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The NKGZ2 natural killer cell receptor family:
comparative analysis of promoter sequences
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The NKG2 receptor family is crucially involved in target cell recognition by natural killer cells and comprises several
activating as well as inhibitory family members. We have established approximately 3 kilobases of upstream promoter
sequences of the human NKG2-C, -E and -F genes and have carried out a comparative analysis with available NKG2-A
sequences. We found extended regions of homology which contain numerous putative transcription factor binding sites
conserved in the NKG2 genes. However, variation in Alu insertion among family members has led to promoter structures
unique to the respective family members, which could contribute to differences in transcriptional initiation as well as gene-
specific regulation. Genes and Immunity (2000) 1, 504-508.
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Natural killer (NK) cells recognize target cells that have
lost or severely reduced their surface expression of MHC
class I.' NK cell activation and cytotoxicity is regulated
via a multitude of NK cell receptors recognizing class I
molecules.” Co-expression of activating as well as inhibi-
tory receptors seems to allow adaptation to self class I
levels as well as fine-tuning of NK cell responses.> NK
cell receptors can be grouped in two subtypes: killer
immunoglobulin-like receptors (KIRs) have been charac-
terized in the human system,* while lectin-like NK cell
receptors have been described in the mouse as well as
humans and are generally type II transmembrane pro-
teins containing an extracellular C-type carbohydrate rec-
ognition domain.® Two multigene families of lectin-like
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receptors have been identified, which are termed Ly49°
and NKG2.”

The human NKG2 family comprises seven members
referred to as NKG2-A, -B, -C, -D, -E, -F and -H, with
A/B and E/H being splice variants of the same genes.””
Even though occasionally generated via trans-gene splic-
ing of a common NKG2-F/2-D transcript,®'® NKG2-D is
only remotely related to the other NKG2 family members
and constitutes a separate class of lectin-like receptors.
All other NKG2 members share substantial sequence
homology and NKG2-A, -B, -C, -E, as well as
-H have been shown to form disulfide-linked hetero-
dimers with the invariant CD94 protein.®'' Activating
family members (NKG2-C and potentially -E, -F, -H) are
characterized by the presence of a charged amino acid
residue in the transmembrane domain mediating inter-
action with DAP-12, an adapter molecule containing
an immunoreceptor tyrosine-based activation motif
(ITAM).'?3 In contrast, inhibitory NKG2 proteins
(NKG2-A and -B) carry immunoreceptor tyrosine-based
inhibition motifs (ITIMs).">'* Despite their distinct sig-
naling capabilities, NKG2-A, -B and -C receptors have
been found to recognize the same ligand, the non-classi-
cal HLA class I molecule HLA-E.*>1¢

We have previously characterized gene structure and
genomic organization of human NKG2 members.'®'71®
We found that NKG2-A, -C, -E and -F are closely linked
(as listed) and of the same transcriptional orientation.
NKG2-A contains an additional 5 untranslated exon not
detected in transcripts of the other NKG2 members."
Expression of NKG2 genes is limited to NK cells and a
subset of cytotoxic T-cells (Tc).?® Individual NKG2 mem-
bers can be expressed separately or in combinations on
NK as well as Tc subsets,'? a process which seems to be
regulated transcriptionally and is thus reflected in mRNA



expression.”® Development of an NK-like phenotype, ie,
de novo expression of CD94/NKG2-A can be induced by
cytokines such as IL-2, IL-15 and TGF-B on immature
thymocytes or Tc subsets.?'** NKG2 mRNA levels can be
further increased by prolonged treatment of NK cells
with IL-2 or IFN-«, thus pointing to further regulation
at the transcriptional level.**?* However, to date little is
known about the promoter regions of NKG2 genes, which
should harbor various regulatory elements mediating cell
type-specific expression as well as cytokine responsive-
ness.

