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Abstract

Homeostasis of the hematopoietic system is tightly regulated by an array of cytokines that control
proliferation, differentiation and apoptosis of various cell lineages. To identify genes that are essential for
hematopoietic homeostasis, we screened C57BL/6 mice that had been genome-wide mutagenized by
N-ethyl-N-nitrosourea (ENU) to produce altered blood cell composition. We identified a mutant mouse
line with a drastic reduction in the number of T and B cell lineages in lymphatic tissues and peripheral
blood, as well as severe atrophy of the thymus and lymph nodes. Genotyping with a genome-wide single
nucleotide polymorphism (SNP) marker set mapped the mutant phenotype to chromosome 3A and
subsequent direct DNA sequencing revealed a G-to-A point mutation in the splicing donor site of the
third exon of the candidate gene for IL-7, a lymphocyte survival cytokine. Such mutation resulted in
skipping of exon 3 and production of an internally truncated 1L-7 (AE3-1L7). Furthermore, using re-
combinant proteins produced in a baculoviral system, we demonstrated that AE3-1L7 had no detectable
anti-apoptotic activity even at a dose that was 30 times more than that required for a wild-type protein to
manifest a full activity in a naive T cell survival assay. Our data suggest that this mutant mouse
line provides an alternative animal model for the study of severe combined immunodeficiency (SCID)
syndrome in humans.

Introduction differentiation and apoptosis of hematopoietic

lineages. The use of gene targeting techniques has
The hematopoietic system is a highly sophisticated been very powerful in confirming the importance
system, in which a single stem cell propagates and of cytokines and intermediate signaling molecules
differentiates into numerous cell types, including in homeostasis maintenance of the hematopoietic
red blood cells, platelets, lymphocytes, monocytes system. Specifically, gene targeting has enabled
and granulocytes. In addition to celi-cell interac- researchers to produce a clean and definite elim-
tion signals, this process is tightly regulated by an ination of certain gene products in a physiological
array of cytokines that control proliferation, context, and thus has allowed the role of these

molecules to be addressed. However, gene-driven
*To whom correspondence should be addressed. Fax: + 886-2- genetic ablation approaches frequently encounter
2782-9142; phone: +886-2-26523077; E-mail: bmjyen@ibms. ~ Scveral problems when knockout animals are used
sinica.edu.tw as models for human disease. These problems
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include the lack of homozygotic offspring due to
embryonic lethality, the lack of consistency with
prior observations due to the emergence of novel
phenotypes and the propensity for knockout mice
to mount immune reactions to wild-type gene
products. ENU is a super-efficient germ cell
mutagen. Combining ENU mutagenesis with the
mouse genome sequence annotation that is now
available [1] has enabled phenotype-driven screen-
ing of genome-wide ENU-mutagenized mice to be
achieved on a large scale in complicated systems
such as hematopoiesis. This technique constitutes
an affordable complementary approach [2-5] and
has aided the discovery of novel gene components
involved in the circadian cycle, LPS signaling and
T cell activation [6-8].

IL-7 was initially identified and cloned as a
stromal cell-derived B cell proliferation factor [9]
and was subsequently shown to be a growth and
survival factor for mature and immature thymo-
cytes [10]. IL-7 is produced by both immune and
non-immune cells, including B-cells, monocytes,
macrophages, follicular dendritic cells, stromal
cells, gut epithelial cells and keratinocytes [11].
Gene targeting studies in mice revealed that I1L-7
plays a critical role in lymphopoiesis, as the
peripheral blood and all lymphatic tissues of IL-7
null mice were found to be highly lymphopenic
[12]. Recent research suggests that the IL-7/IL-7
receptor a/receptor yc/Jak3 signaling pathway is
by far the most important cytokine pathway
required for lymphocyte development and
homeostasis. Animals defective in IL-7 and the
IL-7 receptor [12, 13] as well as patients with
defective yc, Jak3 and IL-7 receptors [14-1§]
show severe lymphopenia and suffer from severe
combined immunodeficiency (SCID) syndrome.

