsenic quartiles (x-axis) and NKG2D genotype with case status.  rs2255336 - 

referent genotype GG; rs1049174 - referent genotype CC; BCC (a) rs2255336 (b) 

rs1049174; SCC (c) rs2255336 (d) rs1049174 (OR adjusted by sex, age, and skin type).
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Figure 2. NKG2D response to cellular stress. NKG2D responds to broad cellular 

stressors including UVR, DNA damage, heat shock, and cellular proliferation via 

recognition of stress-induced MHC class I related ligands expressed by tumor cells. 

Upon exposure to cellular stress, NKG2D genotype with high cytotoxicity allows for an 

efficient early stress response resulting in tumor elimination, while low cytotoxicity 

NKG2D genotype yields insufficient early stress response and tumor control. Chronic 

cellular stress and prolonged inflammation, including potential EGFR-dependent up-

regulation of NKG2D ligands and down-regulation of NKG2D surface expression via 

TGF-β, secreted by tumor cells, as well as tumor shedding of NKG2D soluble ligands, 

results in decreased NKG2D response and potential impairment of the NK or γδ T cell 

effector function, with subsequent tumor evasion. (Graphics modified from Iannello et.al. 

Cold Spring Harb Symp Quant Biol doi: 10.1101/sqb.2013.78.020255). 
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Abstract 

Natural killer (NK) cells of the immune system are the first line of defense against 

transformed and infected cells. NK cell action is determined through binding of killer 

immunoglobulin-like receptors (KIR) with specific human leukocyte antigen (HLA) class I 

ligands on target cells. The KIR gene family is diverse, highly polymorphic, poorly 

covered on GWAS platforms, and exhibits significant functional copy number variation. 

The KIR locus has been primarily studied in the context of HCV, HIV, and transplant 

outcomes.  Here, we have tested the hypothesis that KIR gene content alone and in 

combination with HLA class I ligands are associated with risk of keratinocyte carcinomas 

(KC). A subset of a population-based case-control study in New Hampshire was 

selected for the study: 387 basal cell carcinomas (BCC) including 44 multiple BCC (≥ 3 

tumors within 30 days of diagnosis), 238 squamous cell carcinomas (SCC), and 398 

population-based controls. KIR gene content and functional KIR ligand dimorphisms at 

HLA-B (Bw4 vs. Bw6) and HLA-C (C1 vs. C2) were measured. KIR centromeric BB 

haplotype was associated with significant risk of multiple BCC tumors (OR=2.39, 95% 

CI: 1.10-5.21). In addition, there were strong statistically significant interactions between 

KIR and HLA for BCC. Among those homozygous for HLA-C1, the activating KIR 2DS3 

gene was associated with increased risk of BCC (OR=2.34, 95% CI: 1.25-4.37); this 

association was not observed among the C2 carriers (P-interaction = 0.005). In contrast, 

the activating KIR genes 2DS1/3DS1 and 2DS5 were associated with BCC risk 

reduction among those with the Bw4/Bw4 genotype (OR-2DS1/3DS1=0.35, 95% CI: 

0.17-0.72, and OR-2DS5=0.36, 95% CI: 0.17-0.80), with no association among the Bw6 

carriers (P-interaction 0.001 and 0.012, respectively). Similar, but greatly attenuated 

associations were observed for SCC.  NK cells have a range of killing potential that is 

based on the strength of interactions between KIR receptors and their HLA class I 
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ligands.  Our data suggest these functional interactions modify risks of both BCC and 

SCC.  

Introduction 

  Keratinocyte carcinoma (KC) comprising of squamous cell carcinoma (SCC) and 

basal cell carcinoma (BCC) of the skin are the most commonly diagnosed malignancies 

in the United States [2]. Although KC are readily treatable and rarely metastasize, they 

are associated with significant morbidity and health care costs [6, 7]. Exposure to 

ultraviolet radiation (UVR) is a major risk factor in the development of these skin cancers 

[14]. UVR contributes to skin cancer carcinogenesis both as a mutagen and an immune 

suppressing agent [16, 18]. The effect of immunosuppression on skin cancer risk is 

highlighted in organ transplant recipients who are at high risk for the development of 

SCC and BCC [23, 32]. In addition, observations of spontaneous BCC regression [33, 

34] underscores the importance of the immune response to tumor antigens. Finally, the 

efficacy of Imiquimod, a Toll-like receptor 7 agonist, in the treatment of skin tumors and 

their precursors implicates failure of innate immunity as a contributing factor in 

keratinocyte-derived skin cancer development [37, 38]. 

 Natural killer (NK) cells are a major component of the innate immune system and 

serve as the first line of defense against virally infected and transformed cells [53]. NK 

cell maturation involves education or “licensing”, a specific set of receptor-ligand 

interactions between NK receptors and major histocompatability complex (MHC) class I 

molecules [50]. Inter-individual variation in these interactions is hypothesized to result in 

a spectrum of NK killing phenotypes. Once licensed, the cytolytic function of NK cells is 

orchestrated through a complex array of inhibitory and activating signals which is in part 

determined by the interaction of the killer-cell-immunoglobulin-like-receptors (KIR) with 
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human leukocyte antigen (HLA) class I ligands, via a balance of inhibitory and activating 

KIR signals [41]. Expression of cognate HLA class I molecules on target cells results in 

inhibition of NK cell mediated cytolysis via the inhibitory KIR, while the absence or 

aberrant presentation of these molecules leads to activation of the NK cell via the 

activating KIR [41].  

 The KIR locus is variable in both gene content and allelic polymorphisms [51, 98, 

99] . These structural complexities, as well as extensive gene homology, have resulted 

in poor coverage on GWAS platforms, making KIR understudied as a cancer 

susceptibility trait. The KIR gene region on chromosome 19 is divided into two haplotype 

blocks, and haplotypes based on gene content have been established [60]. Within each 

block are the ancestral haplotype A, and divergent B haplotypes with increasing diversity 

primarily of activating KIR genes [42, 60]. Novel KIR haplotypes arise from ongoing 

recombination events that occur in the intergenic region of the KIR locus between 

centromeric and telomeric segments [61]. 

 Allelic polymorphisms of the KIR genes have been shown to further influence NK 

cell response to targets [60]. Common polymorphisms that result in non-functional gene 

products, KIR 3DL1*004 and KIR 2DS4 with 22 base pair deletion in exon 5, occur in 

about 20% [100] and up to 80% [60] of white populations, respectively. KIR 2DS4 22 

base pair deletion in exon 5 results in a truncated protein without transmembrane and 

cytoplasmic domains that are present in KIR 2DS4 full version protein [60, 101]. KIR 

2DS4 truncated variant has been previously associated with protection from breast 

cancer [101]. KIR 3DL1 variation results in proteins with different levels of cell surface 

expression which influences binding capacity (high, low, or no) of the cognate HLA-Bw4 

ligands [60, 100]. KIR 3DL1*004 variant results in a sequestered  miss-folded protein 

[100] and has been associated with protection from HIV progression [60, 100]. Therefore 
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assessing presence of these common non-functional variants in addition to KIR content, 

may be important in disease association studies. 

Most KIR-ligand pairs have not yet been identified, particularly for the activating 

KIR [46]. However, HLA-C and HLA-B are both ligands for inhibitory KIR receptors [46]. 

Furthermore, there is an established dimorphism in both of these genes that results in 

differential binding of these ligands for KIR receptors that is central to the NK licensing 

process. For example, KIR 2DL2 and KIR 2DL3 both bind HLA-C1 (defined by Asn80), 

while KIR2DL1 binds HLA-C2 (Lys80) [46]. Similarly, KIR 3DL1 binds specifically to the 

HLA-Bw4 ligand, but not HLA-Bw6 (defined by sequence at positions 77–83) [51, 66]. 

Emerging evidence suggests it is necessary to investigate KIR*HLA class I interactions 

in order to observe true phenotypes (rev. in [42, 65]). 

The gene content variability at the KIR locus has become central in 

hematopoietic transplant research [63], and has been investigated as a susceptibility 

trait for a variety of infectious and autoimmune diseases, as well as cancer (rev in [42, 

65]). Moreover, interactions between the independently segregating KIR and HLA class I 

genes dictate biologic function of NK cells, yet their interaction in skin cancer 

susceptibility has only been described for melanoma [102-104]. In this study we tested 

the hypothesis that variation in KIR gene content and HLA class I polymorphisms are 

associated with risk of keratinocyte-derived skin cancers. 

Materials and Methods 

Study population 

The New Hampshire Health Study (NHHS) is a population-based case-control study of 

keratinocyte-derived cancers and has been previously described [5, 67]. A statewide 

incidence survey was used to identify incident BCC and SCC, and a subset of these 
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cases were recruited into a case-control study. Cases were: 1) 25 -74 years of age, 2) 

had a listed telephone number, and 3) spoke English. Controls were frequency-matched 

on age and sex to the combined distribution of cases. Controls aged 25-64 years were 

identified from the New Hampshire State Department of Transportation records and 

those aged 65-74 years were obtained from enrollment lists of the Center for Medicaid 

and Medicare Services. The participants filled out an extensive questionnaire and were 

administered an interview including demographic factors, pigmentation characteristics, 

sun exposure and sensitivity, and other factors as previously described [25, 105]. 

Participants provided a bio-specimen of blood or mouthwash sample for genotyping 

work. All study protocols and materials for recruitment of cases and controls were 

approved by the Committee for the Protection of Human Subjects at Dartmouth College 

and approved by University of Minnesota Institutional Review Board. Informed consent 

was obtained from all study subjects. There were 3247 cases and controls (1139 

controls, 1235 BCC, 873 SCC) with available DNA. For this study, we first selected all 

cases of multiple BCC within 30 days of initial diagnosis (≥2 BCC n=163, which included 

44 subjects with ≥3 BCC), followed by a random selection of single BCC (n=259), SCC 

(n=263), and controls (n=421).  

KIR genotyping 

Multiplex KIR genotyping was performed with a Luminex-based typing kit (Lifecodes 

Product #545110, Gen-Probe Transplant Diagnostics Inc.). Captured presence/absence 

of 14 KIR genes: 2DS1, 2DS2, 2DS3, 2DS4 (full length gene product and 22 base pair 

deletion variant), 2DS5, 2DP1, 2DL1, 2DL2, 2DL3, 2DL4, 2DL5, 3DL1, 3DS1, and 3DL2. 

The samples were analyzed by the University of Minnesota Cytokine Reference 

Laboratory on Bio-Plex instrument.   
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KIR 3DL1 *004 genotyping 

Genotyping of KIR 3DL1*004 was performed using a custom Taqman SNP genotyping 

assay (Life Technologies, Carlsbad, CA). The assay captured the glycine 44 (A>G) SNP 

in the D0 domain, which is specific to KIR3DL1*004 [100]. The genotyping assay was 

performed on a LightCycler 480 according to manufacturer's guidelines using 10 ng of 

genomic DNA. 

KIR haplotype determination 

KIR haplotypes were assigned based on gene content and known linkage disequilibrium 

(LD), as described by Pyo et.al. [61]. The KIR region was considered as two 

independent haplotype blocks. There were three common centromeric haplotypes: AA 

(containing 2DL3 and 2DP1/2DL1), AB (containing 2DL2 and 2DL3), and BB (containing 

2DS2 and 2DL2) [60, 61]. Telomeric haplotypes included AA (containing only 3DL1 and 

2DS4), AB (containing 3DL1 and 2DS1/3DS1), and BB (containing only 2DS1/3DS1) 

[60, 61]. The multiplex assay was prone to allelic dropout. Missing data was imputed 

using the established linkage disequilibrium among genes [61]. Imputation was based on 

previously described linkages [60, 61] as follows: (1) if KIR2DL3 present, then 2DL1 also 

present, (2) if either KIR 2DS2 or 2DL2 is present than the other is also present, (3) if 

either KIR3DS1 or 2DS1 is present than the other is also present, (4) if either KIR 3DL1 

or 2DS4 present then the other is also present, (4a) if 2DS4 Exon 4 present, then 2DS4 

present, (4b) if 3DL1*004 present then 3DL1 present. The KIR 2DL5-2DS3/2DS5 block 

was not used for haplotype assignment due to ambiguity of location in either or both 

centromeric/telomeric blocks. For 16 samples telomeric haplotype could not be 

determined due to 2DS4 control probe failure. 83 (7.5%) samples (23 Controls, 35 BCC, 

and 25 SCC) were excluded due to poor DNA sample quality.  
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HLA-C genotyping 

DNA was extracted from buffy coat using Qiagen genomic DNA extraction kits. The 

HLA-C alleles are classified as group C1 ligands which contain serine (AGC) at codon 

77 and asparagine (AAC) at codon 80, and group C2 ligands which contain asparagine 

(AAC) at codon 77 and lysine (AAA) at codon 80 [106]. Genotyping of the HLA-C codon 

77 polymorphism was performed using a Taqman SNP genotyping assay (Life 

Technologies, Carlsbad, CA) on a LightCycler 480 instrument (Roche). During 

preliminary testing, codon 77 assay performed better with tighter clustering than assay 

for codon 80, and was chosen for genotyping in this study. The genotyping was 

performed according to Roche guidelines, using 10 ng of genomic DNA. 