Thus, we have now characterized the 5 promoter
sequences of the NKG2-C, -E and -F genes and have car-
ried out a comparative analysis with available NKG2-A
sequences.”” Upstream sequences of the human NKG2-C,
-E and -F genes were established by double-strand
sequencing of the respective subclones B46 (NKG2-C), E-
15 (NKG2-E) as well as shot gun clones (NKG2-F) gener-
ated from a P1 artificial chromosome clone, PAC D21184,
previously described by us to contain the entire NKG2-C,
-E, -F and -D genes."® We found the NKG2-F regulatory
region to be in close proximity with the 3’ end of the
NKG2-E gene.'”" The genomic sequence of NKG2-A
(GenBank file AF023840) including putative regulatory
regions has previously been published.” Alignment of
sequences was carried out using the MacVector 6.5.1
analysis program (Oxford Molecular Ltd., Oxford, UK)
and revealed substantial homology among all family
members over a range of approximately 3 kilobases
(Figure 1). The NKG2-C and -E regions were found to
be highly similar (98% identity). Upstream sequences of
NKG2-F were 75% identical with NKG2-C and -E, while
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NKG2-A differed to a greater extend showing slightly
closer homology to NKG2-F (60%) than to NKG2-C and
-E (57%).

A search for repetitive DNA elements within the estab-
lished sequences (using the RepeatMasker program at
http://ftp.genome.washington.edu/RM/RepeatMasker
.html) revealed a high frequency of Alu repeats in NKG2
upstream regions (Figure 1). Alu sequences, which consti-
tute roughly 5% of the human genome, occur at a fre-
quency of approximately 1 element per 4 kb.?* Promoter
regions display a higher frequency of Alu insertions,®
which correlates with our observation of 2 Alu elements
present in 3 kb of the established NKG2-C, -E and -F
sequences. NKG2-A contains a single Alu insertion, which
is approximately 200 bp upstream of the start codon. The
site of insertion as well as the Alu subtype and orientation
were clearly distinct for the NKG2 members examined,
suggesting insertion events following duplication of the
genes. Further repetitive sequences identified include a
MIR element conserved in all family members as well as a
long interspersed repeat (LIM3) interrupting the NKG2-A
upstream region at approximately —-3000 (start codon
defined as +1).

Data previously obtained by us applying 5 RACE
reactions and sequencing of NKG2 cDNA clones revealed
cDNA start sites for NKG2-C and -E (-45) as well as
NKG2-F (-182) in the region immediately preceding the
translation initiation codon and did not give any indi-
cation of an upstream untranslated exon.' In contrast,
most NKG2-A transcripts initiate at a distance of about
—2.2 kb from multiple start sites and include a 5’ untrans-
lated exon, which is subsequently spliced at —2042/-31."°
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Figure 1 Schematic drawing of NKG2 upstream nucleotide sequences. Nucleotide sequences were established using the ABI Prism 373A
DNA Sequencer (PE Biosystems, Foster City, CA, USA) and were based on plasmid clones B46 (covering NKG2-C upstream sequences
and exons 1, 2) and E15 (containing NKG2-E upstream sequences and exons 1 to 4). Both clones were derived from the P1 artificial
chromosome (PAC) D21184 previously identified by us to cover the entire human genomic region of NKG2-C, -E, -F and -D.'° NKG2-F
upstream sequences were established by analysis of a PAC D21184 derived shotgun library.'® Putative regulatory regions of NKG2-C (3642
bp), NKG2-E (3634 bp) and NKG2-F (3169 bp) were subsequently aligned and analyzed for the presence of repetitive elements using the
MacVector 6.5.1 software (Oxford Molecular Ltd, Oxford, UK) and RepeatMasker at http://ftp.genome.washington.edu/RM/
RepeatMasker.html. Regions of extended homology among the family members NKG2-A, -C, -E and -F are indicated by white bars and
dashed lines connecting the corresponding areas. Repetitive DNA elements are drawn in black (Alu elements), dotted (MIR elements) or
striped (LIM3 element) boxes; their orientation is given by large arrows. Transcript start sites (according to 5° RACE ¢cDNA analysis) are
indicated by small bent arrows. All numbering refers to the corresponding start codons defined as A*'TG. Numbers given for NKG2-C

