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Background: The expression of the activating receptor NKp46/NCR1 is highly restricted to NK cells.

Results: RUNX proteins bind identified cis-regulatory element and affect NCR1 expression.

Conclusion: NCR1 is regulated by two key proximal cis-regulatory elements and by RUNX factors.

Significance: Mapping regulatory components of NCR1 will contribute to a deeper understanding of NK biology.

Natural cytotoxicity receptor 1 (NCR1), also known as
NKp46, is a natural killer (NK) lymphocyte-activating receptor.
It is involved in major aspects of NK immune function and
shows a high degree of lineage specificity in blood and bone
marrow. The nature of its NK-restricted expression is not well
understood. In this study, we confirm that human NCR1 NK-
specific expression is achieved at the mRNA level. We found two
key cis-regulatory elements in the immediate vicinity upstream
of the gene. One element acts as an essential promoter, whereas
the other acts as a tissue-dependent enhancer/repressor. This
latter regulatory element contains a runt related-transcription
factor (RUNX) recognition motif that preferentially binds
RUNXS3. Interfering with RUNX proteins using a dominant neg-
ative form results in decreased Ncrl expression. RUNX3 over-
expression had the opposite effect. These findings shed light on
the role of RUNX3 in the control of an important NK-activating
receptor.

Natural killer (NK)? cells are large granular lymphocytes that
have antiviral, anticancer, and immunoregulatory functions (1).
Recent findings suggest that they possess memory reminiscent
of adaptive T and B cells (2). However, they have long been
considered as part of the innate branch due to their reliance on
germ-line encoded receptors. The large number of NK recep-
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tors can be categorized into inhibiting, typified by NKG2A, the
Ly49, and the killer immunoglobulin-like receptors, and acti-
vating, including NKG2D and the natural cytotoxicity recep-
tors (3).

NKp46 is an activating receptor encoded by natural cytotox-
icity receptor 1 (NCRI). It is a type 1 transmembrane protein
containing two immunoglobulin-like domains, initially identi-
fied via a redirected killing assay screen (4). Monoclonal anti-
body-mediated cross-linking of NKp46 induces calcium mobi-
lization, cytolytic activity, as well as interferon y (IFNG) release.
Only one natural ligand has been discovered for NKp46 so far:
the viral hemagglutinin (5). However, NCR1/NKp46 is postu-
lated to have unknown tumor ligands that can participate in
tumor immunoediting (6). The emerging role of NKp46 is high-
lighted in studies on mice deficient for Ncrl. These knock-out
mice are unable to fight influenza infection, unable to control a
specific experimental lymphoma model, and are more pro-
tected from development of type 1 diabetes (7-9).

NCRI1 is unique among NK surface receptors. Unlike some of
the other receptors, NCRI is highly conserved in mammals
(10-12). Perhaps most interestingly, NCR1 and NCR3 are the
only NK receptors that show relatively high expression speci-
ficity (13). Recent studies indicate that NKp46 also marks
mouse gut RORC+IL22+ innate immune cells and human ton-
sil CD127+RORC+ lymphoid tissue inducer-like cells (14, 15),
calling into question the specificity of the receptor. However, at
least in the bone marrow and blood, NKp46 acts as a bona fide
NK marker (16).

The expression pattern of NCR1 alludes to specific transcrip-
tional control. Thus, studying its regulation provides an oppor-
tunity to identify important transcription factors of the natural
killer lineage. Furthermore, the NCRI promoter is on the verge
of becoming a widely used and efficacious tool to study the
biology of conventional NK cells. Already, one study has used it
to ablate NK cells in vivo, whereas another used it to create an
NK-specific Stat5-deficient mouse (16, 17). However, the
mechanism behind its precise control has so far gone largely
unaddressed. Here we focus on the proximal upstream region
of the human NCRI gene. We identify two cis-regulatory ele-
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ments in this region and describe a role of runt-related tran-
scription factor (RUNX) proteins, especially RUNX3, in regu-
lating NCR1 expression.

EXPERIMENTAL PROCEDURES

PBMC Flow Cytometry—Peripheral blood was obtained from
healthy donors, and peripheral blood mononuclear cells
(PBMC) were isolated by density centrifugation on Ficoll
PLUS (StemCell Technologies). PBMC were then washed with
PBS containing 5% human serum (Sigma H4522), and Fc recep-
tors were blocked using human Fc receptor blocking reagent
(Miltenyi). Next, the cells were stained using monoclonal anti-
bodies: CD335/NKp46-APC (Miltenyi 130-092-609), CD3-
FITC (BD Biosciences 555332), CD56-PE (StemCell Technolo-
gies 10526), CD14-FITC (StemCell Technologies 10406),
CD15-FITC (BD Biosciences 555401), CD19-PE (Beckman
Coulter IM1285U), and CD33-PE (BD Biosciences 347787).
Isotype control antibodies were: IgG;-APC (BD Biosciences
555751), 1gG,-FITC (StemCell Technologies 10310), IgG;-PE
(StemCell Technologies 10311), IgG,,,-FITC (BD Biosciences
555742), 1gG,,-PE (BD Biosciences 555743), and IgM-FITC
(BD Biosciences 555583). Lastly, propidium iodide was added
to 5 ug/ml. Four-color analysis was carried out using
FACSCalibur.