In the present study we show that large-scale
screening of ENU mutagenized mice can efficiently
identify a lymphopenia mouse model for the
human SCID disorder. Furthermore, the powerful
genome-wide high density SNP marker genotyping
facility is useful in rapidly mapping the chromo-
somal location of the disease allele. Finally,
genomic sequencing and molecular biology studies
revealed that we have obtained a mutant mouse
line that contains a point mutation at the splicing
donor site of the IL-7 gene, which results in
skipping of the third exon, producing a seemingly
inactive IL-7, and conferring severe lymphopenia
phenotype on mutant animals.

Materials and methods
Generation of ENU-recessive mice

A three-generation breeding scheme of ENU-
mutagenized mice for recessive mutant phenotype
was adopted as described previously [19]. These
studies were reviewed and approved by the Insti-
tutional Animal Care and Ultilization Committee
of Academia Sinica.

Complete blood cell counting (CBC) with Cell-Dyn
3700

Approximately 300 ul of anti-coagulated whole
blood from the tail vein was analyzed with a
CELL-DYN 3700 (Abbott Diagnostics).

Flow cytometric analysis of surface markers

Cells were isolated from peripheral blood, bone
marrow, thymus, lymph node and spleen by
standard procedures. Approximately 1 million
viable cells were labeled by incubating with
various antibodies for 30 min on ice. PE-conju-
gated mAbs were directed against CD4 and
B220. FITC-conjugated mAbs were against
CD8 and Gr-1; APC-conjugated mAbs were
against TCRfS and CDI11b. All antibodies were
purchased from e-BioScience (San Diego, CA)
except anti-TCRf antibody (BD Pharmingen).
Cell surface immunofluorescence analysis was
performed using a cell sorter (Vantage; Becton
Dickinson Immunocytometry Systems, San Jose,
CA). Annexin V staining of apoptotic cells
(BioVision Research) was performed according
to the vendor’s instruction as previously de-
scribed [20, 21].

Genomic DNA sequencing

Genomic DNA was isolated from 0.5-cm tail
clippings using a PUREGENE DNA purification
system (Gentra systems, Minnesota, USA). A
300 ng sample of DNA was then subjected to
PCR amplification for 42 cycles. The following
primers were used to amplify the third exon of the
1L-7 gene: 7E3F: S'-cattgatgccagtaagtagaatcagg-3”;
7E3R: 5Y-gtatctectggagacagggtgtetg-3’. The final
PCR product was then subjected to direct sequenc-
ing with PCR primers.



SNP genotyping

A genome-wide mouse SNP data set containing
10,915 SNPs of 48 mouse strains was kindly
provided by Tim Wiltshire (Genomics Institute of
the Novartis Research Foundation) [22]. A total
of 276 SNPs were selected for genotyping,
according to the determined criterion: the geno-
type of the mouse strain C3H/HeJ was different
from that of C57BL/6J. The average space
between the SNPs was 10 Mb. SNP genotyping
was performed by high-throughput MALDI-TOF
mass spectrometry [23, 24]. Primers and probes
flanking the SNPs were designed in multiplex
format using SpectroDESIGNER  software
(Sequenom, San Diego, CA, USA). Genotyping
experiments were performed as described
previously [25].

RT-PCR and quantitative RT-PCR

Total RNA was isolated from thymus of both
affected and unaffected mice using the Trizol®
RNA isolation kit (Invitrogen, Carlsbad, CA). A
3-ug sample of RNA was then subjected to reverse
transcription reaction with superscript III RTase
(Invitrogen). Half microgram aliquots of cDNA
were used as the template for conventional
PCR reactions. The following primers used for
studying the alternative splicing of the exon
3: Exon 2F: 5'-tctttggaattectecactgatee-3'; Exon 3F:
5’-acaggaactgatagtaattgeccg-3"; Exon 4R: 5-act-
tgtgcagttcaccagtgtttg-3’. Quantitative RT-PCR was
performed with an ABI PRISM 7700 Sequence
Detection System using CYBR as the fluorescent dye
following the manufacturer’s protocol (ABI). The
following primers used for the exon 4 or 4/5
quantitation: Exon 4F: 5’-aagctgctttctaaatcgtgetg-
3’; Exon 4R: 5-acttgtgcagttcaccagtgtttg-3’; Exon
4/5F: 5'-atcagtgaagaattcaatgtc-3’; Exon 4/5R:
5’-ctttaggaaacatgcatcattc-3”. GAPDH was chosen
astheinternal control and its primers were gapdh-F:
§’-tgcaccaccaactgettag-3’ and gapdh-R: 5’-gat-
gcagggatgatctte-3’, as described previously [26].
Analysis of the results was based on the Ct calcu-
lation [27], where Ct represents the cycle number at
which fluorescence intensity of the PCR products
reach a given threshold.
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Production of recombinant IL-7 and AE3-1L-7

