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■ Abstract 
The NOD mouse strain is a well characterized model of type 
1 diabetes that shares several of the characteristics of Ets1-
deficient targeted mutant mice, viz: defects in TCR allelic 
exclusion, susceptibility to a lupus like disease characterized 
by IgM and IgG autoantibodies and immune complex-
mediated glomerulonephritis, and deficiencies of NK and 
NKT cells. Here, we sought evidence for allelic variation of 
Ets1 in mice contributing to the NK and NKT cell pheno-
types of the NOD strain. ETS1 expression in NK and NKT 
cells was reduced in NOD mice, compared to C57BL/6 

mice. Although NKT cells numbers were significantly corre-
lated with ETS1 expression in both strains, NKT cell num-
bers were not linked to the Ets1 gene in a first backcross 
from NOD to C57BL/6 mice. These results indicate that alle-
lic variation of Ets1 did not contribute to variation in NKT 
cell numbers in these mice. It remains possible that a third 
factor not linked to the Ets1 locus controls both ETS1 ex-
pression and subsequently NK and NKT cell phenotypes. 
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Introduction  
 

 he v-ets erythroblastosis virus E26 oncogene 
 homolog 1 (previously E26 transformation- 
 specific 1; Ets1) gene is located at position 

32.5Mb (approximately 15cM) on mouse chromo-
some 9, and 128.3Mb on human chr11. ETS1 is a 
member of the Ets family of eukaryotic transcrip-
tion factors [1], which play important roles in 
regulating gene expression, particularly of he-
mopoietic tissues, in response to multiple devel-
opmental and mitotic signals involved in stem cell 
development, proliferation, cell senescence and 
death, and tumorigenesis. The conserved ETS do-
main is a winged helix-turn-helix DNA-binding 

domain which recognizes the core consensus DNA 
sequence GGAA/T of target genes [2]. 

ETS1 is highly expressed in T, B and NK cells. 
It is first expressed in the thymus on e17-e18 of 
murine embryonic development, when mature 
single positive (SP) thymocytes begin to accumu-
late in large numbers. It is expressed at highest 
levels on CD4+CD8- SP thymocytes and mature 
CD4 T cells [3]. Targeted deletion of Ets1 resulted 
in significant fetal mortality and runting of live 
born mice [4]. In chimeric hemopoetic cell recipi-
ents, αβ-T cell development was impaired beyond 
the double negative (CD4-CD8-; DN) 3 (CD44-

CD25+) stage and was associated with an elevated 
rate of cell death in the DN4 (CD44-CD25-) subset 
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and a reduction in the numbers of peripheral T 
cells to about 1/15th normal [5-7]. Ets1 also appears 
to play an important role in TCR allelic exclusion, 
as the percentage of Ets1-/- thymocytes coexpress-
ing two different TCR chains was increased, even 
in the presence of a TCRβ-expressing transgene 
[6]. Despite expressing normal levels of TCR and 
CD3, Ets1-/- T cells proliferated poorly in response 
to anti-CD3 ligation or ConA stimulation and had 
an approximately two times higher rate of sponta-
neous apoptosis in vitro than wild type T cells [5, 
7]. 

Although peripheral B cell numbers were simi-
lar in RAG2-/- recipients reconstituted with Ets1-/- 
hemopoetic cells to those in chimeras reconsti-
tuted with wild type cells, they had almost no B-
1a, transitional 2, and marginal zone B cells. In-
stead, they had a novel B220low, IgM+IgD- popula-
tion, a 10- to 15-fold expansion of plasmacytes, in-
creased expression of activation markers on fol-
licular B cells, and a 10-fold increase in serum 
IgM levels [7-9]. B cell survival was normal in 
chimeric mice reconstituted with Ets1-/- cells, al-
though proliferative responses to anti-CD40 
stimulation were halved [7]. Proliferation of B 
cells in response to LPS was reduced to about one 
third of normal [7, 8], consistent with a role for 
ETS1 in modulating Tlr4 expression [10], but was 
increased in response to CpG DNA by more than 
two-fold [8]. Following BCR engagement with anti-
IgM mAb, Ets1-/- B cells failed to proliferate, but 
instead underwent apoptosis [9]. 

Mice bearing targeted deletions of Ets1 show 
severe defects in both NK and NKT cell numbers; 
numbers of DX5+CD3- cells in the spleen were ap-
proximately one third of wild type controls [4] and 
numbers of CD4+NK1.1+ lymphocytes were mark-
edly reduced in the thymus, spleen and liver of 
ETS1 deficient mice [11]. Since Walunas et al. 
(2000) used CD4 and NK1.1 as surrogate NKT cell 
markers in the absence of a specific NKT cell re-
agent, levels of Vα14Jα18 transcripts in the liver 
were compared between Ets1-/- mice and wild type 
controls. Vα14Jα18 transcripts were significantly 
decreased in ETS1-deficient mice and were pre-
sent at similar levels to those found in NKT cell 
deficient Cd1d-/- mice, confirming that the reduc-
tion in CD4+NK1.1- lymphocytes reflected a reduc-
tion of type 1 NKT cells [11]. Additionally, no IL-4 
was detected in the supernatants of Ets1-/- thymo-
cytes stimulated with anti-CD3, consistent with 
an absence of thymic NKT cells [11]. The residual 
NK cells in ETS1-deficient mice were poorly cyto-
lytic as they failed to kill either YAC-1 or MHC 
class I-deficient lymphoid blasts in vitro, or the 

NK cell-dependent MHC class I-deficient RMA-S 
tumor line in vivo [4]. The disproportionately poor 
lytic function of these cells may be related to the 
presence of an Ets-binding site motif capable of 
enhancing perforin expression in an NK cell-
specific manner upstream of the Prf1 gene [12]. 

