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Natural killer cells belong to the family of innate lymphoid cells comprising the frontline defense against infected and transformed
cells. Development and activation of natural killer cells is highly dependent on interleukin-15 signaling. However, very little is known
about the transcription program driving this process. The transcription factor Runx3 is highly expressed in natural killer cells, but its
function in these cells is largely unknown. We show that loss of Runx3 impaired interleukin-15-dependent accumulation of mature
natural killer cells in vivo and under culture conditions and pregnant Runx3�/� mice completely lack the unique population of inter-
leukin-15-dependent uterine natural killer cells. Combined chromatin immunoprecipitation sequencing and differential gene expres-
sion analysis of wild-type versus Runx3-deficient in vivo activated splenic natural killer cells revealed that Runx3 cooperates with ETS
and T-box transcription factors to drive the interleukin-15-mediated transcription program during activation of these cells. Runx3
functions as a nuclear regulator during interleukin-15-dependent activation of natural killer cells by regulating the expression of genes
involved in proliferation, maturation, and migration. Similar studies with additional transcription factors will allow the construction
of a more detailed transcriptional network that controls natural killer cell development and function.

Natural killer cells (NKC) belong to the family of innate lymphoid
cells, originating from a common innate lymphoid progenitor

(1). NKC are prearmed and constitute a key frontline defense against
infected and transformed cells. Their functional responses are regu-
lated by the combined action of a wide variety of germ line-encoded
activating and inhibitory receptors. Killing of their target cells is me-
diated predominantly by release of perforin and granzyme-contain-
ing granules. In addition, NKC protect the host by producing inflam-
matory cytokines, including gamma interferon (IFN-�), tumor
necrosis factor alpha (TNF-�), and granulocyte-macrophage colony-
stimulating factor (GM-CSF), that influence the adaptive immune
system (2, 3). Interestingly, at early stages of pregnancy, specialized
uterine NKC (uNKC) play important constructive roles in endome-
trial remodeling, angiogenesis, and placentation (4).

The developmental stages of NKC have been best characterized
in bone marrow (BM), their main production site in adult mice.
Common lymphoid progenitors (CLP) in the BM give rise to
pre-NK precursors (pre-NKP) (5) that yield NKP, characterized
by expression of interleukin 2 (IL-2)/IL-15 receptor � chain but
still lacking expression of other NKC lineage-specific markers.
Subsequent developmental stages, including immature (iNKC)
and mature (mNKC), are associated with acquisition of signature
cell surface receptors, cytokine receptors, and specific integrins (2,
6). NKC development is highly dependent on IL-15 signaling.
Mice lacking IL-15, its receptors, or downstream signaling com-
ponents have a profound reduction in the number of peripheral
NKC and a block in their differentiation (7–9).

Information about the molecular mechanisms underlying
NKC differentiation and activation is emerging through identifi-
cation of transcription factors (TFs) essential for their develop-
ment (E4BP4, Id2, and Ets1) or maturation and function (Blimp1,
T-bet, and Eomes) (10–13). However, very little is known about
the transcription program mediated by these and other NKC TFs
during cell development and function. Runx3 is highly expressed
in NKC. It belongs to a small TF family of three members that are
key regulators of lineage-specific gene expression in different cell

types, including hematopoietic cells (14, 15). Each RUNX gene is
transcriptionally regulated by two distinct promoters, designated
P1 and P2 (14). RUNX TFs transcriptionally activate or repress
their target genes by cooperation with other coactivators and/or
corepressors and by recruiting acetyltransferases, histone deacety-
lases, and the polycomb repressing complex PRC1 (16–20).

Of the three RUNX TFs, Runx1 and Runx3 play important roles
in hematopoiesis (15, 21–23). Previous observations have suggested
that they play a role in NKC development. Mice transplanted with
fetal liver cells derived from essential RUNX cofactor CBF�-hypo-
morphic mice lack iNKC (24). Since CBF� is essential for the func-
tion of both Runx1 and Runx3, the question of which Runx TF con-
tributes to this severe NK phenotype remained open. Transgenic
mice expressing a dominant negative form of RUNX exhibit de-
creased expressions of NK maturation markers (25). Of the two
RUNX TFs (Runx1 and Runx3), Runx3 expression is higher in NKC
(24, 25). Runx3 is also highly expressed in CD8� T cells, and its loss
impairs their function (22, 23). Both NKC and CD8� T cells are
cytotoxic lymphocytes that use similar effector machineries (26).
However, the function of Runx3 in NKC is still largely unknown.

Here we have demonstrated that Runx3 is expressed from the
NKP stage onwards and regulates the IL-15-responsive transcrip-
tion program in these cells. In the absence of Runx3, IL-15-depen-
dent accumulation of mature NKC is impaired. Interestingly, the
unique uNKC subset that exhibits extensive IL-15-dependent
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proliferation at early gestation stages is completely missing at im-
plantation sites of Runx3-deficient mice. Using combined chro-
matin immunoprecipitation-sequencing (ChIP-seq) and gene ex-
pression analysis of in vivo IL-15/IL-15R� (IL-15/R�)-treated
splenic NKC, we identified a subset of Runx3-regulated genes that
control the phenotypic outcome during the in vivo NKC response
to IL-15, thus providing insights into the molecular mechanisms
underlying Runx3 function in NKC.

MATERIALS AND METHODS
Mice. Generation of Runx3�/�, Runx3P1-AFP/�, and Runx3P2-GFP/� mice
was described previously (27, 28). Rag�/� �c�/� females were obtained
from Taconic farms (stock number 004111-MM). All experiments involv-
ing mice were conducted with adult (6- to 12-week-old) mice and were
carried out in strict accordance with the recommendations in the Guide
for the Care and Use of Laboratory Animals of the National Institutes of
Health. The protocol was approved by the Committee on the Ethics of
Animal Experiments of the Weizmann Institute of Science (permit num-
ber 4690812-2). All efforts were made to minimize mouse suffering.