Full-length IL-7 and AE3-IL-7 cDNA were
obtained from wild-type and affected thymic
mRNA by RT-PCR. The primers used to obtain
the complete coding sequences were as follows:
IL-7start: 5'-ggatcccgeagaccatg-3'; IL-7stop: 5-gat-
atccatgtectgttta-3’. The PCR  products were
sequence-verified, subcloned into the transfer vec-
tor pVL1393. The recombinant baculovirus was
generated in the SF21AE insect cells according to a
protocol recommended by the manufacturer (BD
PharMingen Inc.). Conditioned media to be used in
the naive T cell survival assay (see below) were
collected from insect cells infected with recombi-
nant virus producing wt or mutant IL-7 or an
irrelevant protein (XylE) provided in the Baculo-
Gold kit. The amount of IL-7 (Wt or mutant) present
in the conditioned medium was subsequently ana-
lyzed by Western blot with anti-mouse IL-7 anti-
body (BAF407, R & D Systems, Inc.) as previously
described [21], or quantified by the enzyme linked
immunosorbent assay (ELISA) according to
vendor’s instructions (R & D Systems Inc.).

Biological activity of IL-7 determined by a naive T
cell survival assay

The biological activity of recombinant IL-7 (wt or
mutant) was determined as described previously
[28]. In brief, naive splenic T cells from C57BL/6
mice were first positively selected with CD90
(Thy!.2) microbeads on an LS column (Miltenyi-
Biotech) according to the manufacture’s instruc-
tions. The selected T cells were cultured in
RPMI1640 medium supplemented with 10% fetal
bovine serum (Gibco) and various doses of con-
ditioned media containing wt- or AE3-IL7. Four
days later, dead cells under each treatment were
quantified by an annexin V-Cy3 apoptosis detec-
tion kit (BioVision).

Results
Identification of a lymphopenia phenotype
Many gene-targeted mice in which gene products

that play an important role in hematopoietic
system development have been developed. The
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generation of these mice has enhanced researchers’
ability to investigate the physiological functions of
these genes and has aided in the development of
models for human genetic diseases. However,
animal models generated from gene ablation do
not perfectly mirror the effects of naturally .occur-
ring human diseases. In order to create a more
physiological disease model and potentially dis-
cover a novel regulator of the hematopoictic
system, we have screened genome-wide ENU
mutagenized mice for peripheral blood cellular
abnormalities. Initially, several potential pheno-
types were considered and in one of the candidate
mutant lines, the same phenotype was identified in
multiple offspring from the same G2 mother, for
example G3-023 and G3-026 (Figure 1), suggest-
ing the existence of a heritable trait. The average
white blood cell (WBC) number decreased from
the normal level of ~8x 10°cells/ml to
~1.5x 10° cells/ml in affected offspring and the
lymphocyte (LYM) number decreased from
~7 x 10° cells/ml to ~0.5 x 10° cells/ml, without
significantly altering the number of myeloid cells.
To further test the heritability of the mutant
phenotype, two of the affected animals, G3-023
and G3-026, were initially mated to C57BL/6 mice
(Figure 1, G3-023) to produce a heterozygous G4
generation. G4 animals were then intercrossed to
generate the G5 generation in order to determine
the trait’s heredity as a recessive phenotype (Fig-
ure 1). To explore the penetrability of this reces-
sive phenotype in different genetic backgrounds,
G3 were also outcrossed with C3H/HeJ (Figure 1,
(G3-026) to generate heterozygous N1 animals that
in turn were intercrossed to produce the N1F1
generation. The target phenotype (Figure 1) was
identified repeatedly in multiple G5 animals such

G1
o1
G2 [

001

as G5-B-32, G5-B-33 and the NI1F1 generation
(N1F1-C-50). Our data suggest that the mutation
accounts for the lymphopenia phenotype is heri-
table and expressed in both BL/6 and C3H mouse
strains. Approximately 20% of the offspring from
G4 and NI intercrosses acquired the affected
phenotype (data not shown), further suggesting
that the underlying mutation behaves as a reces-
sive genetic trait with near complete penetrability.