ETS1 deficient mice appear to suffer a systemic 
autoimmune disease characterized by lymphade-
nopathy and mild infiltrates in liver and lungs and 
IgM and IgG autoantibodies with specificity 
against IgG, dsDNA, cardiolipin and myelin 
basement protein, leading to immune complex 
deposition in the kidneys [8]. 

The phenotype of Ets1-/- mice is reminiscent of 
several of the characteristics of the NOD mouse 
strain, a well characterized model of type 1 diabe-
tes. For example, NOD mice are deficient in TCR 
allelic exclusion [13], are susceptible to a lupus 
like disease characterized by IgM and IgG autoan-
tibodies and immune complex-mediated glomeru-
lonephritis [14-19], and have deficiencies of NK 
[20] and NKT cells [21-24]. In addition to numeri-
cal deficiencies in peripheral NK and NKT cells, 
NOD mice exhibit functional defects in both popu-
lations. NK cells derived from NOD mice are 
poorly cytolytic, both in vitro and in vivo, com-
pared to C57BL/6 NK cells, and NOD NKT cells 
are deficient in IL-4 production. There is consider-
able experimental evidence that NKT cell qualita-
tive and quantitative defects are causally associ-
ated with the strain’s susceptibility to type 1 dia-
betes. Increasing NKT cell numbers in NOD mice 
through a variety of experimental approaches such 
as adoptive transfer of αβTCR+CD4-CD8- thymo-
cytes enriched for NKT cells [21, 23], transgenic 
expression of the Vα14Jα18 TCR α-chain [25], or 
stimulation with the NKT cell super-antigen α-
GalCer [26, 27] is associated with a decrease in 
the incidence of type 1 diabetes. Conversely, tar-
geted deletion of the NKT cell restriction molecule, 
CD1d, which results in a complete absence of NKT 
cells, increases diabetes incidence in mice of the 
NOD genetic background [28, 29]. 

We therefore investigated the possibility that 
the deficiencies observed in NK and NKT cells in 
NOD mice are due to a defect or allelic difference 
in the expression of ETS1 in these cells or their 
precursors. 

Materials and methods 

Mice 

NOD/Lt, BALB/c, C57BL/6 and NOD.Nkrp1b 
[20] were obtained from the Animal Resources 
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Centre (ARC) (Canning Vale, WA, Australia). Spe-
cific experimental crosses, such as (NOD.Nkrp1b × 
C57BL/6) × NOD.Nkrp1b, were generated as 
needed in the animal facility of the Centenary In-
stitute (Sydney, Australia) using mice purchased 
from the ARC. Mice were housed under specific 
pathogen-free conditions and all experiments were 
conducted with the approval of the Centenary In-
stitute’s animal ethics committee. 

Cell suspension preparation 

Cell suspensions from thymi were prepared by 
gently grinding the organ between two frosted mi-
croscope slides in FACS buffer (PBS/5% FCS). 
Cells were washed in 10 ml of FACS buffer and 
resuspended in 1 ml of FACS buffer until re-
quired. Spleens were disrupted using a 26-gauge 
needle and forceps and the resulting cell suspen-
sion was treated with red blood cell lysing buffer 
(Sigma, Castle Hill, NSW, Australia) for 7 min on 
ice. Livers were perfused in situ with 10 ml of cold 
PBS via the hepatic portal vein to avoid contami-
nation with blood lymphocytes. The liver was cut 
into small pieces, pushed through a 200-guage 
steel mesh and the resulting suspension was 
washed twice in cold PBS. A 33.75% v/v isotonic 
Percoll density gradient (Amersham Biosciences, 
Sydney, NSW, Australia) was used to isolate he-
patic lymphocytes. The resulting cell suspension 
was treated with red blood cell lysing buffer for 7 
min on ice. Bone marrow cell suspensions were 
prepared by excising femurs and removing re-
maining muscle tissue. The ends of the femur 
were cut and the bone marrow was flushed from 
the shaft using a 26-gauge needle and syringe 
filled with PBS. The resulting cell suspension was 
treated with red blood cell lysing buffer for 7 min 
on ice. Blood samples, which were obtained by 
retro-orbital venipuncture, were centrifuged to 
remove plasma, and the resulting pellet was re-
suspended in red blood cell lysing buffer for 20 
min on ice. 

Flow cytometric analysis 

Cells were pre-incubated with CD16/32 (clone 
2.4G2, BD Biosciences, San Jose, CA, USA) to 
minimize non-specific staining due to FcR binding, 
before the addition of antibody cocktails. For sur-
face staining, cells were incubated with αβTCR-
FITC (clone H57-597), NK1.1-biotin (clone PK136) 
and CD49b-biotin (clone DX5) all from BD Biosci-
ences. Biotinylated antibodies were detected using 
Streptavidin conjugated to PerCP (BD Biosci-

ences). Mouse CD1d tetramer, conjugated to PE 
and loaded with α-Galactosylceramide was kindly 
provided by Professor Godfrey’s laboratory (Uni-
versity of Melbourne, Australia). Viable lympho-
cytes were identified by the forward and side scat-
ter profile. For intracellular ETS1 staining, cells 
were stained for surface markers, fixed in 4% for-
maldehyde, permeabilized in PBS/5%FCS/0.5% 
saponin and incubated with anti-ETS1 (clone sc-
350; Santa Cruz Biotechnology, Santa Cruz, CA, 
USA). ETS1 antibody binding was detected with 
polyclonal anti-rabbit IgG conjugated to Texas Red 
(Southern Biotechnology, Birmingham, AL, USA). 
Flow cytometry was performed either on a FAC-
scan or a FACstar plus flow cytometer (BD Biosci-
ences) and data was analyzed using CellQuest 
software (BD Biosciences). 