HLA-B genotyping  

HLA-B genotyping was performed by two amplification steps followed by 

pyrosequencing. The first amplification step (PCR I) was used to reduce noise using the 

method of Pozzi et.al [107]. Briefly, 20 ng of purified genomic DNA were used in a 25 µl 

PCR amplification containing: 2.5 µl of 10X buffer, 5 µl Q-solution (Qiagen), 0.5 µl of 

10mM dNTPs, 0.5 µl of 10 µM HLA-B forward primer (Bx1), 0.5 µl of 10 µM HLA-B 

reverse primer (BINT3) and 0.2 µl HotStarTaq DNA polymerase (Qiagen). PCR 

conditions were: 1 cycle at 94ºC for 10 min, followed by 8 cycles at 94ºC for 20 s, 65ºC 

for 30 s, 72ºC for 2 min, followed by 32cycles at 94ºC for 20 s, 60ºC for 30 s, 72ºC for 2 

min, followed by 72ºC for 7 min, and 4ºC hold. This HLA-B specific PCR I product was 

then used for a second amplification step (PCR II), as described by Yun et.al [66]. PCR 

II reagents: 1 µl of PCR I product, 2.5 µl 10X buffer, 0.5 µl 10mM dNTPs, 0.5µl of 10µM 

HLA-B-forward, 0.5µl of 10µM HLA-B-reverse-bio, and 0.2 µl HotStarTaq DNA 

polymerase (Qiagen), in a total 25 µl amplification volume. PCR II cycling conditions: 



 

43 

 

95ºC for 10 min, followed by 40 cycles at: 94ºC for 30 s, 57ºC for 30 s, 72ºC for 1 min; 

followed by 72ºC by 10 min, and 4ºC Hold [66]. 20 µl of PCR II product were used for 

pyrosequencing. Sequencing was carried out using a Pyromark Q96 MD (Qiagen) 

pyrosequencing apparatus. HLA-B sequencing primer 5'- CACAGACTGACCGAGAG -3'. 

Sequence to analyze: 

RRCCTGCGSAHC[CT][GC]GCKCSGCTACTACAACCAGAGCGAGGCCGGTG 

HLA-B genotype was determined by manual pyrogram reading by two readers. The 

assay consisted of 27 nucleotide dispensations that read the genotype of HLA-B codons 

77-83. The reads from codon 77, 79, and 80-83 were combined to determine HLA-B 

genotype (Appendix). HLA-B genotype was undetermined for 14 (1.4%) study samples. 

Statistical analysis  

We used unconditional logistic regression to estimate adjusted odds ratios (OR) and 

95% confidence intervals (95% CI) for BCC and SCC. All models were adjusted for age 

at diagnosis (continuous), sex (categorical), and skin type (categorical). Skin type was 

defined as the reaction to one hour of sun exposure the first time in the summer. To 

improve sample size and increase statistical power the four level response variable was 

collapsed to two levels: those who responded that they had a severe sunburn with 

blistering, or painful sunburn for a few days followed by peeling were assigned in the 

"Burn" category, and those who responded that they tanned without any sunburn, or had 

a mild burn followed by tanning, were assigned "Tan" category. To examine the joint 

effect of KIR*HLA we performed stratified analyses informed by the known licensing 

interactions between the inhibitory KIR and HLA class I ligands. HLA-C1 binds KIR with 

weakest affinity and was considered as superior in licensing and increased NK effector 

potential, while presence of any C2 allele would result in poorer licensing. Because only 
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Bw4 epitopes are ligands for KIR 3DL1, we considered those with Bw4 only as having 

best NK licensing, while those with any Bw6 alleles which are not ligands for KIR 3DL1 

as having poor NK cell licensing. The association of activating KIR and case status was 

evaluated within each HLA class I stratum. We conducted formal interaction testing for 

KIR*HLA and KC risk using the likelihood ratio test of the logistic regression models with 

and without the interaction term. Separate analyses were performed for SCC and BCC. 

Statistical analyses were performed in R v2.13.1 with EpiCalc package.  

Results 

 We conducted genotype analyses of KIR and HLA-C and B dimorphisms in 1023 

participants (398 Controls, 387 BCC, and 238 SCC). The demographic characteristics of 

study subjects are presented in Table 1. To investigate the association of KIR gene 

content and KC, we conducted haplotype level analysis of the independently inherited 

centromeric and telomeric blocks of the KIR locus (Table 2). Overall, no associations 

were found for SCC or BCC in haplotype level analysis (Table 2). Of the 387 BCC there 

were 44 (11%) subjects with ≥ 3 tumors removed within 30 days of diagnosis; in this 

BCC subgroup centromeric BB haplotype (n=14) was associated with significant 

elevation in risk of multiple (≥ 3) BCC (OR=2.39, 95% CI: 1.10-5.21) (Table 2).  

 Next, we investigated two KIR alleles with known phenotype that were not 

captured in haplotype analyses. The first, a 22 base pair deletion variant of KIR 2DS4 

exon 5, results in a non-functional gene product [60]. The second is an allotype of KIR 

3DL1, 3DL1*004, that results in a miss-folded, intra-cellularly sequestered, non-

functional protein [100]. No overall associations with KC status were found for either of 

these genotypes (data not shown).   



 

45 

 

 HLA-C and B dimorphisms have been implicated in a number of diseases (rev. in 

[46, 108]). Therefore we tested their association with BCC and SCC case status (Table 

3). While no differences in risk of KC were found with HLA-C genotype, the HLA-Bw4 

homozygous genotype was associated with a significant reduction in risk of SCC 

(OR=0.58, 95% CI: 0.34-0.99) compared to controls (Table 3). As mentioned, the 

interaction between HLA class I ligand and inhibitory KIR determines NK cell licensing 

and subsequent potential to respond to the activating KIR signal. Considering the 

hierarchy of affinity of the inhibitory KIR*HLA-C ligands, we assumed those individuals 

with the C1 homozygous genotype would possess increased killing ability relative to 

carriers of C2 alleles (C1C2 and C2C2). Similarly, because only Bw4 epitopes, but not 

Bw6 [109] serve as ligands for KIR 3DL1, we assumed those positive for the Bw4 

homozygous genotype would have better licensed NK cells compared to carriers of Bw6 

alleles (Bw4/6 and Bw6/6). To test KIR*HLA class I interactions we evaluated the 

association between activating KIR and case status within these HLA-C and B strata 

(Table 4.) Within the C1/C1 stratum, presence of the activating KIR2DS3 gene was 

associated with an enhanced risk of BCC (OR=2.34, 95% CI: 1.25-4.37), and to a lesser 

extent SCC (OR=1.88, 95% CI: 0.92-3.85) (Table 4). The association was specific to 

those with C1/C1, with a strong interaction between KIR 2DS3 and HLA-C for BCC (P-

interaction=0.005), and a weaker but significant interaction for SCC (P-

interaction=0.038) (Table 4), (Appendix, Chapter 3 Table S1). We similarly examined the 

association of KIR and BCC/SCC within HLA-B strata. Within the Bw4/4 stratum, the 

activating telomeric KIR 2DS1/3DS1, and KIR 2DS5 (which can be present in either the 

telomeric or centromeric block of the KIR locus) were associated with markedly reduced 

risk of BCC, (OR-2DS1/3DS1=0.35, 95% CI: 0.17-0.72 and OR -2DS5=0.36, 95% CI: 

0.17-0.80), and non-significant protective trend was observed for SCC (Table 4). These 
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associations were specific to those with Bw4/4 genotype, with significant interactions 

between KIR 2DS1/3DS, and 2DS5, and BCC (P HLA-B*2DS1/3DS1 = 0.001; P HLA-

B*2DS5 =0.012) (Table 4), (Appendix, Chapter 3 Table S2). 

Discussion 

 Using a population-based case-control study we tested the hypothesis that KIR 

gene content and HLA class I dimorphisms play a role in the occurrence of KC. There 

was limited evidence for single gene effects, the centromeric BB haplotype was 

associated with over 2 fold risk for multiple BCC (≥3 tumors), and HLA-Bw4 was 

associated with reduced risk of SCC. Rather, it was necessary to examine interactions 

between these genes to reveal disease associations. In particular, the presence of the 

activating KIR 2DS3 gene in those homozygous for HLA-C1 was associated with an 

estimated doubling of risk of BCC. In contrast, activating telomeric KIR 2DS1/3DS1 and 

2DS5 in combination with a homozygous Bw4 genotype was inversely associated with 

BCC, with a similar, however weaker trend for SCC. These findings suggest a complex 

interplay of KIR/HLA class I in the etiology of keratinocyte-derived cancers.  

 Previous studies have investigated individual KIR genes as risk traits for solid 

tumors. In breast cancer, KIR 2DS1 gene was associated with increased cancer risk 

[101], and presence of KIR 3DS1 was associated with cervical neoplasia [110]. Also, 

presence of several activating KIR genes were associated with nasopharyngeal 

carcinoma [111]. These studies suggest that an environment of active NK cells may 

contribute to carcinogenesis. Similarly, our finding that centromeric BB haplotype is 

associated with over 2 fold risk of multiple BCC (≥3), may also result from inappropriate 

or chronic activation of the NK cells. In contrast to these studies, melanoma risk and 
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progression were associated with inhibitory KIR and inhibitory KIR/HLA class I 

combinations [102-104].  

 Our approach focused on the joint effect of KIR and their licensing partners HLA-

C and B. Increased KC risk with KIR 2DS3 in those homozygous for HLA-C1 was 

unexpected, and may be a consequence of predominance of the activating signal over 

inhibition, resulting in NK cell mediated inflammation. Hierarchy of affinity in inhibitory 

KIR/HLA interactions has been suggested to play an important role in tuning NK cell 

response [53, 65]. Presence of the activating KIR may further attenuate this process and 

enhance NK cell activation [112]. Thus, it is possible that when interacting with 

homozygous C1 ligands NK cells have a lower activation threshold in the presence of 

activating KIR 2DS3, resulting in NK cell hyperactivity. While such a response may be 

protective in infection control, as with better resolution of HCV [113], increased NK cell 

activation may result in prolonged inflammation and tissue destruction.   

 In contrast to our observations of the increased KC risk associated with 

centromeric activating KIR, reduced risk was observed with activating telomeric KIR 

2DS1/3DS1 and 2DS5 among HLA-Bw4 homozygous individuals. This pattern of risk 

reduction is consistent with expected enhancement of NK cell effector function, in the 

presence of activating receptors, when NK cells have been licensed through Bw4 [65, 

109]. Only Bw4, but not Bw6 epitopes bind to the inhibitory telomeric KIR 3DL1, which 

was present in >95% of our study population, and participates in licensing of NK cells 

[51]. Furthermore, these effects were more prominent and significant in BCC, which is 

thought to originate from the MHC-I lacking stem cell of the hair follicle [114, 115]. Since, 

NK cells monitor for self MHC-I molecules present on most adult cells via the inhibitory 

KIR, low or absent HLA class I expression in this tumor type [35, 116, 117], may position 

KIR 3DL1-Bw4 licensed NK cell for killing via the activating telomeric KIR.  
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 HLA-Bw4 has been associated with increased NK cell responsiveness to tumor 

stimulation in vitro. NK cells from individuals with 3DL1+/Bw4/4, compared to 3DL1+/ 

Bw4/6 or Bw6/6, reported greater response to tumor cells and increased IFN-γ 

production [118]. Presence of activating KIR also have been shown to enhance IFN-γ 

secretion in cell culture [119]. In addition, presence of KIR3DS1 was associated with 

increased IFN-γ levels and greater NK cell activity in early HIV-I [120]. Our results 

suggest that Bw4 homozygosity and activating KIR signal may be important in immune 

response to KC. IFN-γ is important in anti-tumor responses [121] and KC surveillance 

[36, 37] particularly in the context of immunosupressive UVR exposures enabling 

tumor escape and survival [122]. More efficient NK cell activation with increased IFN-γ 

may contribute to our observed reduced risk in skin cancers associated with the 

activating telomeric KIR and Bw4 homozygous genotype. 