Cell Culture—NK92, a human NK cell line (18), was cultured
in minimum essential medium Eagle’s with Earle’s salts and
nonessential amino acids, supplemented with 12.5% (v/v) fetal
bovine serum, 12.5% (v/v) horse serum, 2 mm L-glutamine, 100
uM 2-mercaptoethanol, 100 units/ml IL-2 (PeproTech). KY-2
and LNK (both mouse NK cell lines) were cultured in RPMI
1640 medium supplemented with 10% (v/v) fetal bovine serum,
2 mM L-glutamine, and 50 um 2-mercaptoethanol. LNK and
KY-2 used 1000 units/ml and 200 units/ml of IL-2, respectively.
U20S (human osteosarcoma), K562 (human erythroleukemia),
LoVo (human colorectal adenocarcinoma), HEK-293 (human
embryonic kidney), and NIH-3T3 (mouse embryonic fibro-
blast) cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% (v/v) fetal bovine serum (fetal
calf serum for NIH-3T3). IM-9 (human B-lymphoblastoid), Jur-
kat (human T-lymphocyte), THP-1 (human acute monocytic
leukemia), and HL-60 (human acute promyelocytic leukemia)
cell lines were cultured in RPMI 1640 medium supplemented
with 10% (v/v) fetal bovine serum. Mouse NK cells were isolated
from spleen of Runx3-deficient (19) and wild type mice by neg-
ative selection (R&D MagCollect mouse NK cell isolation kit,
MAGM210) and cultured for 7 days in RPMI 1640 medium
containing 10% (v/v) fetal calf serum, 2 mm L-glutamine, 1%
sodium pyruvate, 1% nonessential amino acids, 50 um
2-mercaptoethanol, and 1000 units/ml IL2 (Biological
Industries, Beit-Haemek, Israel, 30-T209B). All cultures
were supplemented with 100 units/ml penicillin, 100
units/ml streptomycin.

RT-PCR and Real-time PCR—Total RNA from cells were col-
lected using RNeasy mini kit and QIAshredder homogenizer
(Qiagen). RNA samples were treated with Turbo DNase
(Ambion) before cDNA conversion using SuperScript III and
random primers (Invitrogen). Primers used for PCR are listed in
supplemental Table S1. Real-time PCR was done using the 7500
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Fast real-time PCR system (Applied Biosystems). Relative
expression was determined using the 27 <™ method. Thresh-
old cycles were normalized to Actb.

Generation of Luciferase Reporter Constructs—Promoter
fragments were generated by PCR using forward primers with
Kpnl site inserted at the 5’ end and reverse primers with Nhel
site inserted at the 5’ end. PCR products were digested with
Kpnl/Nhel (New England Biolabs) and cloned into pLG4.10
(pGL4B) firefly luciferase promoter vector (Promega). RUNX
mutations were introduced into the 5'-270 construct using the
QuikChange Lightning site-directed mutagenesis kit (Strat-
agene). For all primer sequences, see supplemental Table S1.

Transient Transfection and Luciferase Assays—NK92 and
U20S cells were transiently transfected with Lipofectamine
LTX with PLUS reagent (Invitrogen) according to manufactur-
er’s instructions. Briefly, 1.0 X 10° NK92 cells and 5.0 X 10°
U20S cells were seeded into 500 ul of growth medium without
penicillin/streptomycin in 24-well plates for 24 h at 37 °C. For
each well, 100 ul of LTX transfection medium was prepared: 2
wl of LTX reagent, 1 ug of vector, 0.1 pug of pRL-TK, 1 ul of
PLUS, topped up with medium without serum. The mix was
incubated for 30 min prior to addition to wells. Cells were incu-
bated at 37 °C for 24 h before assaying.

Luciferase activity was assayed using the Dual-Luciferase
reporter assay system (Promega) according to the manufactur-
er’s instructions. Firefly luciferase activity was normalized rel-
ative to Renilla luciferase activity for each transfection and
calculated as -fold increase over pGL4.10-BASIC (pGL4B).

Western Blot—Nuclear extraction was performed as de-
scribed before (20). Protein concentration was determined
using the NanoDrop ND-1000 (Thermo Scientific). NuPAGE
Novex 4-12% Bis-Tris gels (Invitrogen) were used to resolve
the protein sample in MOPS SDS running buffer (Invitrogen).
Proteins were transferred onto an Immobilon-P PVDF mem-
brane (Millipore) in transfer buffer (25 mm Tris, 192 mM gly-
cine, 10% methanol, 0.1% SDS). The membrane was blocked for
1 h with blocking solution: 5% (w/v) skim milk reconstituted
with TBST buffer (20 mm Tris, 150 mMm NaCl, 0.1% Tween 20).
Primary antibody was then added at 1:3000 anti-RUNX3
(Abcam ab11905) and 1:3000 anti-ACTB (Sigma A2066) over-
night at 4°C with constant agitation. The membrane was
washed five times with TBST buffer at room temperature with
5-min intervals. Goat anti-rabbit (Sigma A0545) at 1:10,000 was
diluted in TBST buffer with 0.5% (w/v) of skim milk. The mem-
brane was incubated in this secondary antibody solution for 1 h
at room temperature under constant agitation. Washes were
carried out as above. Protein was detected using SuperSignal
(Thermo Scientific) and Kodak BioMax MR film.