differ minimally from NKG2-E nucleotide counts (put in parentheses).
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A minority of NKG2-A transcripts seems to be generated
from a downstream TATA box at —44, which is not con-
served in NKG2-C, -E or -F sequences. In the case of
CD9%4, no 5" untranslated exon has been identified, and
in the absence of a functional TATA box multiple start
sites from a promoter preceding the first translated exon
have been described.* To further characterize NKG2
transcriptional initiation, we performed primer extension
analysis with RNA obtained from NK cell lines NKL and
NK92. We applied oligonucleotides which specifically
bound to NKG2-A, -C, -E or -F cDNA (as tested in sequen-
cing reactions). Primer extension experiments for NKG2-A,
which have not been reported previously, were repeat-
edly carried out with an oligonucleotide priming at +4
(PE-A) and gave a characteristic band pattern specific for
NK cell mRNA (Figure 2a). The pattern could be repro-
duced with a second oligonucleotide (PE-A,;) priming
within NKG2-A exon 1 (data not shown). Observed tran-
script start sites correlate with multiple cDNA 5’ ends
identified by Plougastel et al'® via 5 RACE and sequen-
cing of NKG2-A cDNA clones. Most ¢cDNAs contain
approximately 200 bp of 5’ untranslated sequence, which
initiates about 2.2 kb upstream of the start codon and is
subsequently spliced at positions -2042 and -31. In
accordance, the primer extension experiment as shown in
Figure 2a displayed products with varying length of 5’
untranslated region (mostly between 175 to 215 and with
lower frequency between 245 to 275 nucleotides)
reflecting multiple initiation points from the NKG2-A
upstream promoter.

In the case of NKG2-C, -E and -F, quantitative RT-PCR
(using ABI Prism 7700 Sequence Detection System, PE
Biosystems, Foster City, CA, USA) demonstrated detect-
able but yet 10-fold (NKL) to 100-fold (NK92) lower
mRNA levels when compared to NKG2-A (data not
shown). For this reason, no NK cell-specific primer exten-
sion products could be obtained for NKG2-C, -E or -F,
although repeatedly attempted with various oligonucleo-
tides. In the absence of available primer extension data,
we performed a computational promoter prediction by
neural network (NNPP program at http://dot.
imgen.bcm.tme.edu:9331), which led to the identification
of a putative transcript start site conserved among NKG2-
C, -E and -F and located only 6 bp upstream of the NKG2-
F ¢cDNA start observed in our previous work' (Figure
2b). Probability scoring was high, ranging from 0.93
(NKG2-C) to 0.99 (NKG2-E) and 0.97 (NKG2-F); no other
start sites were predicted within 1 kb upstream of the
start ATG. High sequence similarity in this region argues
indeed for a common transcript start site of NKG2-C, -E
and -F. The putative transcript start site was not pre-
served in NKG2-A sequences, which display a unique Alu
insertion shortly before the corresponding region, thus
suggesting that this promoter area is not involved in the
transcriptional initiation of NKG2-A. A second line of evi-
dence indicating that NKG2-A and NKG2-C, -E, -F do
preferentially employ different promoter regions, became
apparent upon alignment of upstream NKG2-A exon 1
with the matching sequences of NKG2-C, -E and -F: We
observed substantial differences in the area of NKG2-A
transcript initiation, even though adjacent regions were
highly homologous (Figure 1). While the NKG2-F gene
harbors an Alu insertion, NKG2-C and -E sequences lack
a 57-bp motif within the region corresponding to the
NKG2-A upstream promoter and exon 1. This divergence
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Alu¥
NKG2-A 23 CCT TC TTTTTTTAAA ACAAATAT-T CATAAGAAAC GTGTTTAGGC
-221 -182

NEG2-C AGAATACATC TAAARAATTG CCAATTATAT CGTGTGATTT FG"I‘TTNG
26 -186
NEGZ-E AGARTACATC TAAAAAATGG CCAATTATAT CATGTGATTT F;GTTTAAAG
226 -186
NEG2-F AGAAGCGCCTT TTAAAAAGTG ACCTATTGTT TAAAGAGATT ECAG'T'T‘IAAA
8