FACS analysis. For fluorescence-activated cell sorter (FACS) analysis,
cells were reacted with the following fluorescence-labeled antibodies from
e-Bioscience (San Diego, CA) targeting the following: NKp46 (29A1.4),
CD122 (TMb1), CD3 (145-2CII), CD49b (DX5), CD11b (MI/70), CD27
(LG.7F9), KLRG1 (2F1), CD43 (R2/60), CD11c (N418), B220 (RA3-6B2),
Ly49E/F (CM4), CD226 (10E5), c-Kit (2B8), CD81 (EAT2), CD107
(1D4B), annexin V (kit), fixable viability dye eFluor 780, and IFN-�
(XMG1.2). Intracellular IFN-� was measured following activation of
splenocytes for 5 h with IL-12 (10 ng/ml; R&D Systems) and IL-18 (20
ng/ml; MBL International, Woburn, MA). For NKC IFN-� determina-
tion, cells were treated with brefeldin A (B-7651; Sigma, Israel) for the last
4 h, labeled with cell surface antibodies, fixed, permeabilized, and stained.
Degranulation was analyzed under similar conditions in the presence of
anti-CD107a-phycoerythrin. To record cells active in DNA synthesis, 2
mg BrdU was injected into IL-15/IL-15R�-treated mice. Three hours
later, mice were sacrificed and BrdU incorporation into NKC was deter-
mined using a BrdU Flow kit (BD Biosciences, San Jose, CA) and LSRII
flow cytometer (BD Biosciences). Data were analyzed by using the soft-
ware program FlowJo version 9.0 (TreeStar, Ashland, OR).

NKC culture and proliferation assay. NKC from spleens of WT and
Runx3�/� mice were enriched by negative selection using an NK cell
isolation kit (R&D Systems) and cultured for 7 days at 0.5 � 106/ml in
RPMI medium containing 10% fetal calf serum (FCS), 1% nonessential
amino acids, 50 �M �-mercaptoethanol, and recombinant human IL-2
(1,000 U/ml; Biological Industries, Beit Haemek, Israel) or recombinant
mouse IL-15 (1,000 U/ml; Peprotec, Israel). At the end of the 7-day cul-
ture period, all cells were NKp46�. To monitor cell proliferation, freshly
isolated NKC were labeled with 5 �M carboxyfluorescein succinimidyl
ester (CFSE) (Molecular Probes, Life Technology) and cultured in either
IL-2 or IL-15 as described above. Cell division-dependent CFSE dilution
was determined at day 6 by FACS analysis.

In vivo NKC activation by IL-2 and IL-15/R�. Mouse IL-15 (0.5 �g)
and recombinant mouse IL-15R� (3 �g; R&D Systems) were mixed, in-
cubated for 30 min at 37°C, diluted in 200 �l phosphate-buffered saline
(PBS), and injected intraperitoneally into wild-type (WT) and Runx3�/�

mice. Unless otherwise stated, two injections were given 48 h apart, and
mice were sacrificed 48 h after the second injection. IL-2 (5 � 104 U) was
injected intraperitoneally daily for 4 days.

IHC and in vitro cytotoxicity assay. Immunohistochemistry (IHC)
was conducted essentially as described previously (29). Briefly, paraffin
sections were incubated with rabbit anti-Runx3 (1:1,000) and/or DBA
(1:1,000) (L6533 lectin from Dolichos biflorus [horse gram], biotin conju-
gated; Sigma), or with goat anti-green fluorescent protein (anti-GFP) (1:
200) (Abcam, Cambridge, United Kingdom). Periodic acid-Schiff (PAS)
staining was conducted as described elsewhere (30).

A cytotoxicity assay was conducted with WT and Runx3�/� spleno-
cytes as described by Gazit et al. (31).

Adoptive transfer of fetal liver cells. E14.5 fetal liver cells of WT or
Runx3�/� C57BL/6 embryos were injected intravenously (i.v.) into
Rag�/� �c�/� females (each recipient was injected with cells derived from
one embryo). Implantation sites were analyzed at gestation day 10.5
(gd10.5), 	2 months posttransfer.

ChIP-seq and gene expression analysis. ChIP was performed essen-
tially as described previously (20). Briefly, cross-linked chromatin from
approximately 40 � 106 NKC (duplicate, each from three mice) was pre-
pared and fragmented to an average size of 	200 bp by 40 cycles of son-
ication (30 s of sonication and 30 s of rest each) in 15-ml tubes using the
Bioruptor UCD-200 sonicator (Diagenode, Liege, Belgium). For immu-
noprecipitation of chromatin, either our in-house rabbit anti-Runx3 an-
tibody or rabbit preimmune serum was used. DNA was purified using
QIAquick spin columns (Qiagen), the two samples were combined, and se-
quencing was performed using an Illumina (San Diego, CA) Hiseq2000 in-
strument according to the manufacturer’s instructions. Runx3-bound re-
gions were identified by analysis of the uniquely aligned reads of anti-Runx3
ChIP (60, 770, 073) versus preimmune serum (54, 424, 471) using the soft-
ware program MACS1.4 (32). Peak distribution and percentage of Runx3
peaks, including RUNX binding sites (RBS), were determined using the pro-
gram CisGenome. Enrichment for promoter peak regions was calculated us-
ing CEAS (Cistrom) (33). The GREAT algorithm with default parameters was
used to determine the genes corresponding to Runx3-bound peaks. De novo
discovery of TF binding sites was conducted using the program Homer with
a motif length of 8 and CpG normalization.

For gene expression analysis, RNA was prepared from either IL-15-
cultured or sorted spleen CD27� CD11b�, CD27� CD11b�, and CD27�

CD11b� NKC subsets (triplicates) using the micro-RNeasy kit (Qiagen).
Purified RNA was reverse transcribed, amplified, and labeled using the
Affymetrix GeneChip whole-transcript sense target labeling kit (Santa
Clara, CA). Labeled cDNA was hybridized to either Affymetrix mouse
430.2 microarrays (cultured NK) or Affymetrix mouse gene 1.0ST mi-
croarrays (sorted spleen NK subsets) according to the manufacturer’s
instructions. Microarrays were scanned using the GeneChip scanner 3000
7G, and statistical analysis of data was performed using the Partek
Genomics Suite 6.5 (Partek Inc., St. Louis, MO) software. CEL files (con-
taining raw expression measurements) were imported to Partek GS. The
data were preprocessed and normalized using the RMA (robust multichip
average) algorithm (34) with GC correction and GC-RMA for in vivo and
cultured NK cells, respectively. To identify differentially expressed genes,
fold changes were calculated. Gene lists were created by filtering the genes
based on the following: knockout/wild type (KO/WT) ratio � 1.5; P 

0.05; and signal above the background level in at least one microarray.

qRT-PCR. RNA from iNKC and mNKC (two biological repeats) was
reverse transcribed with SuperScript III reverse transcriptase (Invitrogen,
Life Technologies). Quantitative PCRs (qPCRs) were carried out using the
miScript SYBR green PCR kit (Qiagen) at a melting temperature (Tm) of
55°C using � actin as a calibrator in a LightCycler 480 instrument (Roche).
The fold change between Runx3�/� and WT expression was calculated
using the Excel-based REST software program. PCR primers are listed in
Table S1 in the supplemental material.