EMSA—Wild type and mutated double-stranded probes
containing the putative RUNX binding sites were generated by
annealing oligomers (oligomers listed in supplemental Table
S1). Nuclear extraction, probe labeling, and the gel shift assay
were performed as described before (20). Seven ug of protein
was used per binding reaction (protein concentration was
determined using the NanoDrop ND-1000 (Thermo Scien-
tific)). For supershift experiments, 2.5 ul of anti-RUNX3
(Abcam ab11905) and 2.5 ug of anti-RUNX1 (Abcam ab23980)
was used.
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Chromatin Immunoprecipitation—ChIP assay was per-
formed as described previously (21) with the following modifi-
cations. Formaldehyde cross-linking was done for 15 min at
room temperature for cell lines and 10 min for mouse NK cells.
Sonication was done using 30-s on, 30-s off cycles (25 cycles for
NK92, 30 cycles for U20S and IM-9, 20 cycles for mouse NK
cells). Preclearing and pulldown utilized protein A/G beads
(Thermo Scientific). Immunoprecipitation was accomplished
with 5 ul or 5 ug of anti-RUNX3 (Abcam ab11905), anti-
RUNX1 (Abcam ab23980), anti-histone 3 lysine 4 trimethyla-
tion (Millipore CS200580), anti-histone 3 lysine 27 trimethyla-
tion (Abcam ab6002), and normal rabbit IgG (Millipore).

Retrovirus Transduction and Fluorescence-assisted Cell
Sorting—Control MIGR1, dominant negative RUNX (dn-
RUNX) on MIGR1 backbone (HA-NLS-Runt), and human
RUNX3 (hRUNX3) cDNA on MIY backbone (MIY-hRUNX3)
have been described previously (22, 23). These vectors were
transiently transfected into Plat-E (24) using TurboFect in vitro
reagent (Fermentas) according to the manufacturer’s instruc-
tions. Forty-eight hours later, viral supernatant was collected
and used immediately or stored in —80 °C. The growth medium
of KY-2 cells was switched with viral supernatant plus 4 ug/ml
Polybrene (Sigma) and 200 units/ml IL-2 (PeproTech). For the
MIY-hRUNX3 experiments, the viral supernatant was
switched back to growth medium after 24 h. For the dn-RUNX
experiments, KY-2 cells were subjected to a second round of
infection as above after 24 h. Another 24 h passed for the second
round before the KY-2 culture was switched back to growth
medium. Two or 4 days after the switch, fluorescence-assisted
cell sorting was used to isolate GFP+ or YEP+ cells. Cells were
allowed to recover from sorting stress for 24 h in growth
medium before RNA collection.

RESULTS

NKp46/NCR1 Expression Specificity Stems from Transcript
Level[—NKp46/NCR1 is widely accepted as a bona fide NK
marker at least in blood. There is good evidence for NKp46
specificity at the cell surface in both human and mouse (4, 16).
Indeed, in healthy human PBMC, almost all NKp46+ cells also
express CD56, but not T, B, or myeloid lineage markers CD3,
CD19, CD14, CD15, and CD33 (Fig. 14). However, few have
checked whether the expression pattern is reflected at the tran-
scriptional level in human. We addressed this issue by perform-
ing semiquantitative RT-PCR on a panel of human cell lines and
surveying publicly available microarray data. In accordance
with a previous study (25), out of a panel of human cell lines
(NK, T, B, monocyte, promyeloblast, erythroid, osteosarcoma,
and embryonic kidney), only the NK cell line shows NCRI
expression (Fig. 1B). In primary tissue, as shown by published
microarray data, NCRI transcripts are also confined to the NK
lineage (Fig. 1C). These results suggest that the NK-specific
expression of NKp46 is transcriptionally controlled and that
the cell line, NK92, is a good NK model to further study the
mechanism of its regulation.

Human NCRI1 Promoter Contains Essential and Enhancing
Region—Walzer et al. (16) were able to drive NK-specific
expression using just 400 bp of noncoding sequence upstream
of the human NCRI gene, suggesting that all the important
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FIGURE 1. NCR1 transcript is NK-specific. A, phenotypic analysis of
healthy human PBMC. Freshly isolated PBMC were stained for NKp46 and
otherindicated lineage markers. Dot plots show representative data from
three independent experiments. B, RT-PCR detection of NCRT in human
cell lines with ACTB as internal control. Total RNA from indicated cell lines
was used for reverse transcriptase reactions. C, microarray of NCR1 expres-
sion. Data were accessed through BioGPS (51). Human data are from
GeneAtlas U133A probe set 207860_at (52). Mouse data are from Gene-
Atlas MOE430 probe set 1422089_at (53). Only relevant hematopoietic cell
types are shown. Pro, progenitor; DC, dendritic cell; HSC, hematopoietic
stem cell.