Combined T and B cell deficiency in mutant animals

Affected mice show normal behavior, activity,
development, body weight, and a normal survival
curve under the SPF breeding environment. To
begin to elucidate the mechanism that accounts for
the lymphopenia phenotype, general morphologi-
cal inspection and necropsy were performed. The
mutant mice were generally free of readily apparent
physiological defects, except that the thymus (Thy)
and lymph nodes (LN) were severely atrophic;
additionally, a slight reduction in the weight of the
spleens (SP) was noted (Figure 2A). Consistent
with the gross inspection of size and weight, the
number of cells in the LN and Thy was greatly
reduced, by 10- to 20-fold, while only a slight
reduction was seen in the SP and peripheral blood
(PB) (Figure 2B). Although total cell number in PB
was only slightly decreased (Figure 2B), flow cyto-
metric analysis of white blood cells revealed that
TCRAT T cells (both CD4+ and CD8+) de-
creased from 18 to 2% and B220™ B cells decreased
from 27 to 1%. Although CD11b" /Gr-1" myeloid
cells increased from 37 to 93% (Figure 3A), their
total number in affected versus unaffected mice
remained largely unchanged (Figure 3B). This was
also true for the bone marrow and spleen in that
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Figure 1. Identification of a lymphopenia mutant mouse line. This line was founded by a male G1-011 and its daughter G2-001.
This pair produced several litters of G3 mice, including an affected male mouse, (G3-023, and an affected female mouse, G3-026.
These two animals were mated with both C57BL/6 (B6) and C3H/HeJ] (C3H) mice to produce G4 and N1 generations, respec-
tively. B-08 and B-10 of the G4 generation were mated to produce the G5 generation wherein two affected mice, B-32 and B-33,
were identified. On the other hand, C-12 and C-15 of N1 generation were mated to generate the N1F1 generation, from which one
affected female C-50 was identified. Solid squares and circles indicate affected animals.
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Figure 2. Thymus and lymph node atrophies in affected mouse. (A) Gross appearance of lymph nodes, thymus and spleen of affected
(AFF) and unaffected (UNA) mice. The bars in the picture represent the size of 1 mm. (B) The total cell numbers of five major lympha-
tic compartments. LN: lymph node; Thy: thymus; SP: spleen; BM: bone marrow; and PB: peripheral blood. *p < 0.05; **p < 0.001.
“n" indicates the animal numbers. The values are average + SD of four independent measurements, unless otherwise described.

the number of T and B cells was dramatically Identification of a point mutation at the IL-7 gene
reduced, about 10- to 20-fold, whereas the number

of CD11b" /Gr-1" (neutrophils and granulocytes) To examine the molecular mechanism mediating
and CD11b" /Gr-1" (monocytes) populations re- this lymphopenia phenotype and to further

mained unchanged (Figure 3B). explore the molecular identity underlying this
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Figure 3. Severe T and B cell lymphopenia in affected mice. (A) Flow cytometric analysis of leukocytes in peripheral blood. Leu-
kocytes were isolated from peripheral blood, and then subjected to cytometric analysis with various markers, including CD4, CD8,
TCRS, B220. CD11b and Gr-1. The percentage of cells in each compartment is indicated within the box. (B) Differential cellulari-
ties of the four major leukocyte categories in affected (AFF) and unaffected (UNA) animals. TCR": T cells; B220": B cells:
CD11b " /Gr-1": granulocytes; CD11b " /Gr-17: monocytes. *p < 0.05; and **p < 0.001. The values are average + SD of four inde-

pendent measurements, unless otherwise described.