Statistics. Statistical analysis was conducted using a paired two-tailed
Student t test, and P values of 
0.05 were considered significant. All data
are presented as means � standard errors (SE).

Microarry data accession number. All microarray and ChIP-seq data
are available in the GEO public database under accession number
GSE52625.

RESULTS
Expression pattern of Runx3 during NKC development. West-
ern blot analysis revealed that Runx3 is highly expressed in mouse
and human spleen NKC (Fig. 1A), as was also observed by Ohno
et al. (25). To determine the developmental stage at which

Runx3 Regulates IL-15-Dependent Activation of NK Cells

March 2014 Volume 34 Number 6 mcb.asm.org 1159

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE52625
http://mcb.asm.org


Runx3 expression is acquired, we used two Runx3 knock-in
(KI) mouse strains, P1-AFP (Runx3P1-AFP/�) and P2-EGFP
(Runx3P2-EGFP/�), harboring altered GFP (AFP) or enhanced
green fluorescent protein (EGFP) inserted at the P1 or P2 ATG
codon, respectively (27). Analysis of compound P1/P2-GFP
mice (double heterozygote Runx3P1-AFP/�; P2-EGFP/� mice) showed
that 	60% of BM NKP (Lin� NK1.1� CD122� NKG2D�) express
GFP (Fig. 1B), indicating that Runx3 expression starts at the NKP
stage. In subsequent stages (iNK and mNK) marked by NK1.1 ex-
pression, the majority of BM NKC express Runx3 as evidenced by
GFP expression in 94% of the Lin� NK1.1� cells (Fig. 1C). Further
analysis of Runx3P1-AFP/� or Runx3P2-EGFP/� mice revealed that P2 is
the main active promoter in BM, spleen, and blood NKC (Fig. 1D; see
also Fig. S1A in the supplemental material).

Runx3 participates in NKC maturation. To evaluate the func-
tion of Runx3 during NKC development, we characterized cells
from WT and Runx3�/� mice. Under resting conditions, loss of
Runx3 caused a slight reduction in the number of BM and spleen
NKC, which did not reach statistical significance (Fig. 1E). How-
ever, its absence significantly affected the BM and splenic NKC
maturation state, determined by expression of CD11b and CD27
(Fig. 1F; see Fig. S2A, B, and C in the supplemental material). The
CD11b� CD27� and CD11b� CD27� profiles mark iNKC, while
the CD11b� CD27� and CD11b� CD27� profiles mark mNKC
(35). Loss of Runx3 resulted in a 1.6-fold-increased frequency of
splenic iNKC (Fig. 1F; see also Fig. S2B). On the other hand, the
frequency of the CD11b� CD27� subpopulation of splenic
mNKC decreased 2-fold in the absence of Runx3 (Fig. 1F; see also
Fig. S2B). Similar results were obtained when KLRG1, which
marks the most mature NKC (36), was used in combination with
CD11b (see Fig. S2D).

Loss of Runx3 had no impact on production of IFN-� (see Fig.
S1B in the supplemental material), and neither did it affect the in
vitro cytotoxicity of NKC toward tumor target cells (see Fig. S1C).
Finally, FACS analysis indicated that expression of the activating
receptor NKp46 (Ncr1), previously suggested to be regulated by
Runx3 (37), was not changed in Runx3-deficient splenic NKC as
was the expression of several other characteristic markers, includ-
ing NK1.1, DX5, B220, and CD43 (data not shown).

Taken together, the results indicate that while loss of Runx3
significantly attenuated NKC maturation, it did not impair their
ability to produce IFN-� or kill target cells in vitro.

Runx3 is required for proliferation of cultured splenic NKC.
IL-15 plays a pivotal role in NKC development, homeostasis, and
activation (9, 38, 39). The maturation defect and slight reduction
in cell number in Runx3�/� mice under resting conditions led us
to address whether Runx3 was involved in IL-15-induced signaling.
IL-15 and IL-2 bind to the same � and � receptor subunits, and under
culture conditions, these two cytokines promote NKC activation
(40). When grown in the presence of IL-2 or IL-15, cultures of
Runx3�/� cells contained 3 and 2.5 times fewer NKC, respectively,
than WT cultures (Fig. 2A). The lower number of Runx3�/� NKC
resulted from impaired proliferation, as evidenced by the CFSE cell
division assay (Fig. 2B), and not from increased apoptosis (Fig. 2C).
These results imply a Runx3-dependent cell-intrinsic role in IL-2-
and IL-15-dependent proliferation of NKC.

Runx3 promotes IL-2/IL-15-dependent accumulation of ma-
ture NKC in vivo. The profound proliferation defect of cultured
Runx3�/� NKC led us to examine their in vivo response to IL-2 or
IL-15. It was previously shown that IL-15/R� complexes mimic
the in vivo trans presentation of IL-15 together with its receptor by
antigen-presenting cells and elicit a more efficient response than

FIG 1 Runx3 is expressed in NKC from the NKP stage, and its loss affects their maturation. (A) Western blot analysis of FACS-sorted mouse spleen NKC
(NK1.1� CD3�), IL-2-cultured mouse spleen NKC, and IL-2-cultured human blood NKC reveals expression of Runx3. (B) NKP cells express Runx3. BM of
compound Runx3P1-AFP/�/P2-EGFP/� mice was analyzed for GFP expression in Lin� (Lin � Ter119, B220, Gr1, CD3, CD8, and CD11b) NK1.1� NKG2D�

