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ABSTRACT 

The immune system is our primary defense against infection and disease. 

Immune cells need to recognize and efficiently destroy invasive pathogens while, at the 

same time, exercising tolerance towards normal cells and tissues within the body. 

Because pathogenic organisms are constantly evolving to evade detection, the immune 

system must employ multiple recognition strategies to keep pace. Natural killer (NK) 

cells have evolved a self versus non-self recognition strategy known as “missing self” 

that is based upon the recognition of self major histocompatibility complex (MHC) 

molecules by stochastically expressed inhibitory receptors on the surface of NK cells. 

When MHC expression is downregulated by a virus or cellular transformation event, the 

dampening signals that balance against NK cell activation are lost due to a lack of 

inhibitory receptor engagement. This lack of inhibitory signaling, along with the 

engagement of activating receptors, leads to the elimination of the distressed cell 

through targeted NK cell-mediated cytotoxicity. The work presented in this manuscript 

focuses on the transcriptional regulation of a critically important family of human NK cell 

inhibitory receptors known as killer immunoglobulin-like receptors (KIR).            

 The KIR genes are present within the leukocyte receptor complex on 

chromosome 19 and are expressed in a variegated, clonally restricted pattern on fully 

differentiated NK cells. How this pattern of gene expression is regulated during NK cell 

development is not well understood despite the demonstrated clinical relevance of KIR 

during hematopoietic cell transplantation to treat patients with leukemia, the influence of 

the KIR repertoire on the progression of HIV to AIDS, and the importance of KIR during 

pregnancy. Progress in the elucidation of how KIR genes are regulated has been slow 
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due to the complexity of the KIR locus and the lack of KIR genes in mice, which are 

much more amenable to genetic manipulation.  

We have shown that the 5’ upstream regulatory region of each KIR gene 

contains a previously uncharacterized distal promoter with a functional c-Myc binding 

site. Stimulation of primary peripheral blood NK cells with IL-15 induces c-Myc binding at 

the distal promoter, which acts to promote KIR transcription. We also found that the 

overexpression of c-Myc protein in the NK92 cell line, which lacks surface KIR due to 

dense methylation of CpG dinucleotides proximal to the transcriptional start site, causes 

de novo surface KIR expression. Taken together, these results suggest that IL-15 

directly promotes KIR transcription by inducing the binding of c-Myc to the distal 

promoter. We hypothesize that the recruitment of c-Myc and the initiation of active 

transcription from the distal promoter may also be key steps in the removal of repressive 

epigenetic marks within KIR promoters during human NK cell development to allow for 

stable gene expression. 

In addition to identifying a novel distal promoter, our group has found that the 

conventional proximal KIR promoter exhibits bi-directional transcriptional activity, 

meaning that transcription can initiate in either the sense or antisense orientation. We 

observed a strong inverse correlation between the expression of KIR antisense 

transcripts and receptor expression on the cell surface, leading to the hypothesis that 

antisense transcripts directly participate in RNA-mediated transcriptional repression of 

individual KIR genes. We found that over-expressing full-length antisense transcripts 

during NK cell development led to an approximately 70% reduction in KIR expression 

compared to controls. Furthermore, we determined that full-length antisense transcripts 

are processed into a 28 base RNA with biochemical properties similar to those attributed 

to members of the PIWI family of small RNAs. We also demonstrate that the 28 base 
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sequence is necessary for antisense transcript-mediated repression of KIR gene 

expression. This work establishes a direct association between KIR antisense 

transcription and the initiation of DNA methylation within the KIR promoter. Further 

elucidation of the mechanisms that regulate KIR expression during NK cell development 

may provide a basis for new strategies in the design of NK cell-based therapies. 
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INTRODUCTION 
 
 

NK CELLS: BRIDGING INNATE AND ADAPTIVE IMMUNITY 
 

In vertebrates, the myeloid lineage comprises most of the cells of the innate 

immune system including macrophages, granulocytes, mast cells, and dendritic cells. 

Macrophages efficiently phagocytose and destroy pathogenic organisms and are 

referred to as the ‘first line of defense’ within the immune system. Dendritic cells are also 

phagocytic and play a critical role in initiating adaptive immune responses by presenting 

processed antigen. Granulocytes and mast cells respond to bacteria and larger parasites 

and are central to allergic responses. These cell lineages are characterized as ‘innate’ 

due to the fact that all of the receptors that they utilize in pathogen recognition are fixed 

within the germline and do not rearrange. 

The adaptive immune system dates back to approximately 500 million years ago. 

Phylogenic analyses suggest that a transposition event involving a recombination-

activating gene (RAG)-bearing element may have given rise to the rearranging antigen-

binding receptors of jawed vertebrates 1, 2. This event evolved to create a mechanism for 

deriving nearly unlimited variation from very few genes and is considered the defining 

point in the emergence of adaptive immunity. Adaptive immunity is initiated when the 

innate immune system fails to clear an infection. There are two major lymphoid cell 

lineages within the adaptive immune system: B cells, which mature in the bone marrow 

and produce circulating antibodies, and T cells, which mature in the thymus and 

recognize peptides presented by major histocompatibility molecules (MHC) on the 

surface of antigen presenting cells (APC).   

Natural killer cells do not rearrange DNA to generate antigen receptors and are 

thus regarded as innate immune cells. NK cells do, however, have a close, reciprocal 
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relationship with cells of the adaptive immune system. During experimental Leishmania 

infection, NK cells rapidly migrate into the lymph nodes and are found in close contact 

with dendritic cells and antigen-specific CD4+ T cells, providing the IFN-γ required for 

Th1 polarization 3. NK cells play a supportive role in B cell activation and promote 

isotype switching during B cell development 4-6. In addition to promoting the activation of 

the adaptive immune system, NK cells can dampen adaptive immune responses. Stress-

induced molecules recognized by activating NK cell receptors are upregulated on T cells 

following activation, making them susceptible to NK cell-mediated lysis in vitro 7-9. Thus, 

NK cells contribute to the resolution of adaptive immune responses via the elimination of 

activated T cells 10. This effect is particularly important in the context of NK cell-mediated 

mitigation of graft-versus-host disease (GVHD) 11. 

Natural killer cells induce apoptosis of virally infected and tumorigenic cells 

through the release of cytotoxic granules that are stored within secretory lysosomes. 

Cytotoxic granules contain the pore-forming proteins perforin and granulysin and a 

family of serine proteases known as granzymes 12. To ensure that NK cells do not kill 

indiscriminately, the exocytosis of secretory lysosomes is a tightly regulated process. 

First, an activating immunological synapse is formed at the point of contact between the 

NK cell and its target, which is accompanied by rearrangement of the actin cytoskeleton. 

Next, the microtubule-organizing center (MTOC) and the secretory lysosomes are 

polarized towards the lytic synapse. Finally, the secretory lysosomes fuse with the 

plasma membrane of the target cell and release their cytotoxic contents 13. 
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THE BASIS FOR NK CELL RECOGNITION 
 

The phrase “natural killer” was coined by a group of research scientists at the 

Karolinska Institute in Stockholm, Sweden in 1975 to describe a novel subset of 

lymphocytes found in the spleen and bone marrow that were able to lyse leukemia cells 

 

  

without preconditioning 14, 15.  One of the major questions that immediately arose from 

this study was how these newly discovered natural killer cells recognized their targets 

and effectively discriminated between leukemic and healthy cells. A clue came from 
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transplant studies where NK cells from non-immunized inbred B6D2F1 mice were able 

to reject C57BL/6 bone marrow grafts. This rejection appeared to involve 

histocompatibility antigens and was termed “hybrid resistance” 16.   

 The definitive answer to the question of NK cell recognition came in a landmark 

paper by Kärre et al. in 1986, in which the authors demonstrated that NK cells recognize 

the absence or reduced expression of self-MHC molecules as a signal for activation and 

lysis of targets (Figure 1). This type of recognition, termed the “missing self” hypothesis, 

was postulated by the authors to be a more primitive, but complementary defense 

system for eliminating cells that had altered MHC expression as a result of viral infection 

or cellular transformation and selection.  

 The “missing self” system of recognition is interesting from an evolutionary 

perspective, as the authors point out that their findings on NK cell recognition may relate 

to a fundamental difference between strategies for self-non-self-discrimination in 

invertebrates and mammals. In the invertebrate colonial tunicate Botryllus, a mechanism 

exists for detecting the presence or absence of self-markers encoded by a single locus 

with high polymorphism to control against self-fertilization 17. Kärre et al. speculate that 

such a system may have become fixed in mammals despite the development of adaptive 

immunity. Perhaps the selective pressures that lead to alterations in MHC expression 

require the presence of a back-up system that recognizes “missing self”. The authors did 

not identify any receptors expressed by NK cells that could mediate this activity, but they 

did speculate that NK cells likely express inhibitory receptors able to recognize self-MHC 

molecules 18. 

 The discovery and characterization of the MHC-specific inhibitory receptors Ly49, 

KIR, and CD94/NKG2A provided the molecular explanation for the “missing self” 

hypothesis. The Ly49 and KIR families of receptors bind to classical MHC class I 
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molecules in mice and humans respectively, and the CD94/NKG2A heterodimer binds to 

 

the non-classical MHC class I molecules Qa-1b in mice and HLA-E in humans 19-27.  

 The genes encoding the murine Ly49 complex are located on chromosome 6 in 

the NK gene complex 28. At least 14 functional inhibitory Ly49 genes and 5 activating 

Ly49 genes have been reported with considerable variation between different laboratory 
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mouse strains 29-36. The variegated, overlapping pattern of Ly49 protein expression was   

first discovered by flow cytometric analysis of the distribution of Ly49 on clonal 

populations of NK cells 19, 20, 37, 38. Subsequent studies demonstrated that, in adult 

C57BL/6 mice, each NK cell selectively expresses only a subset of the complete Ly49 

repertoire in a predominantly monoallelic fashion. Individual NK cells from C57BL/6 mice 

express from 0 to 5 different Ly49 genes with an average of 2 to 3 receptors per NK cell. 

Ly49 transcriptional expression appears to be stochastic, with expression frequencies 

following the product rule: the frequency of NK cells expressing 2 or more Ly49 genes is 

roughly equal to the product of each of the individual frequencies 39. 

 The C-type lectin superfamily of Ly49s includes both activating and inhibitory 

types. Inhibitory Ly49s include Ly49A, LY49G2, and Ly49C and signal through 

Immunoreceptor Tyrosine-Based Inhibitory Motif (ITIM) elements located within the 

cytoplasmic tail of the receptor (Figure 2) 40. Upon tyrosine phosphorylation, ITIM-

containing receptors are able to recruit the phosphatases SHP-1 and SHP-2 to mediate 

inhibitory function 41-47. The precise sequence of biochemical signaling events that 

regulate negative signaling is only partially defined. The Ly49A receptor recognizes H-

2Dd and H-2Dk 19, 48, 49, and the Ly49G2 recognizes H-2Dd and H-2Ld 20. The Ly49C 

receptor may recognize several ligands including H-2b, H-2k, and H-2s 37, 38, 50, 51.   
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The activating Ly49s, Ly49D, H, and P, associate with an Immunoreceptor 

 

  

Tyrosine-based Activating Motif (ITAM)-bearing transmembrane adaptor protein known 

as Dap12 52, 53. Ly49D and Ly49H also associate with another transmembrane adaptor 

protein known as Dap10 54. Ultimately, signaling through these receptors leads to natural 

cytotoxicity through the downstream signaling molecules PI3K, Erk1/2, and the Mapk 

p38 55-57. 

The human KIR gene cluster is located within the leukocyte receptor complex on 

chromosome 19, where they are arranged in a head-to-tail fashion spanning a region of 
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roughly 150 kb 58, 59. In general, KIR haplotypes contain 7-12 genes plus 2 pseudogenes. 

KIR genes are 80-90% identical to each other, and allelic variants of an individual KIR 

gene differ in sequence by less than 2% 60, 61. Two systems have been generated for 

naming KIR.  

The most commonly used system is based on protein structure and consists of 

four major subdivisions based on two features: the number of extracellular 

immunoglobulin-like domains (2D or 3D) and the nature of the cytoplasmic tail. 

Independent of the number of extracellular domains, the cytoplasmic domain of KIR 

molecules are either long (L) or short (S) 62. KIR with long cytoplasmic domains 

transduce inhibitory signals through tandem ITIM motifs. KIR with short cytoplasmic tails 

transduce activating signals via interaction with the adaptor molecule Dap-12, which 

contains ITAM motifs (Figure 2) 46, 52. The other naming system is based on the cluster of 

differentiation (CD) designations for KIR and is used infrequently since it lacks structural 

information 62. 

Extensive work has been done to determine the HLA class I specificity of KIR 

molecules through direct binding experiments, neutralizing antibody experiments and 

gene transfer. In general, the KIR2D molecules recognize an array of structurally distinct 

HLA-C ligands 63 and KIR3D molecules recognize the serologically defined HLA-Bw4 64-

66. Recognition of HLA-C and HLA-B ligands by KIR2D and KIR3D molecules, 

respectively, may be influenced by the nature of the peptides bound within the grove of 

the MHC class I complex 65, 67, 68, 69, 70. However, this concept is controversial, and the 

importance of the peptide in KIR recognition may simply be to stabilize the MHC class I 

complex 40.  

The third type of MHC class I-specific NK cell receptor is the CD94/NKG2A 

heterodimer, which belongs to the c-type lectin family of receptors. The ligand for 
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CD94/NKG2A is the non-classical class I molecule, HLA-E 27. The cross-linking of 

CD94/NKG2A results in the phosphorylation of ITIMs present in the cytoplasmic tail of 

NKG2A. As is the case with inhibitory Ly49 and KIR molecules, the phosphorylated 

ITIMs act as docking sites for the Src homology 2 domain-bearing tyrosine 

phosphatases SHP-1 and SHP-2 (Figure 2). The activated phosphatases can then 

suppress activation signals transduced by activating receptors 71, 72. A summary of Ly49, 

KIR and CD94/NKG2A receptors is shown in Figure 3.  

Another major NK cell inhibitory receptor is Leukocyte Immunoglobulin-like 

Receptor (LIR-1), which is related to, but distinct from KIR and binds MHC molecules. 

LIR-1 recognizes a variety of classical and non-classical HLA molecules, though the 

inhibitory function of LIR-1 on peripheral blood NK cells is predominantly attributed to its 

interaction with HLA-G 73, 74. The cytoplasmic tail of LIR-1 contains four ITIMs that recruit 

SHP-1 upon tyrosine phosphorylation 75. Blocking of LIR-1 and NKG2A in combination 

with anti-KIR blockade leads to significant killing of acute myeloid leukemia, suggesting 

that LIR-1 is clinically relevant 76.  

 

NK CELL DEVELOPMENT  
 

Human NK cells develop in the bone marrow from multipotent CD34+CD117-

CD94-CD16- hematopoietic progenitor cells that also have the potential to differentiate 

into dendritic cells, B cells or T cells 77, 78. This population has been given the name pro-

NK. The functional capacity to respond to the IL-15 cytokine through the expression of 

the IL-15 receptor is the defining characteristic of CD34-CD117+CD94-CD16- pre-NK 

cells, which develop from pro-NK cells.  
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IL-15 is typically regarded as the central cytokine supporting NK cell 

development in vivo 79-82. The binding of IL-15 to its receptor causes a conformational 

change within the receptor and activation of Janus kinase (JAK), which results in the 

recruitment and phosphorylation of signal transducer and activator of transcription 5 

(STAT5) 83. Tyrosine-phosphorylated STAT5 then forms homodimers and translocates to 

the nucleus to bind its target DNA and participate in the transcriptional activation of a 

plethora of important genes 84. Pre-NK cells are not fully committed to the NK cell 

lineage and maintain the potential to differentiate into T cells or myeloid dendritic cells 85. 

Pre-NK cells give rise to immature NK (iNK) cells, which have a CD34-CD117+/-

CD94+CD16- phenotype and lack multilineage potential. Although iNK cells appear to be 

committed to the NK cell lineage, they lack the two hallmark functions of NK cells: the 

ability to produce IFN-γ and mediate cytotoxicity against MHC class I-negative targets. 



 

 11 

 

  

These cells also lack CD94/NKG2, KIR, NKG2D, and CD16, all of which are expressed 

on subsets of mature NK cells 78. Within secondary lymphoid tissue, iNK cells develop 

into CD56bright cells, which are defined by high surface expression of the CD56 antigen, 

the acquisition of CD94/NKG2A, and very low levels of CD16 and KIR. CD56bright cells do 

not express intracellular perforin, but do secrete high levels of the inflammatory cytokine 

IFN-γ upon stimulation 86-88. 
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The final phase in human NK cell development appears to involve a transition 

from the CD56bright stage to a CD56dim stage. CD56dim NK cells have low surface density 

expression of CD56, limited proliferative potential and possess high levels of cytolytic 

granules. This cell population also expresses CD16, which mediates antibody-

dependent cellular cytotoxicity (ADCC), and KIR (Figure 4) 89, 90. The checkpoints that 

regulate human NK cell differentiation and the precise anatomical locations where each 

stage of development takes place are still unresolved issues. However, recent studies by 

the Caligiuri group suggest that secondary lymphoid organs in general and the lymph 

nodes in particular, may be crucial developmental sites for NK cells 78, 91. 

 

NK CELL EDUCATION 

 

Because mature CD56dim NK cells are cytolytic, they have the potential to destroy 

healthy tissues within the body unless a mechanism for establishing self-tolerance is in 

place. Several hypotheses to explain tolerance have been put forward throughout the 

years. An individual NK cell can simultaneously express multiple inhibitory receptors in 

an apparently stochastic manner 92. This finding led to the “at least one receptor” model, 

which posits that as long as each NK cell expresses at least one inhibitory receptor with 

self-MHC specificity, then the NK cell is tolerant 60, 92. This model has been disproven by 

recent studies showing that in both mice and humans, there is a substantial population 

of circulating NK cells that are phenotypically mature but do not express any known 

inhibitory receptor 93, 94. Other groups have suggested a “receptor calibration” model 

whereby the MHC repertoire of an individual might play a role in shaping the inhibitory 

receptor repertoire of individual NK cells during development 95, 96. However, there are 
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only minor differences in the percentage of NK cells expressing a given NK receptor in 

different MHC backgrounds, regardless of the receptor’s specificity 97. 

The answer to how NK cells achieve tolerance relates to a major paradox in NK 

 

  

cell biology: The “missing self” hypothesis predicts that NK cells in MHC-deficient 

individuals will be overtly autoreactive. However, when NK cells from these individuals 

were analyzed, the opposite result was observed. Instead of being hyper-reactive, these 
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NK cells exhibited poor killing of MHC-deficient targets despite appearing normal in 

tissue distribution, activation receptor expression and total numbers 98-104.  

In 2005, Kim et al. introduced the concept of ‘licensing’ using NK cells from MHC-

recombinant and transgenic mice. The authors utilized a single chain trimer (SCT) MHC 

class I molecule consisting of antigenic peptide-linker-β2m-linker-H-2Kb heavy chain as a 

single polypeptide (SCT-Kb). This artificial MHC molecule binds only one NK cell 

receptor (Ly49C). In SCT-Kb transgenic mice with KbDb and β2m deficiency, the artificial 

SCT-Kb molecule is the only MHC expressed. In these mice, only Ly49C+ NK cells 

showed enhanced functional competence to produce IFN-γ upon activation over NK cells 

from KbDb- and β2m-deficient mice. Thus, NK cells normally acquire functional 

competency through their MHC class I-specific inhibitory receptors interacting 

specifically with MHC molecules 105. A similar mechanism seems to be operant in 

humans, as specific interactions between individual KIR and their MHC class I ligands 

influences the functional capacity of human NK cells (Figure 5) 106.  

One recent study has presented a serious challenge to the “licensing” 

hypothesis. In 2010, the Lanier group reported that “unlicensed” NK cells were the main 

mediators of NK cell-mediated control of mouse cytomegalovirus infection in vivo. 