-188

Figure 2 NKG2 transcript start sites. (a) Primer extension analysis
of NKG2-A transcripts. NK cell lines NKL (generously supplied by
MJ Robertson)®*® and NK92*' (Immune Medicine Inc, Vancouver,
Canada) were grown in RPMI1640 medium containing 10% heat-
inactivated human serum, 1 mm sodium pyruvate, 50 pm B-mer-
captoethanol and 1000 U/ml human recombinant IL-2 (kind gift of
Novartis Research Institute, Vienna, Austria). Total cellular RNA
was extracted using TRIzol reagent (Life Technologies, Paisley, UK)
according to manufacturer’s instructions. Primer extension experi-
ments were performed with 20 pg of total RNA hybridized to [vy-
#PJATP labeled oligonucleotides (100000 cpm) essentially as
described.* Extension products were analyzed on a 6% polyacryla-
mide gel in comparison with DNA sequencing reactions (USB T7
Sequenase 2.0 Sequencing Kit, Amersham Pharmacia Biotech, Little
Chalfont, UK). The oligonucleotides applied read as follows: PE-A
SGTA GAT TAC TCC TTG GTT ATC® (NKG2-A, +24 to +4), PE-
A, “ATA GCT GTG TAA TAA AAG GTG® (NKG2-A, -100 to
-120), PE-C ®*GAA GGT TCC TCT TTG TTT AC* (NKG2-C, +24 to
+5), PE-E/F *GAA GGT TCC TCT TTG TTT AT* (NKG2-E and
-F, +24 to +5), PE-F “GAG GCT GAG TAG TAA TGT TCA T*
(NKG2-F, =112 to —133). Primer extension analysis was successfully
carried out for NKG2-A transcripts of NKL and NK92 cells
(negative control: Jurkat cells). Data are shown for PE-A in com-
parison with a size marker based on the ddGTP-lane of a
PE-C sequencing reaction. Numbers indicate the corresponding
positions in NKG2-A cDNA/genomic sequences with respect to the
start codon (+1). (b) Putative transcript start sites of NKG2-C,
-E and -F genes identified by NNPP analysis via
http://dot.imgen.bem.tmc.edu:9331.  Homologous regions of
NKG2-A, -C, -E and -F sequences are aligned. Predicted transcript
start sites for NKG2-C, -E and -F are indicated by bent arrows. The
published cDNA start site of NKG2-F is underlined, the position of
Alu insertion in NKG2-A is indicated by a bold line.



Table 1 Putative transcription factor binding sites conserved in
NKG2-C, -E and -F upstream regions. Sites were identified using the
GCG Wisconsin sequence analysis package version 8.1 (Genetics
Computer Groups, Madison, WI, USA) and TESS analysis software
available via http://dot.imgen.bcm.tme.edu:9331. Occurrence of
sites within 1, 2 or 3 kb of the start codon is listed

Transcription
Factor

Number of sites conserved in NKG2-C, -E
and -F sequences within

-3000 -2000 -1000

AFP-1
AP-1
C/EBP
c-etsl
Cc-mos
CP-1
GATA-1
HFH-1
HiNF-A
HNEF-5
MBF-1
MEF-2
NF-AT1
NF-GMa
Oct
PEA-1
PEA-3
Pit-1a
S8

Spl

SRF
TCEF-1

NOOOROONRFRORRPRNOORORORRRO
NN OFR R, OUIOORr OO, RPOOoOOR, WO
N ORP P NWRRPROROOOOONRFR,ROOR,N-

Numbering refers to the NKG2-C start codon as +1. A complete list
of sites and positions in NKG2-C, -E and -F sequences is available
from the authors.