Protein Extraction and Western Blotting 

Thymi were removed from 5 week-old female 
NOD/Lt, BALB/c and C57BL/6 mice. They were 
weighed and diced into small pieces using a clean 
razor blade and left in 3 ml ice cold RIPA buffer 
(50 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton X-
100, 1% Na-Deoxycholate, 0.1% SDS) per gram of 
tissue on ice for 30 minutes. Tissues were then 
homogenized with a Dounce homogenizer at 4°C, 
transferred to microfuge tubes, and incubated for 
a further 30 min on ice, followed by centrifugation 
at 10,000 g for 10 min at 4°C. The supernatant 
was removed and re-centrifuged as before. Super-
natants were recovered and stored at -80°C prior 
to analysis. 50 µg whole cell lysate, with an equal 
volume of RIPA buffer and 10 µl loading buffer, 
was boiled for 5 min at 99°C. Samples were centri-
fuged at top speed for 4 min, before being loaded 
on a 15% SDS PAGE gel. Proteins were electro-
phoresed for 1 h at 40 mA on mini-PROTEAN 3 
Cell (Bio-Rad, USA) and transferred from the gel 
to PDVF membrane in CAPS buffer (10 mM 
CAPS, 10% Methanol, pH 11). Non-specific bind-
ing was blocked by incubating the membrane in 1 
× TBST (10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 
0.05% Tween20; 1% BSA), on ice overnight. The 
blocked membrane was incubated with anti-ETS1 
(C20) antibody (clone sc-350, Santa Cruz Biotech-
nology) diluted in 1 × TBST; 0.1% BSA (1:20000), 
for 30 min at room temperature (RT). The mem-
brane was washed 3 × 5 min in 1 × TBST (RT) fol-
lowed by incubation with anti-rabbit antibody con-
jugated to alkaline phosphatase for 30 min at RT 
and then washed as before. Membranes were de-
veloped in 10 ml AP buffer containing 33 µl BCIP 
and 66 µl NBT (Santa Cruz Technology). 
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RNA Preparation 

Thymi were removed from 6 wk-old female 
mice directly into RNA-later (Qiagen, Hilden, 
Germany) and stored at -80°C until ready for ex-
traction. The thymi were individually homoge-
nized in the RLT buffer of an RNeasy kit (Qiagen), 
with contamination minimized by extensive wash-
ing with RNase-off and RNase-free-DNase-free-
water between samples. Homogenates were 
passed through Qiashedder columns (Qiagen) and 
extracted (RNeasy, Qiagen). The RNA yield was 
quantified spectrophotometrically and aliquots 
electrophoresed for determination of sample con-
centration and purity. 

Sequencing mRNA 

As only the mRNA sequence was available, 
primers for sequencing were designed using Bio-
Technix 3d 1.1.0, based on sequence obtained from 
NCBI (http://www.ncbi.nlm.nih.gov/sites/entrez) 
such that overlapping sequences would be ampli-
fied across the whole region. RNA was extracted 
from NOD/Lt, BALB/c and C57BL/6 mouse thymi 
and first-strand cDNA was synthesized from 5 µg 
total RNA using oligo(dT) primers and Superscript 
II reverse transcriptase following manufacturer’s 
instructions (Invitrogen, Cambridge, UK). PCR 
was performed using Omn-E thermal cyclers (Hy-
baid, Basingstoke, UK). Each 100 µl reaction in-
cluded 10 µl 10 × PCR buffer with 3 mM MgCl2 
(Roche, Mannheim, Germany), 0.4 mM each of 
dATP, dCTP, dGTP and dTTP (Astral Scientific, 
Caringbah, NSW, Australia), 1.6 U Taq Poly-

merase (Roche), 2 µl cDNA. Approximately 20 µl 
mineral oil overlaid the reaction mix. PCR protocol 
included denaturation 95°C, 3 mins, then 40 cycles 
(95°C, 1 min; 50-62°C (primer dependant anneal-
ing) 1 min, 72°C, 1 min) followed by an extension 
step of 72°C, 7 min. Reactions were verified by 1% 
agarose gel electrophoresis. Reactions were then 
purified using the Qiagen PCR purification kit fol-
lowing manufacturer’s directions. 20-100 ng PCR 
product between 200-500 bp/ 100-160 ng PCR 
product between 500-1000 bp were prepared with 
6.4 pmol primer and sent to the Australian Ge-
nome Research Facility for sequencing (both for-
ward and reverse reactions for each). The raw 
data was retrieved by FTP and analysed using Se-
quencher 3.1.1. (Gene Codes Corporation, Ann Ar-
bor, Michigan, USA). 

Sequencing genomic DNA 

Inverse polymerase chain reaction (PCR) was 
used to obtain the unknown genomic sequence 
flanking the region of known sequence. This 
method uses the PCR, but it has the primers ori-
ented in the reverse direction from the usual ori-
entation. DNA was phenol-chloroform extracted 
from mouse tails, and used as a template for the 
reverse primers, following a restriction digest and 
ligation of the fragment upon itself to form a cir-
cle. The new sequences were then BLASTED us-
ing the CELERA Discovery System database 
(http://www.celera.com/) to look for contigs match-
ing the known sequence. In this manner, we were 
able to obtain a number of overlapping contigs 
which could be assembled to give sequence 5’ to 

Table 1. Comparison of NK (NK1.1+ αβTCR-) and NKT (αGC/CD1d Tetramer+ αβTCR+) cell proportions 
and numbers between six week old female C57BL/6 (n = 5) and NOD.Nkrp1b (n = 5) mice. 
 

 

Organ 

 

Strain 

 

% NKT cells 

 

# NKT cells 
 

(x 10-5) 

 

% NK cells 

 

# NK cells 
 

(x 10-5) 

 

Thymus 
 

C57BL/6 0.
 

65 
 

± 0.
 

05* 13.
 

0 
 

± 

 

0.
 

6* ND 
 

ND 
 

 
 

NOD.Nkrp1b 0.
 

22 
 

± 0.
 

02 3.
 

5 
 

± 

 

0.
 