genetic defect, we performed a genome-wide rough
mapping procedure with SNP markers. Tail geno-
mic DNA was collected from both affected and
unaffected N1F1l animals and was subjected to
genotyping so as to map the position of the point
mutation in the B6 genetic background. Since this
phenotype is a recessive trait, an affected animal is
expected to have two B6 alleles (B6 homozygos-
ity), at or near the point mutation caused by ENU
treatment. As shown in Figure 4, B6 homozygos-

ity was clearly observed in all 15 affected mice that
were studied, with SNP markers at the 3A region
of chromosome 3 (SNP # 42 and #43; also
Table 1). This homozygosity gradually decreased
to background levels of 50% frequency (from #44
to #60). No other genomic region showed signif-
icant B6 homozygosity above 80% (Figure 4).
Genotypes between SNP # 42 and # 53 are shown
in Table 1. In what concerns SNP markers #42
and #43 (referring to genomic positions at 5.65
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Figure 4. Whole genome screening of 276 SNPs for lymphopenia. On the x-axis, 276 SNPs are ordered by their chromosomal posi-
tions. including 19 SNPs (SNP #42-60) located on chromosome 3. The percentages of homozygosity with the B6 allele background
were calculated among the affected mice and are shown on the y-axis. Two consecutive SNPs (SNP #42, 43) located terminal to
the A region of chromosome 3 show 100% of the B6 alleles.



175

“JuawLIadxa SIY1 Ul PIsn SINIBW NS 927 Y} JO JOqUIN [eIds d1 ]
‘[61] "3o WO paALIdp are ¢ dwosowolyd Suo[e suonisod NS,

L9 €¢9 ¥'$9 SL L9L 18 L98 L'98 €68 +'96 001 00T (%) AsogAzowoy
D VD - v v v L 1 L D D v O1I€D
1D v D v L v L L 1 D D vV 90€D
1 v I>) v L v L L 1 o) D v 1770
1 v 3] v L v L L L o) ) vV 817D
1D VD VO v L v 1 L L o) D vV LITD
L A4 D v L v L L L 0 ) vV 780D
1D VD \%3) v L v L 1 L D D vV 201D
1L v 3] v L v 1 L L o} 3} v 001D
1 v D v L v 1 1 L o} D V660D
LD vD VD v 1 v 1 1 L o} D V860D
o) D v L A o} v o} ) oL D V760D
o} ) v L v - v 1D L D D vV €€0D
1L v 3] v L v L 1 - D I>) vV €00
10 VD - A v ov L 1 1 - I3) - 6£0-D
D D v - v D v 1D DL o} D v 9800
1 v D v L v L L L D D v 9d (I [ewiuy
T6TLLYSIST TSTLLYEIST TLIESTOST HEL68TOST LPTLLPEIST 696ETTHST SOILLYETST SGOLLYEIST €816SHEIST 9869LPEIST S969LPEIST LS6ILYETSE ‘Al 190N
€S 43 I$ 0 6% 8y Ly 9% 97 24 (9% (4% 4'ON dNS
9¢7101 LT 06 91'68 9¢L €79 S¥'9$ 7018 WLy £p'8T 8T'SI L¥'8 $9°¢ (QIN) uonisod
m QEOmOEOkSU

‘o1 vuadoydwA| peosye 1 Jo Aouanbaiy spp[e ANS 7 2/9vL



176

and 8.47 Mb of chromosome 3) [22], all affected
animals invariably contained the B6 alleles and no
C3H alleles. The percentage of B6 homozygosity
decreased for other markers in chromosome 3,
from 96.4% (#44) to 89.3% (#45), to 86.7% (#46
and #47), 82.1% (#48), 76.7% (#49), 75% (#50),
65.4% (#51), 63.3% (#52), and eventually to
56.7% (#53). These data strongly suggest that the
point mutation introduced into the B6 genome by
ENU mutagenesis is most likely located between
markers 42 and 43, within a 2.8 Mb interval. We
determined the genotypes of 80 additional affected
N1F1 mice (lymphocyte counts <1.5 x 10° per mi)
with the SNP #42 marker; 79 out of 80 animals
displayed B6 homozygosity (data not shown), one
animal was heterozygous. Furthermore, the geno-
types of 125 unaffected N1F1 animals (lymphocyte
counts 22 x 10° per ml) were also determined. Only
one out of 125 unaffected animals had homologous
B6 alleles (data not shown). Our genotyping
data strongly suggest that the mutant phenotype
is physically strongly associated with SNP
marker #42.