 Conflicting results with centromeric and telomeric activating KIR may stem 

from the fine-tuned hierarchy of KIR/HLA class I interactions with their targets, and 

combinations of various KIR/HLA class I alleles. It is possible that a risk conferred by 

KIR 2DS3/C1C1 could result from loss of HLA-C early in carcinogenesis, with 

prolonged inflammation resulting in later damage and tumor development. Since KIR 

2DS3 is linked to the inhibitory KIR 2DL5 and may occur in both centromeric and 

telomeric segments, it is uncertain if the observed risk is due to the centromeric KIR 

2DS3 alone or in combination with B motif KIR genes. Interestingly data from non-

small cell lung cancer (NSCLC) and kidney cancer are consistent with our results 

[123]. In a study of NSCLC and kidney cancer, patients had a decreased frequency of 

KIR 2DL3/C1 compared to controls [123].  However, it is not possible with these 

epidemiologic data to determine whether the etiologic mechanism is risk reduction 

with the KIR2DL3/C1 or increased risk with KIR 2DS3/C1.  
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 While the KIR literature primarily focuses on NK cells, the predominant KIR 

expressing cells, subsets of T cells also express KIR, including γδ T cells which are 

more abundant in the skin than NK cells [72, 124]. The γδ T cells can respond to 

stress signals via both adaptive and innate-like mechanisms, including the activating 

NK cell receptor NKG2D [124]. Furthermore, γδ T cells can enhance innate immunity 

through up-regulation of T helper 1 cytokines including IFN-γ, to stimulate NK cell 

responses [124]. Experiments in mice revealed that γδ T cells are able to inhibit early 

carcinogenesis and the progression of SCC and melanoma [124]. Thus, the effects 

observed in this study may not only be a result of NK cell functionality, but may also 

reflect activity of the γδ T cells.  Further research is needed to understand the role of 

KIR in γδ T cells, and whether they also undergo licensing through KIR-HLA class I 

interactions. 

 This study had several limitations, including multiplexed KIR genotyping which 

was prone to allelic dropout. To address this problem, we used published linkage 

disequilibrium information to impute missing data for KIR genes.  Analyses restricted to 

those subjects without imputation did not change the study results. The KIR 2DL5-

2DS3/2DS5 block could not be unambiguously assigned to centromeric and/or telomeric 

segments due to the limits of the genotyping methodology. Our Bw4 typing method was 

specific to HLA-B; there are a few HLA-A alleles that carry Bw4 epitopes (HLA-A23, 24, 

25, and 32), which would be misclassified using our method [51]. Approximately 7.5% of 

our study population was excluded from statistical analysis due to insufficient DNA 

sample quality for complex genotyping. Finally, we were underpowered to detect 

differences in KC risk based on Bw4 amino acid 80 (isoleucine vs. threonine), which 

impacts KIR 3DL1 binding [109], test further gene*gene interactions, or conduct refined 

analyses of the multiple BCC phenotype.  



 

50 

 

 In conclusion, our findings suggest differential KC risk with centromeric and 

telomeric activating KIR. Our study underscores the importance of investigating KIR in 

combination with HLA class I ligands as has been done for bone marrow transplant and 

melanoma [63, 102-104]. Future research should include high resolution typing of KIR 

and HLA class I, and further investigate the multiple BCC phenotype.  

Acknowledgments 

The authors wish to acknowledge Caitlin Canton and Kristen Evenson for technical 

assistance, the UMN Cytokine Reference Lab for Luminex measurements of KIR, Gong 

Yun and Dr. Jeffrey S. Miller for assistance in developing HLA typing assays, and Dr. 

Ann Perry and M. Scot Zens of the New Hampshire Health Study.  

  



 

51 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Selected demographic characteristics of study participants 

 
Controls BCC Multiple BCC* SCC 

N (%) 398 (39) 387 (38) 44 (4) 238 (23) 

Age 
    

    Mean (SD) 58 (12) 59 (11) 60 (10) 64 (8) 

Sex 
    

    Male (%) 236 (59) 219 (57) 31 (70) 163 (68) 

    Female (%) 162 (41) 168 (43) 13 (30) 75 (32) 

Skin Type** 
    

    Burn (%) 136 (34) 183 (47) 27 (61) 108 (45) 

    Tan (%) 261 (66) 202 (52) 17 (39) 129 (54) 

* >3 concomitant BCCs 

** data missing for 1 control, 2 BCC and 1 SCC 
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Table 2. The association between KIR haplotypes and keratinocyte cancers. 

    Controls (n=398) BCC  (n=387)                                          Multiple BCC
1
  (n= 44) SCC  (n=238)                                                             

Haplotype   n  (%) n  (%) OR* (95%CI) n  (%) OR* (95%CI) n  (%) OR* (95%CI) 

Centromeric  

   

  

  AA  189 (47) 181 (47) 1.00  ref. 18 (41) 1.00  ref. 117 (49) 1.00  ref. 

AB  144 (36) 149 (39) 1.06 ( 0.77-1.44) 12 (27) 0.83 (0.38-1.83) 84 (35) 0.97 (0.66-1.40) 

BB  65 (16) 57 (15) 0.91 (0.60-1.38) 14 (32) 2.39 (1.10-5.21) 37 (16) 0.96 (0.58-1.56) 

Telomeric
2

 

       
AA  239 (60) 235 (61) 1.00 ref. 25 (57) 1.00  ref. 144 (61) 1.00  ref. 

AB  140 (35) 129 (33) 0.94 (0.69-1.27) 19 (43) 1.31 (0.69-2.51) 86 (36) 1.01 (0.70-1.45) 

BB  15 (4) 15 (4) 1.14 (0.54-2.41) - - 4 (<2) 0.49 (0.15-1.55) 

* OR adjusted by sex, age, and skin type 
1
 >3 concomitant BCCs 

2 Telomeric genotype missing due to 2DS4 probe failure for 16 subjects 
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Table 3. The association between HLA class I dimorphism in KIR ligand domains and keratinocyte cancers 

 

Controls 

(n=398) BCC (n=387) Multiple BCC
1  (n= 44) SCC (n=238) 

 

n (%) n (%) OR* (95%CI) n (%) OR* (95%CI) n (%) OR* (95%CI) 

HLA-C
2
 

       C1/C1 127 (32) 142 (37) 1.00 ref. 14 (32) 1.00 ref. 93 (39) 1.00 ref. 

C1/C2 163 (41) 149 (39) 0.81 (0.58-1.13) 17 (39) 0.90 (0.42-1.93) 101 (42) 0.81 (0.55-1.20) 

C2/C2 53 (13) 53 (14) 0.89 (0.56-1.42) 7 (16) 1.37 (0.51-3.72) 34 (14) 0.78 (0.45-1.35) 

HLA-B
3
 

       Bw 6/6 134 (34) 146 (38) 1.00 ref. 15 (34) 1.00 ref. 94 (39) 1.00 ref. 

Bw 4/6 188 (47) 169 (44) 0.84 (0.61-1.16) 17 (39) 0.95 (0.45-2.01) 112 (47) 0.92 (0.63-1.34) 

Bw 4/4 66 (17) 68 (18) 0.93 (0.61-1.41) 9 (20) 1.25 (0.51-3.08) 32 (13) 0.58 (0.34-0.99) 

1
>3 concomitant BCCs  

2
HLA-C genotype missing for 108 subjects  

3
HLA-B genotype missing for 14 subjects 

* OR adjusted by sex, age, and skin type 
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Table 4.  Activating KIR genes and keratinocyte cancer risk stratified by KIR ligand genotype  

 

KIR Gene 

present
1
 

 

Controls BCC 
OR*BCC  

(95% CI) SCC 
OR*SCC  
(95% CI) 

 

Controls BCC 
OR*BCC  

(95% CI) SCC 
OR*SCC  
(95% CI) 

 HLA C1/C1  HLA C2 carriers 

2DS1/3DS1+ 53 (42%) 59 (42%) 
0.95 

(0.57 – 1.56) 
39 (42%) 

0.95 

(0.53 – 1.69) 
 80 (37%) 75 (37%) 

1.02 

(0.68 – 1.53) 

49 

(36%) 

1.02 

(0.64 – 1.65) 

2DS2+ 58 (46%) 74 (52%) 
1.21 

(0.74 – 1.98) 
39 (42%) 

0.87 

(0.49 – 1.55) 
 120 (56%) 107 (53%) 

0.92 

(0.62 – 1.36) 

77 

(57%) 

1.17 

(0.73 – 1.86) 

2DS3+ 
a
 19 (15%) 42 (30%) 

2.34 

(1.25 – 4.37) 
25 (27%) 

1.88 

(0.92 – 3.85) 
 68 (31%) 54 (27%) 

0.80 

(0.52 – 1.23) 

32 

(24%) 

0.75 

(0.45 – 1.26) 

2DS5+ 48 (38%) 48 (34%) 
0.82 

(0.49 – 1.38) 
32 (34%) 

0.86 

(0.47 – 1.56) 
 65 (30%) 53 (26%) 

0.84 

(0.54 – 1.30) 

41 

(30%) 

1.03 

(0.62 – 1.71) 

2DS4 full+ 48 (38%) 63 (44%) 
1.32 

(0.80 – 2.19) 
43 (46%) 

1.60 

(0.89 – 2.89) 
 107 (50%) 96 (48%) 

0.95 

(0.64 - 1.41) 

68 

(50%) 

0.89 

(0.56 – 1.42) 

 HLA Bw4/4  HLA Bw6 carriers 

2DS1/3DS1+
b

 36 (55%) 20 (29%) 
0.35 

(0.17 – 0.72) 
12 (38%) 

0.53 

(0.21 – 1.36) 
 115 (36%) 131 (42%) 

1.31 

(0.94 – 1.81) 
80 (39%) 

1.12 

(0.77 – 1.65) 

2DS2+ 39 (59%) 38 (56%) 
0.85 

(0.42 – 1.69) 
19 (59%) 

0.89 

(0.35 – 2.31) 
 167 (51%) 166 (53%) 

1.02 

(0.74 – 1.40) 
102 (50%) 

0.95 

(0.66 – 1.38) 

2DS3+ 26 (39%) 19 (28%) 
0.59 

(0.28 – 1.22) 
10 (31%) 

0.81 

(0.30 – 2.17) 
 75 (23%) 88 (28%) 

1.27 

(0.88 – 1.83) 
50 (24%) 

1.03 

(0.67 – 1.60) 

2DS5+ 
c
 26 (39%) 13 (19%) 

0.36 

(0.17 – 0.80) 
9 (28%) 

0.64 

(0.24 – 1.74) 
 101 (31%) 102 (32%) 

1.08 

(0.77 – 1.52) 
67 (33%) 

1.06 

(0.71 – 1.57) 

2DS4 full+ 31 (47%) 38 (56%) 
1.47 

(0.73 – 2.96) 
20 (63%) 

1.53 

(0.57 – 4.12) 
 144 (45%) 138 (44%) 

0.97 

(0.70 - 1.33) 
99 (48%) 

1.14 

(0.78 – 1.66) 
1
 All OR are comparing KIR gene present vs. KIR gene absent. 

* OR adjusted by sex, age, and skin type 

a BCC P-interaction=0.005, SCC P-interaction=0.038; 
b BCC P-interaction=0.001; c BCC P-interaction =0.012.
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Abstract 

NK cell killing of transformed or infected cells is dependent on sufficient stimulation of 

the activating receptors present on the NK cell surface, including highly diverse killer 

immunoglobulin-like receptors (KIR) and major activating natural killer group 2 member 

D (NKG2D) receptors. Genetic variation in KIR, as well as NKG2D, impacts NK cell 

cytotoxicity. Using a subset of a population-based case-control study (355 controls, 323 

BCC, and 177 SCC), we tested the hypothesis that interactions of the activating KIR 

genes (present/absent) and NKG2D SNPs with high cytotoxic activity (rs1049174 and 

rs2255336) are associated  with a reduced risk of basal cell (BCC) and squamous cell 

(SCC) carcinoma of the skin. Three activating KIR genes were inversely associated with 

BCC risk among carriers of high activity NKG2D alleles (rs2255336: KIR 2DS1/3DS1 

(OR=0.49, 95%CI: 0.27-0.86) and 2DS5 (OR=0.38, 95%CI: 0.20-0.70), and rs1049174: 

KIR 2DS5 (OR=0.56, 95%CI: 0.34-0.94), but were null, among those with low activity 

NKG2D genotypes. No significant associations between activating KIR and SCC were 

observed within any NKG2D strata. Those with 2 or more NKG2D high activity alleles 

and 3 activating KIR had significantly decreased odds of BCC (OR=0.42, 95%CI: 0.23-

0.76), and non-significantly decreased odds of SCC (OR=0.59, 95%CI: 0.30-1.19) 

compared to those with <3 activating KIR. Whereas those with low NKG2D activity and a 

high number of activating KIR had increased odds of BCC and SCC. These interactions 

were significant for both BCC (P-interaction= 0.002) and SCC (P-interaction=0.03). Our 

results suggest that synergy of the activating KIR and NKG2D may be implicated in 

control of keratinocyte carcinomas, BCC in particular, through increased effector function 

and immunosurveillance.  
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Introduction 

 Keratinocyte carcinomas (KC) are the most common malignancies in the world 

[1]. Basal cell carcinoma (BCC) and squamous cell carcinoma (SCC) of the skin 

represent the two most frequently diagnosed KC subtypes [1, 9]. In the United States  

incidence has been estimated at over 3 million new cases per year, however due to lack 

of representation of KC in cancer registries, the true incidence is unknown [2]. In recent 

decades the incidence of all skin cancers has substantially increased, and even 

prompted a recent Call to Action by the U.S. Surgeon General's Office [2, 5, 9, 11]. With 

its direct DNA damaging capacity and immunosupressive effects, exposure to the ultra 

violet radiation (UVR) stands as a major risk factor in etiology of KC [14, 16, 18, 29]. 