Depletion of these “unlicensed” cells impaired virus control, while depletion of “licensed” 

cells did not 107. Thus, it is possible that “licensing” is an in vitro phenomenon that does 

not accurately reflect the in vivo activity of NK cells. Another point of view that has been 

advanced by several groups is that “licensing” simply reflects a developmental process 

whereby inhibitory receptors are continually expressed in an orderly fashion throughout 

NK cell development until sufficient inhibitory signals are generated by interaction with 

autologous MHC class I. When this point is reached, the receptor pattern becomes fixed. 
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These cells represent the terminally mature, fully functional subset of NK cells that 

circulate within the peripharal blood 94, 97, 108. The molecular mechanisms that underpin 

the phenotypic observations related to NK cell tolerance are still a matter of speculation 

and represent one of the most active areas of interest in the NK cell field. 

 

EVOLUTION OF THE KIR GENE LOCUS 
 

About 70 million years ago, a massive extinction of dinosaurs allowed mammals 

to explore new environmental niches and multiply across the earth. During this period of 

radiation, rodents, primates and other mammalian orders separated and underwent 

natural selection and genetic drift 109. This process shaped gene families through 

recombination, the acquisition of new genes, and the preservation of old genes. Within 

the MHC class I gene locus and the gene loci that encode MHC-specific families of 

receptors there is abundant evidence for such evolution 110. 

 Most NK cell receptors can be classified into one of two structural types 

depending on whether their extracellular, ligand-binding domains resemble 

immunoglobulin domains or the carbohydrate-recognition domains of C-type lectins. 

Gene families that encode immunoglobulin-like receptors, for example KIR, are clustered 

in the leukocyte receptor complex (LRC) 111. Gene families that encode lectin-like 

receptors, for example Ly49, are present in a chromosomal region known as the NK 

complex (NKC) 28. The MHC, LRC, and NKC are on different chromosomes. In humans, 

they are located at 6p21.3, 19q13.4, and 12p12-13 respectively. Although the overall 

form and function of these gene complexes has been maintained since the rodent and 

primate lineages split, the details of these families have changed markedly.              
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Today, an expanded cluster of functional Ly49 genes is present in mice, rats, and 

horses 112, 113. A single Ly49 gene is present in the NKCs of higher primates and exists 

as a pseudogene in humans 114. The functions of the Ly49 genes have been usurped by 

the KIR genes in primates. Reciprocally, the rat LRC encodes one KIR gene, and the 

two KIR genes of the mouse are located away from the LRC on the X chromosome 115, 

116.  

KIR haplotypes can be divided into two general types: the A and B haplotypes. 

Individuals with an A haplotype contain KIR3DL3, KIR2DL3, KIR2DL1, KIR2DL4, 

KIR3DL1, KIR2DS4, and KIR3DL2 and two pseudogenes. The B haplotypes are more 

variable and are characterized by the presence of more than one activating KIR gene 

that is not found in the A haplotype. All human populations studied have both group A 

and group B haplotypes represented. However, the relative frequencies vary between 

populations. In Caucasians, the frequency of B haplotypes is high relative to A 117. The 

Japanese have a predominance of group A haplotypes 118, and Aboriginal Australians 

have a predominance of group B haplotypes 119. The fact that no extant human 

population has lost either haplotype suggests that they have complementary functions 

that have combined to promote competition and survival.  

KIR genes coding for receptors with two immunoglobulin-like domains appear to 

have been derived from genes coding for receptors with three immunoglobulin-like 

domains by skipping of an exon. In some cases, the skipped exons have incurred 

mutations, which may provide the means by which the skipped exon is eliminated from 

the transcript 120. 

Despite the differences in protein structure and evolutionary origins, Ly49 and 

KIR gene clusters are extraordinarily similar with regards to function, diversity and 
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expression patterns. They are a fascinating example of convergent evolution between 

species. 

 

TRANSCRIPTION WITHIN THE MURINE LY49 LOCUS 
 
 The presence of a promoter immediately upstream of the first exon was initially 

reported for Ly49A 121 and subsequently reported for Ly49C, Ly49D, Ly49F, Ly49G, and 

Ly49I 122-124. In 2002, the Anderson group reported a novel Ly49 promoter several 

kilobases upstream of the previously described Ly49 promoter region 125. This novel 

distal promoter was named Pro1, and the previously characterized promoters adjacent 

to the first and second exons of the Ly49 genes were renamed Pro2 and Pro3 

respectively 126. A Pro1 regulatory element was identified upstream of all of the inhibitory 

Ly49 genes that are expressed by NK cells, and Pro1 transcripts from several inhibitory 

Ly49 genes were detected in immature NK cells derived from fetal thymus, liver, and 

bone marrow, but not from mature splenic NK cells 125.  

The absence of Pro1 transcripts in mature NK cells suggests that Pro1 is 

involved in the initial activation of Ly49 genes in immature NK cells. The association of 

the Pro1 element with gene activation was supported by the finding that the Pro1 

fragments isolated from most of the inhibitory Ly49 family members studied exhibited 

significant promoter activity, with the exception of Ly49J. The Ly49J Pro1 element 

harbors a deletion within the site of transcriptional initiation as well as a suboptimal 

TATA box 125. Ly49J and Ly49C are highly related genes that are expressed at 

substantially different frequencies on mature murine NK cells (5 versus 50%) 127. The 

depressed Pro1 promoter activity in Ly49J relative to Ly49C may provide an explanation 
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for the distinct frequencies of expression for these genes that possess identical Pro2 

promoter activity 30.  

A more detailed in vitro analysis showed that the Ly49G Pro1 element possesses 

bi-directional promoter activity. The Pro1 element actually consists of two overlapping 

 

 

promoters in opposite orientations, indicating that Pro1 could act as a ‘molecular switch’ 

capable of choosing between forward transcription of the Ly49 coding region and the 

production of non-coding antisense transcript in the reverse direction.  
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To study the switching behavior of the Pro1 element, the Anderson group 

developed a two-color protein expression vector to track forward and reverse 

transcription simultaneously in living cells. The Ly49G Pro1 element was cloned in 

between yellow fluorescent protein (YFP) and cyan fluorescent protein (CFP) sequences 

so that forward transcription could be detected by YFP expression and reverse 

transcription could be detected by CFP expression in a stably transfected NK cell line. A 

single-cell clone containing the two-color vector under control of the Ly49G Pro1 

element produced a variegated cell population with approximately equal numbers of 

YFP- and CFP-expressing cells. Time-lapse imaging showed that, prior to cell division, 

both YFP and CFP could be expressed simultaneously. Daughter cells then stably 

expressed either YFP or CFP but not both proteins. This result shows that the choice of 

forward or reverse transcription is not determined by the relative concentrations of 

transcription factors since the two copies of the Pro1 element in a dividing cell are able 

to choose different transcriptional orientations. Instead, these results favor a model 

whereby the Pro1 element is capable of making a probabilistic choice between forward 

and reverse transcription based on the outcome of competition between the transcription 

factors C/EBP-δ, NF-κB, p50 and TBP for binding sites within the overlapping Pro1 

element 128. 

DNA hypomethylation of the Ly49A and Ly49C Pro2 regions correlates with 

active gene expression, and these promoter regions are densely methylated in fetal NK 

cells, suggesting that the locus exists in a default closed state prior to activation 129. The 

forward transcript that originates from Pro1 is predicted to open the Pro2 promoter 

region by displacing a proposed silencing element associated with the inhibitory element 

identified adjacent to the Pro2 promoter at some point during NK cell development 126. 
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The prediction that forward transcription from Pro1 is required for Ly49 gene activation is 

also supported by the observation that Ly49A transgene expression is completely 

abrogated in vivo if the Pro1 switch element is deleted 130. 

 

TRANSCRIPTION WITHIN THE KIR LOCUS 
 
 Studies of transcriptional regulation within the KIR locus are centered on the 

observation that cytosine-phospho-guanine (CpG) dinucleotides are densely methylated 

within the promoter region immediately upstream of the first exon of silent KIR alleles 131-

133. DNA methylation is a postreplicative process whereby the methyl group is 

transferred from S-adenosyl methionine to cytosines in DNA by DNA methyltransferase 

enzymes. The reaction involves base flipping, where a cytosine base is ejected from the 

DNA helix into an extrahelical position so that it can be accessed and methylated by 

methyltransferases 134. The concept of DNA methylation controlling tissue-specific gene 

expression was first proposed 35 years ago 135, 136, and subsequent studies have shown 

that DNA methylation correlates with significantly reduced transcription in the context of 

X chromosome inactivation, gene imprinting, and gene transduction 137-139.  

Mature NK cells express clonally restricted KIR genes, such as KIR3DL1, 

KIR3DL2, and KIR2DS4, in a predominantly monoallelic fashion, meaning that 

transcription is active from only one allele in receptor-positive cells. The promoter region 

of the open allele is hypomethylated, and the promoter region of the silent allele is 

hypermethylated. The KIR2DL4 gene, with its unique promoter sequence relative to the 

other KIR genes, exhibits hypomethylation and biallelic expression in all NK cells. 

Interestingly, the KIR locus is the only reported example of both monoallelic and biallelic 

expression within a single gene complex 132.  



 

 21 

 The question of how DNA methylation patterns are established within the KIR 

locus remains open. CD34+ hematopoietic precursor cells, which give rise to human NK 

cells, exhibit dense methylation within the promoters of KIR genes 140. Therefore, it 

stands to reason that at some stage during human NK cell development, KIR promoters 

can become demethylated. Chan et al. proposed that sequence-specific factors recruit 

DNA demethylase enzyme complexes to KIR genes during NK cell development. If the 

proteins that constitute the demethylation complex are present in limited amounts, KIR 

genes could be demethylated in a stochastic fashion that matches the observed receptor 

expression profiles 133. Evidence in support of this theory is still lacking. Another 

hypothesis put forth by van Bergen et al. to account for the transcriptional pattern within 

the KIR locus posits that specific transcription factors could be present in limiting 

amounts, thus making them determinants of the probability of KIR expression 141. Yet a 

third potential explanation for how KIR transcription is regulated involves the 

transcription of functional noncoding RNAs within KIR promoters during NK cell 

development. 

 In 2007, Steve Anderson’s group at the National Cancer Institute identified a 

distal KIR promoter approximately 1 kb upstream of the previously characterized 

proximal promoter. Reverse transcriptase-polymerase chain reaction (RT-PCR) and 

RNase protection assays were used to detect spliced distal KIR transcripts, which are 

expressed at an approximately 7-fold lower level than transcripts initiating from the 

proximal promoter 142. In a separate publication, the Anderson group reported on the 

identification of bi-directional activity within the KIR proximal promoter. Polyadenylated 

antisense transcripts were cloned from several KIR genes by rapid amplifications of 3’ 

cDNA ends (3’ RACE), and a canonical polyadenylation signal at -409 bp relative to the 

KIR3DL1 start codon was used by the majority of the antisense transcripts that were 
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analyzed. Interestingly, KIR3DL1 antisense transcripts were only detected in NK cells 

lacking KIR3DL1 surface protein, suggesting that they may play a role in silencing 

transcription 143. Modulation of KIR bi-directional activity appears to result from 

polymorphisms in the YY1 and Sp1 transcription factor binding sites that flank the core 

promoter region. In vitro promoter assays showed that disruption of the YY1 site is 

associated with increased promoter activity in the reverse orientation, while 

polymorphisms in the Sp1 site correlate with increased promoter activity in the forward 

direction. These results suggest that Sp1 binding has an inhibitory effect on forward KIR 

transcription, and YY1 binding attenuates antisense transcription 143, 144. 

 The identification of developmentally regulated intergenic transcription within the 

5’ regulatory regions of multiple clonally restricted KIR genes led to the hypothesis that 

there is a stage during human NK cell development where KIR genes become 

accessible, and transcription initiates in the forward or reverse direction in a probabilistic 

fashion from the bi-directional proximal promoter. If transcription is initiated in the 

reverse direction, then antisense transcripts are generated. These transcripts may be 

involved in the establishment of epigenetic modifications, such as DNA methylation, that 

lead to stable silencing of KIR gene expression. Several groups have provided evidence 

for RNA-mediated transcriptional silencing in human cells. siRNAs 145, miRNAs 146, and 

long non-coding antisense RNAs 147 have all been implicated in the establishment of 

repressive epigenetic marks within gene promoter regions. If transcription is initiated in 

the forward direction, then sense transcripts are generated, and stable transcription is 

maintained. Our current view of Ly49 and KIR gene transcriptional regulation is shown in 

Figure 6.  
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CLINICAL RELEVANCE OF KIR 
 
 Significant advances have taken place during the previous decade with regards 

to the use of NK cells during hematopoietic transplantation to treat leukemia. HLA-

matched allogeneic hematopoietic transplantation has been performed widely for the 

treatment of various types of leukemia and lymphomas, as donor T cells within the graft 

can eradicate malignant cells through a graft-versus-leukemia (GVL) effect. 

Unfortunately, donor T cells also mediate graft-versus-host disease (GVHD), which is an 

immunological attack on recipient tissues. The occurrence of GVHD and the powerful 

immunosuppressive drugs needed to treat it are major causes of relapse or infection, 

resulting in transplant failure. Complicating the situation further, a significant percentage 

of individuals in need of a transplant do not have matched sibling or unrelated donors. 

However, nearly all patients in need of a transplant have a family member who is 

identical for one HLA haplotype and fully mismatched for the other. 

 Grafts from mismatched donors can be used for transplantation if they are first 

extensively depleted of T cells to prevent GVHD. These grafts contain large numbers of 

hematopoietic stem cells, which help overcome rejection and reconstitute the recipient’s 

immune system 148, 149. Natural killer cells recover early within the recipient of a T cell-

depleted graft and have the potential to mediate a GVL response. In 2002, Ruggeri et al. 

reported that the KIR expression pattern on donor NK cells was independently predictive 

of relapse-free and GVHD-free survival in hematopoietic transplants from HLA 

haplotype-mismatched donors in the treatment of acute myeloid leukemia (AML). KIR 

ligand mismatch was defined by absence in the recipient of at least one HLA class I 

allele group recognized by donor KIR 150. Several groups are interested in selecting the 

optimal KIR-HLA mismatch combination for the treatment of AML.  
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The authors of one multicenter study published in 2009 demonstrated a 30% 

improvement in the relative risk of relapse-free survival with B haplotype donors 

compared with A haplotype donors for patients undergoing T-replete hematopoietic cell 

transplantation for AML. This effect was independent of the KIR status of the transplant 

recipient 151. Group A haplotypes have a fixed number of genes encoding inhibitory KIR, 

whereas group B haplotypes have variable KIR gene content and include at least one 

gene coding for an activating KIR. Interestingly, the clinical benefit of a group B donor 

did not appear to depend upon the presence of any particular activating KIR gene, nor 

was there an association with an increasing number of activating KIR 151. To fully 

understand the implications of these findings more work needs to be done to define 

activating KIR ligands. More studies are also needed to determine how signaling through 

KIR are integrated by NK cells and how the integration of these signals affects NK cell 

development and function. Another clinical context where KIR expression profiles are 

predictive of survival is HIV progression to AIDS. 

Protection against viral infections is a defining characteristic of NK cells. Recent 

studies have shown that the presence of particular alleles of KIR3DL1 and KIR3DS1 in 

combination with specific HLA-B allotypes is protective against the progression of HIV 

152, 153. The ligands for the inhibitory KIR3DL1 are HLA-B molecules that contain the Bw4 

motif at positions 77-83 154, particularly the subset of Bw4 allotypes that contain an 

isoleucine residue at position 80 (Bw4-80I), as opposed to those that contain a threonine 

at that position (Bw4-80T) 155-157. The ligands for KIR3DS1 are not definitively known, but 

the molecule shares 97% sequence similarity with KIR3DL1 and may recognize a similar 

set of ligands. The combination of KIR3DS1 and Bw4-80I is associated with a slower 

progression to AIDS 152, lower viral loads, and a reduction in the number of opportunistic 
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infections during HIV infection 158. Presumably, the KIR3DS1-Bw4-80I interaction 

activates NK cells and augments their cytotoxicity against HIV-infected cells.  

A strong protective effect against the progression of HIV to AIDS has also been 

correlated with the KIR3DL1-Bw4-80I interaction 158. This finding seems contradictory, as 

KIR3DL1 is an inhibitory receptor. However, in light of the fact that inhibitory receptor 

interactions are necessary for the acquisition of functional competency during NK cell 

development, these results make sense. The authors suggest that when HIV infection 

disrupts the KIR3DL1-Bw4-80I interaction, these NK cells lose the major source of their 

inhibition and are poised to kill the HIV-transformed cell 153. In addition to transplantation 

and HIV infection, KIR are also clinically relevant in the context of cytomegalovirus 

infection 159, cervical neoplasia, and preeclampsia 160. 

The role of NK cells in pregnancy is an emerging area of research. Upon 

implantation of an embryo during pregnancy, the blood vessels in the outer endometrium 

undergo remodeling and transform into a tissue called the decidua. Maternal NK cells 

constitute the majority of the leukocytes in the decidua and are critical for tissue 

remodeling. Preeclampsia is a potentially life-threatening disorder that affects 5-10% of 

pregnancies and is caused by incomplete remodeling of the endometrium 161. A recent 

study by Hiby et al. demonstrated a statistical association exists between preeclampsia 

and the absence of activating KIR 160. Presumably, these inhibited NK cells cause 

trophoblast cells to prematurely cease their remodeling during pregnancy. Conversely, 

hyperactivated decidual NK cells may promote spontaneous abortion 162. In these 

studies, as is the case with the function of NK cells in transplantation to treat cancer, the 

association of KIR and disease outcomes is not a simple all-or-nothing phenomenon. 

Significant variability exists in patient groups, making predictions based on KIR and HLA 

genotypes quite difficult.  
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THE TRANSCRIPTION FACTOR c-MYC ENHANCES KIR 
GENE TRANSCRIPTION THROUGH DIRECT BINDING TO 

AN UPSTREAM 
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The killer cell immunoglobulin-like receptor (KIR) repertoire of NK cells 

determines their ability to detect infected or transformed target cells. Although epigenetic 

mechanisms play a role in KIR gene expression, work in the mouse suggests that other 

regulatory elements may be involved at specific stages of NK cell development. Here we 

report the effects of the transcription factor c-Myc on KIR expression. c-Myc directly 

binds to, and promotes transcription from, a distal element identified upstream of most 

KIR genes. Binding of endogenous c-Myc to the distal promoter element is significantly 

enhanced upon IL-15 stimulation in peripheral blood NK cells and correlates with an 

increase in KIR transcription. In addition, the over-expression of c-Myc during NK cell 

development promotes transcription from the distal promoter element and contributes to 

the overall transcription of multiple KIR genes. Our data demonstrates the significance of 

the 5’ promoter element upstream of the conventional KIR promoter region and supports 

a model whereby IL-15 stimulates c-Myc binding at the distal KIR promoter during NK 

cell development to promote KIR transcription. This finding provides a direct link 

between NK cell activation signals and KIR expression required for acquisition of effector 

function during NK cell education.   
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INTRODUCTION 
 

Killer immunoglobulin-like receptors (KIR) constitute a polymorphic gene family 

containing 15 genes and 2 pseudogenes located on chromosome 19q13.4.  Although 

inhibitory KIR recognize HLA class I molecules, the natural ligands for activating KIR are 

less clear, even though some activating KIR fusion proteins bind class I with low affinity 

163. Despite their divergent function, both types of KIR are expressed in a variegated 

manner on the surface of NK cells and distinct subsets of T cells 47. Because NK cells 

can be triggered by either downregulation of HLA molecules or the induction of stress-

related molecules on the surface of tumor targets, NK cell-based strategies hold promise 

for the successful treatment of both hematopoietic and solid tumors 164. Genetic studies 

have also shown that particular combinations of KIR and their HLA ligands can impact 

the course of HIV-1 and HCV infections 152, 165. Therefore, an elucidation of the factors 

that influence KIR gene transcription and a more thorough understanding of how KIR 

signaling affects NK cell development are needed to understand how to manipulate the 

innate immune system for therapeutic purposes. 