VOLUME 287 +NUMBER 10-MARCH 2, 2012



/ \ NCR1 (human)

/ \

/ \

5// \J 3

(Empty Vector) ‘
I5‘-95|
| 5200 I‘

‘ 5°-270 ‘
—

FL

LI
XT3

NK92

N P R K o

Relative Promoter Strength

FIGURE 2. Luciferase reporter assay of NCRT promoter in NK92. A diagram
of the promoter and first three exons of NCR1 is shown at the top. 5'-UTR and
coding regions are shown as thin and thick gray boxes, respectively. The black
arrow depicts the TSS. Promoter fragments truncated from the 5’ and 3’ ends
were cloned into pGL4B and transiently transfected into NK92. Firefly lucifer-
ase activity was assayed normalized to co-transfected Renilla luciferase activ-
ity. Promoter strength is calculated as -fold above pGL4B empty vector. Data
shown represent means with standard deviations of more than three exper-
iments. Tests of significance were carried out using analysis of variance fol-
lowed by Tukey's post test (***, p < 0.001).

cis-regulatory elements are immediately upstream of the gene
itself. In agreement with this, the level of genomic conservation
upstream of the start codon of human NCR1 is limited to ~300
bp (supplemental Fig. S1). To further pinpoint the crucial cis-
regulatory elements, we cloned —396 to + 1 relative to the ATG
into pGL4B (designated FL; Fig. 2). We also made truncation
mutants designated with the suffix 5’ or 3’ (depending on the
direction of truncation) followed by the size of the remaining
promoter. These constructs were transiently transfected into
NK92 cells, and luciferase assays were conducted. The 5'-95
construct, corresponding to the region immediately upstream
of the ATG, shows appreciable promoter activity (~4-fold
above background). This fragment acts as an essential pro-
moter because its removal, as seen in the 3’ truncations, com-
pletely abrogates activity. In addition, we observe a significant
gain of promoter strength between 5'-200 and 5'-270 con-
structs (from 6- to 13-fold above background). Thus, there
appears to exist an enhancer between —270 and —200. The
differences between 5'-95 and 5'-200, or between FL and
5'-270, were not statistically significant. We conclude that
there are no major cis-regulatory sequences between —95 to
—200 and —270 to —396. These human constructs showed a
similar trend in the mouse NK cell line, KY-2, suggesting that
the promoter is not species-specific (supplemental Fig. S2).
NCRI Promoter Contains RUNX Sites, and RUNX Members
Are Expressed in NK Cells—To identify the transcription fac-
tors that regulate the NCR1 promoter, we scanned the pro-
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moter sequence for transcription factor binding motifs using
the Transcription Element Search System (TESS). Curated
results containing only mammalian hematopoietic transcrip-
tion factors are shown in Fig. 3A. To narrow down the list, we
focused on the essential and enhancing cis-regulatory regions
and took two approaches. Firstly, we carried out a semiquanti-
tative RT-PCR screen to check the expression of the predicted
transcription factors in NK versus other cell types. None of the
predicted factors had an expression pattern as specific as NCR1
(Fig. 3B). However, we noticed that RUNX3/AML2 was con-
fined mostly to the lymphoid lineage and was relatively high in
NKO92 cells. RUNX3 is closely related to two other runt family
members, RUNXI and RUNX2. We focused on RUNXI and
RUNX3, quantitatively confirming their expression by real-
time PCR. The results mirrored the semiquantitative RT-PCR
results for the most part (Fig. 3C). Human cell lines express
varying amounts of RUNXI when compared with NK92.
RUNX3 was highest in NK92 and IM-9, whereas other cell lines
expressed undetectable levels or levels more than 5-fold less
when compared with NK92.

Using semiquantitative RT-PCR, we also checked RunxI and
Runx3 mRNA in mouse NK cell lines, LNK and KY-2, as well as
non-NK cell lines, NIH-3T3 and Msl1. In the mouse NK cell
lines, Ncrl and Runx3 are detectable, whereas in the non-NK
cell lines, only RunxI is detectable (supplemental Fig. S3).
These human and mouse results agree with primary tissue data
from publicly available microarray studies (Fig. 3D, supplemen-
tal Fig. S3).

Next, we aligned ~400 bp upstream of NCRI from 10 mam-
malian species using European Bioinformatics Institute (EBI)
Clustal W2 and checked whether the binding motifs identified
by TESS were conserved (Fig. 34, supplemental Fig. S1). This
alignment revealed that only two RUNX sites and one ETS site
were highly conserved. The enhancing region harbors one
RUNX site that matches the RUNX consensus (ACCACA). The
essential region contains an imperfect binding site (ACCACT)
and an ETS site. Both the expression data and the binding motif
conservation at NCR1 promoter point toward RUNX proteins
as possible regulators of NCR1.

Human and Mouse NK Cells Use Distal Promoter of RUNX3—
The presence of RUNX3 transcripts does not guarantee func-
tional RUNX3 protein. In both human and mouse, expression
of RUNX3 is regulated by two promoters (26, 27). Although
Runx3 mRNA can be detected in both mouse CD8+ and CD4+
T cells, only the CD8+ population expresses the distal tran-
script isoform and detectable levels of RUNX3 protein (28, 29).
In mouse NK cells, the distal form of Runx3 transcript is
expressed starting at the CD122+ NK1.1—, NKP stage. RUNX
protein has also been found in mouse NK lysates using a pan-
RUNX antibody (30).