Importantly, a risk of second malignancy has been linked with prior diagnosis of KC [125, 

126], suggesting a generalized susceptibility trait common to most cancers in those 

susceptible to KC, such as reduced immune surveillance. 

 While T-cell mediated immune responses have been considered dominant in KC 

immune surveillance [34, 35], gene expression studies have revealed modulation of both 

innate and adaptive immune responses upon treatment with toll-like receptor 7 agonist, 

Imiquimod [84, 127]. NK cells of the innate arm of the immune system provide an early 

response to tumorigenesis, targeting infected and transformed cells via an arsenal of 

activating receptors including the highly polymorphic killer immunoglobulin-like receptors 

(KIR) and natural killer group 2 member D (NKG2D) (rev in [44, 51, 128]).  

 NK cells express inhibitory and activating receptors which function to spare 

healthy but destroy transformed cells [44]. The inhibitory KIR recognize self-major 

histocompatibility complex class I (MHC-I) molecules expressed by normal cells [51], 

and license NK cells to kill targets with missing or down-regulated self-proteins via the 
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activating KIR [44, 50]. The KIR locus, located on chromosome 19, is divided into 

centromeric and telomeric haplotype blocks separated by an intergenic region where 

recombination events give rise to new haplotypes [53]. Within each block there are the 

ancestral, mostly inhibitory, KIR genes of the "A" haplotypes, and increasingly diverse 

activating KIR genes of the "B" haplotypes [60]. In recent years, this tremendous genetic 

diversity of the KIR locus with its variable gene content, copy number variation, and 

allelic polymorphisms [51, 98, 99], has become central in bone marrow transplant 

research [63] and disease association studies including non-hematologic malignancies 

(rev in [42, 65]).  

 A non MHC-I specific, broad cellular stress response is provided through 

interaction of the major activating receptor NKG2D with cellular stress-induced ligands 

that are often up-regulated on the tumor cells but rare on healthy cells [44, 54, 128]. 

NKG2D is present on all NK cells and subsets of CD8+ T cells including skin-homing γδ 

T cells [44, 54, 72]. On NK cells NKG2D activation can bypass the inhibitory KIR 

signaling in presence of MHC-I, while on T-cells it acts as a co-stimulating molecule for 

the T-cell receptor, and is thought to play a role in bridging the innate and adaptive 

surveillance [44, 128]. 

 These complementary and synergistic responses by NK and cytotoxic T cells 

may enable an effective early stage tumor surveillance prior to the establishment of a 

tumor-driven immunosuppressive environment. NKG2D single nucleotide 

polymorphisms (SNPs) rs1049174 (C>G) and rs2255336 (G>A) impact transcriptional 

regulation of the NKG2D receptor gene, have been linked to high NK cell cytotoxic 

activity, and are protective in epithelial malignancies [47, 56, 57]. We hypothesize that 

interactions of the activating KIR and high activity NKG2D variants may be associated 

with reduced risk of KC.  
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Materials and Methods 

Study population 

 The New Hampshire Health Study (NHHS) is a population-based case-control 

study of keratinocyte-derived non-melanoma skin cancers and has been previously 

described [5, 67]. Incident BCC and SCC cases were identified through a statewide 

incidence survey, and a subset of these cases were recruited into a case-control study. 

Cases were 25 -74 years of age, had a listed telephone number, and spoke English. 

Controls were randomly selected from the resident population and were frequency 

matched on age and sex to the combined distribution of cases. Controls aged 25-65 

were derived from the New Hampshire Department of Transportation, and those 65-74 

years of age derived from Medicare enrollment records. Participants provided a bio-

specimen of blood or mouthwash sample for genotyping work. The participants filled out 

an extensive questionnaire and were administered an interview including demographic 

factors, pigmentation characteristics, sun exposure and sensitivity, and other risk factors 

as previously described [25, 105]. Informed consent was obtained from all study 

subjects. All study protocols and materials for recruitment of cases and controls were 

approved by the Committee for the Protection of Human Subjects at Dartmouth College 

and approved by University of Minnesota Institutional Review Board.  

KIR genotyping 

 We performed multiplex KIR genotyping using Luminex-based typing kit 

(Lifecodes Product #545110, Gen-Probe Transplant Diagnostics Inc.). The assay 

captured presence/absence of 14 KIR genes: 2DS1, 2DS2, 2DS3, 2DS4 (full gene 

product and 22 base pair deletion variant), 2DS5, 2DP1, 2DL1, 2DL2, 2DL3, 2DL4, 

2DL5, 3DL1, 3DS1, and 3DL2. Raw MFI values for each KIR gene were collected on a 
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Bio-Plex instrument by the University of Minnesota Cytokine Reference Laboratory. KIR 

genotyping was performed on a subset of 421 controls, 422 BCC, and 263 SCC. 

Selection for KIR genotyping was as follows: first we selected cases with multiple BCC 

within 30 days of first BCC diagnosis (≥2 BCC n=163, which included 44 subjects ≥3 

BCC), followed by a random selection of single BCC (n=259), SCC, and controls. KIR 

haplotype assignment was performed according to Pyo et.al. [61] and Middleton et.al. 

[60], as described previously (Chapter 3 Materials and methods).  

NKG2D genotyping 

 We collected data on two variants in the NKG2D gene, rs2255336 (G>A) 

resulting in Thr72Ala substitution in exon 6, and rs1049174 (C>G) located in the un-

translated region of exon 10, covering two haplotype blocks as previously described by 

Hayashi et.al. [47]. Genotyping of the two polymorphisms was performed using the 

Taqman method (Life Technologies, Carlsbad, CA). NKG2D polymorphism genotyping 

was conducted on all available DNA specimens which included 1139 controls, 1235 

BCC, and 873 SCC. 

Statistical analysis  

 355 controls, 323 BCC, and 177 SCC had genotype data for both KIR and 

NKG2D and were included in the analysis. Adjusted odds ratios (OR) and 95% 

confidence intervals (95% CI) for BCC and SCC were estimated using unconditional 

logistic regression. All models were adjusted for age, sex, and skin type. Skin type was 

defined as the reaction to 1 hour of sun exposure the first time in the summer. There 

were fewer number of individuals with severe burn with blistering, therefore to increase 

statistical power of the sample size, we grouped the four level response variable into 

two-level variable: 1) those who responded that they had a severe sunburn with 
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blistering, or painful sunburn for a few days followed by peeling were assigned in the 

"Burn" category, and 2) those who responded that they tanned without any sunburn, or 

had a mild burn followed by tanning, were assigned "Tan" category. We examined effect 

modification using stratified analyses (investigating KIR genes among those with high vs 

low NKG2D activity genotypes). We then created dichotomous summary variables of 

NKG2D and KIR for interaction testing. The number of NKG2D alleles with high cytotoxic 

activity (rs2255336 (A) and rs1049174 (G)) were grouped as <2 and ≥2 alleles.  

Activating KIR were grouped based on the presence or absence of three KIR genes 

(KIR2DS1, KIR3DS1 and KIR2DS5) as either <3 or 3. We conducted formal interaction 

testing using the likelihood ratio test of the logistic regression models with and without an 

interaction term for these summary genotype variables. All statistical analyses were 

performed in R v2.13.1. 

Results 

 Selected demographic characteristics and risk factors, including age 

(continuous), sex (dichotomous), and skin type (dichotomous) are presented in Table 1. 

KIR and NKG2D genotyping data were available for 355 controls, 323 BCC, and 177 

SCC (Table 1). Among controls, the prevalence of rs2255336 (A) 19% (2P=0.22) and 

rs1049174 (G) 28% (2P=0.13) were in Hardy-Weinberg equilibrium. We examined the 

main effect of each NKG2D polymorphism, as well as the effect of the total number of 

high cytotoxic activity NKG2D alleles with case status, however no significant 

associations were observed (Table 2).  

 To examine whether NKG2D status modified the association between KIR and 

KC we evaluated the association between activating KIR and case status within each 

NKG2D SNP genotype stratum (Table 3). Among those with high activity NKG2D we 
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observed a significant inverse association between several KIR activating receptors and 

BCC. This was most pronounced for rs2255336, with the KIR 2DS1/3DS1 and 2DS5 

genes inversely associated with BCC in the “high activity” NKG2D: KIR 2DS1/3DS1 

(OR=0.49, 95%CI: 0.27-0.86) and 2DS5 (OR=0.38, 95%CI: 0.20-0.70), and no 

association among those with the “low activity” genotype (Table 3), with significant 

interactions, 2DS1/3DS1 P-interaction=0.001 and 2DS5 P-interaction=0.001 (Appendix 

Chapter 4 Table S1). For rs1049174 only KIR 2DS5 was associated with a significant 

reduction in odds of BCC (OR=0.56, 95%CI: 0.34-0.94) (Table 3), P-interaction=0.031 

(Appendix Chapter 4 Table S2). No significant associations with activating KIR within 

NKG2D SNP strata were found for SCC (Table 3).  

 Next, we evaluated the synergistic effects of NKG2D and KIR genotype (Table 

4). Based on the results of Table 3, individuals were categorized as having <2 or ≥2 

NKG2D alleles associated with high cytotoxicity, and having either all 3 KIR associated 

with risk reduction (KIR2DS1/3DS1 and KIR2DS5) or less than 3 KIR genes. Those with 

2 or more NKG2D high activity alleles and 3 activating KIR had significantly decreased 

odds of BCC (OR=0.42, 95%CI: 0.23-0.76), and non-significant decreased odds of SCC 

(OR=0.59, 95%CI: 0.30-1.19) compared to those with <3 activating KIR (Table 4). 

Whereas those with <2 NKG2D alleles and 3 activating KIR had increased odds of BCC 

and SCC (Table 4). These interactions were significant for both BCC (P-interaction= 

0.002) and SCC (P-interaction=0.03) (Table 4), (Appendix Chapter 4 Table S3). 

Discussion 

 We have investigated the interaction between activating KIR and NKG2D 

polymorphisms with KC risk. We found activating KIR 2DS1/3DS1 and 2DS5 genes 

inversely associated with BCC, but not SCC, among those with NKG2D “high activity” 
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genotype. This effect was more pronounced with rs2255336. We also observed 

synergistic effects of NKG2D and KIR genotype. Presence of two or more NKG2D high 

activity alleles and three activating KIR was significantly associated with decreased odds 

of BCC and non-significant reduction in risk of SCC, compared to those with less than 

three activating KIR. Significant interactions between NKG2D and activating KIR were 

detected in both KC subtypes. Our data suggest synergy of the activating KIR and 

NKG2D may be implicated in KC control, and BCC in particular, through increased 

immune surveillance and innate effector function.  

 To our knowledge, we are the first to investigate the interaction between these 

two classes of activating receptors in relation to KC risk. NK cell activation toward a 

changed "self" involves overcoming dominant inhibition through a hierarchy of responses 

and integration of signals of multiple activating receptors [41, 129]. In this dynamic 

process attributable to their variegated receptor expression, KIR provide a fine-tuned 

control of cytotoxic killing through recognition of cognate MHC-I ligands [41]. The 

interaction between inhibitory KIR and  MHC-I insures protection of "self" from NK cell 

lysis, while the loss of MHC-I prompts an engagement of the activating KIR [41]. Even 

with the presence of MHC-I, NK cell activation can still proceed, if the ligands for the 

activating NKG2D are up-regulated and the strength of the total activation is greater than 

that of inhibition [44, 129]. Bryceson et.al suggested an existence of synergy between 

the multiple activating receptors [129]. Rather than being a single determinant of 

activation NKG2D was shown to act as a co-activation signal to other activating 

receptors [129]. We hypothesize that similar effects may exist between NKG2D and 

activating KIR.  

 Increased number of activating KIR has been important in reducing post-

hematopoietic transplant relapses for acute myelogenous leukemia [63]. Also, activating 
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KIR 3DS1 has been linked to resolution of HCV and slowing down of HIV progression, 

(rev. in [46]). Genetic variants related to cytotoxic activity of the NKG2D receptor have 

been associated with reduction in risk of several epithelial malignancies [47, 56, 57]. 

Although in this study we did not observe the main effect with rs2255336 (A) or 

rs1049174 (G) variants, there was a significant reduction in risk of BCC in the presence 

of the activating KIR among carriers of the high activity NKG2D alleles. This trend was 

similar but not significant for SCC. rs2255336 and rs1049174 represent 2 separate 

haplotype blocks as previously identified by Hayashi et. al. [47], contributing to increased 

NKG2D transcriptional activity and cytotoxicity. Our approach of categorizing NKG2D by 

total number of high activity alleles allowed us to detect a potential combined effect. 