CD122� NKPs. (C) Most NK1.1� NKC express Runx3. Lin� NK1.1� cells of compound Runx3P1-AFP/�/P2-EGFP/� mice were analyzed for GFP expression. (D)
Analysis of Runx3P1-AFP/� and Runx3P2-EGFP/� expression in BM. CD122� CD3� BM lymphocytes were analyzed for coexpression of NKp46 and either P1- or
P2-derived GFP expression. (E) Percentages of NKp46� NKC in BM and spleen of WT and Runx3�/� mice. (F) Bar graphs showing the frequency of WT and
Runx3�/� NKC subsets out of total NKp46� spleen cells under resting conditions. Mean values are shown for the four maturation stages of NKC (n � 5).
Significance, WT versus Runx3�/� NKC: �, P 
 0.05. CD11b, CD11b� CD27�; DP, CD11b� CD27�; CD27, CD11b� CD27�; DN, CD11b� CD27�.
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IL-15 alone (41). Administration of IL-15/R� to WT or Runx3�/�

mice evoked a pronounced increase in the number of BM and
splenic NKC (Fig. 3A; see also Fig. S2E in the supplemental mate-
rial). Of note, the number of WT splenic NKC that accumulated in
response to IL-15/R� accounts for 	40% of the total number of
spleen cells (see Fig. S2F). Importantly, the increase in Runx3�/�

splenic NKC was considerably lower than that of the WT (i.e.,
20-fold in the WT versus 10-fold for Runx3�/�) (Fig. 3A; see also
Fig. S2E). Accordingly, during the active proliferation phase a sig-
nificantly lower proportion of Runx3�/� BM and spleen NKC
incorporated 5-bromodeoxyuridine (BrdU) than was the case for
WT NKC (Fig. 3B). Injection of IL-2 elicited a significantly lower
(3-fold) increase in the number of WT splenic NKC compared to

IL-15/R� and an even lower increase in Runx3�/� NKC (Fig. 3A;
see also Fig. S2E). Differences between WT and Runx3�/� mice in
NKC numbers were also observed in other peripheral organs, in-
cluding lungs, liver (data not shown), and the peritoneal cavity
(see Fig. S3A) but not in BM (Fig. 3A; see also Fig. S2E).

Analysis of WT splenic NKC from IL-15/R�-treated mice has
shown enhanced maturation (Fig. 3C) compared to that of cells in
the resting state (Fig. 1F). This IL-15/R�-mediated enhanced mat-
uration was accompanied by an 	4-fold reduction in iNKC
(CD27�CD11b� and CD27� CD11b�), from 30.9% � 4.5% to
8.5% � 0.22% (Fig. 3D). In contrast, Runx3�/� iNKC were re-
duced by only 1.4-fold (54.5% � 3.1% to 36.9% � 3.1%) (Fig.
3D). Similar results were obtained using the differentiation mark-
ers CD11b/KLRG1 (see Fig. S2D in the supplemental material).
Lack of Runx3 also attenuated BM and peritoneal NKC matura-
tion in IL-15/R�-treated mice (see Fig. S2C and S3B). Thus, in
vivo activation of NKC by IL-15/R� exacerbated the Runx3�/�

NKC phenotype. Taken together, the outcome of these in vivo
experiments indicates that Runx3 plays an important role in IL-
15-induced accumulation of mature NKC.

We next analyzed IFN-� production following IL-12/18-me-
diated activation to evaluate the impact of IL-15 activation on
NKC function. More than 70% of IL-15/R�-activated WT or
Runx3�/� NKC produced IFN-� (Fig. 3E), with the amount per
cell being somewhat higher in Runx3�/� NKC. Moreover, the
proportions of IL-15/R�-activated splenic NKC expressing
CD107 were similarly high (	85%) in WT and Runx3�/� cells
(see Fig. S2G in the supplemental material). Thus, despite the
profound effect of Runx3 deficiency on accumulation of mature
NKC under both resting and activated conditions, the production
of IFN-� was not affected. The cytotoxic potential of Runx3�/�

NKC was similar to that of the WT as reflected by CD107 expres-
sion and by Prf1 and GzmB mRNA levels (see Fig. S2G and H).
However, we cannot exclude the possibility that Runx3 deficiency
also affects the cytotoxic mediator protein level.

Implantation sites of Runx3�/� pregnant mice lack uNKC.
Massive IL-15-dependent uNKC proliferation occurs in the de-
cidua at early stages of pregnancy. Embryo implantation induces
transformation of endometrial stromal cells into decidual cells,
and as early as the fifth gestation day, uNKC are detectable in the
decidua’s mesometrial side. These cells rapidly proliferate, and by
gd10 to gd12, they reach their maximal numbers, comprising
	70% of all decidual leukocytes (4). Runx3 is highly expressed in
uNKC as evidenced by costaining with anti-Runx3 antibody and
DBA lectin (Fig. 4A), which marks both early and terminally dif-
ferentiated uNKC (42).

Because Runx3 is involved in IL-15-dependent NKC prolifer-
ation, we checked whether loss of Runx3 affects the immense ac-
cumulation of uNKC. At gd11, WT DBA-stained implantation
sites showed the expected vast accumulation of uNKC. In sharp
contrast, no uNKC were found in Runx3�/� implantation sites
(Fig. 4B, g to j). To determine whether Runx3�/� uNKC might
have existed earlier during pregnancy but failed to proliferate, we
analyzed deciduae of gd6.5 pregnant mice. In WT deciduae,
uNKC were clearly detected at gd6.5, whereas Runx3�/� deciduae
completely lacked uNKC even at this early stage (Fig. 4B, e and f). To
rule out the possibility that lack of Runx3 caused a loss of
DBA-reacting material, thereby precluding detection of uNKC,
decidua sections were stained with periodic acid-Schiff (PAS)
reagent, which marks mature NKC. PAS-positive cells were

FIG 2 Impaired IL-2- and IL-15-induced proliferation of cultured primary
Runx3�/� NKC. (A) Numbers of WT and Runx3�/� NKC (DX5� or
NKp46�) accumulating following 7 days of culture in the presence of IL-2
(n � 22) or IL-15 (n � 8). Significance: ��, P 
 0.01; �, P 
 0.05. (B) CFSE
dilution assay of WT and Runx3�/� NKC on day 6 of culture in the presence of
IL-2 or IL-15. The red line indicates CFSE intensity before culturing, immedi-
ately after cell labeling. (C) Analysis of apoptotic (annexin V-positive) cells in
WT and Runx3�/� NKC at day 6 of culture with IL-2 or IL-15.
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clearly detected in WT but not in Runx3�/� decidua (Fig. 4B, a
to d), confirming the finding that Runx3-deficient mice lack
uNKC.