The transcription factor screen in Fig. 3, B and C, utilized
primers that did not differentiate between proximal and distal
RUNX3. To resolve this issue, we performed RT-PCR using
promoter-specific primers. In NK92 cells, the distal transcript
was preferentially expressed, and the proximal transcript was
barely detectable (Fig. 4B). By Western blotting, RUNX3 pro-
tein can be seen in NK92 nuclear extracts (Fig. 4C). Therefore,
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FIGURE 3. Identification of RUNX sites in NCRT promoter. A, TESS search for transcription factor binding sites in the NCRT promoter. Potential binding motifs
are indicated in brackets. Only mammalian hematopoietic related factors are shown. Lowercase and uppercase denote intergenic and genic sequences,
respectively. Sequences in bold indicate the enhancing and essential regions. TBP, TATA-binding protein; NFAT, nuclear factor of activated T-cells; CREB,
cAMP-response element-binding protein; (/EBPa, CCAAT-enhancer-binding protein «. B, RT-PCR detection of transcription factors in human cell lines. Total
RNA from indicated cell lines was used for reverse transcriptase reactions. Primers as indicated under “Experimental Procedures” were used to detect various
transcription factors and ACTB. C, real-time PCR detection of RUNXT and RUNX3. Transcript levels of the two RUNX members were assayed and normalized to
ACTB. mRNA levels in the NK92 cell line were set to one. Data shown represent means with standard deviations of three experiments. D, microarray of RUNX3
expression. Data accessed through BioGPS (51) from GeneAtlas U133A probe set 207860_at (52). Only relevant hematopoietic cell types are shown.

human NK cells express the distal form of RUNX3 at the mRNA  tions were introduced to these motifs in our pGL4B construct
and protein levels. containing the promoter from +1 to —270. Luciferase assays were

RUNX Binding Motif Mutations Decrease NCRI Promoter  then performed in NK92 cells. Destroying the RUNX binding site
Strength—The essential and enhancing regions containawell con-  in the enhancing region results in a drop of promoter strength
served RUNX binding site each. We hypothesized that the recog-  from 13- to 4-fold above background (Fig. 5). When the same
nition motifs were important to NCRI promoter activity. Muta- mutation was introduced into the motif in the essential region,
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FIGURE 5. RUNX motif mutations decrease NCR1 promoter strength.
Mutations shown at the top were introduced into a promoter fragment from
+1to —270 in pGL4B backbone. The vector was transiently transfected into
NK92, and luciferase activity was measured using a Dual-Luciferase system.
Firefly luciferase activity was normalized to co-transfected Renilla luciferase
and calculated as -fold above the pGL4B empty vector. Data shown represent
means with standard deviations of three experiments.

promoter strength decreased to 3-fold above background. How-
ever, we cannot rule out a contribution from the ETS binding site
because the mutation overlaps both the putative RUNX site and
the putative ETS site. The results indicate that these motifs are
required for optimal expression from the NCRI promoter.
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FIGURE 6. RUNX forms protein-DNA complexes with NCR7 promoter ele-
ments in vitro. EMSA was performed using probes containing RUNX motifs in
the enhancer (lanes 2-6) and essential (lanes 7-11) region. A side-by-side
comparison of band shift patterns between the two regions is shown in lanes
12 and 13. As control, lane 1 contains only y->?P-labeled WT enhancer and
essential probe. NK92 nuclear extract (NK92 nuc. extract) was incubated with
labeled WT probe at 4 °C for 20 min (lanes 2 and 7). For competition assays,
unlabeled competitors were incubated with NK92 nuclear extract at 4 °C for
20 min before the addition of labeled WT probe. Competitors were used at
200-fold excess (lanes 3, 4, 8, and 9). Supershift assays were carried out using
anti-RUNX3 (lanes 5 and 10) or anti-RUNX1 (lanes 6 and 17) antibodies. /, /I, IV,
and V represent band shifts of DNA-protein interaction. /ll represents band
supershift of DNA-protein-antibody interaction.

RUNX3 and RUNX1 Bind Promoter in Vitro—All members
of the runt family bind the conserved motif, 5'-ACCRCA-3’.
We wondered whether either RUNX1 or RUNX3 can indeed
bind the predicted motifs in the NCR1 promoter. To test this
possibility, electrophoretic mobility shift assays (EMSA) were
performed. We tested the two RUNX sites separately. Probes
spanning the putative RUNX binding site in the enhancer were
shifted by NK92 nuclear extract (Fig. 6). Two bands are clearly
visible, labeled I and II. The bands were completely abolished
with the introduction of unlabeled wild type competing oligo-
mers at 200-fold excess. If unlabeled competing oligomers with
a mutated RUNX site were used instead, both band I and band
II were still visible, although weaker. The decrease in signal
strength is likely the result of nonspecific binding of mutant
probes at molar excess. We confirmed that the identities of the
binding proteins were RUNX3 and RUNX1 by supershift
experiments. When anti-RUNX3 or anti-RUNX1 was incu-
bated with NK92 nuclear proteins beforehand, a supershifted
band III was observed. Band II, whose signal strength
decreased, most likely contains the RUNX3/RUNX1-DNA
complexes. The identity of band I is currently unknown.

Probes spanning the predicted RUNX binding site in the
essential region were also shifted by NK92 nuclear extract (Fig.
6). Again, multiple bands are visible, labeled /V and V. The
bands completely disappear with competition from wild type
but not mutant unlabeled oligomers at 200-fold excess. Neither
anti-RUNX3 nor anti-RUNX1 antibodies supershifted these
bands. Thus, the nuclear proteins binding the essential region
and forming bands IV and V are neither RUNX1 nor RUNX3.
Side-by-side comparison of shift patterns between the essential
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and enhancer regions show that the band positions are not the
same, further hinting that RUNX proteins are not binding the
essential region. The most likely candidates remaining are ETS
family members, based on our motif prediction and reporter
assay results. Taken together, these results suggest that RUNX1
and RUNX3 both bind the enhancer region in the NCRI
promoter.