Further, grouping activating KIR that were associated with risk reduction in stratified 

analysis by less than three (none or presence of 2DS1/3DS1 or 2DS5) and all three 

allowed to explore the effect of "maximum" activation profile. 

 We observed significant interactions between NKG2D and activating KIR for both 

KC subtypes. While there was a reduction in risk of both BCC and SCC among those 

with of two or more NKG2D high activity alleles and three activating KIR (2DS1/3DS1 

and 2DS5) compared to those with less than three activating KIR, this effect was 

stronger for BCC. This may be explained by the difference in presentation of MHC-I 

ligands in these different tumor types. Previously, Walter et.al. reported presence of 

MHC-I in SCC, but low levels or absence in BCC [35]. With no or low MHC-I, BCC would 

be increasingly targeted through surveillance for "missing self" by the inhibitory KIR, and 

presence of multiple activating KIR along with high activity NKG2D may be more 

effective in triggering NK cell activation. Similar innate targeting may apply to SCC, 

however there may be greater contribution of NKG2D and involvement of MHC-I antigen 

specific adaptive immune response by CD8+ T-cells.  
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 Strengths of this study include our approach of testing the interactions between 

two classes of activating receptors, and using a population-based study. However, low 

statistical power may have reduced our ability to observe the main effect for NKG2D.  

There may have been a selection bias due to our approach of selecting all multiple (≥2) 

BCC for KIR genotyping first, aimed to potentially detect any multiple BCC effects. Our 

KIR genotyping method only allowed to detect presence/absence of KIR genes, and 

without allele level information we could not unambiguously assign KIR2DS5 to 

telomeric or centromeric block, as it may occur in either one. To address potential allelic 

dropout with multiplexed PCR method, we applied previously described haplotype 

assignment strategy [60, 61] assuming KIR genes 2DS1 and 3DS1 that are in high 

linkage disequilibrium occur together, which may have potentially misclassified rare 

haplotypes that contain only one of the genes. 

 We observed strongest reduced KC risk with two or more NKG2D high activity 

alleles and presence of activating KIR 2DS1/3DS1, and 2DS5. Different mechanisms 

employed by these receptors to detect an altered "self" may enable effective targeting of 

the various tumor escape strategies including down-regulation of MHC-I and up-

regulation of stress-induced NKG2D ligands [41, 44, 130]. Presence of an increased 

number of the different activating receptors may complement each other's functionality 

and synergize toward tumor lysis [41, 44, 130]. Our results suggest interactions of the 

activating receptors may be implicated in control of BCC and to a lesser degree of SCC. 

Further investigation of the early KC tumor environments and associated immune 

interactions is warranted. 
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Table 1. Demographics and risk factors  

 
Controls BCC SCC 

N (%) 355 323 177 

Age 
   

Mean (SD) 57 (12) 59 (11) 65 (8) 

Sex 
   

Male (%) 211 (59) 187 (58) 125 (71) 

Female (%) 144 (41) 136 (42) 52 (29) 

Skin Type* 
   

Burn (%) 123 (35) 154 (48) 79 (45) 

Tan (%) 232 (65) 167 (52) 97 (55) 

*Missing data: controls n=0, BCC n=2, SCC n=1; 

 

 

 

Table 2. Association of NKG2D genotype and case status.  

NKG2D SNP Controls  BCC  OR* (95%CI) SCC  OR* (95%CI) 

 

n=355 n=323   n=177 
 

rs2255336 

     GG 234 (66%) 212 (66%) Referent 118 (67%) Referent 

GA 104 (29%) 98 (30%) 1.03 (0.73-1.44) 50 (28%) 0.91 (0.59-1.41) 

AA 17 (5%) 13 (4%) 0.97 (0.46-2.06) 9 (5%) 1.09 (0.45-2.64) 

rs1049174 

     CC 189 (53%) 168 (52%) Referent 82 (46%) Referent 

CG 132 (37%) 125 (39%) 1.02 (0.74-1.42) 81 (46%) 1.42 (0.94-2.13) 

GG 34 (10%) 30 (9%) 1.09 (0.63-1.88) 14 (8%) 0.96 (0.47-1.96) 

High activity alleles 

    

  

<2 231 (65%) 211 (65%) Referent 115 (65%) Referent 

≥2 124 (35%) 112 (35%) 1.00 (0.73-1.39) 62 (35%) 0.98 (0.65-1.47) 

*OR adjusted by sex, age, and skin type 
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Table 3. Association between activating KIR and case status within each NKG2D SNP genotype stratum 

NKG2D Activating KIR* Controls 
BCC 

OR** (95%CI) 
SCC 

OR** (95%CI) 
Controls 

BCC 

OR** (95%CI) 
SCC 

OR** (95%CI) 

rs2255336 Any A allele (High activity) GG homozygous (Low activity) 

 2DS1/3DS1+ 
1
 51 (42%) 29 (26%) 23 (39%) 86 (37%) 96 (45%) 48 (41%) 

  
0.49 (0.27-0.86) 0.77 (0.39-1.49) 

 
1.48 (1.00-2.19) 1.43 (0.87-2.36) 

 
2DS2+ 64 (53%) 57 (51%) 36 (61%) 121(52%) 113 (53%) 59 (50%) 

  
0.97 (0.57-1.65) 1.58 (0.81-3.09) 

 
1.04 (0.71-1.52) 0.97 (0.59-1.57) 

 
2DS3+ 38 (31%) 27 (24%) 19 (32%) 56 (24%) 61 (29%) 30 (25%) 

  
0.72 (0.40-1.31) 1.04 (0.52-2.09) 

 
1.25 (0.81-1.92) 1.10 (0.63-1.92) 

 2DS5+ 
2
 46 (38%) 21 (19%) 17 (29%) 70 (30%) 71 (33%) 41 (35%) 

  
0.38 (0.20-0.70) 0.60 (0.30-1.22) 

 
1.25 (0.83-1.89) 1.46 (0.87-2.45) 

 
2DS4 full+ 48 (40%) 51 (47%) 29 (51%) 106(45%) 97 (47%) 59 (50%) 

  
1.45 (0.84-2.50) 1.49 (0.76-2.90) 

 
1.01 (0.68-1.48) 1.16 (0.72-1.89) 

rs1049174 Any G allele (High activity) CC homozygous (Low activity) 

 
2DS1/3DS1+ 

64 (39%) 51 (33%) 37 (39%) 73 (39%) 74 (44%) 34 (41%) 

  
0.79 (0.49-1.26) 0.91 (0.52-1.58) 

 
1.29 (0.83-1.98) 1.42 (0.79-2.54) 

 
2DS2+ 90 (54%) 78 (50%) 52 (55%) 95 (50%) 92 (55%) 43 (52%) 

  
0.87 (0.56-1.37) 1.1 (0.64-1.89) 

 
1.16 (0.76-1.78) 1.18 (0.67-2.09) 

 
2DS3+ 48 (29%) 39 (25%) 26 (27%) 46 (24%) 49 (29%) 23 (28%) 

  
0.86 (0.52-1.42) 0.88 (0.48-1.6) 

 
1.24 (0.76-2.01) 1.31 (0.69-2.49) 

 2DS5+ 
3
 57 (34%) 35 (23%) 29 (31%) 59 (31%) 57 (34%) 29 (35%) 

  
0.56 (0.34-0.94) 0.78 (0.44-1.39) 

 
1.18 (0.75-1.85) 1.46 (0.80-2.66) 

 
2DS4 full+ 64 (39%) 70 (46%) 47 (50%) 90 (48%) 78 (48%) 41 (51%) 

  
1.46 (0.92-2.32) 1.55 (0.90-2.68) 

 
0.92 (0.60-1.42) 1.04 (0.59-1.84) 

*OR comparing activating KIR gene present to a referent activating KIR gene absent. **OR adjusted by sex, age, and skin type 
1
BCC p-int=0.001, 

2
 BCC p-int=0.001, 

3 
BCC p-int=0.031 
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Table 4.   Association of the combined effect of the number of the protective activating KIR and number of NKG2D high activity 

alleles with case status. 

NKG2D                 

#  of High 

activity alleles 

Activating 

KIR 
Controls BCC OR** (95%CI) SCC OR** (95%CI) 

    n=231 n=211   n=115   

<2 <3 164 (71%) 142 (67%) Referent 75 (65%) Referent 

  3 67 (29%) 69 (33%) 1.26 (0.83-1.91) 40 (35%) 1.54 (0.91-2.60) 

    n=124 n=112   n=62   

≥2  <3 76 (61%) 89 (79%) Referent 44 (71%) Referent 

  3 48 (39%) 23 (21%) 0.42 (0.23-0.76) 18 (29%) 0.59 (0.30-1.19) 

P- interaction*     0.002   0.03 

*Likelihood ratio test for MLE method 1d.f **OR adjusted by sex, age and skin type. 
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Chapter 5 

Conclusions  

 The objective of the studies undertaken as a part of this thesis was to investigate 

the role of innate immunogenetics in KC risk. Our step-wise approach included: (1) 

examining the impact of NKG2D variability related to high cytotoxic activity on case 

status alone and stratified by susceptibility and exposure factors, (2) testing the 

association of KIR gene content alone and in combination with HLA class I ligands with 

KC risk, and (3) performing a combined KIR-NKG2D interaction analyses. Taken 

together, our results suggest a greater involvement of the innate or innate-like immune 

responses in the etiology of BCC, and to a lesser extent of SCC. These differences 

might reflect the different histology and inflammatory context of these two KC subtypes. 

Immune surveillance of KC has been largely associated with T-cell mediated adaptive 

immune responses that predominate in SCC [34, 35, 85]. In addition, there has been 

increased focus on the importance of immunosurveillance in SCC based on the 

observation of high SCC rates in the OTR population [23], and modestly increased risk 

of SCC with low dose glucocorticoids [24, 131]. Thus, the relationship between 

immunosurveillance and BCC risk has been under-recognized.  

 Our results for SCC were notably weaker than BCC with regards to innate 

immune genes and disease risk. Perhaps this is not surprising as BCC and SCC differ in 

their origin and surrounding inflammatory environment [10, 97]. BCC are thought to arise 

from the keratinocytes of the hair follicle, establish locally and very rarely metastasize 

[10]. While the majority of SCC progress from benign AK precursors of the interfollicular 

epidermis and possess metastatic potential [10, 132]. In the context of SCC, our data 

suggest an increased inflammatory background, in particular among those with a 
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susceptibility to sunburn, and we hypothesize that this inflammatory environment 

dampens the innate immune response. This may be attributable to over-expression of 

pro-inflammatory TGF-β [94] and EGFR [97] which occur specifically in SCC, as well as 

expression of MHC-I molecules [35], which may work together or in stages to suppress 

the early innate response and promote chronic inflammation and subsequent 

immunosupression.   

 We also observed an elevated SCC risk with the high activity NKG2D genotype 

in females, which may be attributable to the complex immunomodulating effects of 

estrogen [79, 82]. On one hand, estrogen may exert immunosuppressive effects, as 

have been previously described in our study population [30]. On the other hand, 

estrogen has been noted for its wound healing effects, and deregulation of this 

mechanism with age, especially in post-menopausal females, has been implicated in the 

development of inflammatory and autoimmune diseases [79]. It is possible that the latter 

may be true for our population with a median female age of 57. 

 Perhaps our strongest finding was the observed interaction between multiple 

activating KIR and increased number of high activity NKG2D alleles, with reduction in 

risk of both KC subtypes. Again, this effect was stronger in BCC. It is possible that an 

efficient early innate response may involve synergy of multiple activating KIR and 

increased engagement of NKG2D to eliminate early BCC or pre-malignant AK. However, 

this may be more challenging in the setting of SCC with increased immunosupression 

and concomitant deregulation of immune surveillance. Presence of multiple and 

functionally different activating receptors may be more effective in counteracting tumor 

defenses including down-regulation of MHC-I and up-regulation of stress-induced 

NKG2D ligands, which would be effectively targeted by KIR and NKG2D, respectively 

[41, 44, 130].  



 

71 

 

 Based on our results, we propose a model where early immune surveillance by 

NK cells with a high activation phenotype (multiple activating KIR and increased number 

of high activity NKG2D alleles) is robust in the context of short term exposures. A brief 

exposure, signals NK cell recruitment to the perturbed area and results in an efficient 

attack via multiple activating receptors and elimination of the nascent tumor cell, with no 

further action by the adaptive response. However, because NK cell function is aimed at 

quick elimination, in the setting of chronic exposure, effective NK surveillance is 

dampened with prolonged stimulation, resulting in tumor escape, and subsequent 

involvement of a T-cell mediated response, which is often seen in SCC. Assuming 

transient recruitment of NK cells into the perturbed or inflamed site, once the tumor and 

its environment are established NK cell may no longer access it. This model is 

consistent with previous findings of decreased cancer risk in individuals with increased 

natural cytotoxic activity, while low cytotoxicity was associated with an increased risk of 

cancer [45].  