Dendritic cells (DC) play an essential role in embryo implan-
tation (43) and might be driving the recruitment of NKC to im-
plantation sites (44). Our previous observation that the function
of Runx3�/� DC was impaired (45, 46) raised the possibility that
Runx3�/� DC fail to promote recruitment of uNKC to embryo
implantation sites. Analysis of uNKC at implantation sites of preg-
nant Runx3fl/fl/CD11c-Cre mice lacking Runx3 expression specif-
ically in DC revealed normal numbers of uNKC (see Fig. S4 in the
supplemental material), indicating that lack of Runx3 expression
in DC was not the underlying cause for the complete absence of
uNKC in Runx3�/� pregnant mice.

Histopathological analysis revealed that nonpregnant
Runx3�/� uteri were atrophic, as was also reported by Sakuma et al.
(47). An atrophic process in the uterus could explain the absence of
uNKC due to impaired production of progesterone-induced IL-15,
which is crucial for uNKC development (48). However, injection of
progesterone (0.2 mg/day) into Runx3�/� mice between gd2.5 and
gd5.5 followed by decidua analysis at gd7.5 to gd9.5 revealed no ac-
cumulation of uNKC (see Table S2 in the supplemental material).
Together these data suggest that as in the above-noted proliferation/
maturation defect of Runx3�/� NKC, loss of intrinsic NKC Runx3
function also caused the complete absence of uNKC.

We next performed cell transfer experiments to further
validate the uNKC-autonomous function of Runx3. Because
Runx3�/� mice are not viable on a C57BL/6 background beyond
embryonic stages (49), we transferred WT or Runx3�/� embry-
onic day 14.5 (E14.5) fetal liver cells into Rag�/� �c�/� mice
which lack NKC and analyzed implantation sites of pregnant re-
cipients. While implantation sites of pregnant recipients of WT
fetal liver cells contained DBA� uNKC, recipients of Runx3�/�

fetal liver cells completely lacked these cells (Fig. 4C). Taken to-
gether, these results demonstrated that Runx3 plays an important
cell-autonomous function in uNKC development.

Runx3 P1/P2 promoter switch in NKCs. Interestingly, among
the various NKC populations, uNKC are the only one in which in
vivo Runx3 expression is regulated by the P1 promoter (Fig. 5A).
However, pregnant homozygote Runx3P1-AFP/P1-AFP mice, which
lack P1 activity, contain a normal level of uNKC due to Runx3
expression by P2 (Fig. 5B). Thus, when P1 activity is lost, P2 is
activated and compensates for lack of P1. A P1/P2 promoter
switch also occurs in cultured splenic NKC. FACS analysis of
freshly isolated or day 1 IL-2/IL-15-cultured splenic NKC from
heterozygote Runx3P1-AFP/� or Runx3P2-EGFP/� mice revealed that
Runx3 expression was mediated predominantly by P2 (Fig. 5C).

FIG 3 Impaired accumulation of mature Runx3�/� splenic NKC following
IL-15/R� or IL-2 activation in vivo. (A) Percentages of NKp46� NKC in WT
and Runx3�/� BM and spleen under resting conditions (T0) (n � 8 and

n � 12, respectively) and following injection of IL-15/R� (n � 13 and n � 16,
respectively) or IL-2 (n � 5). Significance: ��, P 
 0.001. (B) BrdU incorpo-
ration in BM (upper panels) and spleen (lower panels) NKC (NKp46� cells) 24
h after the second IL-15/R� injection. (C) Bar graphs showing the frequency of
WT and Runx3�/� NKC subsets in spleen following IL-15/R� activation.
Mean values are shown for the four populations (n � 5). Significance, WT
versus Runx3�/� NKC: ��, P 
 0.001; �, P 
 0.005. (D) Impaired maturation
of Runx3�/� NKC under resting and activated conditions. Percentages of iNK
(CD27� CD11b� and CD27� CD11b�) cells in WT and Runx3�/� spleen
under resting conditions (T0) and following administration of IL-15/R�. Sig-
nificance: WT versus Runx3�/� at T0 and IL-15, P 
 0.01. (E) IFN-� produc-
tion by WT and Runx3�/� spleen NKC following IL-15 activation in vivo.
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However, during subsequent days in culture, a promoter usage
switch occurred, reflected in a marked reduction in P2 usage and a
sharp increase in P1 usage (Fig. 5C). Consequently, day 7 WT NKC
cultures expressed high levels of Runx3 P1 RNA and protein isoform
and low levels of P2 products (Fig. 5D and E). Interestingly, this
marked switch to P1 usage did not abrogate Runx3P1-AFP/P1-AFP NKC
capacity to respond normally to IL-2-induced proliferation (Fig.
5F), by switching to usage of P2 (Fig. 5D and E). The results from
in vivo uNKC and cultured splenic NKC demonstrate that al-
though Runx3 P1 is the major active promoter in these cells, when
it is inactivated, P2 is not silenced and thereby compensates for the
loss of P1-derived Runx3.

Runx3-mediated transcriptional program in developing
NKC. The data described above suggested that Runx3 functions in
NKC as a nuclear mediator of IL-15/IL-2 signaling. We next
sought to identify Runx3-responsive genes that participate in this
Runx3-mediated regulation. First, we analyzed the overall altera-
tions in gene expression resulting from loss of Runx3, using in
vivo IL-15-activated splenic NKC. Three subpopulations of
WT and Runx3�/� activated NKC were analyzed: iNKC
(CD27� CD11b�), mNKC (CD27� CD11b�), and mNKC
(CD27� CD11b�). Analysis revealed pronounced changes in gene

expression, underscoring the central role of Runx3 in NKC acti-
vation. Specifically, in a combined count for the 3 subpopulations,
a total of 891 genes were Runx3 responsive, exhibiting differential
expression in the absence of Runx3 (KO/WT � 1.5; P 
 0.05). Of
these 891 genes, 193 were differentially expressed uniquely in
CD27� CD11b� populations, 59 in CD27� CD11b� populations,
and 273 in CD27� CD11b� populations, and 366 genes were
common in at least two populations (Fig. 6A).