RUNX3 and RUNX1 Bind Promoter in Vivo—In vitro binding
of transcription factors to DNA is not always reflective of in vivo
states due to the variability of chromatin context. We therefore
examined whether RUNX1 and RUNX3 were enriched at the
human NCRI promoter specifically in NK cells by using chro-
matin immunoprecipitation (ChIP). As a negative control, we
chose an intergenic region 8 kb downstream of NCRI. This
region is not known to contain any regulatory sequences. As a
positive control, we analyzed the promoter of CD122. We chose
this because in mouse NK cells, the Cd122 promoter was pre-
viously shown to bind RUNX protein using a pan-RUNX anti-
body (30). We performed the ChIP assay using anti-human
RUNX3- and anti-human RUNX1-specific antibodies. In NK92
cells, the negative control region did not show significant
enrichment of either transcription factor (Fig. 7A). The CD122
promoter shows significant enrichment of RUNX1 (7-fold) and
RUNX3 (11-fold) over isotype background. At the NCRI pro-
moter, we also detected significant enrichment of RUNX1
(5-fold) and RUNX3 (16-fold).

To determine whether RUNX binding to the NCRI promoter
is NK-specific, ChIP was performed in other cell lines. We
chose IM-9 and U20S. When compared with NK92, IM-9
expresses equivalent levels of RUNX3 transcripts, but 10-fold
less RUNX1. On the other hand, U20S expresses equivalent
levels of RUNX1 transcripts, but 25-fold less RUNX3 (Fig. 3C).
Neither of these cells showed enrichment for RUNX1 or
RUNX3 at NCRI promoter (Fig. 7A). Thus, RUNX transcrip-
tion factors bind NCR1 promoter in an NK-specific manner.

In a Runx3-deficient mouse, flow cytometric analysis
revealed that NKp46 is expressed at a level comparable with
wild type.® We wondered whether Runx1 can compensate for
Runx3 in regulating Ncr1 expression. To test this possibility, we
performed ChIP on NK cells isolated from Runx3 knock-out
and wild type mice. In wild type NK cells, we could not detect
Runx1 enrichment at the Ncrl1 promoter when compared with
isotype levels. However in Runx3-deficient NK cells, RUNX1 is
enriched at the same location by about 3-fold (Fig. 7B). These
results indicate that in mouse NK cells, RUNX1 does not bind
Ncrl promoter normally but takes the place of RUNX3 when
the latter is absent.

Dominant Negative RUNX Interferes with NCR1 Trans-
cription—To test the effects of all RUNX proteins on NCRI
expression, we used mouse dn-RUNX (30). dn-RUNX consists
of the DNA binding Runt domain of RUNX transcription fac-
tors, without the transactivation domain. Because all RUNX
members bind the same motif, dn-RUNX acts as a pan-RUNX
competitive inhibitor. We retrovirally introduced dn-
RUNX into KY-2 and isolated successful transductants at two

3D. Levanon, personal communication.
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FIGURE 7.RUNX binds NCR1 promoter in vivo. ChIP was performed in NK92,
IM-9, and U20S (A) and mouse wild type and Runx3-deficient NK cells (B) using
anti-human RUNX3, anti-human/mouse RUNX1, and IgG isotype control. Pre-
cipitated DNA was assayed by real-time PCR using primers specific for the
human NCR1 promoter, an intergenic region 8 kb downstream of human
NCR1, the human CD122 promoter, and the mouse Ncr1 promoter. Enrich-
mentis calculated as -fold over IgG control. Data shown represent means with
standard deviations of three experiments.

time points, days 4 and 6 after transduction. The isolation was
achieved by fluorescence-activated cell sorting (FACS) using
the GFP marker on the vector. Transcript levels of various
genes were assayed by real-time PCR.

18S RNA, which acts as a negative control, did not change
significantly throughout the time points (Fig. 8). As positive
controls, we looked at Ifng, Prfl (perforin 1), and Cd43 (sialo-
phorin). Interferon vy and perforin have been shown to be reg-
ulated by Runx3 in mouse CD4+ and CD8+ T cells (31-34).
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FIGURE 9. RUNX3 overexpression enhances Ncr1 expression. Gene expres-
sion was measured by real-time PCR with Actb as the endogenous control.
A, expression of human RUNX3 levels in MIY-hRUNX3 transductants with
respect to endogenous mouse Runx3 (mRunx3, set to 1). B, expression of var-
ious genes in these transductants normalized to levels in empty vector con-
trol transductants. Data shown represent means with standard deviations of
three experiments.

Additionally, Ohno et al. (30) showed that interferon y and
CD43 are perturbed in dn-RUNX-expressing NK cells. When
compared with empty vector-transduced KY-2 cells, dn-
RUNX-transduced cells show decreased expression of all posi-
tive control genes to ~50% for Ifng and Prf1 and 73% for CD43
on day 4. On day 6, the down-regulation of these genes was
more pronounced, ranging from 17 to 55% expression when
compared with empty vector control. Ncrl was similarly
decreased in expression at both time points (44 and 22% on days
4 and 6 when compared with empty vector, respectively). These
results suggest that the RUNX proteins are required for optimal
transcription of Ncrl, differentiation markers, and effector
genes in mouse NK cells.