 Progress in the elucidation of how KIR genes are regulated has been limited due 

to the complexity of the KIR gene locus and the fact that KIR genes are not present in 

model rodent species, which are amenable to genomic manipulation. The conventional 

250 bp core promoter located in the 5’ region just proximal to the translational start site 

has been characterized in detail for many KIR genes 141, 166, 167. However, an entire 2 kb 

intergenic region exists upstream of the translational start site for each KIR gene with the 

exception of KIR2DL4, which has a 14 kb upstream intergenic region 168. A recent report 

has identified the presence of active distal KIR promoter elements and spliced 

transcripts originating from these elements 142.  
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   Because the distal promoter contains a Myc-binding site 142, we hypothesized 

that c-Myc can bind to the distal promoter element and directly affect KIR expression. c-

Myc is a basic helix-loop-helix leucine zipper transcription factor that binds E-box DNA 

motifs as a heterodimer with Max, resulting in transcriptional activation or silencing of 

target genes 169-171. Many major cellular processes, including cell cycle entry 172, 

proliferation 173, cell size regulation 174, and apoptosis 175 are influenced by c-Myc 176, 177. 

c-Myc is particularly interesting in the context of KIR transcriptional regulation 

since c-Myc functions as a downstream component of the IL-15 signaling pathway 

during CD8+ T cell homeostasis 178, and the IL-15 pathway is critical for NK cell 

maturation 179, activation upon infection in the periphery 180 and homeostasis 181. In the 

present study we demonstrate a direct, functional interaction between c-Myc induced by 

IL-15 and the distal KIR promoter element and show that full-length KIR transcripts are 

transcribed from the distal promoter element early during development of the NK cell 

KIR repertoire. 
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RESULTS 
 
The transcription factor c-Myc binds to the distal promoter element of multiple KIR 

genes 

To investigate the functional significance of the distal promoter element, the 5’ 

intergenic region preceding each KIR gene was scanned for potential transcription factor 

binding sites using TFSEARCH (http://www.cbrc.jp/research/db/TFSEARCH.html). A 
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putative Myc-binding site was identified within a L1 repeat region approximately 1.1 Kb 

upstream of the classical transcriptional start site for 11 separate KIR genes (Figure 1A). 

While the KIR3DL1 and KIR3DS1 promoters contain Myc sites that match the 

consensus sequence completely, the other 9 KIR genes in the alignment have 

polymorphisms inside of the Myc-binding region.   

To test whether each of these polymorphic sites are still capable of binding Myc, 

we designed Electric Mobility Shift Assay (EMSA) probes for the Myc consensus 

sequence, KIR3DL1 (A-to-G change), KIR2DL1 (T-to-C change), KIR2DS3 (T-to-G 

change), KIR2DL2 (C-to-T change), and KIR2DL5 (TG-to-CA change). The position of 

each probe relative to the proximal transcriptional start site of each KIR gene is shown in 

Figure 1B. With the exception of KIR2DL2, each KIR probe bound Myc as evidenced by 

the gel shift for KIR3DL1, KIR2DL1, KIR2DS3, and KIR2DL5 (Figure 1C, Lanes 3-7). 

The fact that the KIR2DL2 probe did not bind Myc implies that the C-to-T change relative 

to the consensus abrogates binding at that site for KIR2DL2, -2DS2, -2DL3, and -3DL2. 

This lack of binding prompted us to look more closely at this particular set of KIR 

promoters. Upon further evaluation, we found that, due to a 406 base pair deletion and a 

317 base pair insertion in the intergenic region compared with the other KIR genes, a 

perfect Myc consensus site exists within an Alu repeat region 1190 base pairs upstream 

of the transcriptional start site for KIR2DL2, -2DS2, -2DL3, and -3DL2 (Figure 1A and D).   

To confirm that this site is capable of binding c-Myc, we designed a new EMSA probe 

(KIR2DL2-1190) spanning the Myc site within the Alu repeat (Figure 1B). We observed c-

Myc binding to the KIR2DL2-1190 probe as expected (Figure 1C, Lane 9). Blocking 

antibodies against c-Myc and its binding partner, Max, were tested to ensure specificity 

of the assay. The addition of anti-c-Myc or anti-Max blocking antibodies resulted in a 

significant decrease in the KIR2DL2-1190 probe shift (Figure 1C, Lanes 10-11). Control 
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blocking antibodies against the transcription factors CREB and YY1 did not interfere with 

the probe shift (Lanes 12-13). 

 

c-Myc drives transcription from the KIR3DL1 promoter through a direct interaction 

with the Myc site in the distal promoter element. 

Having established that c-Myc is able to bind to the KIR distal promoter element, 

we next wanted to determine whether c-

Myc could directly promote KIR  
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transcription. We cloned a 1253 bp fragment of the KIR3DL1 promoter, which we refer to 

as the “full” KIR3DL1 promoter 

region and a 433 bp fragment, 

which we refer to as the “distal” 

KIR3DL1 promoter region. We 

then used a bridging PCR 

strategy to specifically eliminate 

the distal Myc-binding site from 

each fragment (Figure 2A). 

The same strategy was used to 

clone the KIR2DL3 full 

promoter region. Each intact 

and mutant fragment was 

tested using a dual luciferase assay for transcriptional activity in the NKL cell line. The 

transcriptional activities of both the distal promoter region alone and the full KIR3DL1 

promoter region were significantly decreased by the elimination of the Myc-binding site, 

demonstrating the direct contribution of c-Myc in enhancing KIR3DL1 promoter activity. 

The full KIR2DL3 promoter luciferase activity was similarly reduced with the elimination 

of the Myc site (Figure 2B). 

 

Transcription from the distal promoter element occurs in NK cell precursors. 

In order to determine whether the distal promoter element is active during normal 

human NK cell development, we designed primers to specifically detect KIR transcripts 

originating upstream of the classical proximal promoter. Due to the extensive homology 
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of the KIR genes and promoter regions, we were unable to select primers specific for 

single KIR genes. Therefore, we designed primers for RT-PCR that amplified a region 

initiating upstream of the proximal promoter and extending to the stop codon of 

KIR2DL1, KIR2DL2, and 

KIR2DL3 (Figure 3A). 

Mononuclear cells from 

umbilical cord blood of healthy 

donors were depleted of CD3+ 

and CD14+ cells to eliminate 

thymocytes and monocytes and 

sorted to obtain populations of 

uncommitted lymphoid 

progenitor cells (CD34+CD7-), 

committed NK cell precursors 

(CD34-CD7+), and fully 

committed NK cells (CD56+). 

We have previously shown that the CD34-CD7+ cord blood fraction is highly enriched for 

NK cell progenitors. Transcripts were absent from the uncommitted CD34+CD7- 

population, but were present in the CD34-CD7+ NK cell precursor population (Figure 3B), 

which is consistent with a previous analysis of KIR expression during NK cell 

development 182. The early timing of KIR transcription from the distal promoter element 

suggests that the distal promoter element is active at the initiation of KIR expression 

during human NK cell development. 
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IL-15 drives KIR expression and induces c-Myc binding to the distal KIR promoter 

element in peripheral blood NK cells 

To test whether c-Myc is induced by IL-15 signaling in human NK cells, we 

isolated CD56+ NK cells from the peripheral blood of healthy donors and stimulated 

these cells with 10 ng/ml exogenous recombinant human IL-15. After 24 hours of IL-15 

stimulation, c-myc transcript levels were increased approximately 50 fold and began to 

decline by 48 hours (Figure 4A), suggesting that IL-15 is a rapid, potent stimulator of c-

myc transcription in 

NK cells. IL-2 

stimulation resulted 

in a similar increase 

in c-myc transcript 

levels (data not 

shown).  

 While it is 

known that 

stimulation with 

either IL-15 or IL-2 

can enhance KIR 

expression 183, 184, a 

direct link between stimulation and transcription factor binding within the KIR promoter is 

lacking. Therefore, we isolated KIR-CD56+ NK cells from peripheral blood and stimulated 

these cells ex vivo with IL-15. KIR expression was rapidly induced in KIR- cells as 

measured by both surface staining with monoclonal antibodies and by quantitative RT-

PCR (Figures 5A and B). Importantly, distal transcripts for KIR2DL3, KIRs 
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2DL1/2DL2/2DL3/2DS1/2DS2 (2D Distal), and KIR3DL1 were also strongly induced by 

IL-15 stimulation (Figure 5B).       

 To test the hypothesis that IL-15 stimulation induces c-Myc binding at the distal 

promoter element, we performed a chromatin immunoprecipitation (ChIP) assay with 

freshly isolated peripheral blood NK cells and cells that were stimulated ex vivo with IL-

15 for 48 hours. The primers used in the ChIP assay perfectly match the KIR3DL1 and 

KIR2DL1 distal promoters, and sequencing of PCR products showed that KIR3DL1 was 

the predominant product. Thus, most of the enrichment in this assay is coming from the 

KIR3DL1 distal promoter. c-Myc binding to the KIR distal promoter element was  

approximately 48 fold higher in NK cells stimulated with IL-15 compared with 

unstimulated controls (Figure 4B). Therefore, the induction of c-myc transcription by IL-

15 correlates with binding of the transcription factor to the KIR distal promoter element. 

 

c-Myc overexpression promotes KIR acquisition in developing NK cells. 

 Because the signaling events that occur downstream of IL-15 binding to its 

receptor complex are multifarious 185, we wanted to look specifically at the ability of c-

Myc to promote KIR expression in NK cells. To this end, we transduced CD34+ 

hematopoietic precursor cells with either eGFP or c-Myc retroviral constructs and 

differentiated these cells in vitro for 21 days. Over-expression of c-myc transcript after 21 

days in culture was confirmed by quantitative RT-PCR (Figure 6A). Cells from c-Myc-

transduced and control cultures were analyzed by flow cytometry for KIR expression.  c-

Myc over-expression enhanced NK cell maturation, as measured by the percentage of 

CD56+ cells in culture, as well as the percentage of KIR+ NK cells (14.5% ± 1.95% vs. 
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3.01% ± 0.29%, n = 28, p = 0.0025) (Figure 6B). We also 

 

performed quantitative RT-PCR using cells from day 21 cultures and observed a  

statistically significant increase in the expression of variegated KIR transcripts and 

transcripts originating from the distal promoter element (Figure 6C and 6D).  
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c-Myc overexpression leads to de novo KIR acquisition in the NK92 cell line. 

The NK92 cell line does not 

express most KIR, with the 

exception of KIR2DL4, due to 

extensive CpG DNA methylation 

within the KIR promoters 132. To 

determine whether c-Myc 

expression can induce de novo 

KIR expression in this line, we 

transduced NK92 cells with either 

eGFP or c-Myc retroviral 

constructs.  After a period of 4 

weeks, c-Myc-transduced NK92 

cells began to express KIR, whereas GFP-transduced cells remained KIR-negative 

(Figure 7A and 7B). KIR-positive and KIR-negative cells from c-Myc-transduced cultures 

were sorted with >98% purity and placed back into culture. After 8 weeks, approximately 

one-third of the cells in the KIR-negative culture acquired KIR (Figure 7C). Nearly two-

thirds of the cells in the KIR-positive culture retained KIR expression, suggesting that c-

Myc can stably maintain KIR expression in NK92 cells (Figure 7D). 
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DISCUSSION 
 

We have shown that KIR transcription can originate from an upstream regulatory 

region in the non-coding sequence of most KIR genes. Despite some polymorphism at 

this Myc site, transcription is activated by direct Myc binding. The physiologic 

mechanism is triggered through IL-15, providing an important link between signals 

required for NK cell development and KIR acquisition. These mechanisms are operant in 

NK cell lines, primary blood NK cells and NK cells derived from early progenitors. This 

provides definitive evidence that IL-15 is not only important for development and 

homeostatic expansion 179, 181 but also for generation of the NK cell repertoire. 

 It is well established that the DNA methylation status of CpG islands within the 

promoter region proximal to the translational start site is predictive of KIR gene 

expression. For those KIR alleles that are expressed in a variegated fashion, promoter 

hypomethylation is strongly correlated with active transcription, while those alleles that 

are hypermethylated are silent 132. DNA methylation may inhibit KIR gene expression by 

blocking access of transcription factors that are necessary for the initiation of 

transcription 139. However, the regulatory elements directly responsible for the induction 

of KIR expression have not previously been determined.   

Our study was based on the description of a novel distal promoter element, 

referred to as Pro 1, first identified upstream of the previously studied Ly49g promoter in 

murine NK cells 125. The Ly49 family of MHC class I receptors are expressed in a 

variegated fashion and are the functional analogs of KIR 40. The Pro 1 element is 

expressed only in immature murine NK cells and has bidirectional activity due to the 

presence of overlapping, divergent promoters. The direction of transcription from Pro 1 is 
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determined by competitive interactions between transcription factors such as NFκB, 

C/EBP, and TBP binding to forward or reverse TATA and C/EBP elements 128.  

The mechanism of KIR gene transcription is distinct from that of the Ly49 genes. 

The KIR distal promoter element does not have bi-directional activity 143, and as shown 

here, is responsive to direct c-Myc binding rather than NFκB and C/EBP as seen in the 

mouse. The Myc sites identified 1150 base pairs upstream of the translational start sites 

of the KIR3DL1/3DS1/2DL1/2DL5/2DS1/2DS3/3DS2 genes are located within an L1 

repeat, which is a non-LTR retrotransposon of the long interspersed element family. The 

Myc sites identified 1190 base pairs upstream of the translational start sites of the 

KIR2DL2/2DS2/2DL3/3DL2 are located within a 317 base pair Alu insertion (Figure 1D). 

The presence of L1s and Alus within the genome allows for DNA mispairing and unequal 

crossing over, which can lead to the deletion or duplication of sequences between the 

repeats 186. A significant percentage of L1 retrotranspositions are also involved in exon 

shuffling and the swapping of regulatory sequences via 3’ transductions 187. This is 

particularly interesting in the context of the evolutionary history of the KIR genes in light 

of a recent analysis suggesting that unequal crossing over is responsible for expansion 

and contraction within the KIR locus 188.  

We show that full-length KIR transcripts originate from the distal promoter 

element in committed NK cell precursors, and there appears to be a 1:1 ratio between 

the levels of transcription from the distal promoter element and total KIR transcript 

levels. In mature NK cells, there is approximately 5-fold more proximal transcript due to 

the higher activity of the proximal promoter. Thus, the KIR distal promoter element 

seems to act either independently or synchronously with the proximal promoter to 

promote forward transcription within individual KIR genes.   
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We detected transcripts originating from the KIR distal promoter in a NK cell 

progenitor-enriched CD34-CD7+ population isolated from umbilical cord blood (Figure 3). 

Because KIR are not detected on the surface of NK cells before commitment to the NK 

cell lineage, as defined by CD56 expression, we suggest that transcription is initiated at 

low levels from the distal promoter in NK cell progenitors, but translation does not take 

place until a later stage of development. The same phenomenon has been described for 

IL-2Rβ (CD122) expression in human NK cell development where low levels of CD122 

transcript can be detected in progenitors, but protein cannot be detected on the surface 

of cells until cells are fully committed to the NK cell lineage 78. 

Our results are consistent with the current proposed model for human NK cell 

development. We have shown that CD56dim KIR-negative cells can acquire KIR upon 

stimulation with exogenous IL-15, implying that IL-15 alone is sufficient for KIR 

expression. These findings are consistent with a recent study showing that high doses of 

IL-2 can induce KIR expression on CD56dim KIR-negative NK cells 183, 184.  

Whether CD56bright cells differentiate into CD56dim KIR-negative cells that 

subsequently acquire KIR or whether CD56bright cells differentiate separately into CD56dim 

KIR-negative and CD56dim KIR-positive cells has not been formally addressed. However, 

our results support the former possibility since KIR expression can be induced by 

cytokine signaling, suggesting that the recently described CD56dim KIR-negative 

population of NK cells may represent an immature population within the continuum of NK 

cell development. The question of whether CD56dim inhibitory receptor-negative cells are 

mature hypo-responsive cells or whether they represent a developmentally immature 

subpopulation is of considerable interest in the context of NK cell education. 
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The conventional explanation for self-tolerance by mature NK cells was that each 

cell expressed at least one inhibitory receptor that recognizes “self” and prevents 

autoimmunity 92. However, studies in both mice and humans have provided evidence of 

phenotypically mature peripheral blood NK cells that lack expression of all known 

inhibitory receptors 93, 94, 106. These cells exhibit poor functional responses to stimulation, 

leading to their designation as “hypo-responsive” 93.  Several hypotheses have been put 

forward to account for the existence of hypo-responsive NK cells. First, these cells may 

be induced to enter a hypo-responsive state in response to chronic stimulation 92. 

Second, these cells may persist as developmental “dead ends” since they cannot be 

functionally educated by inhibitory receptor ligation 92. Third, the hypo-responsive cells 

may represent a late stage of development. These cells may acquire inhibitory 

receptors, given the proper stimulation, and subsequently gain functional competency 

through an educational process 93, 189. Because CD56dim KIR-negative cells can acquire 

KIR when stimulated by IL-15, we favor the hypothesis that CD56dim cells differentiate 

from CD56bright cells and remain hypo-responsive until inhibitory receptor expression is 

induced by cytokine signaling.   

Thus, distinct events in NK cell education, which depend on acquisition of KIR 

followed by acquisition of effector function, may be difficult to separate.  Once a 

sufficient amount of inhibitory receptor expression is achieved, these cells acquire 

functional competency through an educational process that presumably depends upon 

inhibitory receptor ligation. The development of new methods to track acquisition of NK 

cell function will be needed to study this further. 

Another informative finding is that c-Myc overexpression leads to surface 

expression of KIR in the NK92 cell line (Figure 7), which is KIR- due to dense promoter 

methylation. We hypothesize that c-Myc can bind to the KIR distal promoter independent 
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of its methylation status. This is supported by a recent study showing that the distal 

promoter is densely methylated in both KIR-positive and KIR–negative cells 140. The 

overexpression of c-Myc in NK92 cells may force high levels of transcriptional initiation 

from the distal promoter and generate distal transcripts over time despite methylation of 

CpG islands within the proximal promoter. Single-stranded distal mRNA transcripts could 

then complex with DNA demethylase enzymes, leading to sequence-specific DNA 

demethylation of KIR promoters over time. One recent report demonstrates the ability of 

single-stranded RNA to bind a protein involved in active DNA demethylation in 

Arabidopsis. A similar mechanism may exist in mammalian cells 190. This model of DNA 

demethylation is currently under investigation in our laboratory.                      

In summary, KIR play a central role in both NK cell development and function. 

We have found that IL-15 stimulation increases c-Myc expression, which in turn binds at 

a distal promoter element to enhance KIR transcription in NK cells. Further studies on 

how distal transcription is modulated by activity at the proximal promoter and how 

inhibitory KIR signaling affects NK cell development may provide a basis for new 

strategies in the design of NK cell-based therapies. 

 

 

 

 

 

 

 

 

 



 

 44 

METHODS AND MATERIALS 
 

Electric Mobility Shift Assay (EMSA) of c-Myc binding to the distal KIR promoter 

element 

Nuclear extracts were prepared from YT-Indy cells using the CellLytic NuCLEAR 

extraction kit (Sigma-Aldrich, St. Louis, MO). Protein concentration was measured with a 

Bio-Rad protein assay (Hercules, CA), and samples were stored at -70°C until use. Six 

double-stranded DNA oligonucleotide probes corresponding to the predicted c-Myc-

binding sequence of the distal KIR promoter alleles were synthesized (Figure 1A, sense 

strand shown). Sense and anti-sense oligonucleotides were annealed to generate 

double-stranded oligonucleotides and labeled with [α-32P]dCTP (3000 Ci/mmol; Perkin 

Elmer, Waltham, MA) by fill-in using the Klenow fragment of DNA polymerase I 

(Invitrogen, Carlsbad, CA). 32P-labeled double-stranded oligonucleotides were purified 

using mini Quick Spin Oligo Columns (Roche, GmbH, Mannheim, Germany). DNA-

protein binding reactions were performed in a 10 µl mixture containing 5 µg of nuclear 

protein and 1 µg of poly(dI-dC)poly(dI-dC) (Sigma-Aldrich) in 4% glycerol, 1 mM MgCl2, 

0.5 mM EDTA, 0.5 mM DTT, 50 mM NaCl, 10 mM Tris-HCl (pH 7.5). After 10-min 

incubation on ice, samples were incubated with 1 µl 32P-labeled oligonucleotide probe 

(10,000 cpm) at room temperature for 20 min and then loaded on a 5% polyacrylamide 

gel (37:5:1).  Electrophoresis was performed in 0.5xTBE buffer for 2 hours at 130 V, and 

the gel was visualized by autoradiography after 2 days exposure at -70°C. For inhibition 

of complex formation by antibody, nuclear extracts were incubated with 1 µl of antibody 

for 30 min on ice prior to the addition of 32P-labeled DNA probe. After addition of the 

labeled DNA-probe, the binding reaction was incubated for an additional 20 min at room 

temperature. The antibodies used were Myc (9E11) (Abcam Inc., Cambridge, MA), Max 
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(H-2) (Santa Cruz Biotechnology, Santa Cruz, CA), CREB (24HB4) (Santa Cruz), and 

YY1 (C-20) (Santa Cruz).   