 Our results suggest there is an increased inflammatory environment and reduced 

innate immune response in SCC, and implicate deregulation of TGF-β activity, a 

hypothesis which needs to be further investigated. In the early stages of tumor formation 

TGF-β serves as a tumor suppressor, however in later stages it is thought to contribute 

to an immunosupressive environment [10], and has been shown to reduce infiltration of 

cytotoxic lymphocytes, including NK cells [133]. In addition, TGF-β can down-regulate 

NKG2D and its ligands, impairing NK cell response [54, 95]. Another mechanism of 

TGF-β dependent impairment of NK cell response involves expression of micro RNA-

183 which binds and suppresses DAP12 adaptor protein expression which is necessary 

for signaling of activating NK cell receptors including KIR [134]. TGF-β becomes 

increasingly over-expressed with tumor progression in SCC, similar to other epithelial 
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cancers, however in BCC there is low or absent TGF-β expression while the surrounding 

stroma shows over-expression [10]. Therefore, assessing the role of TGF-β on tumor 

environment of KC subtypes may reveal different ways that these tumors escape innate 

immune surveillance, and aid in finding new therapeutic approaches to counter these 

mechanisms. 

 One of the limitations of this thesis was the unmeasured effect of the NKG2D 

receptor ligands, which may be important in tuning the NK cell response. Further 

investigation of the NKG2D ligands, which include MHC class-I-chain-related protein A 

(MICA) and B (MICB), and six members of UL16-binding protein (ULPB), would be of 

interest for future investigation as they are highly polymorphic and bind to the NKG2D 

receptor with different affinities [54]. NKG2D ligands are up-regulated on stressed cells, 

including tumors and virally infected cells, however their levels are very low or absent on 

healthy cells [54]. A variety of stress stimuli induce expression of NKG2D ligands [54]. 

NKG2D rapidly responds to the ligands through lysis, and increased production of 

cytokines including IFN-γ [54]. To avoid detection by the immune system transformed 

cells may reduce presentation of the stress-induced ligands, through up-regulation of 

TGF-β, which as described above, negatively regulates NK cell function. While transient 

expression of NKG2D ligands results in an efficient response, constitutive expression, 

which is common in tumors, may impair NKG2D function [135]. In addition, tumors can 

shed their NKG2D ligands, and once these ligands are soluble they can reduce NK cell 

visibility by binding to NKG2D receptors [92]. Bound NKG2D receptor is then targeted for 

degradation, rendering NK cells inactive [92, 95]. Thus, extending our work to include 

NKG2D ligand genotype, and examining receptor-ligand interactions in the tumor 

environment may offer new insights on NK cell response in KC risk.  
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 While NK cells are prominent in early innate surveillance, unconventional skin 

homing γ T cells have emerged as another population of interest, perhaps, with an 

even greater impact on early immune surveillance of KC than NK cells. Recent studies 

suggest γ T cells possess characteristics of both innate and adaptive immunity, with the 

capacity to provide rapid response akin to that of NK cells, yet serving regulatory 

functions, and even acting as an antigen presenting cells to bolster immune responses 

[124]. While much remains to be learned about the biology of γ T cells in humans, 

mouse studies show their importance in skin cancer surveillance, with direct tumor lysis 

and IFN-γ production, inhibiting tumors in the early stage of development and preventing 

progression [124]. Furthermore, similar to NK cells, γ T cells can express NKG2D and 

KIR, and provide immediate response upon epithelial damage [72, 124] Given that the 

majority of γ T cells are found in the intraepithelial compartment and can respond 

quickly to epithelial damage [124], further investigation of the role of this versatile 

subpopulation in control of KC is warranted. 

 Our study was limited in statistical power to explore gene-environment 

interactions between exposure to arsenic and KIR gene content variability. Therefore, 

expanding KIR genotyping to the full NHHS population is an important future direction 

and may reveal modifying effects of arsenic exposure. Previous studies have indicated 

immune-modulating effects of chronic arsenic exposure on pathogenesis of skin cancer, 

including deregulation of innate immunity and up-regulation of pro-inflammatory 

signaling associated with cellular stress response [68, 136]. Therefore, increased 

stratification on gene-gene interactions may reveal similar effects in the NHHS 

population with KC risk. As part of this expanded probe into the effects of arsenic, it 

would be important to examine gene-gene interactions among KIR, NKG2D, HLA class I, 
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and NKG2D ligands, and include interrogation of HLA-Bw4 amino acid 80 in KIR/HLA-I 

analyses, which may be important with regard to KC risk. 

 Other environmental exposures may impact NK cell function. Reduced NK cell 

activity and tumor recognition capacity has been reported with common and persistent 

environmental toxicants including: insecticide Pentachlorophenol [137], flame retardant 

Hexabromocyclododecane [138], anti-microbial agent Triclosan, Nonylphenol used in 

surfactants, and 4, 4′-dichlorodiphenyltrichloroethane (DDT) [139, 140]. Deregulation of 

immune response has been linked to common exposures such as indoor and outdoor air 

pollutants [141], and has been implicated in the increasing rates of allergies and asthma 

[142].  For example, a human in vitro study revealed decreased NK cell lytic capacity 

toward influenza-infected host cells upon exposure to diesel exhaust particulates [143]. 

Exposure to ozone has been linked with asthma pathology and acute attacks, and found 

to reduce NK cytotoxicity and IFN-γ production [144]. Therefore, future investigations 

may consider examining KIR and NKG2D variability in disease susceptibility including 

exposures outlined above.  

 Lastly, early life exposures to environmental toxicants may set the stage for the 

development of disease in later life through epigenetic changes [145]. For example 

maternal arsenic exposures were associated with epigenetic micro RNA induced 

reduction in innate signaling in newborns [146]. In addition, potential alteration in the 

establishment of immune response during development may influence immune 

responses later in life and possibly determine susceptibility to adult disease, including 

cancer. Such effects may be regulated by TGF-β, which has been shown in mice to 

reduce NK cell maturation during development [147]. Hence, investigation of the 

epigenetic effects of environmental exposures on immune regulation, in the context of 
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innate genetic variability assessed through the NK cell receptors, may be of particular 

interest in terms of disease prevention. 

 The findings presented in this thesis may have an impact on future treatments of 

KC, which may benefit from assessment of genetic determinants of immunity, including 

KIR and NKG2D. For example, the efficacy of immiquimod treatment for skin cancer 

may be impacted by the genetic variation described in this thesis. High resolution KIR 

genotyping, that provides allele level information, in addition to KIR content, together 

with HLA class I, may be utilized to infer treatment response or aid in design of KC 

subtype targeted therapies. This work also shows the potential utility of KC as a model of 

carcinogenesis, with SCC and BCC serving as model systems for different types of 

tumors. SCC being similar to most solid tumors, and BCC with its suggested stem cell 

origin [114], potentially representing early stages of carcinogenesis.  Finally, our findings 

may be relevant in the context of other solid tumors, where NK cell response and 

receptor variability is yet to be explored.  
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Appendix 

HLA-B pyrogram-based genotype determination 

The assay consists of 27 nucleotide dispensations that read the genotype of HLA-B 
codons 77-83. Figure 1 shows the expected histogram, with constant positions marked 
in black and variable positions outlined in gray with an arrow showing the possible range 
of expected peak heights. Most of the data is variable with a few constant positions.   
 

 Codon 77 Codon 78 Codon 79  Codon 80-83 Motif 

 
Figure 1. HLA-B expected histogram. 

 

Actual histograms of data will also show two other initial dispensations, E and S, which 
indicates when the enzyme and substrate are added, this area of the histogram can be 
disregarded.   
 
Positions: T1, A5, A8, T12 and G14 should all be negative dispensations. If there are 
large peaks present at these sites it can indicate failure of that sample, but small peaks 
present may indicate “baseline” response to dispensation (i.e. noise).  
 
The data has three regions to read – codon 77, codon 79 and codons 80-83.  
Codons 80-83 must all be read as one combined motif, because the region of the 
pyrogram that corresponds to each of these codons depends on the genotype of the 
sample. While genotype calls are automatically given by the program, they are not 
accurate and should not be used to make a final genotype call. The calls are usually 
incorrect for the codons 80-83 region.   
 
In this document the possible sequences for the codon 80-83 region will be referred to 
as motifs 1-4, for example, motif 1 refers to a sequence of AAC CTG CGC GGC at 
codons 80-83.  The total sequence for the entire codon 77-83 region will be designated 
by the shorthand notation of alleles A through H as indicated in the Table 1, for example, 
A refers to a sequence of AGC CTG CGG AAC CTG CGC GGC.   
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Table 1 HLA-B codon 77-83 region 

Call 
Codons Motif 

Frequency* 
Epitope 77 78 79 80 81 82 83 80-83  

A Bw6  AGC CTG CGG AAC CTG CGC GGC 1 0.62 

B Bw4 I AAC CTG CGG ATC GCG CTC CGC 2 0.18 

C Bw4 T AAC CTG CGC ACC GCG CTC CGC 3 0.11 

D Bw4 T GAC CTG CGG ACC CTG CTC CGC 4 0.05 

E Bw4 T AGC CTG CGG ACC CTG CTC CGC 4 0.008 

F unknown  AAC CTG CGG AAC CTG CGC GGC 1 0.007 

G unknown  AGC CTG CGG ATC GCG CTC CGC 2 0.003 

H unknown  AGC CTG CGC ACC GCG CTC CGC 3 0.003 
* Frequencies of HLA-B alleles based on:  http://hla.alleles.org/data/txt/b_nuc.txt 
 

(Codon 80 Threonine ACC > Isoleucine ATC) 
 

Codon 77: 

 Codon 77 is determined by 2nd-4th dispensations G,A,G. A peak at G2 indicates 
presence of D allele. 

 Peak at G4 indicates presence of A,E,G, or H allele – the A allele is much more 
common. If there is only a peak at A3 the alleles present are B, C and/or F 
(Table 2). 
 

Table 2. Reading Codon 77 

     
Genotype Possible Calls 

  
  

    
  

  
   

Common - AB, AC 

        
 

AA/AG 
Rare - AF, BE, BG, BH, CE, CG, 
CH 

T1 G2 A3 G4 
   

       
  

  
   

Common - AD 
        

 
GA/AG Rare - DE, DG, DH 

T1 G2 A3 G4 
   

       
  

    
  

Common - AA 
        

 
AG/AG  Rare - AE, AG, AH 

T1 G2 A3 G4 
   

       

  
  

    
  

  
    

  
  

   
Common - BB, BC, CC 

        
 

AA/AA Rare - BF,CF 

T1 G2 A3 G4 
   

       

  
  

    
  

  
   

Common - BD, CD 
        

 
GA/AA Rare - DF 

T1 G2 A3 G4 
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Codon 79 

 Determined by dispensations 10-13: C, G, T, and C (Table 3). 

 C10 is not variable  

 G11 always has a peak present, but its height is variable  

 T12 should be negative, small peaks can indicate noise but large peaks would 
indicate sample testing failure.   

 C13 peak presence is variable  

 If the heights of G11 and C13 are approximately the same, the sample is C/C 
homozygous for codon 79.  

 If the C13 peak is ~1/3 the height of the G11 peak, it is a G/C heterozygote. 
 

Table 3. Reading codon 79 

     

Genotype Possible Calls 

 

  

     

 

  

         

    

Common - AA, AB, AD, BB, BD, DD 

        

 

G/G 

Rare - AE, AF, AG, BE, BF, BG, DE, 

DF, DG 

C10 G11 T12 C13 

   
       

 

  

         

    

Common - AC, BC, CD 

        

 

G/C Rare - CE, CF, CG, AH, BH, DH 

C10 G11 T12 C13 

   
           

 

  

  

Common - CC 

        

 

C/C Rare - CH 

C10 G11 T12 C13 
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Codons 80-83 

 Codons 80-83 are determined by dispensations 15 through 27. They cannot be 
determined independently, and should be considered as a combined pattern. 

 There are nine possible combinations of the 4 motifs, their patterns, genotypes 
and possible calls are shown below (Table 4.).   

 These calls can be done by comparison to your data, but there are some key 
areas of interest that may make the comparison easier.   

 T16 peak presence is always due to motif 2.  

 T18 peak is due to motif 1 or 4.  

 G23 peak is always due to motif 1.  Also, motif 1 will give no response at T24, 
G26 and C27, so no peaks at those dispensations indicates a 1/1 homozygote.   