3 ND 
 

ND 
 

Spleen 
 

C57BL/6 0.
 

85 
 

± 0.
 

01* 6.
 

0 
 

± 

 

1.
 

0* 3.
 

5 
 

± 

 

0.
 

61* 23.
 

7 
 

± 

 

2.
 

5* 
 

 
 

NOD.Nkrp1b 0.
 

56 
 

± 0.
 

04 3.
 

0 
 

± 

 

0.
 

3 2.
 

4 
 

± 

 

0.
 

2 14.
 

5 
 

± 

 

0.
 

5 
 

Liver 
 

C57BL/6 16.
 

8 
 

± 1.
 

8* 3.
 

5 
 

± 

 

0.
 

7* 8.
 

8 
 

± 

 

1.
 

5 0.
 

7 
 

± 

 

0.
 

2 
 

 
 

NOD.Nkrp1b 9.
 

2 
 

± 0.
 

6 1.
 

3 
 

± 

 

0.
 

2 7.
 

8 
 

± 

 

0.
 

7 0.
 

4 
 

± 

 

0.
 

1 
 

Blood 
 

C57BL/6 0.
 

07 
 

± 0.
 

0* 0.
 

02
 

± 

 

0.
 

002 7.
 

9 
 

± 

 

0.
 

9* 1.
 

9 
 

± 

 

0.
 

4* 
 

 
 

NOD.Nkrp1b 0.
 

13 
 

± 0.
 

02 0.
 

03
 

± 

 

0.
 

004 4.
 

3 
 

± 

 

0.
 

5 0.
 

5 
 

± 

 

0.
 

1 
 

Bone marrow 
 

C57BL/6 0.
 

51 
 

± 0.
 

1* 1.
 

1 
 

± 

 

0.
 

2* 1.
 

6 
 

± 

 

0.
 

1* 2.
 

6 
 

± 

 

0.
 

5* 
 

 
 

NOD.Nkrp1b 0.
 

14 
 

± 0.
 

02 0.
 

25
 

± 

 

0.
 

04 2.
 

5 
 

± 

 

0.
 

1 5.
 

6 
 

± 

 

0.
 

2 
 

Legend: ND = not determined. * indicates significant difference compared with NOD.Nkrp1b, p <  0.05, Mann-Whitney 
U test. 
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the start site as well as within intronic regions. 
Using the assembled sequence, primers were then 
designed such that overlapping sequences could be 
amplified for the different mouse stains. PCR and 
sequencing was carried out as before and the re-
sulting sequence compared between strains using 
Sequencher 3.1.1. (Gene Codes Corporation, Ann 
Arbor, MI, USA). 

Genotyping 

Genotyping of the NOD.Nkrp1b, C57BL/6, 
(NOD.Nkrp1b × C57BL/6)F1 and (NOD.Nkrp1b × 
C57BL/6) × NOD.Nkrp1b)BC1 mice was carried 
out by PCR of phenol-chloroform extracted tail 
DNA using primers designed across the SNP iden-
tified in Exon IV, followed by an NlaIII restriction 
digest. PCR were performed on Omn-E thermal 
cyclers (Hybaid). Each 100 µl reaction included 10 
µl 10x PCR buffer with 3 mM MgCl2 (Roche), 0.4 
mM each of dATP, dCTP, dGTP and dTTP (As-
tral), 1.6 U Taq Polymerase (Roche), 20 ng DNA. 
Approximately 20 µl mineral oil overlaid the reac-
tion mix. PCR protocol included denaturation 
95°C, 3 min, then 32 cycles (95°C, 1 min; 55°C, 1 
min, 72°C, 1 min) followed by an extension step of 
72°C, 7 min. Reactions were verified by 1% aga-
rose gel electrophoresis. An analytical scale re-
striction digest was performed in 50 µl, using 20 µl 
PCR product, 5U NlaIII, 0.05 µg Acetylated BSA, 
together with 5 µl RE 10x buffer. An incubation of 
2 h at 37°C was carried out. Products were re-
solved on a 4% NuSieve gel. NOD alleles were 
identified as those that could be digested by 
NlaIII, while C57BL/6 alleles remained undi-
gested. 

Typing of previously characterized microsatel-
lite markers was performed as previously de-
scribed [17, 30]. An additional microsatellite 
marker, D9bax201 was designed in-house (by Dr. 
Luis Esteban) to determine the genotype of a locus 
within Ets1: forward primer TGGGGGCAG 
GAAGTATCTTTACAG, reverse primer 
TTCCTCCTCTCCTGAACAGATGAG. 

Linkage analysis 

Genotyping errors were identified manually as 
double recombinants or by the error-checking 
function of Mapmaker/EXP [31] and were reampli-
fied. Recombination distances between markers 
were calculated from recombination frequencies 
using the Mapmaker/EXP program [31]. Interval 
analysis of linkage to the proportions of thymic 
NKT cells was conducted using a version of Map-
maker/QTL (quantitative trait locus) 2.0b that 
was ported to run on the Pentium 4 under Win-
dows 2000 by M. Butler. The output of Mapmaker 
provides a log-likelihood ratio for any putative 
QTL located at an arbitrary point between the 
markers genotyped. The significance thresholds 
used were those suggested by Lander and 
Kruglyak (1995) for analyses of mouse back-
crosses; viz logarithm of odds (LOD) ≥ 3.3 for the 
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Figure 1. ETS1 expression in whole bone marrow (A, left) 
and bone marrow-derived NK (αβTCR-DX5+) cells (A, right) 
from three week old female NOD.Nkrp1b (grey) and 
C57BL/6 (black line) mice, as determined by intracellular 
staining. B: Mean fluorescence intensity (MFI) of ETS1 stain-
ing in whole bone marrow (left) and bone marrow-derived 
NK cells (right) of individual NOD.Nkrp1b and C57BL/6 
mice. White squares: NOD.Nkrp1b. Black diamonds: 
C57BL/6. C: Correlation of thymic NK ETS1 expression and 
thymic NK cells numbers. White squares: NOD.Nkrp1b. 
Black diamonds: C57BL/6. 
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threshold for significant linkage and LOD ≥ 1.9 for 
the threshold suggestive of linkage [32]. Quantita-
tive differences between samples were compared 
using the Mann-Whitney U (rank sum) test. 