 

Cell lines 

NK92 cells were cultured at 37°C with 5% CO2 in alpha medium containing 12.5% fetal 

calf serum, 12.5% horse serum (HyClone Laboratories, Logan, UT), 0.2 mM inositol, 0.1 

mM β-mercaptoethanol, 0.02 mM folic acid (Sigma Diagnostics, St. Louis, MO), 100 

U/ml penicillin, 100 U/ml streptomycin (Gibco Laboratories, Grand Island, NY), and 500 

U/ml recombinant human IL-2 (Chiron, Emeryville, CA). NKL cells were cultured 37°C 

with 5% CO2 in RPMI media supplemented with 10% fetal bovine serum (FBS), 100 U/ml 

penicillin, 100 U/ml streptomycin (Gibco), and 200 U/ml recombinant human IL-2 

(Chiron). 

 

Generation of luciferase reporter constructs 

The full-length KIR3DL1 and KIR2DL3 promoter and the distal KIR3DL1 promoter 

element were amplified from NK92 genomic DNA using the following primers: KIR3DL1 

full promoter sense-5’ AGTCGAGCTCTAGTGTGAGAATACGTTTAGATATAT, KIR3DL1 

full promoter antisense-5’TCAGCTCGAGGGTGCTGCCGGTGCAGACAG, KIR3DL1 

distal promoter sense-5’CATTGAGCTCACGAATAGTGAGGGATGACTGTA, 

KIR3DL1distal promoter antisense-

5’GGTTCCTCGAGATACAAAAATTAGCCATGCCTG, KIR2DL3 full promoter sense-5’ 

CACCAGGAGGATGTGCATGGGTTCTA, and KIR2DL3 full promoter antisense-5’ 

CTGACGACCATGAGCGACAT. PCR fragments with the distal Myc site deletion were 

created using a PCR bridging strategy.  PCR products for the KIR3DL1 promoter were 
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digested with XhoI (New England Biosciences, Beverly, MA) and SstI (Invitrogen, 

Carlsbad, CA) and cloned into the pGL3-basic firefly luciferase reporter vector 

(Promega, Madison, WI). PCR products for the KIR2DL3 promoter were cloned into the 

pGL3 vector using the Invitrogen Gateway Cloning System (Invitrogen).  

 

Cell transfection and luciferase assays 

The NKL cell line was used for all transfection experiments. Cells were electroporated 

with 10 µg of pGL3 constructs plus 100 ng of Renilla luciferase pRL-SV40 vector using 

the Amaxa Nucleofector Kit V (Amaxa, Cologne, Germany) according to a published 

method for the NKL line 191. Luciferase activity was assayed at 6 h using the Dual-

Luciferase Reporter Assay System (Promega) according to the manufacturer’s 

instructions. Firefly luciferase activity was normalized relative to the Renilla luciferase 

activity for each transfection.     

 

RT-PCR for full-length KIR2DL1, -2DL2, and -2DL3 transcripts 

Umbilical cord blood mononuclear cells were depleted of CD3- and CD14-positive cells 

by microbead labeling and magnetic column separation (Miltenyi Biotech, Oberlin, CA) 

and stained with allophycocyanin (APC)-conjugated NCAM16.2 (CD56), (PE)-

conjugated CD7, and fluorescein isothiocyanate (FITC)-conjugated CD34 (BD 

Bioscience, San Jose, CA). Cells were sorted into NK cell precursor populations based 

on their CD34, CD7, and CD56 expression on a FACS DiVa. cDNA was synthesized and 

used for RT-PCR to amplify full length transcripts using Advantage II DNA Polymerase 

(Clontech). The following cycling conditions were used: 95°C-30s, 60°C-30s, 72°C-60s, 

and 60°C-60s for 40 cycles. Primers used were: distal sense-
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5’TGATGTGGTCAACATGTAAACTG, 2DL1/2/3 anisense-

5’CATGGGCAGGAGACAACTT, GAPDH sense-5’GAGTCAACGGATTTGGTCGT, and 

GAPDH antisense-5’TTGATTTTGGAGGGACTCCG.  

 

Isolation of adult peripheral blood NK cells 

Adult peripheral blood was collected from consenting adults at the Memorial Blood 

Center (Minneapolis, MN), and mononuclear cells were isolated by centrifugation using a 

Histopaque gradient (Sigma, Saint Louis, MO). Natural killer cells were negatively 

selected using the MACS NK Cell Isolation Kit as per the manufacturer’s protocol 

(Miltenyi Biotech). The purified population of NK cells was then stained with a cocktail of 

phycoerythrin (PE)-conjugated DX9, EB6, GL183, and FES172 monoclonal antibodies, 

and subsequently stained with anti-PE Microbeads (Miltenyi Biotech). KIR- NK cells were 

then isolated by negative selection by magnetic MACS separation. Cells were incubated 

with 10 ng/ml IL-15 for 4-48 hours prior to analysis.    

 

Chromatin Immunoprecipitation Assay  

For fresh or IL-15-stimulated adult peripheral blood KIR-negative cells, ChIP was 

performed with the EZ-ChIP kit (Millipore, Billerica, MA).  Formaldehyde cross-linked 

chromatin was immunoprecipitated with 2 µl of rabbit antisera against c-Myc, USF-1 

(Santa Cruz), histone H3, or purified rabbit Ig (Millipore). PCR (30-35 cycles of 94-30 

sec, 58-30 sec, and 73-1 sec) was performed with primers specific for the KIR distal 

promoter region (5’-sense: GAGAAGACATTCTATGCCACCTTAAAC and 3’-antisense: 

AATACATCCGTGTACACACAGTC) resulting in an amplified fragment of 79 bp. 
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Isolation of progenitor cells from umbilical cord blood 

The use of all human tissue was approved by the Committee on the Use of Human 

Subjects in Research at the University of Minnesota according to the Declaration of 

Helsinki. Umbilical cord blood was obtained from full-term consenting mothers from the 

Memorial Blood Bank (Minneapolis, MN), Placental Blood Program of the New York 

Blood Center (New York, NY), Saint Louis Cord Blood Bank (Saint Louis, MO), or local 

obstetrical units. Mononuclear cells were isolated using Histopaque (Sigma Diagnostics, 

Saint Louis, MO) density gradient centrifugation. CD34+ cells were then obtained by 

staining the mononuclear fraction with APC-conjugated anti-CD34 (BD Bioscience). The 

stained fraction was purified using the MACS magnetic bead selection system (Miltenyi 

Biotech).   

 

Retroviral vectors and transduction 

The full-length human c-Myc cDNA (provided by Robert Eisenman, Fred Hutchinson 

Cancer Research Center, Seattle, WA) was cloned into the murine stem cell virus 

(MSCV) enhanced green fluorescent protein (eGFP) vector upstream of the internal 

ribosomal entry sequence (IRES) using EcoRI sites. Isolated CD34+ cells were pre-

activated for 72 hours with Iscove’s medium supplemented with 20% fetal bovine serum, 

100 U/ml penicillin, 100 U/mL streptomycin, and 20 ng/mL each of IL-7, c-kit ligand, Flt3 

ligand, and thrombopoietin (TPO). After stimulation, 2x105 cells were placed in 6 well 

tissue culture treated transwells (0.4µm pore size) coated with 100 ug of the 

recombinant CH-296 fibronectin fragment (Takara Mirus Bio, Madison, WI). c-Myc- or 

eGFP-containing viral supernatant was passed through the transwells twice in 48 hours. 

Two days after the last viral exposure, cells were harvested and stained with 

allophycocyanin (APC)-conjugated CD34. CD34+ eGFP+ cells were selected using the 
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fluorescence activated cell sorter (FACS) Aria (BD Bioscience). eGFP+ cells were then 

cultured on the murine embryonic liver cell line EL08-1D2 192. Culture media consisted of 

a 2:1 (vol:vol) mix of Dulbecco modified Eagle medium (DMEM high glucose with sodium 

pyruvate)/Ham F12-based medium and supplemented with 24 uM 2-mercaptoethanol, 

50 uM ethanolamine, 20 mg/L ascorbic acid, 50 ug/L sodium selenite, 100 U/ml 

penicillin, 100 U/ml streptomycin and 20% heat inactivated human AB serum in the 

presence of 10 ng/mL IL-15, 5 ng/mL IL-3, 20 ng/ml IL-7, 20 ng/mL c-kit ligand, and 10 

ng/mL Flt3 ligand. Cultures were initiated with either 10 or 50 cells per well of a 96 well 

plate or 50 cells per well of a 24 well plate. 

 

Flow Cytometry and Analysis 

Phenotypic acquisition of cells was performed on the FACSCalibur (BD Biosciences, 

San Jose, CA) using CELLQuest Pro Software (BD Biosciences).  Cells were stained 

with the following monoclonal antibodies: allophycocyanin (APC)-conjugated NCAM16.2 

(CD56), phycoerythrin (PE)-conjugated DX9 (anti-CD158e), EB6 (anti-CD158a/h), 

GL183 (CD158b/j), and FES172 (anti-CD158i) (BD Bioscience).  Analysis was 

performed using FlowJo software (Treestar Inc, Ashland, OR). 

 

Isolation of RNA and Real Time Quantitative PCR 

Total RNA was extracted from cells using the RNeasy Mini Kit (Qiagen, Valencia, CA) 

and genomic DNA was isolated using RNase-free DNase (Invitrogen, Carlsbad, CA). 

Quantitative RT-PCR was performed as previously described 94 to quantify KIR gene 

expression. To detect transcripts originating from the distal promoter, primers were 

modified to include a sense primer approximately 100 bp upstream of the proximal 

promoter and an antisense primer located in the third exon of the indicated KIR gene. 
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Additional primers used were: MYC-Applied Biosystems cat # Hs99999003_m1, distal2D 

sense-5’TGATGTGGTCAACATGTAAACTG, antisense-

5’AGGAGGGAAGGTTTTCTGTGGA, probe-5’ACTCCCTCATGTGGCCAG, distal2DL3 

sense-5’ TGATGTGGTCAACATGTAAACTG, antisense-

5’AGGAGGGAAGGTTTTCTGTGGA, probe-5’CCAACACACACCATGCTGAC GACCA, 

distal3DL1 sense-5’TGAT GTGGTCAACATGTAAACTG, antisense-

5’AGTGACACCGAAGAGTCACGTGTC, probe-5’TCCCTGTCTGCCTGC. 
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CHAPTER 2 

 
AN INTERGENIC 28 BASE RNA REGULATES THE KIR 

REPERTOIRE IN PRIMARY HUMAN NK CELLS 
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Killer immunoglobulin-like receptors (KIR) are expressed in a variegated, clonally 

restricted fashion on natural killer (NK) cells and are important determinants of NK cell 

function. Favorable KIR repertoires confer relapse protection after transplantation for 

leukemia, protection against HIV progression to AIDS and play a role in reproduction 

success. In addition, KIR directly influence the resolution of hepatitis C virus infection. 

Although silencing of individual KIR genes is strongly correlated with the presence of 

CpG dinucleotide methylation within the promoter, the mechanism responsible for the 

initiation of silencing has not been identified. Our results show that there exists a strong 

inverse correlation between KIR antisense transcription and receptor expression in 

human NK cells. We further demonstrate that antisense transcripts mediate 

transcriptional silencing through a novel 28 base small RNA and participate in the 

establishment of DNA methylation within the KIR promoter. A biochemical analysis 

suggests that the novel 28 base RNA belongs to the PIWI family of small RNAs. 

Although PIWI RNA-mediated silencing of transposable elements within germ cells have 

been described, this is the first report that identifies a PIWI-like RNA in an immune 

somatic cell lineage and identifies a mechanism which may be broadly used in 

orchestrating immune development. 
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INTRODUCTION 
 

NK cells express inhibitory receptors specific for MHC class I molecules. 

Signaling through these receptors is important not only to dampen activation signals, but 

also for the acquisition of NK cell function and the establishment of self-tolerance during 

development. Inhibitory receptors include KIR in humans, Ly49 in mice, and 

CD94/NKG2A heterodimers in both species 193. Although they have independent 

evolutionary histories, the KIR and Ly49 receptor families are remarkably similar in terms 

of their function, diversity, and variegated patterns of expression. 

The KIR gene cluster is organized in a head-to-tail fashion and occupies 

approximately 150 kb within the leukocyte receptor complex on chromosome 19q13.4 in 

humans 194. 14 expressed KIR genes and 2 pseudogenes have been identified, and 

extensive comparisons between individuals have revealed considerable sequence 

polymorphism and haplotypic variation across the locus. Each KIR gene is 

approximately 10-16 kb in length with 2 kb of sequence between genes. The exception 

is KIR2DL4, which is expressed on all NK cells and contains a 14 kb stretch of unique 

sequence upstream of the translational start site.  

The KIR locus is highly repetitive with widespread sequence similarity in both the 

coding and non-coding regions between individual KIR genes. Despite the high level of 

homology, KIR genes are regulated independently and activated in a probabilistic 

manner. NK cell clones from a single individual may express anywhere from 0 to 8 KIR 

genes, and once the KIR repertoire is established, the clonally restricted expression 

pattern becomes fixed in mature NK cells 60, 195. This stable pattern of gene expression 

consistently correlates with differential DNA methylation of CpG islands surrounding the 

transcriptional start sites of silent versus expressed KIR alleles 131-133. 



 

 54 

The question of how KIR transcriptional patterns are established in NK cells is 

largely unresolved. The promoter region proximal to the first KIR exon contains a 

multitude of overlapping transcription factor binding sites. Studies employing 

electrophoretic mobility shift assays (EMSA), site-directed mutagenesis, and promoter-

reporter assays have demonstrated significant functional redundancy amongst the 

various cis-acting elements within KIR promoters 141, 196. It is therefore unlikely that the 

activity of a single or small group of transcription factors is exclusively responsible for 

regulating KIR expression.  

A thorough analysis of the complete 2 kb intergenic region upstream of the 

KIR3DL1 gene revealed that the 225 bp proximal promoter has bi-directional activity, 

and a unidirectional distal promoter exists upstream of the conventional proximal 

promoter 142, 143. Polyadenylated antisense transcripts and full-length distal transcripts 

were cloned from several KIR genes, leading to the hypothesis that transcription across 

proximal KIR promoters may be involved in establishing epigenetic marks that influence 

KIR gene expression. In support of this hypothesis, we show that a novel 28 base RNA 

processed from KIR3DL1 antisense transcripts is essential for transcriptional silencing. 
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RESULTS AND DISCUSSION 
 

 

Distinct intergenic transcriptional profiles in KIR3DL1- and KIR3DL1+ NK cells             

Recent analyses of the 5’ regulatory regions of multiple KIR genes revealed that 

at least three distinct transcripts are associated with each gene 142, 143. A schematic 

representation of these transcripts is shown in Figure 1A. To determine how expression 
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of these KIR3DL1 gene transcripts is related to receptor expression, we isolated total 

CD56+ NK cells from the peripheral blood of healthy donors and carried out a 

subsequent separation of KIR3DL1- and KIR3DL1+ NK cell populations (Figure 1B). As 

expected, KIR3DL1 coding transcript expression strongly correlates with KIR3DL1 

surface expression (Figure 1C). In contrast, KIR3DL1 antisense transcript expression is 

inversely correlated with KIR3DL1 surface expression. 



 

 57 

Virtually 

all of the KIR3DL1 antisense transcripts detected in mature CD56+ NK cells are confined 
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to the KIR3DL1- subset (Figure 1D). KIR3DL1 distal transcripts are detected at high 

levels within the KIR3DL1+ NK cell population, which is consistent with a previous 

analysis of the distal promoter 197. Interestingly, low levels of KIR3DL1 distal transcript 

were present in the KIR3DL1- NK cell population (Figure1E). Therefore, the potential for 

creation of double-stranded RNA is restricted to cells lacking receptor expression. 

 

Identification of double-stranded RNA across the KIR3DL1 promoter 

Several groups have reported an association between the formation of double-

stranded RNA across promoters and transcriptional silencing 145, 198, 199. To determine 

whether KIR3DL1 distal and antisense transcripts form double-stranded RNA (dsRNA), 

we performed an S1 nuclease protection assay using RNA purified from CD56+ 

peripheral blood NK cells isolated from a KIR3DL1-positive donor. Sequencing analysis 

of cloned products led to the identification of a 228 bp dsRNA that extends from position 

-18 to -306 bp relative to the KIR3DL1 mRNA transcriptional start site and spans nearly 

the entire proximal promoter region (Figure 2A). The 5’ boundary of the cloned dsRNA 

region (-306) coincides precisely with the transcriptional start site of the KIR3DL1 distal 

transcript, consistent with a direct role of the distal promoter in the generation of dsRNA. 

 

A novel 28 base small RNA is processed  

The observation of double-stranded RNA across the KIR3DL1 promoter 

suggested that small RNA (siRNA or piRNA) might be generated from this region. In 

order to test this hypothesis, expression vectors producing sense and antisense 

KIR3DL1 transcripts spanning the promoter region were transfected into HEK293 or YT 

cell lines to generate dsRNA.  24 hours post-transfection, total RNA was isolated and the 

small RNA fraction (<40 nucleotides) was enriched. A cDNA library was generated and 
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screened with a probe containing the entire KIR3DL1 228 bp dsRNA region. A single 28 

base antisense small RNA was identified in each of three independent small RNA 

libraries generated. The 28 base RNA corresponds to the antisense strand of the 5’ 

region of the core bi-directional KIR3DL1 promoter and represents a highly conserved 

region containing STAT, Ets, and YY1 transcription factor binding sites (Figure 2B). The  

specific generation of this small RNA from dsRNA was confirmed in additional small 

RNA cloning experiments in which KIR3DL1 sense- or antisense-expressing vectors 

were transfected separately into cells. A PCR assay specific for the 28 base RNA was 

developed and used to confirm that this small RNA was only generated when both 

strands of the promoter region were present in transfected cells. We also identified a 28 

base RNA processed from the 

KIR2DL1 antisense transcript 

(Figure 2B). Therefore, the 
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processing of small RNAs from antisense transcripts occurs in 2D KIR genes and is not 

limited to the KIR3DL1 gene. To confirm that the 28 base RNA is not generated as a cell 

line artifact, we isolated small RNA from CD56+ cells from multiple donors and repeated 

the PCR assay to amplify the KIR3DL1 and KIR2DL1 28 base RNA. We were able to 

consistently clone the 28 base RNA sequences from primary cells using this method. 

 

The KIR3DL1 28 base small RNA contains a protective group at its 3’ terminus 

The defining characteristics of small silencing RNAs are their short length (~20-

30 nucleotides) and ability to mediate reduced expression of target genes. The only 

known species of small RNAs in the 25-30 nucleotide range is piRNAs,which bind to the 

Piwi clade of Argonaut proteins and are implicated in the germline silencing of 

transposons 200-202. Structurally, mammalian piRNAs are 2’-0-methylated at their 3’ 

terminal ribose, while mammalian siRNAs and microRNAs have terminal hydroxyl 

groups at both the 2’ and 3’ positions 200, 203, 204. To determine whether the KIR3DL1 28 

base small RNA has a single 2’ or 3’ terminal hydroxyl group or has hydroxyl groups at 

both the 2’ and 3’ termini, a periodate oxidation/β-elimination reaction was performed on 

total RNA from CD56+ peripheral blood NK cells from a KIR3DL1-positive donor mixed 

with synthetic control RNA lacking any 3’-terminal modifications. Only RNAs containing 

both 2’ and 3’ hydroxyl groups react with NaIO4, and β-elimination shortens NaIO4-

reacted RNA by one nucleotide, leaving a 3’-monophosphate terminus. Both the 

KIR3DL1 28 base RNA and control RNA were cloned out of the total reacted RNA and 

sequenced. As expected, the majority (8/10) of control RNA sequences were shortened 

by one nucleotide, and thus susceptible to periodate oxidation/β-elimination. In contrast, 

all 10 sequences for the KIR3DL1 28 base RNA were full-length (Table 1). Therefore, 
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the KIR3DL1 28 base RNA contains a protective group at either the 2’ or 3’ ribose 

position of its 3’ terminus that renders it resistant to periodate oxidation/β-elimination. 