RUNX3 Overexpression Increases NCR1 Expression—To
more directly examine the role of RUNX3 in regulation of
NCRI1, we decided to overexpress RUNX3 in NK cells. We
transduced human RUNX3 (hRUNX3) cDNA into KY-2 cells
and selected using the vector YFP by FACS. Human RUNX3
expression in mouse KY-2 was verified by real-time PCR (Fig.
9A). Overexpression of ZRUNX3 did not lead to an increase in
endogenous mouse Runx3, nor the negative controls, 185 RNA
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and -2 microglobulin (Fig. 9B). Interestingly, PrfI mRNA lev-
els did not change. Additionally, although Ifig levels seemed to
increase mildly, the change was not statistically significant.
Both Cd43 and Ncr1 mRNA increased almost 4-fold when com-
pared with empty vector control. These results imply that
RUNXS3 specifically contributes to Cd43 and Ncrl expression,
whereas other RUNX family members may be more important
in regulating Prf1 and Ifng.

Promoter Behaves Differently in Non-NK Cells—We won-
dered whether the essential and enhancer elements of the
NCRI promoter were tissue-specific. Thus, we ran luciferase
assays using the 5’ truncation constructs in the U20S cell line.
In these cells, the constructs behaved differently when com-
pared with the NK92 cells (Fig. 104). The essential region by
itself still confers high promoter activity, but the region
between —200 and —270 actually down-regulates promoter
strength. This trend is also observed in HeLa cells (data not
shown), suggesting that the effects are not an artifact of the
U20S cell line. Thus, the essential region acts primarily as a
pan-tissue promoter. On the other hand, the —200 to —270
region acts as an enhancer or suppressor, depending on the
cellular context (henceforth termed the switch region).

Furthermore, we investigated the chromatin context of the
promoter in NK92 and IM-9 cells. To this end, we performed
ChIP using antibodies toward histone modifications histone 3
lysine 4 trimethylation (H3K4me3) and histone 3 lysine 27
trimethylation (H3K27me3). H3K4me3 is a chromatin mark
strongly linked to the promoters of actively transcribing genes,
whereas the H3K27me3 mark is considered repressive and
linked to silent loci (35). H3K4me3 was found to be highly
enriched at the NCR1 promoter only in NK92 cells (Fig. 10B8).
Conversely, at the same location, IM-9 cells display preferential
enrichment of H3K27me3. Thus, the chromatin configuration
is favorable to expression in NK cells and closed in non-NK
cells.

DISCUSSION

Tissue-restricted expression is not an uncommon phenom-
enon. What makes NCRI unique is the small number of known
NK-specific genes. Even more remarkable is the fact that the
specificity can arise from a short proximal promoter of ~270
bp. The luciferase assay results further show the lineage-limit-
ing sequence to be confined to a 70-bp region.

Within the switch region, we found a runt binding motif. The
binding motif is the same for all members of the runt family:
RUNX1, RUNX2, and RUNX3. RUNX1 is a crucial transcrip-
tion factor in the hematopoietic system. Its deficiency results in
blocked hematopoiesis during development, and conditional
mutants have abnormalities in lymphoid as well as myeloid lin-
eages (36). The transcription factor is also known to regulate
multiple hematopoietic genes (37). RUNX2 is primarily
involved in bone formation and not so much in hematopoiesis
(37). Finally, RUNX3 is a key player in T cell development and
function. Runx3 knock-out models indicate that the protein is
required for cytotoxic T lymphocyte specification, down-regu-
lating CD4, and up-regulating CD8 (38, 39). RUNX3 is re-ex-
pressed when naive CD4 T cells differentiate into TH1 but not
TH2 cells (31). In CD8 T cells and TH1 cells, RUNX3 controls
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multiple effector function genes including granzyme, inter-
feron vy, and perforin. Indeed, the current paradigm indicates
both RUNX1 and RUNX3 to be important players in T cell
differentiation (37, 40).

In NK cells, the importance of the RUNX proteins is only
beginning to emerge. The human killer immunoglobulin-like
receptor (KIR) genes are known to have RUNX binding sites,
and variants with mutated RUNX sites are not expressed (41).
The cofactor for the RUNX proteins, core binding factor 3
(CbfP), is required for proper mouse NK cell development (42).
Furthermore, Runx proteins regulate genes such as Cd122 and
Ly49, and Runx3 undergoes a dramatic up-regulation during
NK differentiation; it is low in hematopoietic stem cells and
peaks at the immature NK stage (30, 42). Certainly, when com-
paring different hematopoietic cell types, RUNX3 seems to be
consistently overexpressed in NK cells in human and mouse. In
our cell lines, only IM-9 matched the high level of RUNX3
expression in NK cells. It is known that naive B cells usually
express RUNXI, but switch to RUNX3 when transformed
by Epstein-Barr virus (43). This could explain why IM-9, an
Epstein-Barr virus-transformed B lymphoblastic cell line, has
RUNX3 mRNA levels as high as NK92 cells. We link RUNX1
and RUNX3 directly to an important determinant of NK func-
tion by showing that these transcription factors bind a RUNX
site in the endogenous NCRI promoter. A pan-RUNX domi-
nant negative protein disrupts optimal NCRI expression,
whereas RUNX3 overexpression has the opposite effect.
Although both RUNX1 and RUNX3 can bind the enhancer
region, the higher level of RUNX3 expression in NK cells may
result in preferred binding of RUNX3 at the NCRI promoter.
We hypothesize that RUNX1 may act as a redundant factor and
bind the promoter if RUNX3 is disrupted. This redundancy is
not surprising if one takes into account the relative importance
of the NCR1 receptor in host immune defense.