Other statistical analyses 

Quantitative two-way comparisons were per-
formed by Mann-Whitney U test. 

Results 

ETS1 expression in NK and NKT cells 

Consistent with previous reports [20, 24], 
NOD.Nkrp1b mice had significantly decreased 
proportions and absolute numbers of NK cells in 
the spleen and blood compared to C57BL/6 mice, 
while proportions and numbers in the bone mar-
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Figure 2. Representative FACS plots showing thymic NKT cell (αGC/CD1d Tetramer+ αβTCR+) proportions of three week old 
C57BL/6, NOD.Nkrp1b, and (NOD.Nkrp1b x C57BL/6)F1 mice (A). Mean proportions and standard errors are given for each. 
B: ETS1 expression in thymocytes (left), thymic T (αGC/CD1d Tetramer- αβTCR+)(middle) and NKT (αGC/CD1d Tetramer+ 
αβTCR+) (right) cells from C57BL/6 (top panel), (NOD.Nkrp1b × C57BL/6)F1 (middle panel) and NOD.Nkrp1b (bottom panel) 
mice as determined by intracellular staining. Overlaid histograms (far right) depict ETS1 expression in whole thymocytes 
(dashed line), thymic T cells (thin line) and NKT cells (thick line) for C57BL/6, NOD.Nkrp1b and F1 mice. C: Absolute num-
bers of thymic NKT cells in C57BL/6 and F1 mice compared to NOD.Nkrp1b mice (p < 0.01; Mann-Whitney U test). Black 
diamonds: C57BL/6. White diamonds: NOD.Nkrp1b × C57BL/6)F1. White squares: NOD.Nkrp1b. D: Correlation between 
NKT ETS1 expression and thymic NKT cell numbers (far right), total thymocyte numbers (left) and T cell numbers (middle). 
Black diamonds: C57BL/6. White diamonds: NOD.Nkrp1b × C57BL/6)F1. White squares: NOD.Nkrp1b. 
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row were increased, suggesting a possible defect in 
the export of NK cells (Table 1, p < 0.05, Mann-
Whitney U test). Similarly, proportions and num-
bers of NKT cells were decreased in NOD.Nkrp1b 
mice in the thymus, spleen and liver (Table 1, p < 
0.05, Mann-Whitney U test). Since both NOD mice 
and mice deficient in ETS1 exhibit numerical de-
fects in NK and NKT cells, evidence was sought 
for an association between ETS1 expression levels 
and numbers of NK and NKT cells. 

Whole bone marrow from three week-old 
NOD.Nkrp1b and C57BL/6 mice was surface 
stained with anti-DX5 and anti-αβTCR antibodies, 
followed by intracellular staining for ETS1. NK 
cells (DX5+αβTCR-) from NOD.Nkrp1b mice had 
significantly decreased expression of ETS1 com-
pared to the NK cells of C57BL/6 mice (Figure 1, A 
and B, p < 0.005, Mann-Whitney U-test). The de-
crease was specific to NK cells since whole bone 
marrow from both strains expressed similar levels 
of ETS1 (Figure 1, A and B). However, there was 
no correlation between ETS1 expression and NK 
cell numbers in either strain (Figure 1C). It is 
therefore unlikely that the reduced ETS1 expres-
sion characteristic of NOD mice contributes to the 
NK cell phenotype of the strain. 

Thymocytes from three week-old NOD.Nkrp1b, 
C57BL/6 and (NOD.Nkrp1b × C57BL6)F1 mice 
were stained with antibodies against αβTCR and 
ETS1 in conjunction with the NKT cell specific 
αGalCer loaded CD1d tetramer. In both strains 
and F1 mice expression levels of ETS1 were higher 
in both mature conventional T cells 
(αβTCR+Tetramer-) and NKT cells 
(αβTCR+Tetramer+) compared to whole thymocytes 
(Figure 2B, Table 2). While there was no signifi-
cant variation of ETS1 expression in whole thymo-
cytes or αβTCR+ thymocytes between NOD.Nkrp1b, 
C57BL/6 and F1 mice, it was significantly de-
creased in thymic NKT cells in NOD.Nkrp1b mice 
(Table 2). ETS1 expression on NKT cells of 
(NOD.Nkrp1b × C57BL6)F1 mice was intermediate 

between the parental strains. 
Numbers of conventional T cells 
did not correlate with ETS1 ex-
pression. However, NKT cell num-
bers were significantly correlated 
with ETS1 expression in both 
strains (p < 0.02), consistent with a 
role for allelic ETS1 expression in 
control of NKT cell numbers. 

Ets1 Genomic and cDNA Se-
quence Comparison between the 
NOD/Lt, BALB/c and 
C57BL/6 strains 

Having established that the NOD.Nkrp1b 
mouse strain had reduced ETS1 expression in 
NKT cells and that this positively correlated with 
NKT cell numbers, we next sought to identify 
polymorphisms in the genomic and/or cDNA se-
quence of Ets1. To compare genomic sequences be-
tween the strains it was necessary to amplify DNA 
by inverse PCR as described in the ‘Materials and 
methods’ section since genomic sequence was un-
available. The sequences obtained were annotated 
and submitted to NCBI for public access: 
AY134615.1 (NOD/Lt exons III through IX and 
complete cds); AY134614 (NOD/Lt promoter and 
exon A); AY134613 (C57 exons III through IX and 

Table 2. Comparison of ETS1 expression levels in NOD.Nkrp1b, 
C57BL/6 and (NOD.Nkrp1b × C57BL/6)F1 thymocytes 
 