We then asked if there was a mutation or deletion
of any known gene located within this genomic
region of mouse chromosome 3 that results in
immune system defects similar to that seen in our
mutant mice. A search of the database for immune
system phenotypes at the Jackson Laboratory
website (The Phenotypes and Alleles program of
Mouse Genomic Informatics), revealed two tar-
geted alleles of the IL-7 gene fulfilled our criteria. As
IL-7is one of the major cytokines essential for T and
B cell survival and lymphatic organ development
[12], and IL-7 knockout mouse phenotypes are very
similar to what we observed in our mutant mice,
although the knockouts are more severe, we inves-
tigated the sequence of every IL-7 coding exon and
exon/intron junction. The genomic DNA of an
affected mouse and a control inbred C57BL/6
mouse was subjected to PCR, with primer pairs
flanking all five exons of the IL-7 gene {data not
shown). The PCR fragments were then subjected to
sequencing reactions using those PCR primers. All
but one of sequences of the affected animal were
identical to those of the control animal. There was
one cytosine nucleotide at the exon 3 splicing
junction that had been changed to a thymine
nucleotide in the affected animal when we used the
reverse primer (Figure 5A). To further confirm that
this alteration was indeed tightly associated with the

mutant phenotype, the sequence of the exon 3
splicing junction was also determined for the N1
heterozygotic animal. As shown in Figure SA, the
genotype of this nucleotide was C/T, which is
consistent with our hypothesis.

Production of aberrant IL-7 mRNA and protein

To investigate whether this mutation alters 1L-7
gene expression, IL-7 mRNA expression in control
and mutant mice was analyzed. Thymic RNA was
prepared and subjected to RT-PCR with a primer
pair located within exon 3 and 4, respectively
(arrows, Figure 5B). As shown in Figure 5C, while
RNA from the unaffected animal gave a predicted
190-bp DNA fragment (lane 1), which was con-
firmed by subcloning and sequencing (data not
shown), there was no apparent PCR product that
could be identified with RNA from the affected
animal (lane 2). This was likely due to the
exclusion of exon 3 from the mature mRNA.
Therefore, we repeated the same RT-PCR exper-
iment using another primer pair, located at exon 2
and 4 (Figure 5B). Once again, the RNA of the
unaffected animal produced a DNA product of the
predicted size of 310-bp (lane 3). However, a 248-
bp DNA fragment (lane 4), rather than 310-bp,
was obtained with mRNA of the affected animal.
Direct sequencing of this fragment (data not
shown) revealed that exon 2 was directly spliced
to exon 4; supporting the hypothesis that exon 3
skipping had occurred in the affected animal (AE3
IL-7 mRNA, Figure 5B). Since splicing of aber-
rant RNA molecules is usually less efficient, we
then utilized real time quantitative RT-PCR to
investigate the possible reduction of this aberrant
mRNA in thymus. As shown in Figure 6, the level
of IL-7 mRNA was determined by a primer pair
that amplified the sequence across exons 4 and 5
(right panel) or the exon 4 alone (left panel).
Consistent with the results shown in Figure 5C,
the TL-7 mRNA level of affected mice was not
significantly different from that of the unaffected
animal, regardless which set of primer was used
(p = 0.29 for exon 4, and p = 0.35 for exon 4/5,
both p > 0.05). These data suggest that the point
mutation at the splicing junction caused aberrant
splicing of the mutant TL-7 precursor RNA, but
had no effects on the efficiency of such a splicing
event.
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Figure 6. Quantification of AE3-IL-7 mRNA by real-time
RT-PCR. The total RNA was isolated from unaffected and
affected mouse thymus and equal amount of mRNA was sub-
jected to real-time RT-PCR analysis. The Cr values were
determined according to the instruction of ABI com. Values
were average + SD of three independent RNA preparations.
The exon 4 primer set is to determine the level of total RNA,

Exon4 ;

whereas the exon 4/5 primer set is to determine the level of

spliced mature RNA. None of these p values show a signifi-
cant difference between the levels of IL-7 mRNA in unaf-
fected and affected animals.