Our dn-RUNX results also show a down-regulation of Ifig
and Prfl, indicating a link between the RUNX proteins and NK
effector function. In contrast, Ohno et al. (30) showed that dn-
RUNX up-regulated Ifng. This discrepancy may be due to sev-
eral fundamental differences in methodology. Ohno et al. (30)
used NK1.1+CD3— cells from spleen of dn-RUNX transgenic
mice to test intracellular IFNG protein levels. We used a dn-
RUNX-transduced mouse NK cell line and tested transcript
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levels by real-time PCR. It is also possible that RUNX affects
Ifng differently at transcriptional and translational levels.

Already, the limited amount of evidence available for
RUNX3 in NK, CD8+ T, and THI1 cells implicates the tran-
scription factor as an important mediator of cell-mediated
immunity. Of course, this notion suggests that RUNX3 alone is
not enough to direct NK specificity, instead merely potentiates
transcription in cytotoxic and TH1 lymphocytes. In fact, no
single transcription factor has been shown to conclusively act as
a “master regulator” of the NK program so far. Such a factor
would be required for the expression of the NK program and
repression of non-NK genes. Another possibility is that multiple
factors that are not lineage-specific act in a combinatorial way to
restrict expression of NK genes such as NCRI. RUNX3 could be
such a factor, and the search is still on to identify others.

To date, no studies have investigated the NK compartment in
the existing complete Runx3 knock-out mouse models (44).
With the development of the NcrI-cre mouse, it is now possible
to delete genes specifically in the NK lineage. Although Ncr1 is
under the control of Runx3, it should still be possible to selec-
tively delete the Runx3 locus. Studies that examine the down-
stream targets of RUNX3 could lead to new perspectives in NK
cell biology.

The pathway leading to RUNX3 expression is also of interest.
Park et al. (45) recently showed that RUNX3 is induced by com-
mon 7y chain (yc) receptor signaling during CD8 T specifica-
tion. The process is dependent on STAT5 or STAT6 as yc-re-
lated cytokine stimulation of thymocytes from Stat5/6 double
knock-out mouse did not induce Runx3 expression. Major yc
receptors are also known to play important roles in NK devel-
opment and stimulation (46). Downstream of the receptors,
Stat5 deficiency in NK was recently shown to lead to a blockage
at the Lin-CD122+ NKP stage (17). Finally, RUNX proteins
positively regulate interleukin-2 receptor 3 (IL2RB)/CD122 in
NK cells (30). The link between STAT5/6 and RUNX3 in NK
cells still needs to be experimentally established. However, the
emerging picture is one where the IL-15 receptor, which first
appears in the NKP stage, activates the appropriate STAT
members including STATS5 in cells committed to the NK line-
age. This axis may lead to induction of transcription factors
including RUNX3 to turn on NK-related genes such as NCRI.
RUNX3, in turn, acts in a positive feedback loop to further
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up-regulate IL2RB/CD122, a subunit of the IL-15 receptor. In
fact, surface NKp46 can be forcibly induced in a small propor-
tion of human CD8+ T cells (~5%), when these cells are cul-
tured ex vivo for 12 days with IL-15 (47). This suggests that the
axis plays an important, although by itself not sufficient, role in
the NK program.

Aside from the runt binding motif, we also noticed an ETS
binding motif that can contribute to NCRI transcriptional reg-
ulation. The ETS family transcription factors have many mem-
bers, and a few in particular are known to participate in NK
development and function (48). Furthermore, we previously
showed that GA-binding protein (GABP), another member of
the family, is required for optimal although not absolute expres-
sion of the mouse Nkg2d long isoform (49). The ETS motif in
the NCRI promoter lies in the essential region, which does not
seem to be responsible for tissue specificity. Nevertheless,
mutations to the binding site affect the activity of the promoter.
Although an imperfect RUNX binding site was identified right
next to the ETS site, we could not detect binding of RUNX1 nor
RUNXA3 to this site in vitro. Thus, these RUNX proteins seem to
be solely involved in enhancing promoter activity in the NK
lineage, whereas ET'S proteins may be involved in setting up the
basal activity.

In non-NK cells, we observed that the essential region by
itself has appreciable promoter activity. However, this activity
is suppressed by the switch region. The flip of function in this
cis-regulatory region is intriguing as it suggests that NK speci-
ficity requires a dual mode of control: context-dependent
enhancer and repressor. The identity of the suppressing tran-
scription factor remains a mystery. The RUNX proteins do pos-
sess repressor activity depending on bound co-repressors or
histone deacetylases (50). However, they are not bound to the
NCRI promoter in non-NK cells and thus are unlikely to be
involved in repression of NCRI expression. Histone modifica-
tions act as an additional level of tissue-specific control because
we found the enrichment of permissive and repressive chroma-
tin marks in NK and non-NK cell lines, respectively.

An understanding of NCRI regulation bears clinical as well
as research potential. Because mouse models show a strong
relationship between the receptor and diseases such as influ-
enza and diabetes, one clinical goal is to efficaciously manage
the expression of the receptor to benefit disease outcomes.
Such studies also provide insight into the understanding of the
NK program, which noticeably lags behind our understanding
of T and B lymphocyte programs. As the usage of the NCRI
promoter for transgenic studies gains traction, rational manip-
ulation of the promoter will provide greater flexibility in the
usage of this great tool.
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