 

Strain 

 

ETS1 expression on 
whole thymocytes 

(MFI) 

 

ETS1 expression 
on αβTCR+ thymo-

cytes (MFI) 

 

ETS1 expression on 
NKT cells 

(MFI) 

 

NOD.Nkrp1b 6
 

68 
 

± 
 

73 
 

 10
 

02 
 

± 

 

10
 

5 11
 

36
 

± 

 

12
 

8* 
 

F1 6
 

38 
 

± 
 

48 
 

 10
 

77 
 

± 

 

7
 

4 12
 

55
 

± 

 

7
 

4 
 

C57BL/6 6
 

71 
 

± 
 

37 
 

 11
 

42 
 

± 

 

6
 

6 13
 

48
 

± 

 

7
 

4* 
 

Legend: * indicates significant difference, p < 0.05, Mann-Whitney U test. 
 
 

 
 
Table 3. Single base pair and variable number of tandem 
repeat changes in C57BL/6 mice compared to NOD/Lt and 
BALB/c mice 
 

 

Region 

 

Single base pair 

 

VNTR 

 

5’ region 
 

7 
 

3 
 

Exon A 
 

0 
 

0 
 

Intron 1a 
 

5 (+1 in NOD) 
 

1 
 

Intron 1b 
 

22 
 

2 
 

Exon III 
 

0 
 

0 
 

Intron 2 
 

12 
 

2 
 

Exon IV 
 

1 
 

0 
 

Intron 3 
 

6 
 

0 
 

Exon V 
 

0 
 

0 
 

Intron 4 
 

10 
 

1 
 

Exon VI 
 

0 
 

0 
 

Intron 5 
 

9 
 

1 
 

Exon VII 
 

0 
 

0 
 

Intron 6 
 

62 (+13 in BALB/c) 
 

5 
 

Exon VIII 
 

0 
 

0 
 

Intron 7 
 

6 
 

1 
 

Exon IX 
 

0 
 

0 
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complete cds); AY134612 (C57 promoter and exon 
A); AY134611 (BALB/c exons III through IX and 
complete cds) and AY134610 (BALB/c promoter 
and exon A). 

As some rearrangements in the promoter se-
quence can affect the rate of initiation [33], while 
others can influence the site at which initiation 
occurs, approximately 2.6kb of sequence 5’ of the 
first exon of Ets1 was analyzed and compared be-
tween the three strains. Ets1 has a TATA-less 
promoter that lacks CAAT sequences and has a 
high G-C content upstream of multiple initiation 
sites. Our data showed ten polymorphisms be-
tween the strains within the promoter sequence, 
all in the C57BL/6 strain compared to NOD and 
BALB mice (Table 3). These comprised seven sin-
gle base pair changes and three VNTRs. Consen-
sus recognition sites for several transcription fac-
tors that may regulate the mouse Ets1 promoter 
include AP1, RAR, ETS1 and NFkB [34-36]. Proc-
essing of the promoter sequence using “Promoter 
Scan” (PROSCAN Version 1.7) [37] predicted 
many significant signals. The promoter region 
consists of ten consensus recognition sequences for 
the transcription factor SP1 (seven on the reverse 
strand and three on the forward strand), two AP1 
consensus sequences and six AP2 recognition se-
quences (4 on the forward strand and 2 on the re-
verse strand). Three GCF consensus sequences are 
present. Other significant signals include one each 
of SDR-RS, SIF, CTF, NF1, CTF-NF-1, CP1, 
APRT-mouse-US, Early-SBQ1, (early SP1), JCV 
repeated sequence and UCE.2. However, none of 
the polymorphisms found here are located within 
any of the predicted recognition sites. 

Comparison of intronic 
sequences between the 
three strains revealed 141 
single base pair changes 
and 16 VNTR’s in C57BL/6 
mice when compared to the 
NOD and BALB/c strains 
(Table 3). NOD/Lt mice dif-
fered from C57BL/6 and 
BALB/c mice with only a 
single base pair change in 
the initial 2.5 kb sequence 
of intron1 examined while 
there were five single base 
pair changes and one vari-
able number of tandem re-
peat (VNTR) in the 
C57BL/6 strain. The final 3 
kb of intron 1 contained 22 
single base pair polymor-

phisms in B6 and two VNTRs. This is of interest 
as previous studies [34] have suggested that the 
first intron of Ets1 contains elements necessary for 
tissue specific expression. Intron 2 showed 12 sin-
gle base pair polymorphisms and two VNTRs in 
the B6 strain. C57BL/6 showed six single base 
pair changes in intron 3, 10 single base pair poly-
morphisms and one VNTR in intron 4 and nine 
single base pair mutations and one VNTR in in-
tron 5. Interestingly, sequencing the 14.917 kb in-
tron 6 region showed polymorphisms in both 
C57BL/6 and BALB/c mice compared to the 
NOD/Lt strain. There were 62 single base pair 
polymorphisms in B6 and 13 in the BALB/c strain, 
while five VNTRs were present in B6. It is possi-
ble that these are within important enhancer se-
quences. Comparison of Intron 7 sequences re-
vealed six single base pair mutations and one 
VNTR in B6. 

A comparison of splice sites between strains 
were conserved except a T to C substitution of the 
5’ splice donor of B6 in intron 4 and a C to A sub-
stitution of 5’ splice donor of B6 in intron 5 (Table 
4). NOD/Lt and BALB/c proved to have identical 
boundary sequences. As both the full length and 
spliced mRNAs have been found for all strains, 
these polymorphisms do not appear to prevent the 
splicing process, but could perhaps alter its effi-
ciency. 