To selectively map the genomic occupancy of Runx3, we per-
formed ChIP-seq analysis using in vivo IL-15/R�-activated splenic
NKC. Data analysis revealed 19,647 Runx3-bound regions (ChIP-
seq peaks), corresponding to 12,255 genes (Fig. 6C). Significantly,
68% of these peaks were already present in resting NKC, and most
(82%) of the genes occupied by Runx3 in activated NKC were
already bound by Runx3 at the resting state (Fig. 6C). Location
analysis of the Runx3-occupied regions relative to the nearest
transcription start sites (TSSs) of the annotated genes showed that
44% of the peaks were localized at promoter regions (Fig. 6B),
defined as �1 kb from the TSS. This finding represents a marked
enrichment, considering that promoters constitute only 	2% of
the genome (10-fold enrichment of peak regions residing in pro-
moters; P � 1.3e�322). The remaining 	56% of the peaks are

FIG 4 Runx3�/� pregnant mice lack uNKC. (A) DBA and anti-Runx3 immunostaining show Runx3 expression in uNKC. (B) WT and Runx3�/� implantation
site sections stained with PAS (a to d, E11; panels c and d represent enlarged boxed regions in panels a and b, respectively; arrowheads in panel c mark uNKC)
or DBA (e and f, E6.5; g to j, E11; panels i and j represent enlarged regions in panels g and h, respectively). (C) IHC of Runx3 (upper panels) and DBA (lower
panels) on sections of E10.5 implantation sites of pregnant Rag�/� �c�/� mice to which WT (left panels) or Runx3�/� (right panels) fetal liver cells were
transferred 	2 months earlier. Bars, 1 mm (Ba and b), 50 �m (Bc, d, i, and j), 250 �m (Be to h), and 100 �m (C).
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remote from the TSS, with the majority located at a distance
above 5 kb from the nearest TSS (Fig. 6B), indicating that
Runx3 regulates a substantial number of its targets through
long-range enhancer-promoter interactions. To further char-
acterize the Runx3-bound regions, we analyzed the abundance
of RBS. We found that 	90% of the peaks contained an RBS
bearing the RCCRCA (R � A/G) consensus motif (Fig. 6C). De
novo motif finding using the software program Homer (50)
identified overrepresented motifs and indicated potential
Runx3-collaborating TFs. Besides enrichment for RBS, the
other three top-scoring enriched motifs were of ETS, T-box,
and AP-1 TFs (Fig. 6D). Members of these three families of TFs
were previously shown to collaborate with RUNX TFs (20, 23)
and to serve essential functions in NKC (51–53). ChIP-seq of
T-bet was performed in Th1 cells (54) in which Runx3 expres-
sion is induced in a T-bet-dependent manner (55). Compari-
son revealed that 7,027 out of 19,647 (36%) of the Runx3-
bound regions in NKC overlap T-bet peaks in Th1 cells.

Analysis of the Runx3-bound regions using the program
GREAT (56), which predicts biological functions from occupancy
landscapes, revealed enrichment for ontology terms implicating T
cell activation, IL-2-mediated signaling events, and NKC-medi-

ated cytotoxicity (see Table S3 in the supplemental material). To
identify Runx3-regulated genes, we integrated the ChIP-Seq and
gene expression data sets. The group of 891 Runx3-responsive
genes was intersected with the group of genes corresponding to
RUNX motif-containing Runx3 peaks. This analysis revealed a
significant overlap (P 
 2.2e�16 in both Pearson chi-square and
Fisher exact tests) and singled out 655 genes (i.e., 	73% of Runx3-
responsive genes), which we defined as direct-Runx3-regulated genes
in IL-15-activated NKC (Fig. 6E; see also Table S4 in the supplemen-
tal material). Of these genes, the expression of 356 and 299 genes was
down- or upregulated, respectively, in response to loss of Runx3.
Analysis of these Runx3-regulated genes by using the “Ingenuity
Pathway” gene annotation tool highlighted overrepresented biologi-
cal functions, including cell growth and proliferation, cell death, and
cell movement (see Table S5). Significantly, the majority (94%) of
Runx3-regulated genes contained the ETS motif in the Runx3-
bound regions (Genomatix Genome analyzer) (http://www.geno
matix.de/solutions/genomatix-genome-analyzer.html), and half of
them included a common T-bet peak in Th1 cells (see Fig. S5 in the
supplemental material). These observations strongly suggest that
Runx3 cooperates with ETS and T-box TFs to regulate the transcrip-
tion program of NKC development and activation.

FIG 5 Runx3 promoter usage in NKC. (A) E11 implantation site sections of Runx3P1-AFP/� or Runx3P2-EGFP/� pregnant mice stained with anti-GFP. (B) E11
implantation sites of Runx3P1-AFP/P1-AFP mice analyzed by DBA IHC (upper panel) or Runx3 (lower panel). Bars (A and B), 50 �m. (C) FACS analysis of GFP
expression in IL-2-cultured NKC of Runx3P1-AFP/� and Runx3P2-EGFP/� mice. (D) RT-PCR analysis of Runx3 common and P1- and P2-specific transcripts in
RNA prepared from WT and Runx3P1-AFP/P1-AFP NKC on day 7 of culture with IL-2. (E) Western blot documenting Runx3 expression in IL-2-cultured WT and
Runx3P1-AFP/P1-AFP NKC. The 46-kDa Runx3 P1 isoform is clearly detected in the WT lane, while in the Runx3P1-AFP/P1-AFP lane, the two typical P2 Runx3 45- and
43-kDa isoforms (76) are detected. (F) Analysis of WT and Runx3P1-AFP/P1-AFP NKC numbers following 7 days in culture with IL-2.
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Runx3-regulated genes are involved in proliferation, migra-
tion, and NKC-specific functions. Some selected NK cell-associ-
ated Runx3 direct target genes are shown in Fig. 7A. Differential
expression of a Runx3-regulated gene subset was confirmed by
qRT-PCR or by FACS analysis comparing WT and Runx3�/�

NKC (Fig. 7B and C). Among these genes, Prdm1 (Blimp1), Kit,
and Tnfrsf9 are of special interest, since their expression is induced
by IL-15 and they are known to be involved in NKC proliferation
(57–59). Expression of Prdm1 was upregulated in Runx3�/�

iNKC (CD27� CD11b�) (Fig. 7A and B), and it could contribute
to the proliferation defect. The finding that loss of Prdm1 pro-
motes NKC proliferation supports this possibility (58). Kit is ex-
pressed mainly in iNKC, and its increase in response to IL-2/IL-15
evokes efficient iNKC proliferation (57). It could thus participate
in the Runx3�/� proliferation defect, since loss of Runx3 resulted

in a significant decrease of Kit expression in iNKC (Fig. 7A and C).
Reduced expression of Tnfrsf9 in Runx3�/� NKC (Fig. 7A and B)
is also consistent with the impaired proliferation phenotype, since
Tnfrsf9 is known to promote proliferation of IL-2/IL-15-activated
NKC (59). Of potential relevance to the proliferation defect is also
the serine-threonine-tyrosine kinase encoded by Styk1, which
shares homology with the fibroblast and platelet-derived growth
factor receptors (60). Styk1 is highly expressed in NKC (61), and
its expression was markedly reduced in Runx3�/� NKC (Fig. 7A
and B), consistent with its involvement in their proliferation de-
fect. Interestingly, these 4 genes (Prdm1, Kit, Tnfrsf9, and Styk1)
were differentially expressed in IL-15-activated Runx3-deficient
primary cultured NKC that exhibited impaired proliferation (see
Table S6 in the supplemental material).

The subset of Runx3-regulated genes includes receptor and

FIG 6 Integrated analysis of Runx3 ChIP-seq and gene expression data of in vivo IL-15-activated NKC. (A) Intersection of differentially expressed genes
(Runx3�/�/WT � 1.5-fold; P 
 0.05) in the three spleen NKC subpopulations of WT and Runx3�/� mice (CD27, CD27� CD11b�; DP, CD27� CD11b�;
CD11b, CD11b� CD27�). (B) Pie chart showing the genomic distribution of Runx3 peaks in in vivo IL-15/R�-activated NKC. (C) Analysis of Runx3 peaks in
NKC in vivo. Runx3 peak numbers, corresponding genes, and percentages of peaks with RUNX motif (RCCRCA) in resting NK cells (68) and in in vivo
IL-15-activated NKC. (D) De novo-discovered enriched TF motifs in Runx3 peaks in in vivo IL-15/R�-activated NKC. (E) In vivo IL-15-activated Runx3-
regulated genes: intersection between the list of genes containing Runx3 peaks with a RUNX motif and the list of differentially expressed genes (Runx3�/�/WT
� 1.5-fold; P 
 0.05) in the three spleen NKC populations.
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integrin coding genes that play important roles in NKC function.
For example, the four members of nectin binding receptors (Cr-
tam, CD96, CD226, and Tigit) that regulate effector function of
cytotoxic lymphocytes (62, 63) are among Runx3-regulated genes
(Fig. 7A and B). In the absence of Runx3, expression of Crtam and
Cd96 was downregulated while that of Cd226 and Tigit was up-
regulated (Fig. 7A, B, and C). Additional membrane-associated
proteins that were scored as Runx3 targets are tetraspanins, shown
to regulate NKC cytokine production, proliferation, and migra-
tion (64). Loss of Runx3 caused increased expression of Cd81 and
Tspan32 (Fig. 7A to C). Finally, absence of Runx3 also affected the
expression of chemokine receptors (Cxcr3, Cxcr4, and Cx3cr1)
and integrins (Itg�x and Itg�7) (Fig. 7A to C), which are impor-
tant for NKC migration and adhesion. Of these three chemokine
receptors, Cxcr3 is a known target of T-bet (65). Interestingly, in
both NK and Th1 cells, Cxcr3 is cobound by Runx3 and T-bet (see
Fig. S5 and S6 in the supplemental material).

DISCUSSION

In the present study, we investigated the in vivo function of Runx3
in adult mouse NKC. We found that under resting conditions,
Runx3 is largely dispensable for NKC development and function,
although it is required for NKC maturation. Importantly, how-

ever, we demonstrated that in response to in vivo activation of
NKC by IL-15, Runx3 serves as a nuclear mediator of IL-15 sig-
naling. Accordingly, in the absence of Runx3, IL-15-induced ac-
cumulation of mature NKC is impaired and uNKC are completely
missing at implantation sites of pregnant mice.

The observation that Runx3�/� NKC failed to proliferate
properly under culture conditions led us to conclude that Runx3
cell-autonomous function in NKC is essential for IL-2/IL-15-in-
duced proliferation. Conditional KO mice lacking expression of
Runx3 only in NKC could certainly support the conclusion of
Runx3 cell-autonomous function in NKC. However, our attempts
to use Runx3fl/fl/Ncr1-Cre mice resulted in inefficient excision of
Runx3 loxed alleles. Due to the proliferation disadvantage of
Runx3�/� cells, the proliferation of Runx�/� cells precluded our
ability to obtain and analyze the NKC-specific Runx3�/� pheno-
type. Transfer experiments would not solve this problem, since it
involves the entire hematopoietic system where additional cell
types lacking Runx3 exist, including CD8� T cells and DC. We did
use transfer experiments to show requirement of hematopoietic
cell-autonomous function of Runx3 for development of uNKC in
mice with a WT uterus.