might in turn diminish transcriptional initiation at the
related regions of the NKG2-C, -E and -F genes. Based on
the NNPP analysis, the high sequence homology among
NKG2-C, -E, -F and the findings of several cDNA clones
initiating within the region corresponding to NKG2-A
intron 1, we propose that these three family members
employ conserved transcript start sites at —186/-188.
On the assumption that transcription of activating
NKG2 family members might be regulated in a similar
fashion, we analyzed NKG2-C, -E and -F upstream
regions for putative transcription factor binding sites that
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were conserved in sequence and location among the fam-
ily members. Among the predicted Ccis-regulatory
elements, binding motifs for TCF-1, Oct, Pit-1a, C/EBP,
AP-1, PEA-3, GATA-1 and Spl were the most frequent
(Table 1). Several of these predicted transcription factor
binding sites were also identified in CD94 and NKG2-A
regulatory regions and include TCF-1, GATA-1, C/EBP
and PEA-3.19%

We further analyzed putative cis-regulatory elements
within the Alu elements unique to the respective family
members (Table 2) and found the Alu sequences to be an
abundant source of potential transcription factor binding
sites. While insertion of Alu elements in promoter regions
could possibly lead to abrogation of transcriptional
activity, it has also been demonstrated that Alu elements
can provide regulatory sequences functioning within the
context of a gene promoter.?* Putative transcription factor
binding sites*” as well as the ability to influence nucleo-
some positioning?® contribute to Alu-derived regulation.
The evolutionarily more recent subtypes of Alu repeats
are known to harbor retinoic acid receptor response
elements,” which we detected in all NKG2-contained Alu
sequences. Other recognition motifs mapping to the NKG2
Alu elements include putative binding sites for AP-1,
AP-3, CREB/ATF, C/EBP, Spl, NF-1/CTF or LyF-1 and
may contribute to differences in gene regulation among
family members.

We tested for possible transactivators of NKG2 gene
expression by stimulation of NK cell lines with various
cytokines and subsequent mRNA analysis via Northern
blotting or quantitative RT-PCR. We performed stimu-
lation experiments of NKL and NK92 cells, which were
kept in culture without IL-2 for 36 h and subsequently
exposed to different concentrations of IL-2, IL-12, IL-15,
IFN-a, TGF-B, LPS, TNF-a, TPA, ionomycin or combi-
nations thereof. Incubation times were kept short (0.25
to 5 h) to possibly detect direct transcriptional activators.
Even though the NK cell lines NKL and NK92 were
responsive to cytokine treatment as shown by the repro-
ducible and strong induction of c-myc or IFN-y mRNA
by stimuli like IL-2, IL-15 or TPA, we could not detect
any regulation of NKG2 transcript levels under the vari-
ous conditions applied (data not shown). We thus con-
clude that with respect to the NK cell lines NKL and
NK92, NKG2 transcript levels are unaffected by short-
time cytokine stimulation, possibly due to constitutive

Table 2 Putative transcription factor binding sites localized within the various Alu elements that differ among NKG2 family members
(based on GCG and TESS analysis of upstream regulatory regions). Recognition elements identified in NKG2-E but not NKG2-G Alu repeats

are marked by asterisks

NKG2-A NKG2-C/E NKG2-C/E NKG2-F NKG2-F
Alu'Y Alu Sg Alu Jb Alu Jb Alu'Y
AP-1 E12/TCF3 AP-1 AP-1 E12/TCF3
C/EBP NF-E1/YY1 ARP-1/COUPB* HiNF-A HFH-2
CREB/ATF NF-E2 GATA-1 NF-1/CTF NF-1B
E12/TCF3 NF-GMa HFH-1/HNF-3 Nfe NG-E2
GATA-1 Pur factor HFH-2 NF-GMa NF-GMa
LyF-1 RARE INSAF/IEF-1 RARE RARE
NF-E2 RORa1 NF-GMa Spl SRY/TDF
RARE Spl Oct* TCF-1
Sp-1 TCF-1 RARE TEF-2/AP-3
TCF-1 TCF-1
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upregulation of the genes in these lymphoblastoid cell
lines. The elucidation of transcriptional control mech-
anisms acting on the NKG2 genes would thus require the
use of NK cell clones or NK precursor cells which could
be differentiated in culture.
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