To obtain cDNA sequence, primers were de-
signed using BioTechnix 3d 1.1.0, based on se-
quence obtained from NCBI (http://www.ncbi. 
nlm.nih.gov/sites/entrez) such that overlapping 
sequences would be amplified across the whole re-
gion. PCR were performed on RNA extracted from 

Table 4. Ets1 splice donor/acceptor sites 
 

 

Exon number 

 

Exon size 
(bp) 

 

5’ splice donor 

 

3’ splice acceptor 

 

Intron size 
(bp) 

 

A 
 

  82 
 

CC GG/gtgagtggca 
 

ttccttacag/AC ATG 
 

29.907 
 

III 
 

120 
 

AAA G/gtatactttt 
 

tctcttctcag/AC CCC 
 

   1.265 
 

IV 
 

201 
 

AAA G/gtaaatgtgt 
 

tttcttacag/AG GAT 
 

   2.709 
 

V 
 

  78 
 

A TCA/gtaagtgctat(c)t 
 

ctccttttctag/GC TAC 
 

   0.920 
 

VI 
 

249 
 

C GTG/gtaggtcac(a)tt 
 

ttacctccag/GT AAA 
 

   3.928 
 

VII 
 

261 
 

A CAG/gtaggcaccc 
 

gtgcttccag/GA AGT 
 

14.917 
 

VIII 
 

119 
 

GAT GAG/gtatgtaatg 
 

tttattacag/GTG GCC 
 

   1.278 
 

IX 
 

213 
 

 
 

 
 

 
 

Legend: Ets1 splice donor/acceptor sites are conserved between NOD/Lt, BALB/c and 
C57BL/6 mouse strains except a T to C substitution of the 5’ splice donor of B6 in intron 4 
and a C to A substitution of 5’splice donor of B6 in intron 5. NOD/Lt and BALB/c proved to 
have identical boundary sequences 
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NOD/Lt, BALB/c and C57BL/6 mouse thymi. Se-
quencing of the mRNA revealed two products 
identical between NOD/Lt, BALB/c and C57BL/6 
except for a single base pair change at position 421 
in both products which, although causing no 
change in the amino acid sequence, is an NlaIII 
restriction site (Figure 3C). This restriction site 
was used for identifying allelic contribution in 
(NOD.Nkrp1b × C57BL/6) × NOD.Nkrp1b back-
cross (BC1) mice. 

The full length mRNA produces the p51 iso-
form of the protein product and the spliced mRNA, 
which lacked exon VII, the p42 isoform (Figure 
3A). Only these two isoforms were seen here, in 
contrast to the differential splicing noted in hu-
man Ets1 studies which revealed sequences corre-
sponding to the splicing out of exon IV, exon VII or 
both [38]. Western immuno-blotting of thymic pro-
tein extracts from NOD, BALB/c and C57BL/6 
mice detected both ETS1 isoforms (Figure 3B). 
Consistent with previous reports [39, 40] the p51 

isoform was present as a double band indicating 
the presence of the phosphorylated and non-
phosphorylated protein, while the p42 isoform was 
present at a lower concentration. 

Effects of the Ets1 allele on NKT cell numbers 

To test the hypothesis that the observed allelic 
difference in ETS1 expression between 
NOD.Nkrp1b and C57BL/6 mice was associated 
with reduced NKT cell numbers in NOD mice, 
seven week-old female (NOD.Nkrp1b × C57Bl/6) × 
NOD.Nkrp1b backcross (BC1) mice were assessed 
for thymic NKT cell numbers by flow cytometry. 
Thymic NKT cell phenotype was determined using 
an anti-αβTCR antibody in conjunction with NKT 
cell specific α-Galactosylceramide loaded CD1d 
tetramer. The BC1 mice were typed at the Ets1 
locus using NlaIII restriction enzyme digest as de-
scribed above. The proportions and numbers of 
thymic NKT cells were compared between BC1 

p51

p42

A III IV V VI VII VIII IX

61.3 kDa

49 kDa

6.4 kDa

NOD/LtBALB/cC57BL/6 Ladder

CAGAAGTTCTGTATGAGTGGAC57BL/6

CAGAAGTTCTG ATGAGTGGA

Gln Lys Phe Cys Met Ser Gly

CAGAAGTTCTGCATGAGTGGANOD/Lt

CAGAAGTTCTGCATGAGTGGABALB/c

Consensus

Amino acid

410 420 430

A

B C EXON IV

C57BL/6 BALB/c NOD/Lt Ladder

61.3 kDa
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6.4 kDa

Exon IV  

G
en

om
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cD
N

A

p42

A

B
C
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Figure 3. Schematic representation of the genomic structure of Ets1 and cDNA for the p51 and p42 isoforms (A). B: Western 
blot analysis of 50 µg thymic whole cell lysates from five wk old female C57BL/6, BALB/c and NOD/Lt mice using anti-ETS1 
mAb (clone sc-350) mapping to the carboxy terminus of ETS1. The mobility of BENCHMARK protein mass markers is indi-
cated. C: Partial sequence of Exon IV (410-430 bp) showing a single T to C base pair change at position 421 that introduces 
the NlaIII restriction enzyme site CATG (boxed). 
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mice homozygous NOD/NOD or heterozygous 
NOD/B6 at the Ets1 locus. Consistent with previ-
ous results control C57BL/6 mice had increased 
proportions and absolute numbers of NKT cells in 
the thymus compared to NOD.Nkrp1b mice, while 
numbers of NKT cells in control NOD.Nkrp1b × 
C57BL/6 (F1) mice were intermediate between the 
parental strains (Figure 4, A and B). There was no 
significant difference in either proportions or 
numbers of thymic NKT cells between mice that 
were NOD/NOD or NOD/B6 at the Ets1 locus 
(Figure 4, A and B). 