These results suggest that the KIR3DL1 28 base small RNA belongs to the PIWI class of 

small RNAs. 

 

KIR3DL1 antisense transcripts inhibit KIR expression, and the 28 base RNA 

sequence is required for function 

Because of the strong inverse correlation that we observed between KIR3DL1 

antisense transcript expression and KIR3DL1 coding transcript expression (Figure 1), we 

reasoned that KIR3DL1 antisense transcripts might be involved in the silencing of gene 

expression during human NK cell development. To test this hypothesis, we transduced 

primary CD34+ hematopoietic progenitor cells with a retroviral vector expressing the full-

length KIR3DL1 antisense transcript and differentiated these cells into mature CD56+ NK 

cells in vitro. KIR surface expression was analyzed by FACS after 21 days in culture. 

Over-expression of KIR3DL1 antisense transcripts led to an approximately 70% 

reduction in KIR expression compared with eGFP control cells (Figure 2C and D). We 

observed not only a reduction in the number of KIR+ NK cells, but also a significant 

reduction in the mean KIR expression level per cell when KIR3DL1 antisense transcripts 

were over-expressed (Figure 2C). This effect was dependent upon transcript orientation, 

as over-expression of sense transcripts homologous to the KIR3DL1 promoter did not 

lead to any reduction in KIR expression (Figure 2C). Importantly, over-expression of 

KIR3DL1 antisense transcripts with the 28 base RNA sequence removed did not result 

in any reduction in KIR expression, implying that the processed KIR3DL1 28 base RNA 

is necessary for antisense-mediated silencing (Figure 2C). Total RNA was harvested 
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from eGFP- and KIR3DL1 antisense transcript-over-expressing cells and used for 

quantitative RT-PCR with primer/probe sets that specifically amplify the KIR3DL1 coding 

region and the coding regions of multiple KIR genes with significant promoter homology 

(greater than 95%) to KIR3DL1, including KIR2DL1, KIR2DL2, KIR2DL3, KIR2DS4, and 

KIR3DL2. The mRNA expression levels for each gene were reduced approximately 4-5 

fold in cells over-expressing KIR3DL1 antisense transcripts. Importantly, expression of 

the KIR2DL4 gene, which shares only 67% sequence identity with the KIR3DL1 

promoter and is constitutively expressed by mature CD56+ NK cells 60, 117, was not 

affected by over-expression of the KIR3DL1 antisense transcript (Figure 2E). The 

silencing effect of the KIR3DL1 antisense on other KIR genes with significant promoter 

homologies is likely due to the presence of high levels antisense transcript produced by 

the constitutive MSCV promoter throughout development. The broad effect on multiple 

KIR genes suggests that this mechanism is operant for all clonally restricted KIR. 

 

Antisense transcripts induce CpG methylation within the KIR3DL1 promoter 

The methylation of CpG dinucleotides proximal to transcriptional start sites of 

individual KIR genes is correlated with stable transcriptional silencing in mature NK cell 

clones 131-133. To determine whether antisense transcription across the KIR3DL1 

promoter can initiate DNA methylation, two lentiviral constructs were generated 

containing the KIR3DL1 promoter linked to eGFP. Both constructs contained an 

elongation factor 1 alpha (EF1α) promoter cloned in the reverse orientation downstream 

of the KIR3DL1 promoter. One vector serves as a control and includes a bovine growth 

hormone (BGH) polyA transcriptional terminator sequence between the KIR3DL1 

promoter and the EF1α promoter to block antisense transcription before it reaches the 



 

 63 

KIR3DL1 promoter. The other vector lacks the BGH sequence, thereby allowing 

antisense transcription to proceed across the KIR3DL1 promoter (Figure 3A). Each 

vector was transduced separately into primary CD56+ cells. Transduction efficiencies 

were comparable between the vectors as determined by quantitative RT-PCR of DNA 

from each cell population using eGFP-specific primers (Figure 3C). The expression of 

eGFP was decreased by approximately 90% in cells harboring the antisense vector 

without the BGH termination sequence when analyzed 10 days after transduction as 

determined by FACS and quantitative RT-PCR for eGFP transcript expression (Figure 

3B and D). To determine whether the observed silencing of eGFP expression correlated 

with DNA methylation within the KIR3DL1 promoter, the methylation status of CpG 

dinucleotides surrounding the transcriptional start site was analyzed by bisulfite 

sequencing. Critical CpG dinucleotides (5) in cells transduced with the KIR3DL1 

Antisense Vector +BGH were free of methylation, whereas the cells transduced with the 

KIR3DL1 Antisense Vector -BGH exhibited patchy methylation of CpG dinucleotides 

upstream of the KIR3DL1 transcriptional start site (Figure 3E). The results of this 

experiment suggest that antisense transcription initiated from the KIR3DL1 promoter can 

lead to the initiation of DNA methylation and transcriptional silencing. Though the 

methylation of CpG sites in this vector system was incomplete, previous work has shown 

that partial methylation of CpG sites within KIR promoters leads to a significant reduction 

in transcriptional activity 131. 
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Several groups have provided evidence for RNA-mediated transcriptional 

silencing in human cells. siRNAs 145, miRNAs 146, and long noncoding antisense RNAs 

147 have all been implicated in 

the establishment of repressive 

epigenetic marks within gene 

promoter regions. piRNAs are 

the most recently discovered 

class of small RNAs, and were 

originally identified as silencers 

of repetitive elements in 

Drosophila germ cells 200. They have subsequently been identified as mediators of 

germline stability in mammalian germ cells, 205-209 and piRNAs participate in de novo 

DNA methylation of transposons in mice 210, 211. Interestingly, the expression of piRNAs 
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has recently been confirmed in somatic cells. In Drosophila, these ‘piRNA-like somatic 

RNAs’ interact with both PIWI proteins and HP1 and may be involved in a novel 

epigenetic silencing pathway 212, 213. 

While this study does not formally prove that the KIR small RNAs described 

herein belong to the piRNA family, three facts support this hypothesis: (i) the 28 base 

size of the RNA, (ii) the presence of a protective group resistant to periodate oxidation/β-

elimination at the 3’ terminus of the RNA and (iii) the finding that the KIR small RNAs are 

processed exclusively from antisense transcripts. In addition, a previous study by Yu et 

al demonstrated that long, non-coding antisense transcripts are involved in the 

establishment of DNA methylation within the p15 gene promoter in a Dicer-independent 

fashion. The authors speculated that a piRNA-related process may be responsible for 

their observations 147. 

During human NK cell development, CpG sites within KIR promoters are 

demethylated by a mechanism that remains to be elucidated. This idea is supported by 

work showing that CD34+ hematopoietic progenitor cells exhibit dense methylation within 

the promoters of clonally-expressed KIR, and these marks are absent in CD56+ KIR-

expressing cells 140. We propose that there exists a developmental “window” in human 

NK cell development during which demethylation is initiated across the KIR locus and bi-

directional KIR promoters become accessible to binding by transcription factors. During 

this developmental “window”, we suggest that transcription is initiated in a probabilistic 

fashion from the bi-directional promoters of clonally-restricted KIR genes. If the promoter 

initiates in the forward direction, coding transcripts are generated, and the open 

epigenetic state of the promoter becomes “locked-in”. If the promoter initiates in the 

reverse direction, antisense transcripts are generated and processed into the 28 base 
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RNA, which participates in cis in the maintenance or establishment of DNA methylation 

and stable, clonal silencing of the promoter (Figure 3F). 

As KIR are known to protect against leukemia relapse 150, prevent progression of 

HIV to AIDS 152, 153, and play a role in reproductive success 160, understanding these 

mechanism may allow us to manipulate KIR repertoires for therapeutic purposes. 
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METHODS AND MATERIALS 
 

NK cell and CD34+ HPC isolation 
 
The use of all human tissue was approved by the Committee on the Use of Human 

Subjects in Research at the University of Minnesota, and informed consent was secured 

in accordance with the Declaration of Helsinki. CD56+ NK cells were column-isolated 

using magnetic beads (Miltenyi Biotech). CD34+ HPCs were isolated from umbilical cord 

blood by double-column positive selection using anti-CD34 microbeads (Miltenyi).      

 
 
Quantitative RT-PCR for KIR transcripts 
 
For the quantification of the KIR3DL1 antisense transcripts, cDNA synthesis was carried 

out at 55°C using a KIR3DL1/S1-specific RT primer. A Taqman primer and probe set 

was used for KIR3DL1 antisense transcript amplification. For the quantification of all 

other transcripts, cDNA synthesis was created using random primers (Invitrogen). Primer 

probe sets for KIR3DL1 distal transcripts and KIR coding transcripts have been 

published previously 94, 197.    

 

S1 nuclease protection assay for the identification of double-stranded RNA 

Nuclear RNA was isolated using the PARIS kit (Ambion), followed by a DNase 

(Invitrogen) digestion. Reverse transcription was performed using Superscript III 

(Invitrogen), followed by a 37°C incubation overnight. DNA was extracted with phenol-

chloroform and digested for 4 h at 37°C with Nuclease S1 (New England Biolabs). DNA 

was then treated with T4 Polymerase (Invitrogen) for 15 min at 37°C. 
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Cloning of the novel KIR3DL1 28 base RNA 

Polyadenylation of small RNA was carried out, and a 5’ RNA adaptor was added using 

T4 RNA Ligase I (New England Biolabs). Reverse transcription of ethanol precipitated 

RNA was carried out, and the cDNA was PCR-amplified. The PCR amplified product 

was separated on a 12% PAGE gel containing 8M urea. The gel slice between 100 -120 

bp was cut out, and DNA was eluted. Colony hybridization was carried out using a 

KIR3DL1 probe labeled with α-32P using the Random Primer Labeling Kit (Invitrogen). 

Bacterial colonies were transferred to a nylon membrane, and hybridization was 

performed overnight at 50°C.  

Periodate oxidation/β-elimination reaction 

The small (<40 base) RNA fraction from 2x106 NK cells was isolated using the 

PureLink™ miRNA Isolation Kit (Invitrogen). The small RNA was then mixed with 20 µg 

synthetic control RNA lacking any 3’ modifications- 5’-

CUGACGAAUGCACGUAAUGCAGUGUAU-3’ (Thermo Scientific). For periodate 

oxidation/β-elimination, we followed methods described previously 214.  

Cloning of the novel KIR3DL1 28 base RNA from human NK cells 

Small (<40 base) RNAs from CD56+ NK cells were polyadenylated, and cDNA was 

generated using an oligo d(T)14 primer. The cDNA was linear-amplified with a KIR3DL1 

28 base gene-specific primer and subsequently PCR-amplified with the KIR3DL1 28 

base gene-specific primer and a primer specific for the oligo d(T)14 primer. 
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Retroviral and lentiviral vector designs    

Lentiviral vectors were created by PCR and restriction digest using pELNS. All murine 

stem cell virus (MSCV)-enhanced green fluorescent protein (eGFP) vector constructs 

were created using the Gateway® cloning system (Invitrogen).     

CD34+ HPC viral transduction and in vitro NK cell differentiation 

CD34+ cells isolated from umbilical cord blood were transduced with retrovirus and 

cultured for 21 days on the murine embryonic liver cell line, EL08-1D2 192. The culture 

medium and supplemented cytokines for NK cell differentiation have been described 

previously 197. 
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CONCLUSIONS 

 Killer immunoglobulin-like receptor transcripts were first cloned and characterized 

in 1995 through subtractive hybridization 215. This work was of great interest to NK cell 

biologists since the original missing-self model proposed by Kärre and coworkers 

predicts that every circulating NK cell in an individual should express inhibitory receptors 

specific for self HLA class I ligand to prevent NK cells from killing normal autologous 

cells. More than 50 KIR alleles were discovered in the early-to-mid 1990’s, and four 

inhibitory binding types were determined based on the specificities of individual KIR for 

HLA allotypes 22, 154, 216-220. In 1997, the Parham group analyzed individual NK cell clones 

from two donors and observed a variegated, clonal pattern that is indicative of generally 

stochastic KIR gene expression 60. They also developed a PCR typing assay using 

oligonucleotide primers designed to match unique polymorphic positions and found that 

two groups of KIR haplotypes exist within the human population: the group A haploype 

has a limited number of genes and consists exclusively of inhibitory KIR. The group B 

haplotype is more variable and contains at least one activating KIR gene 117. Given the 

highly polymorphic and polygenic nature of the KIR genes, several groups became 

interested in understanding how KIR expression is transcriptionally regulated. 

 Two crucial insights into the regulation of KIR transcription were made in 2002. 

First, a small CpG island surrounding the transcriptional start site of each KIR gene is 

consistently demethylated in expressed KIR and methylated in unexpressed KIR 131-133. 

Second, the expression of clonally restricted KIR genes can be either monoallelic or 

biallelic depending on the individual analyzed 132. Monoallelic gene expression has 

played an important role in the evolution of mammals, enabling the expansion of immune 

receptor genes along with increased diversity for antigen recognition. The next logical 
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step from these studies was to determine how the DNA methylation pattern is 

established across the KIR locus during human NK cell development. It is clear that DNA 

demethylation occurs within the KIR locus at some point during NK cell development 

since KIR promoters are densely methylated in CD34+ hematopoietic progenitor cells, 

which give rise to NK cells 140. A complete theory to explain the epigenetic events within 

the KIR locus during development is lacking. However, a few hypotheses have been put 

forward.    

Chan et al. proposed that enzyme complexes with DNA demethylating activity 

are present in limiting amounts during human NK cell development. These complexes 

would demethylate KIR promoters in a random fashion, thereby establishing the 

transcriptional pattern in immature NK cells. The proposed demethylation complex would 

then disappear in mature NK cells, ensuring that a stable, clonal pattern is maintained 

133. Another theory by van Bergen et al. posits that competition amongst transcription 

factors for polymorphic binding sites within KIR promoters could determine which genes 

are expressed in mature NK cells 141. This idea seems unlikely since evidence is lacking 

for the control of selective expression of individual receptor genes within a cluster by 

diffusible transcription factors.  

In 2007, the Anderson group carried out a thorough analysis of the 2 kb region 

upstream of individual KIR genes and made two significant discoveries. First, they 

discovered a transcriptionally active distal promoter element upstream of the 

conventional proximal promoter. These novel intergenic promoter elements were 

associated with repetitive elements of the Alu and L1 families, suggesting that they may 

have been inserted into the KIR locus through a transposition event. The distal 

transcripts from clonally expressed KIR had large 5’ untranslated regions and were 

expressed at low levels compared to transcripts originating from the proximal promoter 
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142. Second, the Anderson group discovered bi-directional activity within proximal KIR 

promoters. Using RT-PCR and 3’ rapid amplification of cDNA ends (RACE), they cloned 

polyadenylated antisense transcripts homologous to multiple KIR promoters. The 

direction of transcription within the bi-directional proximal promoter appears to initiate in 

a probabilistic fashion and is influenced by Sp1 and YY1 transcription factor binding sites 

within the promoter 143, 144. Based on these studies, we hypothesized that intergenic 

transcription and non-coding RNA are central to the regulation of transcription within the 

KIR locus during human NK cell development. 

An analysis of potential transcription factor binding sites within the distal 

promoters of known KIR genes revealed the presence of a c-Myc site approximately 1 

kb upstream of the initiation of translation. We chose to focus on c-Myc because it 

functions downstream of the interleukin-15 (IL-15) signaling pathway during CD8+ T cell 

homeostasis 178, and the IL-15 pathway is critical for NK cell maturation 179, activation 

upon infection in the periphery 180, and homeostasis 181. We found that IL-15 signaling 

induces c-Myc binding to distal KIR promoters and correlates with a significant increase 

in KIR gene transcription.  

Interestingly, when we overexpressed c-Myc in the NK92 cell line, which is KIR-

negative due to dense promoter methylation, we observed de novo KIR expression. This 

result is intriguing given the reported role of c-Myc in epigenetic reprogramming and 

DNA demethylation during the creation of induced pluripotent stem (iPS) cells 221. We 

hypothesize that “pioneer” transcription from the distal promoter in immature NK cells 

during development is important for the removal of repressive epigenetic marks from the 

proximal promoter, allowing for subsequent active KIR gene transcription from the 

proximal promoter in mature NK cells. Non-coding RNA is thought to serve important 

functions in gene regulation through a variety of mechanisms 222, 223. In some settings, 
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the non-coding RNA itself is directly involved in gene regulation 224-226. In other 

instances, the process of non-coding transcription, rather than the transcript itself, 

serves a regulatory function. Non-coding transcription traverses, and participates in the 

regulation of, several complexly regulated gene loci 227-232.  

Chromatin structure can affect the transcriptional activity of genes by blocking 

access of the transcription machinery. RNA polymerase II deals with this limitation by 

recruiting multiple accessory factors during both the initiation and elongation phases of 

transcription. One accessory factor that interacts with elongating RNA polymerase II is a 

histone acetyltransferase called Elp3 that is capable of acetylating all four histones on 

their amino-terminal tails 233. The ability to acetylate histones might help elongating RNA 

polymerase II to disrupt chromatin structure in a number of ways. Histone tail acetylation 

is predicted to alter interactions between histones and nonhistone chromosomal proteins 

234, reduce the affinity between histone tails and DNA 235, and result in changes in 

nucleosome-nucleosome interactions 236. Overall, histone acetylation alters chromatin 

structure to promote active transcription. Perhaps RNA polymerase II binds to the distal 

promoter in NK cell precursors and alters the chromatin structure via a histone 

acetyltransferase while elongating through KIR genes. These initial modifications may be 

important for the subsequent expression of individual KIR genes later in development.   

Alternatively, distal transcripts may be essential for the recruitment of factor(s) 

that modify the epigenetic state of KIR genes to promote transcription. An interesting 

example of this phenomenon was reported for the transcriptional activation of the 

Ultrabithorax (Ubx) homeotic gene in Drosophila. A transcriptional element called bdx is 

located 22 kb upstream of the Ubx coding region, and non-coding transcripts originating 

from bdx recruit a chromatin-binding protein called absent small and homeotic discs 

(Ash1) in trans. Ash1 is essential for the expression of Ubx, and promotes transcriptional 
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activation by trimethylating H3K4, H3K9 and H4K20. The authors propose a model in 

which non-coding RNAs transcribed from bdx are retained at the transcriptional element 

through DNA-RNA interactions and provide a RNA scaffold that is bound by Ash1 226. It 

is possible that non-coding transcripts from the distal promoter, which are transcribed 

early in NK cell development, recruit a chromatin-binding protein that modifies histones 

and “primes” KIR genes for transcriptional activation.   

A quantitative RT-PCR analysis of the pattern of KIR antisense transcription from 

the bi-directional proximal promoter showed that antisense transcript expression 

negatively correlates with surface receptor expression. Transcripts originating from the 

distal promoter were found predominantly in KIR-positive NK cells, but low levels of 

distal transcripts were detectable in KIR-negative cells. Based on these findings, our 

initial hypothesis was that during NK cell development, probabilistic transcription from 

the bi-directional proximal KIR promoter results in either sense or antisense transcripts 

being generated. If transcription initiates in the sense direction, no double-stranded RNA 

is generated, and the proximal KIR promoter remains open, allowing for stable gene 

transcription. If transcription initiates in the antisense direction, double-stranded RNA is 

formed over the proximal promoter between antisense transcripts and distal transcripts. 

Double-stranded RNAs could then be processed into siRNAs that direct DNA 

methylating enzymes to the KIR proximal promoter, resulting in promoter methylation 

and stable gene silencing.  