Starting at the NKP stage and throughout their development,

FIG 7 Runx3-regulated genes in NKC. (A) Heat map showing Runx3�/�/WT fold expression (log 2 ratio) for a subset of Runx3-regulated genes in in vivo
IL-15-activated iNKC (CD27, CD27� CD11b�) and mNKC (CD11b, CD11b� CD27�). (B) qRT-PCR analysis of Runx3-regulated genes in in vivo IL-15-
activated spleen iNK (CD27� CD11b�) and mNK (CD11b� CD27�) cell populations. (C) FACS analysis of Runx3-regulated genes: Kit expression in iNKC
(CD27� CD11b�) 24 h after the second IL-15/R� injection and CD226, CD81, Cxcr3, and Itg�x in spleen NKC 48 h after the second IL-15/R� injection.
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NKC express the IL-2/IL-15 receptor � (IL-2/IL-15R�), compat-
ible with the essential role of IL-15 during in vivo NKC develop-
ment (66). IL-15 signaling is also important for NKC activation.
Although controversial (26), published data suggest that during
viral infection, increased type I IFN in DC leads to production of
IL-15. DC trans present IL-15 in complex with IL-15R� to NKC
and thereby promote their activation and proliferation (67). In
this regard, it is of interest to note that Runx3 was recently iden-
tified as one of the sustained effector genes induced in murine
cytomegalovirus (MCMV)-infected Ly49H� NKC during clonal
expansion (61). The induction of the T-bet TF at early stages
postinfection (61) fits nicely with the indications that Runx3 and
T-box TFs collaborate in regulating target genes during IL-15 ac-
tivation. Our analysis indicates that Runx3 deficiency does not
cause a maturation block but likely affects the in vivo accumula-
tion of NKC. This conclusion is supported by the fact that follow-
ing IL-15 activation, the differences in NKC number and matura-
tion state were more pronounced than under steady-state
conditions. These observations lead us to speculate that fetal de-
velopment of Runx3�/� NKC is grossly normal. Accordingly, al-
though Runx3 is expressed throughout development of NKC, its
absence leads to a mild phenotype possibly due to compensation
by other RUNX family members. This possibility is supported by
the observation that under resting conditions, expression of
Runx1 is upregulated 2.4-fold in Runx3�/� NKC while Runx2 is
prominently expressed in both WT and Runx3�/� NKC (68).

Not much is known about the transcriptional program regu-
lating NKC response to IL-15/R�. It was previously reported that
the TFs Blimp1 and Ets1 negatively regulate NKC proliferation in
response to IL-15 (53, 58), while the ETS TF-family member Pu.1
positively regulates the proliferative response to IL-2 (51). More
recently, members of the E2F TF family known to control the cell
cycle were implicated in NKC IL-15 signaling (67). Only a few
Runx3 target genes were identified using NK cell lines (37, 69),
and no information is available about the Runx3-mediated tran-
scriptional program regulating the NKC response to IL-15. We
have used in vivo IL-15/R�-treated splenic NKC to identify
Runx3-regulated genes. These genes were differentially expressed
in WT versus Runx3�/� IL-15/R�-treated NKC (i.e., Runx3 re-
sponsive) and occupied by Runx3 in ChIP-seq analysis. This sub-
set of Runx3-regulated genes transcriptionally controls the phe-
notypic outcome of NKC response to IL-15. Of particular
relevance to these findings is the observation that in response to
IL-15/R�, Runx3 positively regulates the expression of Kit, Tnfrsf9
and Styk1, which are likely involved in IL-15/R� signaling, includ-
ing the phosphatidylinositol 3-kinase (PI3K) and mitogen-acti-
vated protein kinase (MAPK) pathways (57), thereby promoting
NKC proliferation. Loss of Runx3 resulted in reduced expression
of these genes, contributing to the proliferative defect of IL-15/
R�-activated Runx3�/� NKC. The tetraspanin gene Tspan32 and
Blimp1/Prdm1 are negatively regulated by Runx3 in NKC. Signif-
icantly, Tarrant et al. (70) have reported that Tspan32 acts as a
negative regulator of lymphocyte cell proliferation. Thus, in-
creased expression of Tspan32 and that of Blimp1/Prdm1 could
contribute to the Runx3�/� NKC proliferation defect. Prdm1,
Tnfrsf9, Styk1, and most of the other genes shown in Fig. 7A as
Runx3 direct target genes include at least one Runx3 peak over-
lapping a T-bet peak observed in Th1 cells, further strengthening
the indication of collaborative activity of these TFs.

uNKC are involved in decidual formation and vascular remod-

eling at early stages of pregnancy (4). uNKC deficiencies were
previously found in IL-15�/� mice that have residual amounts of
improperly developed NKC (71) and in IL-11�/� or Hoxa-10�/�

mice bearing developmentally impaired deciduae (72, 73). How-
ever, T-bet�/� mice that have an overall reduction in NKC num-
ber do contain normal numbers of uNKC (71). Thus, although the
general NKC phenotype of Runx3�/� mice is significantly milder
than that of IL-15�/� mice, both mouse strains completely lack
uNKC, underscoring the important role of Runx3 in IL-15-medi-
ated signaling in NKC development.

The origin of uNKC is unclear. They are either derived by in situ
proliferation of tissue-resident NKC precursors or recruited from the
circulation (71). Transplantable uNKC progenitors have been iden-
tified in primary and secondary lymphoid tissues but not in uterine
segments (71). This observation is consistent with the scenario that
the few uNKC detected at early pregnancy implantation sites were
recruited from the circulation, lymph nodes, or BM and proliferated
massively in the decidua, generating the large number of uNKC seen
at midgestation. Our inability to detect even a trace amount of uNKC
in Runx3�/� decidua at early pregnancy (i.e., gestation day 6.5) may
suggest that in addition to impaired proliferation, Runx3�/� uNKC
progenitors suffer from attenuated migration. Compatible with this
hypothesis, loss of Runx3 affected splenic NKC expression of the
chemokine receptors Cxcr3 and Cxcr4, implicated in IL-15-depen-
dent NKC migration to the decidua (74). Of potential relevance is the
possibility that the human KIR2DL4 receptor plays a role in uNKC
function (75) and the finding that IL-2/IL-15-induced expression of
KIR2DL4 was regulated by RUNX3 in cooperation with the ETS1 TF
(69). While the mouse ortholog of KIR2DL4 is not known, it is
tempting to speculate that it might contribute to the lack of uNKC in
Runx3�/� mice.

In conclusion, our analysis revealed that Runx3 plays an im-
portant role as a nuclear mediator during IL-15 activation of NK
cells. By cooperation with ETS and T-box TFs, Runx3 orchestrates
the transcription regulation of genes involved in proliferation,
maturation, migration, and function of NK cells. The comprehen-
sive study of Runx3 function at the cellular and molecular levels
presented here is an obligatory first step toward elucidating the
largely unknown transcription program operating during NKC
development and activation. Similar studies with additional TFs
will allow the construction of a more detailed transcriptional net-
work that regulates NKC development and function.
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