In a second experiment, num-
bers of thymic NKT cells were de-
termined by flow cytometric 
analysis of male (NOD.Nkrp1b × 
C57BL/6) × NOD.Nkrp1b BC1. The 
mice were phenotyped for thymic 
NKT cell numbers as described 
above and genotyped at the Ets1 
locus using D9mit160, D9mit90, 
D9bax201, D9mit285, D9mit26, 
D9mit335, D9mit165, D9mit269, 
D9mit355, D9mit347 and D9mit17 
microsatellite markers. Interval 
analysis of linkage to the propor-
tions of thymic NKT cells was 
conducted using Mapmaker/QTL 
(quantitative trait locus) 2.0b with 
significance thresholds set at loga-
rithm of odds (LOD) ≥ 3.3 for sig-

nificant linkage and LOD ≥ 
1.9 for suggestive linkage. No 
linkage of thymic NKT cell 
number to chromosome 9 was 
found (Figure 5). 

The results of these two ex-
periments show that there is a 
consistent difference in Ets1 
expression levels in NKT cells 
between the NOD.Nkrp1b and 
C57BL/6 strains that is sig-
nificantly correlated to NKT 
cell numbers. Despite this dif-
ference, the allelic variation of 
Ets1 does not contribute to 
numerical NKT defects in the 
NOD strain. 

Discussion 
The complexity of the ge-

netics of autoimmune traits 
has significantly impeded the 
fine localization and identifi-

cation of disease susceptibility genes [41, 42]. We 
have attempted to overcome this problem by 
studying subphenotypes that contribute to the eti-
ology of diabetes, and potentially many other auto-
immune diseases, such as defects in immunoregu-
lation [43]. Type 1 NKT cells are an immunoregu-
latory population that plays a critical role in con-
trolling the strength and character of adaptive and 
innate immune responses [44]. Unlike conven-
tional T cells, NKT cells can exhibit various natu-
ral killer (NK) cell characteristics, including ex-
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Figure 4. Proportion (A) and absolute number of thymic NKT (αβTCR+ 
αGC/CD1d+) cells (B) in seven week old female NOD.Nkrp1b (NOD, open 
squares, n = 10), (NOD.Nkrp1b x C56BL/6) × NOD.Nkrp1b backcross mice 
either homozygous NOD (NN, open circles, n = 18) or heterozygous 
NOD/B6 (NB, black circles, n = 23) at the Ets1 locus, (NOD.Nkrp1b x 
C57BL/6)F1 (F1, white diamonds, n = 5) and C57BL/6 (B6, black diamonds, 
n = 10) mice. 
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Figure 5. Linkage analysis for thymic NKT cell number on Chromo-
some 9 in (NOD.Nkrp1b x C56BL/6) × NOD.Nkrp1b backcross mice. 
The location of Ets1 and the linkage thresholds set by Lander and 
Kruglyak [32] for significant linkage (LOD ≥ 3.3, short dashed line) and 
suggestive linkage (LOD ≥ 1.9, long dashed line) are shown. 
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pression of CD161c (NK1.1 in mice), and express a 
semi-invariant TCR consisting of an invariant 
Vα24-Jα18 (Vα14-Jα18 in mice) chain coupled to 
Vβ11 (Vβ2, 8.2 or 7 in mice) [45]. The NKT TCR 
recognises glycolipid, rather than peptide antigen, 
presented by the MHC Class I-like molecule CD1d 
[44]. 

We have previously reported deficiencies in the 
numbers and function of NKT cells in the NOD 
mouse strain [20-24], which is a well-validated 
model of type 1 diabetes and systemic lupus ery-
thematosus [18, 46]. There is considerable experi-
mental evidence that NKT cell qualitative and 
quantitative defects are causally associated with 
the strain’s susceptibility to type 1 diabetes. In-
creasing NKT cell numbers in NOD mice through 
a variety of experimental approaches such as 
adoptive transfer of αβTCR+CD4-CD8- thymocytes 
enriched for NKT cells [21, 23], transgenic expres-
sion of the Vα14Jα18 TCR α-chain [25], or stimula-
tion with the NKT cell super-antigen α-GalCer 
[26, 27] is associated with a decrease in the inci-
dence of type 1 diabetes. Conversely, targeted de-
letion of the NKT cell restriction molecule, CD1d, 
which results in a complete absence of NKT cells, 
increases diabetes incidence in mice of the NOD 
genetic background [28, 29]. 

Type 1 NKT cells are absent in mice bearing 
targeted deletions of Ets1. Barton et al. (1998) re-
ported that numbers of CD4+NK1.1+ lymphocytes 
were markedly reduced in the thymus, spleen, and 
liver and that the levels of Vα14Jα18 transcripts 
in the liver were present at similar levels as NKT 
cell deficient Cd1d-/- [4]. Consistent with this find-
ing, no IL-4 was detected in the supernatants of 
Ets1-/- thymocytes stimulated with anti-CD3 [11]. 

Ets1 maps to the same chromosomal region of 
chromosome 9 as the NOD diabetes susceptibility 
gene Idd2 [47, 48]. These findings raised the pos-
sibility that allelic variation in Ets1 expression 
could affect the numbers of NKT cells, thereby af-
fecting NKT cell numbers and susceptibility to 
diabetes. 

ETS1 expression in NK and NKT cells was re-
duced in NOD.Nkrp1b mice, compared to C57BL/6 
mice. Although NKT cells numbers were signifi-
cantly correlated with ETS1 expression in both 
strains, NKT cell number was not linked to the 
Ets1 gene in a first backcross from NOD to 
C57BL/6 mice. These results indicate that allelic 
variation of Ets1 did not contribute to variation in 
NKT cell numbers in these mice. It remains possi-
ble that a third factor not linked to the Ets1 locus 
controls both ETS1 expression and subsequently 
NK and NKT cell phenotypes. Candidates for 
these factors are genes within the two linkage re-
gions identified as controlling NKT cell numbers 
in mapping studies involving NOD mice: Nkt1 on 
chromosome 1 [49, 50] and Nkt2 on chromosome 2 
[50, 51]. 
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