Using a method involving cDNA hybridization and digestion of unhybridized 

cDNA, we were able to confirm the existence of a 288 base double-stranded RNA 

spanning the length of the proximal KIR3DL1 promoter. Unexpectedly, instead of finding 

siRNA processed from the 288 base double-stranded RNA, we consistently found a 28 

base RNA processed exclusively from the antisense strand. We were able to clone this 
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28 base from the KIR3DL1 and KIR2DL1 genes. The only reported small RNA species 

with a size of 28 bases is the PIWI family. While piRNAs are known to participate in de 

novo DNA methylation of transposons in mice 210, 211, their existence outside of the 

germline has only been a matter of speculation. The defining characteristic of 

mammalian piRNAs is the presence of a 2’-0-methyl group at their 3’ terminal ribose 

instead of a hydroxyl group 203, 204. To determine whether the KIR 28 base small RNA 

has a modified 3’ terminus, we carried out periodate oxidation/β-elimination reaction. 

Only RNAs containing both 2’ and 3’ hydroxyl groups react with NaIO4, and β-elimination 

shortens NaIO4-reacted RNA by one nucleotide, leaving a 3’-monophosphate terminus. 

Results from this biochemical analysis demonstrate that KIR 28 base RNAs are 

protected from degradation and, thus, have a 3’ terminal modification. Therefore, KIR 28 

base small RNAs are likely PIWI or PIWI-like RNAs. To definitively prove that the 28 

base RNA is indeed a PIWI RNA, a demonstration of the binding of the 28 base RNA 

with a PIWI protein is needed. These experiments are ongoing.  

  To test the hypothesis that KIR antisense transcripts mediate transcriptional 

silencing during human NK cell development, we over-expressed full-length KIR3DL1 

antisense transcripts in CD34+ cells and differentiated these cells along the NK lineage 

in vitro. We observed an approximately 70% decrease in KIR expression at the 

transcriptional level in cells harboring the antisense over-expression vector compared to 

controls. Importantly, no reduction in KIR expression was observed when we over-

expressed the full-length KIR3DL1 antisense transcript with the 28 base PIWI RNA 

sequence removed, suggesting that this sequence is necessary for antisense transcript-

mediated silencing. Because of the heterogeneity of the cells differentiated in culture, we 

designed a set of reporter vectors, which we transduced into primary CD56+ NK cells, to 



 

 76 

show that antisense transcription directly leads to the initiation of DNA methylation within 

the KIR promoter.  

The molecular mechanism underlying RNA-mediated silencing of KIR gene 

transcription requires further study as several important questions remain. First, we do 

not know how the 28 base RNA is processed from antisense transcripts. The prevailing 

model for piRNA biogenesis, the “ping-pong” model, has been developed in Drosophilia 

and reflects the following observations: The first 10 nucleotides of piRNAs bound to the 

Aubergine (Aub) protein, which are predominantly antisense and typically begin with 

uridine, are often complementary to the first 10 nucleotides of piRNAs bound to the 

Argonaute3 (Ago3) protein, which are mostly sense and typically have an adenosine at 

position 10. The “ping-pong” model proposes that piRNAs participate in an amplification 

loop in which sense transcripts trigger the production of new, antisense piRNAs. Ago3 is 

presumed to catalyze the cleavage of piRNAs and is essential for the suppression of 

germline transpositions 209. An alternate pathway for piRNA processing that is 

independent of Aub and Ago3 and involves only Piwi proteins has been discovered 

recently in Drosophila somatic cells. The authors speculate that somatic, Piwi-bound 

piRNAs are produced by an unidentified ribonuclease that generates single-stranded 

guides, which are subsequently loaded into Piwi and trimmed to length. This pathway 

likely lacks an amplification cycle, but still has a mechanism that operates to explain the 

fact that Piwi-bound piRNAs are overwhelmingly antisense 213. 

Four members of the PIWI-like family, PIWI1, PIWI2, PIWI3 and PIWI4, have 

been identified in humans. PIWI4 is the only family member that exhibits a ubiquitous 

expression pattern, and the over-expression of PIWI4 in HEK293T cells causes a 

substantial increase in the dimethylation states of multiple H3K9 sites within the p16Ink4a 

gene 237. PIWL4 may modify histones by recruiting heterochromatin protein 1A (HP1a) to 
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specific chromosomal sites. The N-terminal chromo domain of HP1 binds to the N-

terminal tail of histone H3 when it is dimethylated on lysine 9 238. Once bound to 

chromatin, the shadow domain of HP1 can recruit histone methyl transferases, which 

propagates the H3K9me2 mark to allow heterochromatin spreading and transcriptional 

repression 239. HP1a has been identified as a binding partner of PIWI proteins through 

the use of yeast two-hybrid screens, and the introduction of a mutation that disrupts the 

PIWI-HP1a interaction negatively affects the epigenetic silencing abilities of PIWI 

proteins in Drosophila somatic cells 212.  

An intricate, two-way relationship seems to exist between DNA methylation and 

histone modifications. Natural killer cells express PIWIL4 (unpublished observations), 

and it is tempting to speculate that a PIWI-HP1a-dependent process might be involved in 

establishing histone modifications that, in turn, lead to the DNA methylation of KIR 

promoters. However, an extensive recent study by Santourlidis et al. found similar 

histone signatures in the promoters of both expressed and silent KIR genes from 

peripheral blood NK cells. Complicating the matter further, the authors observed 

significantly higher levels of active histone modifications, such as H4K8ac, across KIR 

genes in NK cells and CD8+ T cells compared with other cell types that do not express 

KIR. The inverse was true for repressive marks; higher levels of H3K9dime were 

associated with KIR genes in cell types that do not express KIR 140. Given these findings, 

it is likely that the mechanism underlying RNA-mediated KIR gene silencing is restricted 

to the establishment or maintenance of DNA methylation. 

An important issue that has yet to be resolved in our understanding of the 

regulation KIR expression is the process through which proximal KIR promoters become 

demethylated during NK cell development. Some insight into this process may be 

gleaned from a study that examined natural variants of the KIR2DL5 gene, which is the 
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most recently identified KIR 240. KIR2DL5A*001 is the only reported allele of the 

telomeric locus, located 3’ of KIR3DS1. Three alleles, which are designated 

KIR2DL5B*002, *003 and *004, have been reported for the centromeric locus, and are 

found downstream of KIR2DL2 241, 242. NK and T cells transcribe the alleles 

KIR2DL5A*001 and KIR2DL5B*003 in a variegated, clonally restricted manner. The 

KIR2DL5B*002 and *004 alleles are undetectable by RT-PCR in all tested donors. 

Interestingly, the silent alleles of KIR2DL5 and the KIR3DP1 pseudogene share a single-

nucleotide polymorphism (SNP) in a binding site for RUNX transcription factors 141, 242, 

243. A series of EMSA experiments carried out by Gómez-Lozano et al. demonstrated 

that Runx3 binds to the transcribed KIR2DL5A*001 allele, and the SNP within the 

KIR2DL5B*002 promoter abrogates binding 243.      

 When the KIR2DL5A*001 and KIR2DL5B*002 promoters were inserted into 

luciferase vectors and transfected into the NK3.3 cell line, both promoters expressed 

luciferase at similar levels. Therefore, Runx3 is likely not necessary for the assembly of 

transcription factors or promotion of transcription from KIR promoters. This assertion is 

further supported by the observation that pharmacological DNA demethylation using 5-

aza-2’-deoxycytidine (5Aza-dC) rescues the expression of silent KIR2DL5B alleles. 

Though the authors did not define the mechanism by which Runx3 actually promoters 

KIR transcription, it is tempting to speculate that Runx3 is critical for epigenetic 

modifications, including the initiation of DNA demethylation, during NK cell development. 

RUNX proteins can recruit histone acetyltransferases 244-246, which could induce an open 

chromatin conformation at the bound gene and increase its chance of being selected for 

DNA demethylation and expression. 

 The KIR gene locus is interesting from molecular, evolutionary and clinical 

perspectives. The work presented in this manuscript is a piece of a larger, and 
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continually unfolding, story. Over the course of the past two decades the KIR locus has 

been mapped, distinct haplotypes have been identified, and expression patterns have 

been discerned. KIR have been identified as critical plays in NK cell recognition, the 

regulation of cytotoxicity, education, tolerance and viral clearance. However, much work 

remains to be done to understand and ultimately manipulate KIR in their multifarious 

roles in NK cell development and function.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 80 

REFERENCES 

1. Agrawal, A., Eastman, Q.M. & Schatz, D.G. Transposition mediated by RAG1       
and   RAG2 and its implications for the evolution of the immune system. Nature 
394, 744-751 (1998). 

2. Hiom, K., Melek, M. & Gellert, M. DNA transposition by the RAG1 and RAG2 
proteins: A possible source of oncogenic translocations. Cell. 94, 463-470 (1998). 

3. Bajénoff, M. et al. Natural killer cell behavior in lymph nodes revealed by static and 
real-time imaging. J. Exp. Med. 203, 619-631 (2006). 

4. Yuan, D., Wilder, J., Dang, T., Bennett, M. & Kumar, V. Activation of B lymphocytes 
by NK cells. Int. Immunol. 4, 1373-1380 (1992). 

5. Gao, N., Jennings, P. & Yuan, D. Requirements for the natural killer cell-mediated 
induction of IgG1 and IgG2a expression in B lymphocytes. Int. Immunol. 20, 645-
657 (2008). 

6. Gao, N., Dang, T. & Yuan, D. IFN-gamma-dependent and -independent initiation of 
switch recombination by NK cells. J. Immunol. 15, 2011-2018 (2001). 

7. Rabinovich, B.A. et al. Activated, but not resting, T cells can be recognized and 
killed by syngeneic NK cells. J.immunol. 170, 3572-3576 (2003). 

8. Cerboni, C. et al. Antigen-activated human T lymphocytes express cell-surface 
NKG2D ligands via an ATM/ATR-dependent mechanism and become susceptible 
to autologous NK-cell lysis. Blood. 110, 606-615 (2007). 

9. Roy, S. et al. NK cells lyse T regulatory cells that expand in response to an 
intracellular pathogen. J. immunol. 180, 1729-1736 (2008). 

10. Lu, L. et al. Regulation of activated CD4+ T cells via the Qa-1-NKG2A inhibitory 
pathway. Immunity. 26, 593-604 (2007). 

11. Olson, J.A. et al. NK cells mediate reduction of GVHD by inhibiting activated, 
alloreactive T cells while retaining GVT effects. Blood. [Epub ahead of print] (2010). 

12. Lieberman, J. The ABCs of granule-mediated cytotoxicity: new weapons in the 
arsenal. Nat. Rev. Immunol. 3, 361-370 (2003). 

13. Topham, N.J. & Hewitt, E.W. Natural killer cytotoxicity: how do they pull the trigger? 
Immunology. 128, 7-15 (2009). 

14. Kiessling, R., Klein, E. & Wigzell, H. “Natural” killer cells in the mouse. I. Cytotoxic 
cells with specificity for mouse Moloney leukemia cells. Specificity and distribution 
according to genotype. Euro. J. Immunol. 5, 112-117 (1975). 

15. Kiessling, R., Klein, E., Pross, H. & Wigzell, H. “Natural” killer cells in the mouse. II. 
Cytotoxic cells with specificity for mouse Moloney leukemia cells. Characteristics of 
the killer cell. Euro. J. Immunol. 5, 117-121 (1975). 

16. Kumar, V., Luevano, E. & Bennett, M. Hybrid resistance to EL-4 lymphoma cells. I. 
Characterization of natural killer cells that lyse EL-4 cells and their distinction from 
marrow-dependent natural killer cells. J. Exp. Med. 150, 531-547 (1979). 

17. Burnet, F.M. “Self-recognition” in colonial marine forms and flowering plants in 
relation to the evolution of immunity. Nature. 232, 230-235 (1971). 

18. Kärre, K., Ljunggren, H.G., Piontek, G. & Kiessling, R. Selective rejection of H-2-
deficient lymphoma variants suggests alternative immune defence strategy. Nature. 
319, 675-678 (1986). 

19. Karlhofer, F.M., Ribaudo, R.K. & Yokoyama, W.M. MHC class I alloantigen 
specificity of Ly-49+ IL-2-activated natural killer cells. Nature. 358, 66-70 (1992). 



 

 81 

20. Mason, L.H. et al. Cloning and functional characteristics of murine large granular 
lymphocyte-1: a member of the Ly-49 gene family (Ly-49G2). J. Exp. Med. 182, 
293-303 (1995). 

21. Brennan, J., Mahon, G., Mager, D.L., Jefferies, W.A. & Takei, F. Recognition of 
class I major histocompatibility molecules by Ly-49: specificities and domain 
interactions. J. Exp. Med. 183, 1553-1559 (1996).  

22. Wagtmann, N., Rajagopalan, S., Winter, C.C., Peruui, M. & Long, E.O. Killer cell 
inhibitory receptors specific for HLA-C and HLA-B identified by direct binding and 
by functional transfer. Immunity. 3, 801-809 (1995). 

23. D’Andrea, A. et al. Molecular cloning of NKB1. A natural killer cell receptor for HLA-
B allotypes. J. Immunol. 155, 2306-2310 (1995). 

24. Colonna, M., Borsellino, G., Falco, M., Ferrara, G.B. & Strominger, J.L. HLA-C is 
the inhibitory ligand that determines dominant resistance to lysis by NK1- and NK2-
specific natural killer cells. PNAS. 90, 12000-12004 (1993). 

25. Braud, V.M. et al. HLA-E binds to natural killer cell receptors CD94/NKG2A, B and 
C. Nature. 391, 795-799 (1998). 

26. Vance, R.E., Kraft, J.R., Altman, J.D., Jensen, P.E. & Raulet, D.H. Mouse 
CD94/NKG2A is a natural killer cell receptor for the nonclassical major 
histocompatibility complex (MHC) class I molecule Qa-1(b). J. Exp. Med. 188, 
1841-1848 (1998). 

27. Borrego, F., Ulbrecht, M., Weiss, E.H., Coligan, J.E. & Brooks, A.G. Recognition of 
human histocompatibility leukocyte antigen (HLA)-E complexed with HLA class I 
signal sequence-derived peptides by CD94/NKG2 confers protection from natural 
killer cell-mediated lysis. J. Exp. Med. 187, 813-818 (1998). 

28. Yokoyama, W.M. & Seaman, W.E. The Ly-49 and NKR-P1 gene families encoding 
lectin-like receptors on natural killer cells: the NK gene complex. Annu. Rev. 
Immunol. 11, 613-635 (1993). 

29. Brown, M.G. et al. A 2-Mb YAC contig and physical map of the natural killer gene 
complex on mouse chromosome 6. Genomics. 42, 16-25 (1997). 

30. McQueen, K.L., Freeman, J.D., Takei, F. & Mager, D.L. Localization of five new 
Ly49 genes, including three closely related to Ly49c. Immunogenetics. 48, 174-183 
(1998). 

31. Depatie, C. et al. Sequence-ready BAC contig, physical, and transcriptional map of 
a 2-Mb region overlapping the mouse chromosome 6 host-resistance locus Cmv1. 
Genomics. 66, 161-174 (2000). 

32. Wilhelm, B.T., Gagnier, L. & Mager, D.L. Sequence analyis of the Ly49 cluster in 
C57/BL6 mice: a rapidly evolving multigene family in the immune system. 
Genomics. 80, 646-661 (2002). 

33. Makrigiannis, A.P. et al. A BAC contig map of the Ly49 gene cluster in 129 mice 
reveals extensive differences in gene content relative to C57/BL6 mice. Genomics. 
79, 437-444 (2002). 

34. Makrigiannis, A.P., Patel, D., Goulet, M-L., Dewar, K. & Anderson, S.K. Direct 
sequence comparison of two divergent class I MHC natural killer cell receptor 
haplotypes. Genes Immun. 6, 71-83 (2005). 

35. Proteau, M-F., Rousselle, E. & Makrigiannis, A.P. Mapping of the BALB-c Ly49 
cluster defines a minimal natural killer cell gene repertoire. Genomics. 84, 669-677 
(2004). 



 

 82 

36. Anderson, S.K., Dewar, K., Goulet, M-L., Leveque, G. & Makrigiannis, A.P. 
Complete elucidation of a minimal class I MHC natural killer cell receptor haplotype. 
Genes Immun. 6, 481-492 (2005). 

37. Brennan, J., Mager, D., Jefferies, W. & Takei, F. Expression of different members 
of the Ly-49 gene family defines distinct natural killer cell subsets and cell adhesion 
properties. J. Exp. Med. 180, 2287-2295 (1994). 

38. Stoneman, E.R. et al. Cloning and characterization of 5E6(Ly49-C), a receptor 
molecule expressed on a subset of murine natural killer cells. J. Exp. Med. 182, 
305-313 (1995). 

39. Held, W. & Kunz, B. An allele-specific, stochastic gene expression process controls 
the expression of multiple Ly49 family genes and generates a diverse, MHC-
specific NK cell receptor repertoire. Euro. J. Immunol. 28, 2407-2416 (1998). 

40. Lanier, L.L. NK cell receptors. Annu. Rev. Immunol. 16, 359-393 (1998). 
41. Burshtyn, D.N. et al. Recruitment of tyrosine phospatase HCP by the killer cell 

inhibitory receptor. Immunity. 4, 77-85 (1996). 
42. Burshtyn, D.N., Yang, W., Yi, T. & Long, E.O. A novel phosphotyrosine motif with a 

critcal amino acid at position -2 for the SH2 domain-mediated activation of the 
tyrosine phosphatase SHP-1. J. Biol. Chem. 272, 13066-13072 (1997). 

43. Binstadt, B.A. et al. Sequential involvement of LCK and SHP-1 with MHC-
recognizing receptors on NK cells inhibits FcR-initiated tyrosine kinase activation. 
Immunity. 5, 629-638 (1996). 

44. Campbell, K.S., Dessing, M., Lopez-Botet, M., Cella & Colonna, M. Tyrosine 
phosphorylation of a human killer inhibitory receptor recruits protein tyrosine 
phosphatase 1C. J. Exp. Med. 184, 93-100 (1996). 

45. Fry, A.M., Lanier, L.L. & Weiss, A. Phosphotyrosines in the killer cell inhibitory 
receptor motif of NKB1 are required for negative signaling and for association with 
protein tyrosine phosphatase 1C. J. Exp. Med. 184, 295-300 (1996). 

46. Olcese, L. et al. Human and mouse killer-cell inhibitory receptors recruit PTP1C 
and PTP1D protein tyrosine phosphatases. J. Immunol. 156, 4531-4534 (1996). 

47. Valiante, N.M., Phillips, J.H., Lanier, L.L. & Parham, P. Killer cell inhibitory receptor 
recognition of human leukocyte antigen (HLA) class I blocks formation of a 
PP36/PLC-gamma signaling complex in human natural killer (NK) cells. J. Exp. 
Med. 184, 2243-2250 (1996). 

48. Kane, K.P. Ly-49 mediates EL4 lymphoma adhesion to isolated major 
histocompatibility molecules. J. Exp. Med. 179, 1011-1015 (1994). 

49. Daniels, B.F., Karlhofer, F.M., Seaman, W.E. & Yokoyama, W.M. A natural killer 
cell receptor specific for a major histocompatibility class I molecule. J. Exp. Med. 
180, 687-692 (1994). 

50. Brennan, J., Lemieux, S., Freeman, J.D., Mager, D.L. & Takei, F. Heterogeneity 
among Ly-49C natural killer (NK) cells: characterization of highly related receptors 
with differing functions and expression patterns. J. Exp. Med. 184, 2085-2090 
(1996). 

51. Yu, Y.Y. et al. The role of Ly49A and 5E6(Ly49C) molecules in hybrid resistance 
mediated by murine natural killer cells against normal T cell blasts. Immunity. 4, 67-
76 (1996). 

52. Lanier, L.L., Corliss, B.C., Wu, J., Leong, C. & Phillips, J.H. Immunoreceptor 
DAP12 bearing a tyrosine-based activation motif is involved in activating NK cells. 
Nature. 391, 703-707 (1998). 