 

Table 4. Reading codon 80-83 motif 

Motif Combination 
Genotype and 

possible calls 

 
  

 
  

     
  

     

 
  

 
  

     
  

    

A/A   

[CT]/[CT]     

G/G   G /G 

 
  

 
              

 
  

  

Common - 

AA 

1/1                           Rare - AF 

 
A15 T16 C17 T18 G19 C20 G21 C22 G23 T24 C25 G26 C27 

 

 
  

 
  

       
  

  

A/T     

[CT]/[GC]   

G/T   G /C 

 
  

 
  

 
          

 
  

  

Common - 

AB 

1/2                           Rare - AG, BF 

 
A15 T16 C17 T18 G19 C20 G21 C22 G23 T24 C25 G26 C27 

 

   
  

           

 
  

 
  

       
  

  

A/C    

[CT]/[GC]    

G/T    G /C 

 
  

 
  

 
          

 
  

  

Common - 

AC 

1/3                           Rare - AH, CF 

 
A15 T16 C17 T18 G19 C20 G21 C22 G23 T24 C25 G26 C27 

 

   
  

           

   
  

           

 
  

 
  

       
  

  

A/C    

[CT]/[CT]      

G/T    G /C 

 
  

 
        

  
  

 
  

  

Common - 

AD 

1/4                           Rare - AE, DF 

 
A15 T16 C17 T18 G19 C20 G21 C22 G23 T24 C25 G26 C27 
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Table 4. Reading codon 80-83 motif (continued) 

Motif Combination 
Genotype and 

possible calls 

           
  

   

           
  

  

T/T    

[GC]/[GC]    

T/T    C /C 

 
      

 
        

 
        Common - BB 

2/2                           Rare - BG 

 
A15 T16 C17 T18 G19 C20 G21 C22 G23 T24 C25 G26 C27 

 

           
  

   

   
  

       
  

  

T/C    

[GC]/[GC]    

T/T    C /C 

 
  

 
  

 
        

 
        Common - BC 

2/3                           Rare - BH, CG 

 
A15 T16 C17 T18 G19 C20 G21 C22 G23 T24 C25 G26 C27 

 

   
  

       
  

   

   
  

       
  

  

T/C    

[GC]/[CT]    T/T    

C/C 

 
  

 
  

 
    

   
        Common - BD 

2/4                           Rare - BE, DG 

 
A15 T16 C17 T18 G19 C20 G21 C22 G23 T24 C25 G26 C27 

 

   
  

       
  

   

   
  

       
  

  

C/C     [GC/GC]    

T/T    C/C 

 
  

 
  

 
        

 
        Common - CC 

3/3                           Rare - CH 

 
A15 T16 C17 T18 G19 C20 G21 C22 G23 T24 C25 G26 C27 

 

   
  

           

   
  

       
  

   

   
  

       
  

  

C/C    [CT/GC]    

T/T    C/C 

 
  

 
  

 
    

   
        Common - CD 

3/4                           Rare - CE, DH 

 
A15 T16 C17 T18 G19 C20 G21 C22 G23 T24 C25 G26 C27 

 

   
  

           

   
  

       
  

   

   
  

       
  

  

C/C    [CT/CT]   

T/T    C/C 

 
  

 
        

   
        Common - DD 

4/4                           Rare - DE 

 
A15 T16 C17 T18 G19 C20 G21 C22 G23 T24 C25 G26 C27 
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Combining calls from the regions to determine final genotype: 

 The reads from codon 77, codon 79 and the 80-83 motif can be combined to 
determine genotype.   
 

 If G2 is present in codon 77, a G allele in codon 79, and motif 4 in 80-83, the 
allele is D.  
 

 If the G2 is present and the other two criteria are not met, it would be a rare allele 
or may indicate a sample failure. 
 

 A G4 peak in codon 77, G allele in codon 79 and motif 1 in 80-83 indicates allele 
A.   

o If there is motif 4 in 80-83 instead, it would indicate an E allele.  
 

 The absence of G peaks in codon 77 most commonly indicates a B or C allele. 
 

 The presence of a C13 peak in codon 79 would usually be accompanied by motif 
3 in 80-83 and indicate a C allele.  
 

 The absence of that C13 peak in codon 79 would usually be accompanied by 
motif 2 in 80-83 region and that combination would indicate a B allele.   
 

 Other less frequent alleles may also be observed. Some of these are indicated in 
Table 1, but some very rare alleles that are not shown in the table may occur.  
 

 

Expected pyrogram diagrams are shown in Figure 2-5. The diagrams show expected 
histograms which would result with a balanced amplification, with no PCR bias and both 
alleles amplifying equally.  

 

However, with actual data there may be a preferential amplification of some alleles, with 
other amplifying more weakly. Examples of balanced as well as unbalanced 
amplifications (with weakly amplified alleles) are presented in Figures 6-11. 
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Example Pyrograms  

 

Figure 6. Example pyrograms, AA, AB, AB with weak B, AB with weak A. 
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Figure 7. Example pyrograms, AC, AC with weak C, AC with very weak C, AC with weak A. 
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Figure 8. Example pyrograms, AD, AD with weak D, AD with weak A. 
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Figure 9. Example pyrograms, BB, BC, BC with weak C, BC weak B. 
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Figure 10. Example pyrograms, BD, BD with weak B, BD with weak D, DD. 
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Figure 11. Example pyrograms, CC, CD, CD with weak C, CD with weak D. 
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Supplementary Tables 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 2 Table S1. Regression models for the joint effects of NKG2D genotype and sex 

Sex NKG2D  Controls BCC Coefficient OR* (95%CI) P   SCC Coefficient OR* (95%CI) P 

rs2255336 

           Males GG 368 382 1.01 Ref. 

  

341 -3.48 Ref. 

 Males GA 210 213 -0.03 0.97 (0.76-1.23) 0.81 

 

152 -0.22 0.80 (0.61-1.04) 0.10 

Males AA 36 17 -0.77 0.46 (0.25-0.84) 0.01 

 

21 -0.56 0.57 (0.32-1.02) 0.06 

Females GG 306 372 0.06 1.07 (0.86-1.32) 0.55 

 

176 -0.32 0.73 (0.57-0.93) 0.01 

Females GA 134 174 0.13 1.14 (0.87-1.49) 0.36 

 

97 -0.11 0.90 (0.66-1.23) 0.51 

Females AA 15 22 0.22 1.24 (0.63-2.46) 0.54 

 

17 0.34 1.41 (0.67-2.99) 0.37 

P-interaction           0.13         0.01 

rs1049174 

           Males CC 283 298 1.01 Ref. 

  

247 -3.46 Ref. 

 Males CG 240 239 -0.07 0.93 (0.73-1.19) 0.56 

 

209 -0.004 1.00 (0.77-1.29) 0.97 

Males GG 66 52 -0.29 0.75 (0.50-1.12) 0.16 

 

42 -0.33 0.72 (0.46-1.12)  0.15 

Females CC 222 288 0.11 1.12 (0.88-1.43) 0.37 

 

133 -0.22 0.80 (0.60-1.07) 0.13 

Females CG 178 211 0.01 1.01 (0.78-1.32) 0.93 

 

113 -0.17 0.84 (0.62-1.14) 0.27 

Females GG 33 41 0.07 1.07 (0.66-1.76) 0.78 

 

37 0.29 1.34 (0.80-2.26) 0.27 

P-interaction           0.70         0.05 

* All models adjusted for age and skin type 
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Chapter 2 Table S2. Regression models for the joint effects of NKG2D genotype and skin type. 

Skin Type NKG2D  Controls BCC Coefficient OR* (95%CI) P   SCC Coefficient OR* (95%CI) P 

rs2255336 

           Tan GG 405 441 0.85 Ref. 

  

252 -3.49 Ref. 

 Tan GA 193 216 0.03 1.03 (0.81-1.31) 0.79 

 

130 0.11 1.12 (0.84-1.48) 0.44 

Tan AA 38 21 -0.63 0.53 (0.31-0.92) 0.02 

 

16 -0.44 0.64 (0.35-1.19) 0.16 

Burn GG 267 309 0.03 1.03 (0.83-1.28) 0.77 

 

263 0.56 1.75 (1.37-2.22) 0.00001 

Burn GA 151 171 0.02 1.02 (0.79-1.32) 0.89 

 

118 0.31 1.36 (1.01-1.83) 0.04 

Burn AA 13 17 0.12 1.13 (0.54-2.37) 0.75 

 

21 0.94 2.55 (1.22-5.34) 0.01 

P-interaction           0.28         0.03 

rs1049174 

           Tan CC 298 348 0.94 Ref. 

  

188 -3.42 Ref. 

 Tan CG 246 231 -0.23 0.80 (0.63-1.01) 0.06 

 

161 0.04 1.04 (0.78-1.37) 0.80 

Tan GG 64 61 -0.18 0.84 (0.57-1.23) 0.37 

 

38 -0.13 0.88 (0.56-1.38) 0.58 

Burn CC 206 235 -0.05 0.95 (0.74-1.21) 0.68 

 

190 0.45 1.57 (1.19-2.08) 0.001 

Burn CG 172 218 0.05 1.06 (0.82-1.36) 0.68 

 

161 0.45 1.56 (1.17-2.10) 0.003 

Burn GG 35 31 -0.30 0.74 (0.44-1.23) 0.25 

 

39 0.65 1.91 (1.15-3.19) 0.01 

P-interaction           0.15         0.59 

* All models adjusted for age and sex 
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Chapter 2 Table S3. Regression models for the joint effects of NKG2D genotype and lifetime severe sunburns. 

Lifetime severe 

burns NKG2D  Controls BCC Coefficient OR* (95%CI) P   SCC Coefficient OR* (95%CI) P 

rs2255336 

           <2 GG 339 280 0.30 Ref. 

  

198 -3.88 Ref. 

 <2 GA 175 139 -0.03 0.97 (0.74-1.27) 0.82 

 

106 0.01 1.01 (0.74-1.37) 0.957 

<2 AA 28 17 -0.32 0.73 (0.38-1.37) 0.32 

 

19 0.03 1.03 (0.55-1.92) 0.936 

≥2 GG 330 458 0.47 1.60 (1.29-1.99) 0.00002 

 

301 0.52 1.68 (1.32-2.16) 0.00003 

≥2 GA 164 238 0.53 1.70 (1.31-2.20) 0.0001 

 

131 0.42 1.52 (1.12-2.06) 0.008 

≥2 AA 23 21 0.05 1.05 (0.57-1.95) 0.87 

 

18 0.32 1.37 (0.69-2.73) 0.366 

P-interaction           0.85         0.80 

rs1049174 

           <2 CC 238 224 0.38 Ref. 

  

136 -3.90 Ref. 

 <2 CG 225 147 -0.37 0.69 (0.52-0.91) 0.01 

 

140 0.04 1.04 (0.77-1.42) 0.79 

<2 GG 49 39 -0.16 0.85 (0.54-1.36) 0.50 

 

33 0.06 1.06 (0.64-1.76) 0.81 

≥2 CC 263 348 0.30 1.35 (1.05-1.72) 0.02 

 

228 0.48 1.62 (1.21-2.16) 0.001 

≥2 CG 189 294 0.46 1.58 (1.22-2.06)  0.001 

 

171 0.54 1.72 (1.26-2.35) 0.001 

≥2 GG 49 50 0.06 1.06 (0.68-1.64) 0.80 

 

43 0.49 1.64 (1.00-2.68) 0.05 

P-interaction           0.01         0.98 

* All models adjusted for age, sex, and skin type 
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Chapter 3 Table S1. Regression models for the joint effects of the activating KIR genes and HLA-C genotype. 

KIR gene HLA-C  Controls BCC Coefficient OR* (95%CI) P   SCC Coefficient OR* (95%CI) P 

2DS1/3DS1-  C1C1 74 83 -1.81 Ref. 

  

54 -4.28 Ref. 

 2DS1/3DS1+ C1C1 53 59 -0.05 0.95 (0.58-1.57) 0.851 

 

39 -0.05 0.95 (0.53-1.69) 0.858 

2DS1/3DS1-  C2 carriers 136 127 -0.22 0.81 (0.54-1.21) 0.292 

 

86 -0.25 0.78 (0.48-1.25) 0.296 

2DS1/3DS1+ C2 carriers 80 75 -0.19 0.83 (0.53-1.30) 0.410 

 

49 -0.23 0.80 (0.47-1.36) 0.405 

P-interaction           0.821 

 

      0.834 

2DS2- C1C1 69 68 -1.89 Ref. 

  

54 -4.23 Ref. 

 2DS2+ C1C1 58 74 0.19 1.21 (0.74-1.97) 0.444 

 

39 -0.13 0.88 (0.49-1.56) 0.653 

2DS2- C2 carriers 96 95 -0.05 0.95 (0.61-1.49) 0.829 

 

58 -0.36 0.70 (0.42-1.17) 0.173 

2DS2+ C2 carriers 120 107 -0.13 0.88 (0.57-1.35) 0.551 

 

77 -0.22 0.81 (0.49-1.31) 0.388 

P-interaction           0.393 

 

      0.465 

2DS3- C1C1 108 100 -1.94 Ref. 

  

68 -4.35 Ref. 

 2DS3+ C1C1 19 42 0.83 2.29 (1.24-4.26) 0.008 

 

25 0.63 1.89 (0.92-3.87) 0.083 

2DS3- C2 carriers 148 148 0.06 1.06 (0.74-1.52) 0.752 

 

103 -0.01 0.99 (0.65-1.51) 0.962 

2DS3+ C2 carriers 68 54 -0.17 0.84 (0.53-1.33) 0.454 

 

32 -0.31 0.74 (0.43-1.27)  0.275 
P-interaction           0.005 

 

      0.038 

2DS5- C1C1 79 94 -1.74 Ref. 