 

 83 

53. Smith, K.M., Wu, J., Bakker, A.B., Phillips, J.H. & Lanier, L.L. Ly-49D and Ly-49H 
associate with mouse DAP-12 and form activating receptors. J. Immunol. 161, 7-10 
(1998). 

54. Coudert, J.D., Scarpellino, L., Gros, F., Vivier, E. & Held, W. Sustained NKG2D 
engagement induces cross-tolerance of multiple distinct NK cell activation 
pathways. Blood. 111, 3571-3578 (2008). 

55. Wei, S. et al. Direct tumor lysis by NK cells uses a Ras-independent mitogen-
activated protein kinase signal pathway. J. Immunol. 168, 3811-3819 (2000). 

56. Trotta, R. et al. Dependence of both spontaneous and antibody-dependent, granule 
exocytosis-mediated NK cell cytotoxicity on extracellular signal-related kinases. J. 
Immunol. 161, 6648-6656 (1998). 

57. Chini, C.C., Boos, M.D., Dick, C.J., Schoon, R.A & Leibson, P.J. Regulation of p38 
mitogen-activated protein kinase during NK cell activation. Euro. J. Immunol. 30, 
2791-2798 (2000). 

58. Borges, L., Hsu, M.L., Fanger, N., Kubin, M. & Cosman, D. A family of human 
lymphoid and myeloid Ig-like receptors , some of which bind to MHC class I 
molecules. J. Immunol. 159, 5192-5196 (1997). 

59. Wagtmann, N., Rojo, S., Eichler, E., Mohrenweiser, H. & Long, E.O. A new human 
gene complex encoding the killer cell inhibitory receptors and related 
monocyte/macrophage receptors. Curr. Biol. 7, 615-618 (1997). 

60. Valiante, N.M. et al. Functionally and structurally distinct NK cell receptor 
repertoires in the peripheral blood of two human donors. Immunity. 7, 739-751 
(1997). 

61. Selvakumar, A., Steffens, U. & Dupont, B. Polymorphism and domain variability of 
human killer cell inhibitory receptors. Immunol. Rev. 155, 183-196 (1997). 

62. Carrington, M. & Norman, P. The KIR gene cluster (2003). 
63. Lanier, L.L. et al. The NKB1 and HP-3E4 NK cell receptors are structurally distinct 

glycoproteins and independently recognize polymorphic HLA-B and HLA-C 
molecules. J. Immunol. 154, 3320-3327 (1995). 

64. Rojo, S., Wagtmann, N. & Long, E.O. Binding of a soluble p70 killer cell inhibitory 
receptor to HLA-B*5101: requirement for all three p70 immunoglobulin domains. 
Euro. J. Immunol. 27, 568-571 (2005). 

65. Rajagopalan, S. & Long, E.O. The direct binding of a p58 killer cell inhibitory 
receptor to human histocompatibility leukocyte antigen (HLA)-Cw4 exhibits peptide 
selectivity. J. Exp. Med. 185, 1523-1528 (1997). 

66. Cella, M., Longo, A., Ferrara, G.B., Strominger, J.L. & Colonna, M. NK3-specific 
natural killer cells are selectively inhibited by Bw4-positive HLA alleles with 
isoleucine 80. J. Exp. Med. 180, 1235-1242 (1994). 

67. Peruzzi, M., Wagtmann, N. & Long, E.O. A p70 killer cell inhibitory receptor specific 
for several HLA-B allotypes discriminates among peptides bound to HLA-B*2705. J. 
Exp. Med. 184, 1585-1590 (1996). 

68. Malnati, M.S. et al. Peptide selectivity in the recognition of MHC class I by natural 
killer cell clones. Science. 267, 1016-1018 (1995).  

69. Mandelboim, O., Wilson, S.B., Valés-Gómez, M., Reyburn, H.T. & Strominger, J.L. 
Self and viral peptides can initiate lysis by autologous natural killer cells. PNAS. 94, 
4604-4609 (1997). 

70. Zappacosta, F., Borrego, F., Brooks, A.G., Parker, K.C. & Coligan, J.E. Peptides 
isolated from HLA Cw*0304 confer different degrees of protection natural killer cell-
mediated lysis. PNAS. 94, 6313-6318 (1997). 



 

 84 

71. Kabat, J., Borrego, F., Brooks, A. & Coligan, J.E. Role that each NKG2A 
immunoreceptor tyrosine-based inhibitory motif plays in mediating the human 
CD94/NKG2A inhibitory signal. J. Immunol. 169, 1948-1958 (2002). 

72. Dréan, E.L. et al. Inhibition of antigen-induced T cell response and antibody-
induced NK cell cytotoxicity by NKG2A: association of NKG2A with SHP-1 and 
SHP-2 protein-tyrosine phosphatases. Euro. J. Immunol. 28, 264-276 (1998). 

73. Riteau, B. et al. HLA-G1 co-expression boosts the HLA class I-mediated NK lysis 
inhibition. Int. Immunol. 13, 193-201 (2001). 

74. Riteau, B. et al. HLA-G2, -G3, and –G4 isoforms expressed as nonmature cell 
surface glycoproteins inhibit NK and antigen-specific CTL cytolysis. J. Immunol. 
166, 5018-5026 (2001). 

75. Cosman, D. et al. A novel immunoglobulin superfamily receptor for cellular and viral 
MHC class I molecules. Immunity. 7, 273-282 (1997). 

76. Godal, R. et al. NK cell killing of AML and ALL blasts by killer-immunoglobulin 
receptor (KIR) negative NK cells after NKG2A and LIR-1 blockade. Biol. Blood 
Marrow Transplant. [Epub ahead of print] (2010).  

77. Galy, A., Travis, M., Cen, D. & Chen, B. Human T, B, natural killer, and dendritic 
cells arise from a common bone marrow progenitor cell subset. Immunity. 3, 459-
473 (1995). 

78. Freud, A.G. & Caligiuri, A.A. Human natural killer cell development. Immunol. Rev. 
214, 56-72 (2006). 

79. DiSanto, J.P. et al. Absence of interleukin 2 production in a severe combined 
immunodeficiency disease syndrome with T cells. J. Exp. Med. 171, 1697-1704 
(1990). 

80. Giliani, S. et al. Interleukin-1 receptor alpha (IL-7Ralpha) deficiency: cellular and 
molecular bases. Analysis of clinical, immunological, and molecular features in 16 
novel patients. Immunol. Rev. 203, 110-126 (2005). 

81. Kennedy, M.K. et al. Reversible defects in natural killer and memory CD8 T cell 
lineages in interleukin 15-deficient mice. J. Exp. Med. 191, 771-780 (2000). 

82. Kündig, T.M. et al. Immune responses in interleukin-2-deficient mice. Science. 262, 
1059-1061 (1993). 

83. Johnston, J.A. et al. Tyrosine phosphorylation and activation of STAT5, STAT3, 
and Janus kinases by interleukins 2 and 15. PNAS. 92, 8705-8709 (1995). 

84. Leonard, W.J. Role of Jak kinases and STATs in cytokine signal transduction. Int. 
J. Hematol. 73, 271-277 (2001). 

85. Freud, A.G. et al. Evidence for discrete stages of human natural killer cell 
differentiation in vivo. J. Exp. Med. 203, 1033-1043 (2006). 

86. Jacobs, R. et al. CD56bright cells differ in their KIR repertoire and cytotoxic 
features from CD56dim NK cells. Euro. J. Immunol. 31, 3121-3127 (2001). 

87. Cooper M.A. et al. Human natural killer cells: a unique innate immunoregulatory 
role for the CD56(bright) subset. Blood. 97, 3146-3151 (2001). 

88. Nagler, A., Lanier, L.L., Cwirla, S. & Phillips, J.H. Comparative studies of human 
FcRIII-positive and negative natural killer cells. J. Immunol. 143, 3183-3191 (1989). 

89. Lanier, L.L., Le, A.M., Civin, C.L., Loken, M.R. & Phillips, J.H. The relationship of 
CD16 (Leu-11) and Leu-19 (NKH-1) antigen expression on human peripheral blood 
NK cells and cytotoxic T lymphocytes. J. Immunol. 136, 4480-4486 (1986). 

90. Robertson, M.J., Manley, T.J., Donahue, C., Levine, H. & Ritz, J. Costimulatory 
signals are required for optimal proliferation of human natural killer cells. J. 
Immunol. 150, 1705-1714 (1993). 



 

 85 

91. Freud, A.G. et al. A human CD34(+) subset resides in lymph nodes and 
differentiates into CD56bright natural killer cells. Immunity. 22, 295-304 (2005). 

92. Raulet, D.H. & Vance, R.E. Self-tolerance of natural killer cells. Nat. Rev. Immunol. 
6, 520-531 (2006). 

93. Fernandez, N.C. et al. A subset of natural killer cells achieves self-tolerance without 
expressing inhibitory receptors specific for self-MHC molecules. Blood. 105, 4416-
4423 (2005). 

94. Cooley, S. et al. A subpopulation of human peripheral blood NK cells that lacks 
inhibitory receptors for self-MHC is developmentally immature. Blood. 110, 578-586 
(2007). 

95. Salcedo, M. et al. Altered expression of Ly49 inhibitory receptors on natural killer 
cells from MHC class I-deficient mice. J. Immunol. 158, 3174-3180 (1997). 

96. Sentman, C.L., Olsson, M.Y. & Kärre, K. Missing self recognition by natural killer 
cells in MHC class I transgenic mice. A ‘receptor calibration’ model for how effector 
cells adapt to self. Semin. Immunol. 7, 109-119 (1995). 

97. Andersson, S., Fauriat, C., Malmberg, J.A., Ljunggren, H. & Malmberg, K.J. KIR 
acquisition probabilities are independent of self-HLA class I ligands and increase 
with cellular KIR expression. Blood. 114, 95-104 (2009). 

98. Bix, M. et al. Rejection of class I MHC-deficient hematopoietic cells by irradiated 
MHC-matched mice. Nature. 349, 329-331 (1991). 

99. Furukawa, H. et al. Tolerance of NK and LAK activity for HLA class I-deficient 
targets in a TAP1-deficient patient (bare lymphocyte syndrome type I). Hum. 
Immunol. 60, 32-40 (1999). 

100. Höglund, P. et al. Recognition of beta 2-microglobulin-negative (beta 2m-) T-cell 
blasts by natural killer cells from normal but not from beta 2m- mice: 
nonresponsiveness controlled by beta 2m- bone marrow in chimeric mice. PNAS. 
88, 10332-10336 (1991). 

101. Liao, N.S., Bix, M., Zijlstra, M., Jaenisch, R. & Raulet, D.H. MHC class I deficiency: 
susceptibility to natural killer (NK) cells and impaired NK activity. Science. 253, 
199-202 (1991). 

102. Vitale, M. et al. Analysis of natural killer cells in TAP2-deficient patients: expression 
of functional triggering receptors and evidence for the existence of inhibitory 
receptor(s) that prevent lysis of normal autologous cells. Blood. 99, 1723-1729 
(2002) 

103. Dorfman, J.R., Zerrahn, J., Coles, M.C. & Raulet, D.H. The basis for self-tolerance 
of natural killer cells in beta2-microglobulin- and TAP-1-mice. J. Immunol. 159, 
5219-5225 (1997). 

104. Ljunggren, H.G., Van Kaer, L., Ploegh, H.L. & Tonegawa, S. Altered natural killer 
cell repertoire in Tap-1 mutant mice. PNAS. 91, 6520-6524 (1994). 

105. Kim, S. et al. Licensing of natural killer cells by host major histocompatibility 
complex I molecules. Nature. 436, 709-713 (2005). 

106. Anfossi, N. et al. Human NK cell education by inhibitory receptors for MHC class I. 
Immunity. 25, 331-342 (2006). 

107. Orr, M.T., Murphy, W.J. & Lanier, L.L. ‘Unlicensed’ natural killer cells dominate the 
response to cytomegalovirus infection. Nat. Immunol. 11, 321-327 (2010) 

108. Parham, P. Taking license with natural killer cell maturation and repertoire 
development. Immunol. Rev. 214, 155-160 (2006) 

109. Mestas, J. & Hughes, C.C. Of mice and not men: differences between mouse and 
human inmmunology. J. Immunol. 172, 2731-2738 (2004). 



 

 86 

110. Trowsdale, J. & Parham, P. Mini-review: Defense strategies and immunity-related 
genes. Euro. J. Immunol. 34, 7-17 (2003). 

111. Martin, A.M., Kulski, J.K., Witt, C., Pontarotti, P. & Christiansen, F.T. Leukocyte Ig-
like receptor complex (LRC) in mice and men. Trends Immunol. 23, 81-88 (2002). 

112. Anderson, S.K., Ortaldo, J.R. & McVivar, D.W. The ever-expanding Ly49 gene 
family: repertoire and signaling. Immunol. Rev. 181, 79-89 (2001). 

113. Takahashi, T. et al. Natural killer cell receptors in the horse: evidence for the 
existence of multiple transcribed Ly49 genes. Euro. J. Immunol. 34, 773-784 
(2004). 

114. Mager, D.L., McQueen, K.L., Wee, V. & Freeman, J.D. Evolution of natural killer  
cell receptors: coexistence of functional Ly49 and KIR genes in baboons. Curr. Biol. 
11, 626-630 (2001). 

115. Welch, A.Y., Kasahara, M. & Spain, L.M. Identification of the mouse killer 
immunoglobulin-like receptor-like (Kirl) gene family mapping to chromosome X. 
Immunogenetics. 54, 782-790 (2003). 

116. Holesbrekken, S.E. et al. Cutting edge: molecular cloning of a killer cell Ig-like 
receptor in the mouse and rat. J. Immunol. 170, 2259-2263 (2003). 

117. Uhrberg, M. et al. Human diversity in killer cell inhibitory genes. Immunity. 7, 753-
763 (1997). 

118. Yawataa, M. et al. Roles for HLA and KIR polymorphisms in natural killer cell 
receptor selection and modulation of effector function. J. Exp. Med. 203, 633-645 
(2006). 

119. Toneva, M. et al. Genomic diversity of natural killer cell receptor genes in three 
populations. Tissue Antigens. 57, 358-362 (2001). 

120. Trowsdale, J. et al. The genomic context of natural killer cell receptor extended 
gene families. Immunol. Rev. 181, 20-38 (2001). 

121. Kubo, S. et al. The gene encoding mouse lymphocyte antigen Ly-49: structural 
analysis and the 5’-flanking sequence. Gene. 136, 329-331 (1993). 

122. Gosselin, P., Makrigiannis, A.P., Nalewaik, R. & Anderson, S.K. Characterization of 
the Ly49I Promoter. Immunogenetics. 51, 326-331 (2000). 

123. McQueen, K.L., Wilhelm, B.T., Takei, F. & Mager, D.L. Functional analysis of 5’ and 
3’ regions of the closely related Ly49c and j genes. Immunogenetics. 52, 212-223 
(2001). 

124. Kunz, B. & Held, W. Positive and negative roles of the trans-acting T cell factor-1 
for the acquisition of distinct Ly-49 MHC class I receptors by NK cells. J. Immunol. 
166, 6181-6187. (2001). 

125. Saleh, A., Makrigiannis, A.P., Hodge, D.L. & Anderson, S.K. Identification of a 
novel Ly49 promoter that is active in bone marrow and fetal thymus. J. Immunol. 
168, 5163-5169 (2002). 

126. Pascal, V., Stulberg, M.J. & Anderson, S.K. Regulation of class I major 
histocompatibility receptor expression in natural killer cells: one promoter is not 
enough! Immunol Rev. 214, 9-21 (2006). 

127. Kubota, A., Kubota, S., Lohwasser, S., Mager, D.L. & Takei, F. Diversity of NK cell 
receptor repertoire in adult and neonatal mice. J. Immunol. 163, 212-216 (1999). 

128. Saleh, A. et al. Identification of probabilistic transcriptional switches in the Ly49 
gene cluster: a eukaryotic mechanism for selective gene activation. Immunity. 21, 
55-66 (2004). 



 

 87 

129. Rouhi, A., Gagnier, L., Takei, F. & Mager, D.L. Evidence for epigenetic 
maintenance of Ly49a monoallelic gene expression. J. Immunol. 176, 2991-2999 
(2006). 

130. Tanamachi, D.M. et al. Genomic Ly49A transgenes: basis of Ly49A variegated 
gene expression and identification of a critical regulatory element. J. Immunol. 172, 
1074-1082 (2004). 

131. Santourlidis, S. et al. Crucial role of DNA methylation in determination of clonally 
distributed killer cell Ig-like receptor expression patterns in NK cells. J. Immunol. 
169, 4253-4261 (2002). 

132. Chan, HW. et al. DNA methylation maintains allele-specific KIR gene expression in 
human natural killer cells. J. Exp. Med. 197, 245-255 (2003). 

133. Chan, HW., Miller, J.S., Moore, M.B. & Lutz, C.T. Epigenetic control of highly 
homologous killer Ig-like receptor gene alleles. J. Immunol. 175, 5966-5974 (2005). 

134. Roberts, J.J. & Cheng, X. Base flipping. Annu. Rev. Biochem. 67, 181-198 (1998). 
135. Holliday, R. & Pugh, J.E. DNA modification mechanisms and gene activity during 

development. Science. 187, 226-232 (1975). 
136. Riggs, A.D. X inactivation, differentiation, and DNA methylation. Cytogenet. Cell 

Genet. 14, 9-25 (1975). 
137. Chan, M.F., Liang, G. & Jones, P.A. Relationship between transcription and DNA 

methylation. Curr. Top. Microbiol. Immunol. 249, 75-86 (2000). 
138. Walsh, C.P. & Bestor, T.H. Cytosine methylation and mammalian development. 

Genes. Dev. 13, 26-34 (1999). 
139. Jones, P.A. & Takai, D. The role of DNA methylation in mammalian epigenetics. 

Science. 293, 1068-1070 (2001). 
140. Santourlidis, S., Graffmann, N, Christ, J. & Uhrberg, M. Lineage-specific transition 

of histone signatures in the killer cell Ig-like receptor locus from hematopoietic 
progenitor to NK cells. J. Immunol. 180, 418-425 (2008). 

141. Bergen, JV., Stewart, C.A., Elsen, PJVD. & Trowsdale, J. Structural and functional 
differences between the promoters of independently expressed killer cell Ig-like 
receptors. Euro. J. Immunol. 35, 2191-2199 (2005). 

142. Stulberg, M.J et al. Identification of distal KIR promoters and transcripts. Genes 
Immun. 8, 124-130 (2006). 

143. Davies, G.E. et al. Identification of bidirectional promoters in the human KIR genes. 
Genes Immun. 8, 245-253 (2007). 

144. Li, H., Pascal, V., Martin, M.P., Carrington, M. & Anderson, S.K. Genetic control of 
variegated KIR gene expression: polymorphisms of the bi-directional KIR3DL1 
promoter are associated with distinct frequencies of gene expression. PLoS Genet. 
4, Epub (2008). 

145. Morris, K.V., Chan, S.WL., Jacobsen, S.E. & Looney, D.J. Small interfering RNA-
induced transcriptional gene silencing in human cells. Science. 305, 1289-1292 
(2004). 

146. Kim, D.H., Sætrom, P., Snøve, O. & Rossi, J.J. MicroRNA-directed transcriptional 
gene silencing in mammalian cells. PNAS. 105, 16230-16235 (2008). 

147. Yu, W. et al. Epigenetic silencing of tumour suppressor gene p15 by its antisense 
RNA. Nature. 451, 202-206 (2008). 

148. Bachar-Lustig, E., Rachamim, N., Li, HW., Lan, F. & Reisner, Y. Megadose of T 
cell-depleted bone marrow overcomes MHC barriers in sublethally irradiated mice. 
Nat. Med. 1, 1268-1273 (1995). 



 

 88 

149. Aversa, F. et al. Treatment of high-risk acute leukemia with T-cell-depleted stem 
cells from related donors with one fully mismatched HLA haplotype. N. Engl. J. 
Med. 339, 1186-1193 (1998). 

150. Ruggeri, L. et al. Effectiveness of donor natural killer cell alloreactivity in 
mismatched hematopoietic transplants. Science. 295, 2097-2100 (2002). 

151. Cooley, S. et al. Donors with group B KIR haplotypes improve relapse-free survival 
after unrelated hematopoietic cell transplantation for acute mylogenous leukemia. 
Blood. 113, 726-732 (2009). 