  

61 -4.27 Ref. 

 2DS5+ C1C1 48 48 -0.19 0.83 (0.50-1.38) 0.467 

 

32 -0.13 0.88 (0.48-1.59) 0.665 

2DS5- C2 carriers 151 149 -0.21 0.81 (0.55-1.19) 0.290 

 

94 -0.28 0.75 (0.48-1.18) 0.220 

2DS5+ C2 carriers 65 53 -0.38 0.69 (0.42-1.11) 0.122 

 

41 -0.23 0.79 (0.46-1.37) 0.403 
P-interaction           0.959 

 

      0.651 

2DS4 full- C1C1 78 74 -2.01 Ref. 

  

46 -4.51 Ref. 

 2DS4 full+ C1C1 48 63 0.28 1.32 (0.80-2.18) 0.281 

 

43 0.50 1.64 (0.91-2.97) 0.100 

2DS4 full- C2 carriers 106 103 -0.03 0.97 (0.64-1.49) 0.906 

 

66 0.09 1.10 (0.66-1.83)  0.719 

2DS4 full+ C2 carriers 107 96 -0.08  0.93 (0.60-1.42) 0.730 

 

68 -0.02 0.98 (0.59-1.64) 0.953 

P-interaction           0.317         0.113 

* All models adjusted for age, sex, and skin type   
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Chapter 3 Table S2. Regression models for the joint effects of the activating KIR genes and HLA-B genotype. 
KIR gene HLA-B Controls BCC Coefficient OR* (95%CI) P   SCC Coefficient OR* (95%CI) P 

2DS1/3DS1-  Bw4/4 30 48 -1.18 Ref. 

  

20 -4.62 Ref. 

 2DS1/3DS1+ Bw4/4 36 20 -1.04 0.35 (0.17-0.73) 0.005 

 

12 -0.58 0.56 (0.22-1.39) 0.211 

2DS1/3DS1-  Bw6 carriers 207 184 -0.56 0.57 (0.35-0.95)  0.030 

 

126 0.19 1.20 (0.63-2.31) 0.574 

2DS1/3DS1+ Bw6 carriers 115 131 -0.29 0.75 (0.44-1.26) 0.276 

 

80 0.31 1.36 (0.69-2.68) 0.372 
P-interaction           0.001 

 

      0.16 

2DS2- Bw4/4 27 30 -1.50 Ref. 

  

13 -4.87 Ref. 

 2DS2+ Bw4/4 39 38 -0.16 0.85 (0.42-1.71) 0.654 

 

19 0.00 1.00 (0.40-2.47) 0.998 

2DS2- Bw6 carriers 155 149 -0.13 0.88 (0.49-1.57) 0.664 

 

104 0.52 1.67 (0.80-3.56) 0.170 

2DS2+ Bw6 carriers 167 166 -0.11 0.90 (0.51-1.59) 0.713 

 

102 0.47 1.61 (0.76-3.39) 0.214 
P-interaction           0.645 

 

      0.924 

2DS3- Bw4/4 40 49 -1.43 Ref. 

  

22 -4.83 Ref. 

 2DS3+ Bw4/4 26 19 -0.50 0.60 (0.29-1.26) 0.180 

 

10 -0.13 0.88 (0.34-2.26) 0.784 

2DS3- Bw6 carriers 247 227 -0.25 0.77 (0.49-1.23) 0.279 

 

156 0.44 1.56 (0.86-2.83) 0.146 

2DS3+ Bw6 carriers 75 88 -0.02 0.98 (0.58-1.67) 0.951 

 

50 0.48 1.62 (0.82-3.18) 0.163 
P-interaction           0.074 

 

      0.749 

2DS5- Bw4/4 40 55 -1.30 Ref. 

  

23 -4.75 Ref. 

 2DS5+ Bw4/4 26 13 -1.01 0.37 (0.17-0.81) 0.013 

 

9 -0.42 0.65 (0.25-1.73) 0.391 

2DS5- Bw6 carriers 221 213 -0.34 0.72 (0.45-1.13) 0.149 

 

139 0.34 1.40 (0.78-2.54) 0.260 

2DS5+ Bw6 carriers 101 102 -0.26 0.77 (0.47-1.27) 0.311 

 

67 0.40 1.49 (0.79-2.83) 0.217 
P-interaction           0.012 

 

      0.359 

2DS4 full- Bw4/4 34 28 -1.85 Ref. 

  

11 -5.05 Ref. 

 2DS4 full+ Bw4/4 31 38 0.35 1.42 (0.70-2.86) 0.329 

 

20 0.34 1.41 (0.55-3.60) 0.471 

2DS4 full- Bw6 carriers 175 171 0.19 1.20 (0.69-2.09) 0.510 

 

103 0.66 1.93 (0.90-4.15) 0.091 

2DS4 full+ Bw6 carriers 144 138 0.16 1.17 (0.67-2.05) 0.588 

 

99 0.78 2.18 (1.01-4.69) 0.046 
P-interaction 

     

0.333 

    

0.664 

* All models adjusted for age, sex, and skin type 
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Chapter 4 Table S1. Regression models for the joint effects of the activating KIR genes and NKG2D rs2255336 genotype 

KIR gene rs2255336 Controls BCC Coefficient OR* (95%CI) P   SCC Coefficient OR* (95%CI) P 

2DS1/3DS1-  GG 148 116 -2.14 Ref. 

  

70 -5.63 Ref. 

 2DS1/3DS1+ GG 86 96 0.38 1.46 (0.99-2.15)  0.058 

 

48 0.33 1.39 (0.85-2.27) 0.187 

2DS1/3DS1-  Any A 70 82 0.43 1.53 (1.02-2.31) 0.040 

 

36 0.18 1.20 (0.70-2.05) 0.500 

2DS1/3DS1+ Any A 51 29 -0.33 0.72 (0.43-1.22) 0.218 

 

23 -0.12 0.89 (0.48-1.63) 0.698 
P-interaction           0.001 

 

      0.138 

2DS2- GG 113 99 -1.94 Ref. 

  

59 -5.45 Ref. 

 2DS2+ GG 121 113 0.04 1.04 (0.71-1.52) 0.836 

 

59 -0.04 0.96 (0.59-1.54) 0.858 

2DS2- Any A 57 54 0.06 1.06 (0.66-1.69) 0.816 

 

23 -0.38 0.69 (0.37-1.27) 0.234 

2DS2+ Any A 64 57 0.02 1.02 (0.65-1.61) 0.920 

 

36 0.13 1.14 (0.66-2.00) 0.636 

P-interaction           0.827 

 

      0.189 

2DS3- GG 178 151 -1.97 Ref. 

  

88 -5.43 Ref. 

 2DS3+ GG 56 61 0.21 1.23 (0.80-1.90) 0.341 

 

30 0.09 1.10 (0.63-1.90) 0.738 

2DS3- Any A 83 84 0.17 1.18 (0.81-1.73) 0.390 

 

40 -0.06 0.94 (0.57-1.53) 0.797 

2DS3+ Any A 38 27 -0.17 0.84 (0.49-1.46) 0.543 

 

19 0.00 1.00 (0.52-1.92) 0.996 

P-interaction           0.141 

 

      0.946 

2DS5- GG 164 141 -2.02 Ref. 

  

77 -5.60 Ref. 

 2DS5+ GG 70 71 0.22 1.24 (0.82-1.87) 0.303 

 

41 0.35 1.42 (0.86-2.36) 0.174 

2DS5- Any A 75 90 0.37 1.45 (0.98-2.14) 0.061 

 

42 0.23 1.26 (0.76-2.08) 0.373 

2DS5+ Any A 46 21 -0.66 0.52 (0.29-0.92) 0.025 

 

17 -0.32 0.73 (0.37-1.41) 0.348 
P-interaction           0.001 

 

      0.044 

2DS4 full- GG 127 110 -2.00 Ref. 

  

58 -5.38 Ref. 

 2DS4 full+ GG 106 97 0.02 1.02 (0.69-1.50) 0.919 

 

59 0.15 1.17 (0.72-1.88) 0.530 

2DS4 full- Any A 71 58 -0.10 0.91 (0.59-1.41) 0.670 

 

28 -0.21 0.81 (0.45-1.45) 0.477 

2DS4 full+ Any A 48 51 0.24 1.27 (0.79-2.05) 0.325 

 

29 0.19 1.21 (0.67-2.19) 0.532 
P-interaction 

     

0.347 

    

0.56 

* All models adjusted for age, sex, and skin type 
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Chapter 4 Table S2. Regression models for the joint effects of the activating KIR genes and NKG2D rs1049174 genotype 

KIR gene rs1049174 Controls BCC Coefficient OR* (95%CI) P   SCC Coefficient OR* (95%CI) P 

2DS1/3DS1-  CC 116 94 -2.04 Ref. 

  

48 -5.79 Ref. 

 2DS1/3DS1+ CC 73 74 0.23 1.25 (0.82-1.93) 0.303 

 

34 0.33 1.38 (0.78-2.44) 0.262 

2DS1/3DS1-  Any G 102 104 0.22 1.24 (0.84-1.84) 0.277 

 

58 0.45 1.56 (0.95-2.58) 0.080 

2DS1/3DS1+ Any G 64 51 -0.03 0.97 (0.61-1.54) 0.890 

 

37 0.34 1.41 (0.80-2.48) 0.235 

P-interaction           0.140 

 

      0.290 

2DS2- CC 94 76 -2.00 Ref. 

  

39 -5.70 Ref. 

 2DS2+ CC 95 92 0.15 1.16 (0.76-1.77) 0.501 

 

43 0.15 1.16 (0.66-2.02) 0.604 

2DS2- Any G 76 77 0.18 1.20 (0.77-1.87) 0.432 

 

43 0.29 1.34 (0.76-2.36) 0.306 

2DS2+ Any G 90 78 0.05 1.05 (0.68-1.63) 0.824 

 

52 0.40 1.50 (0.87-2.58) 0.145 
P-interaction           0.381 

 

      0.922 

2DS3- CC 143 119 -2.00 Ref. 

  

59 -5.69 Ref. 

 2DS3+ CC 46 49 0.19 1.21 (0.75-1.95) 0.444 

 

23 0.27 1.30 (0.69-2.45) 0.409 

2DS3- Any G 118 116 0.13  1.14 (0.79-1.64) 0.476 

 

69 0.38 1.46 (0.93-2.31) 0.102 

2DS3+ Any G 48 39 -0.04 0.96 (0.59-1.58) 0.883 

 

26 0.26  1.30 (0.71-2.38) 0.395 
P-interaction           0.315 

 

      0.389 

2DS5- CC 130 111 -1.94 Ref. 

  

53 -5.75 Ref. 

 2DS5+ CC 59 57 0.15 1.16 (0.74-1.82) 0.524 

 

29 0.36 1.43 (0.79-2.57) 0.236 

2DS5- Any G 109 120 0.25 1.28 (0.89-1.86)  0.188 

 

66 0.48 1.62 (1.01-2.61) 0.047 

2DS5+ Any G 57 35 -0.34 0.71 (0.43-1.17) 0.180 

 

29 0.22 1.24 (0.69-2.24) 0.475 
P-interaction           0.031 

 

      0.142 

2DS4 full- CC 98 86 -1.99 Ref. 

  

40 -5.54 Ref. 

 2DS4 full+ CC 90 78 -0.07 0.93 (0.61-1.43) 0.750 

 

41 0.04 1.04 (0.60-1.83) 0.878 

2DS4 full- Any G 100 82 -0.14 0.87 (0.57-1.33) 0.530 

 

46 0.09 1.09 (0.63-1.88) 0.753 

2DS4 full+ Any G 64 70 0.22 1.25 (0.79-1.96) 0.343 

 

47 0.54 1.71 (0.97-3.00) 0.062 
P-interaction 

     

0.184 

    

0.311 

* All models adjusted for age, sex, and skin type 
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Chapter 4 Table S3. Regression model for joint effects of high activity NKG2D and activating KIR. 

NKG2D                   

# High activity 

alleles 

# Activating 

KIR 
Controls BCC OR** (95%CI) SCC OR** (95%CI) 

  
n=355 n=323 

 
n=177 

 
<2 <3 164 (46%) 142 (44%) Referent 75 (42%) Referent 

<2 3 67 (19%) 69 (21%) 1.24 (0.82-1.88) 40 (23%) 1.51 (0.90-2.53) 

≥2 <3 76 (21%) 89 (28%) 1.41 (0.96-2.07) 44 (25%) 1.35 (0.82-2.22) 

≥2 3 48 (14%) 23 (7%) 0.55 (0.32-0.96) 18 (10%) 0.77 (0.40-1.47) 

P- interaction* 
  

0.002 
 

0.03 

*Likelihood ratio test for MLE method 1d.f  

** OR adjusted for age, sex, and skin type. 