152. Martin, M.P. et al. Epistatic interaction between KIR3DS1 and HLA-B delays the 
progression to AIDS. Nat. Genet. 31, 429-434 (2002). 

153. Martin, M.P. et al. Innate partnership of HLA-B and KIR3DL1 subtypes against HIV-
1. Nat. Genet. 39, 733-740 (2007). 

154. Gumperz, J.E., Litwin, V., Phillips, J.H., Lanier, L.L. & Parham, P. The Bw4 public 
epitope of HLA-B molecules confers reactivity with natural killer cell clones that 
express NKB1, a putative HLA receptor. J. Exp. Med. 181, 1133-1144 (1995). 

155. Gumperz, J.E. et al. Conserved and variable residues within the Bw4 motif of HLA-
B make separable contributions to recognition by the NKB1 killer cell-inhibitory 
receptor. J. Immunol. 158, 5237-5241 (1997). 

156. Carr, W.H., Pando, M.J. & Parham, P. KIR3DL1 polymorphisms that affect NK cell 
inhibition by HLA-Bw4 ligand. J. Immunol. 175, 5222-5229 (2005). 

157. Cella, M., Longo, A., Ferrara, G.B., Strominger, J.L. & Colonna, M. NK3-specific 
natural killer cells are selectively inhibited by Bw4-positive HLA alleles with 
isoleucine 80. J. Exp. Med. 180, 1235-1242 (1994). 

158. Qi, Y. et al. KIR/HLA pleiotropism: protection against both HIV and opportunistic 
infections. PLoS Pathog. 2 Epub (2006). 

159. Cook, M. et al. Donor KIR genotype has a major influence on the rate of 
cytomegalovirus reactivation following T-cell replete stem cell transplantation. 
Blood. 107, 1230-1232 (2006). 

160. Hiby, S.E. et al. Combinations of maternal KIR and fetal HLA-C genes influence the 
risk of preeclampsia and reproductive success. J. Exp. Med. 200, 957-965 (2004). 

161. Redman, W.W. & Sargent, I.L. Pre-eclampsia, the placenta and the maternal 
systemic inflammatory response—a review. Placenta. 24, S21-S27 (2003). 

162. Varla-Leftherioti, M. et al. Natural killer (NK) receptors’ repertoire in couples with 
recurrent spontaneous abortions. Am. J. Reprod. Immunol. 49, 183-191 (2003). 

163. Katz, G., Markel, G., Mizrahi, S., Arnon, T.I. & Mandelboim, O. Recognition of HLA-
Cw4 but not HLA-Cw6 by the NK cell receptor killer cell Ig-like receptor two-domain 
short tail number 4. J. Immunol. 166, 7260-7267 (2001). 

164. Terme, M., Ullrich, E., Delahaye, N.F., Chaput, N. & Zitfogel, L. Natural killer cell-
directed therapies: moving from unexpected results to successful strategies. Nat. 
Immunol. 9, 486-494 (2008). 

165. Khakoo, S.I. et al. HLA and NK cell inhibitory receptor genes in resolving hepatitis 
C virus infection. Science. 305, 872-874 (2004). 

166. Trompeter, H.I. et al. Three structurally and functionally divergent kinds of 
promoters regulate expression of clonally distributed killer cell Ig-like receptors 
(KIR), of KIR2DL4, and of KIR3DL3. J. Immunol. 174, 4135-4143 (2005). 

167. Stewart, C.A., Bergen, JV. & Trowsdale, J. Different and divergent regulation of the 
KIR2DL4 and KIR3DL1 promoters. J. Immunol. 170, 6073-6081 (2003). 

168. Wilson, M.J. et al. Plasticity in the organization and sequences of human KIR/ILT 
gene families. PNAS. 97, 4778-4783 (2000). 



 

 89 

169. McMahon, S.B., Wood, M.A. & Cole, M.D. The essential cofactor TRRAP recruits 
the histone acetyltransferase hGCN5 to c-Myc. Mol. Cell Biol. 20,556–562 (2000). 

170. Bouchard, C. et al. Regulation of cyclin D2 gene expression by the Myc/Max/Mad 
network: Myc-dependent TRRAP recruitment and histone acetylation at the cyclin 
D2 promoter. Genes Dev. 15, 2042-2047 (2001). 

171. Freytag, S.O. & Geddes, T.J. Reciprocal regulation of adipogenesis by Myc and 
C/EBPalpha. Science. 256, 379-382 (1992). 

172. Walker, W., Zhou, ZQ., Ota, S., Wynshaw-Boris, A. & Hurlin, P.J. Mnt-Max to Myc-
Max complex switching regulates cell cycle entry. J. Cell Biol. 169, 405-413 (2005). 

173. Obaya, A.J., Mateyak, M.K. & Sedivy, J.M. Mysterious liaisons: the relationship 
between c-Myc and the cell cycle. Oncogene. 18, 2934-2941 (1999). 

174. Johnston, L.A., Prober, D.A., Edgar, B.A., Eisenman, R.N. & Gallant, P. Drosophila 
myc regulates cellular growth during development. Cell. 98, 779-790 (1999). 

175. Evan, G.I. et al. Induction of apoptosis in fibroblasts by c-myc protein. Cell. 69, 119-
128 (1992). 

176. Fernandez, P.C. et al. Genomic targets of the human c-Myc protein. Genes Dev. 
17, 1115-1129 (2003). 

177. Orian, A. et al. Genomic binding by the drosophila Myc, Max, Mad/Mnt transcription 
factor network. Genes Dev. 17, 1101-1114 (2003). 

178. Bianchi, T., Gasser, S., Trumpp, A. & MacDonald, H.R. c-Myc acts downstream of 
IL-15 in the regulation of memory CD8 T-cell homeostasis. Blood. 107, 3992-3999 
(2006). 

179.  Mrozek, E., Anderson, P. & Caligiuri, M.A. Role of interleukin-15 in the 
development of human CD56+ natural killer cells from CD34+ hematopoietic 
progenitor cells. Blood. 87, 2632-2640 (1996). 

180. Lucas, M., Schachterle, W., Oberle, K., Aichele, P. & Diefenbach, A. Dendritic cells 
prime natural killer cells by trans-presenting interleukin 15. Immunity. 26, 503-517 
(2007). 

181. Cooper, M.A. et al. In vivo evidence for a dependence on interleukin 15 for survival 
of natural killer cells. Blood. 100, 3633-3638 (2002). 

182. McCullar, V. et al. Mouse fetal and embryonic liver cells differentiate human 
umbilical cord blood progenitors into CD56-negative natural killer cell precursors in 
the absence of interleukin-15. Exp. Hematol. 36, 598-608 (2008). 

183. de Rham, C. et al. The proinflammatory cytokines IL-2, IL-15 and IL-21 modulate 
the repertoire of mature human natural killer cell receptors. Arthritis Res. Ther. 9, 
R125 (2007). 

184. Romagnani, C. et al. CD56brightCD16- killer Ig-like receptor- NK cells display 
longer telomeres and acquire features of CD56dim NK cells upon activation. J. 
Immunol. 178, 4947-4955 (2007). 

185. Budagian, V., Bulanova, E., Paus, R. & Bulfone-Paus, S. IL-15/IL-15 receptor 
biology: a guided tour through an expanding universe. Cytokine Growth Factor Rev. 
17, 259-280 (2006). 

186. Ostertag, E.M. & Kazazian, H.H. Jr. Biology of mammalian L1 retrotransposons. 
Annu. Rev. Genet. 35, 501-538 (2001). 

187. Moran, J.V., DeBerardinis, R.J. & Kazazian, H.H. Jr. Exon shuffling by L1 
retrotransposition. Science. 238, 1530-1534 (1999). 

188. Martin, M.P., Bashirova, A., Traherne, J., Trowsdale, J. & Carrington, M. Cutting 
edge: expansion of the KIR locus by unequal crossing over. J. Immunol. 171, 2192-
2195 (2003). 



 

 90 

189. Parham, P. Taking license with natural killer cell maturation and repertoire 
development. Immunol. Rev. 214, 155-160 (2006). 

190. Zheng, X. et al. ROS3 is an RNA-binding protein required for DNA demethylation in 
Arabidopsis. Nature. 455, 1259-1262 (2008). 

191. Maasho, K., Marusina, A., Reynolds, N.M., Coligan, J.E. & Borrego, F. Efficient 
gene transfer into the human natural killer cell line, NKL, using the Amaxa 
nucleofection system. J. Immunol. Methods. 284, 133-140 (2004). 

192. Oostendorp, R.A.J. et al. Stromal cell lines from mouse aorta-gonads-mesonephros 
subregions are potent supporters of hematopoietic stem cell activity. Blood. 99, 
1183-1189 (2002). 

193. Raulet, D.H., Vance, R.E. & McMahon, C.W. Regulation of the natural killer cell 
receptor repertoire. Annu. Rev. Immunol. 19, 291-330 (2001). 

194. Suto, Y., et al. Chromosomal localization of the human natural killer cell class I 
receptor family genes to 19q13.4 by fluorescence in situ hybridization. Genomics. 
35, 270-272 (1996). 

195. Husain, Z., Alper, C.A., Yunis, E.J. & Dubey, D.P. Complex expression of natural 
killer cell receptor genes in single natural killer cells. Immunology.106, 373-380. 
(2002). 

196. Presnell, S.R., Zhang, L., Ramilo, C.A., Chan, H.W. & Lutz, C.T. Functional 
redundancy of transcription factor-binding sites in the killer cell Ig-like receptor 
(KIR) gene promoter. Int. Immunol.18, 1221-1232. (2006). 

197. Cichocki, F. et al. The transcription factor c-Myc enhances KIR gene transcription 
through direct binding to an upstream distal promoter element. Blood. 113, 3245-
3253 (2009). 

198. Li, L.C. et al. Small dsRNAs induce transcriptional activation in human cells. PNAS. 
103, 17337-17342. (2006). 

199. Ogawa, Y., Sun, B.K. & Lee, J.T. Intersection of the RNA interference and X-
inactivation pathways. Science. 320, 1336-1341 (2008). 

200. Vagin, V.V., Sigova, A., Li, C., Seitz, H., Gvozdev, V. & Zamore, P.D. A distinct 
small RNA pathway silences selfish genetic elements in the germline. Science. 
313, 320-324 (2006). 

201. Aravin, A.A. et al. Double-stranded RNA-mediated silencing of genomic tandem 
repeats and transposable elements in the D. melanogaster germline. Curr. Biol. 11, 
1017-1027 (2001). 

202. Houwing, S. et al. A role for Piwi and piRNAs in germ cell maintenance and 
transposon silencing in Zebrafish. Cell. 129, 69-82 (2007). 

203. Kirino, Y. & Mourelatos, Z. Mouse PIWI-interacting RNAs are 2’-O-methylated at 
their 3’ termini. Nat. Struct. Mol. Biol. 14, 347-348 (2007). 

204. Ohara, T. et al. The 3’ termini of mouse PIWI-interacting RNAs are 2’-O-
methylated. Nat. Struct. Mol. Biol. 14, 349-350 (2007). 

205. Girard, A., Sachidanandam, R., Hannon, G.J. & Carmell, M.A. A germline-specific 
class of small RNAs binds mammalian PIWI proteins. Nature. 442, 199-202 (2006). 

206. Aravin, A.A. et al. The small RNA profile during Drosophila melanogaster 
development. Dev. Cell. 5, 337-350 (2003). 

207. Grivna, S.T., Beyret, E., Wang, Z. & Lin, H. A novel class of small RNAs in mouse 
spermatogenic cells. Genes Dev. 20, 1709-1714 (2006). 

208. Aravin, A.A., Sachidanandam, R., Girard, A., Fejes-Toth, K. & Hannon, G.J. 
Developmentally regulated piRNA clusters implicate MILI in transposon control. 
Science. 316, 744-747 (2007). 



 

 91 

209. Brennecke, J. et al. Discrete small RNA-generating loci as master regulators of 
transposon activity in Drosophila. Cell. 128, 1089-1103 (2007). 

210. Aravin, A.A. et al. A piRNA pathway primed by individual transposons is linked to 
de novo DNA methylation in mice. Mol. Cell. 31, 785-799 (2007). 

211. Kuramochi-Miyagawa, S. et al. DNA methylation of retrotransposon genes is 
regulated by Piwi family members MILI and MIWI2 in murine fetal testes. Genes 
Dev. 22, 908-917 (2008).  

212. Lin, H. & Yin, H. A novel epigenetic mechanism in Drosophila somatic mediated by 
Piwi and piRNAs. Cold Spring Harb. Symp. Quant. Biol. 73, 273-281 (2008). 

213. Li, C. et al. Collapse of Germline piRNAs in the absence of Argonaute3 reveals 
somatic piRNAs in flies. Cell. 137, 509-521 (2009). 

214. Akbergenov, R. et al. Molecular characterization of geminivirus-derived small RNAs 
in different plant species. Nucleic Acids Res. 34, 462-471 (2006).  

215. Colonna, M. & Samaridis, J. Cloning of immunoglobulin-superfamily members 
associated with HLA-C and HLA-B recognition by human natural killer cells. 
Science. 268, 405-408 (1995). 

216. Colonna, M., Brooks, E.G., Falco, M., Ferrara, G.B. & Strominger, J.L. Generation 
of allospecific natural killer cells by stimulation across a polymorphism of HLA-C. 
Science. 260, 1121-1124 (1993). 

217. Moretta, A. et al. Identification of four subsets of human CD3-CD16+ natural killer 
(NK) cells by the expression of clonally distributed functional surface molecules: 
correlation between subset assignment of NK clones and ability to mediate specific 
alloantigen recognition. J. Exp. Med. 172, 1589-1598 (1990). 

218. Litwin, V., Gumperz, J., Parham, P., Phillips, J.H. & Lanier, L.L. Specificity of HLA 
class I antigen recognition by human NK clones: evidence for clonal heterogeneity, 
protection by self and non-self alleles, and influence of the target cell type. J. Exp. 
Med. 178, 1321-1326 (1993). 

219. Döhring, C., Scheidegger, D., Samaridis, J., Cella, M. & Colonna, M. A human killer 
inhibitory receptor specific for HLA-A1,2. J. Immunol. 156, 3098-3101 (1996). 

220. Pende, D. et al. The natural killer cell receptor specific for HLA-A allotypes: a novel 
member of the p58/p70 family of inhibitory receptors that is characterized by three 
immunoglobulin-like domains and is expressed as a 140-kD disulphide-linked 
dimmer. J. Exp. Med. 184, 505-518 (1996). 

221. Stadfeld, M., Nagaya, M., Utikal, J., Weir, G. & Hochedlinger, K. Induced 
pluripotent stem cells generated without viral integration. Science. 322, 945-949 
(2008). 

222. Mattick, J.S. & Makunin, I.V. Non-coding RNA. Hum. Mo. Genet. 15, R17-R29 
(2006). 

223. Prasanth, K.V. & Spector, D.L. Eukaryotic regulatory RNAs: an answer to the 
“genome complexity” conundrum. Genes Dev. 21, 11-42 (2007). 

224. Meister, G. & Tuschl, T. Mechanisms of gene silencing by double-stranded RNA. 
Nature. 431, 343-349 (2004). 

225. Feng, J. et al. The Evf-2 noncoding RNA is transcribed from the Dlx-5/6 
ultraconserved region and functions as a Dlx-2 transcriptional coactivator. Genes 
Dev. 20, 1470-1484 (2006). 

226. Sanchez-Elsner, T., Gou, D., Kremmer, E. & Sauer, F. Noncoding RNAs of trithorax 
response elements recruit Drosophila Ash1 to ultrabithorax. Science. 311, 1118-
1123 (2006). 



 

 92 

227. Gribnau, J., Diderich, K., Pruzina, S., Calzolari, R. & Fraser, P. Intergenic 
transcription and developmental remodeling of chromatin subdomains in the human 
beta-globin locus. Mol. Cell. 5, 377-386 (2000). 

228. Masternak, K., Peyraud, N., Krawczyk, M., Barras, E. & Reith, W. Chromatin 
remodeling and extragenic transcription at the MHC class II locus control region. 
Nat. Immunol. 4, 132-137 (2003). 

229. Bolland, D.J. et al. Antisense intergenic transcription in V(D)J recombination. Nat. 
Immunol. 5, 630-637 (2004). 

230. Rogan, D.F. et al. Analysis of intergenic transcription in the human IL-4/IL-13 gene 
cluster. PNAS. 101, 2446-2451 (2004). 

231. Ho, Y., Elefant, F., Liebhaber, S.A. & Cooke, N.E. Locus control region transcription 
plays an active role in long-range gene activation. Mol. Cell. 23, 365-375 (2006). 

232. Abarrategui, I. & Krangel, M.S. Noncoding transcription controls downstream 
promoters to regulate T-cell receptor alpha recombination. EMBO J. 26, 4380-4390 
(2007). 

233. Wittschieben, B.Ø. et al. A novel histone acetyltransferase is an integral subunit of 
elongating RNA polymerase II holoenzyme. Mol. Cell. 1, 123-128 (1999). 

234. Hecht, T., Laroche, T., Strahl-Bolsinger, S., Gasser, S.M. & Grunstein, M. Histone 
H3 and H4 N-termini interact with SIR3 and SIR4 proteins: a molecular model for 
the formation of heterochromatin in yeast. Cell. 80, 583-592 (1995). 

235. Hong, L., Schroth, G.P., Matthews, H.R., Yau, P. & Bradbury, E.M. Studies of the 
DNA binding properties of histone H4 amino terminus. Thermal denaturation 
studies reveal that acetylation markedly reduces the binding constant of the H4 
“tail” to DNA. J. Biol. Chem. 268, 305-314 (1993). 

236. Luger, K., Mader, A.W., Richmond, R.K. & Richmond, T.J. Crystal structure of the 
nucleosome core particle at 2.8 Å resolution. Nature. 389, 251-261 (1997). 

237. Sugimoto, K. et al. The induction of H3K9 methylation by PIWIL4 at the p16Ink4a 
locus. Biochem. Biophys. Res. Commun. 359, 497-502 (2007). 

238. Bannister, A.J., et al. Selective recognition of methylated lysine 9 on histone H3 by 
the HP1 chromo domain. Nature 410, 120-124 (2001). 

239. Vermaak, D. & Malik, H.S. Multiple roles for heterochromatin protein 1 genes in 
Drosophila. Annu. Rev. Genet. 43, 467-492 (2009). 

240. Vilches, C., et al. KIR2DL5, a novel killer-cell receptor with a D0-configuration of Ig-
like domains. J. Immunol. 2000. 174, 5797-5804 (2000). 

241. Belkin, D., et al. Killer cell Ig-like receptor and leukocyte Ig-like receptor transgenic 
mice exhibit tissue- and cell-specific transgene expression. J. Immunol. 171, 3056-
3063 (2003). 

242. Vilches, C., Gardiner, C.M. & Parham, P. Gene structure and promoter variation of 
expressed and non-expressed variants of the KIR2DL5 gene. J. Immunol. 165, 
6416-6421 (2000). 

243. Gómez-Lozano, et al. The silent KIR3DP1 gene (CD158c) is transcribed and might 
encode a secreted receptor in a minority of humans, in whom the KIR3DP1, 
KIR2DL4 and KIR3DL1/KIR3DS1 genes are duplicated. Eur. J. Immunol. 35, 16-24 
(2005). 

244. Kitabayashi, I., Yokoyama, A., Shimizu, K. & Ohki, M. Interaction and functional 
cooperation of the leukemia-associated factors AML1 and p300 in myeloid cell 
differentiation. EMBO J. 17, 2994-3004 (1998). 



 

 93 

245. Kitabayashi, I., Aikawa, Y., Nguyen, L.A., Yokoyama, A. & Ohki, M. Activation of 
AML1-mediated transcription by MOZ and inhibition by the MOZ-CBP fusion 
protein. EMBO J. 20, 7184-7196 (2001). 

246. Bristow, C.A. & Shore, P. Transcriptional regulation of the human MIP-1alpha 
promoter by RUNX1 and MOX. Nucleic Acids Res. 31, 2734-2744 (2003). 

 
 
 