It is worth noting that skipping of exon 3 does
not interrupt the IL-7 mRNA reading frame. The
AE3-1L-7 ¢cDNA thus can potentially encode a
127-aa polypeptide that lacks a sequence from

aspartic acid-49 to lysine-75, according to se-
quence annotation (highlighted region., Fig-
ure 7A). To demonstrate the ability of this
mutant cDNA to encode a polypeptide, we sub-
cloned wt- or AE3-1L-7 ¢cDNA into a baculoviral
transfer vector pVL1393 and recombined it with
the BaculoGold viral DNA to produce the
recombinant virus (see ““Materials and Methods™).
As shown in Figure 7B, Western blot analysis
using IL-7 specific antibody revealed that condi-
tioned media from SF21AE cells infected with the
wt-IL-7 recombinant virus gave a specific signal of
17-kDa (Figure 7B, lane 3), which was quite
similar to the 16-kDa signal appeared in a lane
loaded with a positive control, i.e. bacterially
produced recombinant IL-7 purchased from a
commercial source (R&D) (Figure 7B, lane 1).
Under the same conditions, the AE3-1L-7 virus
produced a protein of 14-kDa that could be
specifically recognized by the IL-7 antibody (Fig-
ure 7B, lane 4), suggesting that the AE3-IL-7
¢DNA can indeed encode a polypeptide. Next,
we examined whether the truncated AE3-1L-7
protein would retain any known activity of the
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wild-type IL-7 mRNA. The highlighted region indicates the sequence deleted due to exon 3 skipping in the mutant animal. (B)
Western blot analysis of IL-7 produced by wild-type- (wt) or AE3-1L-7 (AE3) recombinant baculoviruses. Conditioned media con-
taining equal amounts of baculovirus-produced wt- or AE3-1L-7 (~0.8 ug) were analyzed by Western blot analysis with anti-mur-
ine IL-7 antibody. Half ug of bacterially produced 1L-7 (IL-7, lane 1) and equal volume (referring to that used for AE3-IL7) of
conditioned medium from a control virus expressing an irrelevant protein (Vec, lane 2) were included in the same blot as positive
and negative controls, respectively. (C) T cell survival in medium containing wt- or AE3-1L-7. Naive splenic T cells were cultivated
in medium supplemented with various amounts of those four proteins as described in panel B. Ninety-six hours later, cells that had
undergone apoptosis were analyzed by the annexin V staining assay, and the percentage of cells that had survived after each treat-
ment (annexin V-negative) was plotted against the amounts of proteins used in the assay. As a negative control, for each dose tes-
ted for AE3-IL-7, an equal volume of control conditioned medium (Vec, see panel B) was used in this assay. The plotted values
shown in the figure were mean = SD (n = 3).

wild-type protein. To address this issue, we these T cells were quantified by subtracting those
employed the naive splenic T cell survival assay that had undergone apoptosis, which was analyzed
[28] and baculovirus-produced proteins to com- by the annexin V binding assay. As shown in
pare the anti-apoptotic activity of both wt and Figure 7C, with a dose ranging from 0.01 to
mutant IL-7. For this assay, conditioned medium 10 ng/ml, the apoptosis suppressing activity of
from recombinant virus-infected insect cells were wt-IL-7 produced by the recombinant baculovirus

first quantified by ELISA and equal amounts of wt (wt) was comparable to that produced by a
or mutant IL-7 were then added to freshly isolated bacterial system (IL-7), both with an EDS0 of
naive splenic T cells. Four days later, survival of approximately 0.3-0.4 ng/ml. In contrast, with all



doses tested (0-30 ng/ml), the AE3-IL-7 protein
(AE3) failed to manifest any apoptosis suppressing
activity that was significantly higher than the
background activity observed with an equal vol-
ume of conditioned medium from insect cells
infected with a control virus producing an irrele-
vant protein XylE (vec).

Discussion

In this study, we demonstrate that the lymphope-
nia and lymphoid organ atrophy seen in affected
G3 mice only correlate with B6 homozygosity at
the chromosome 3A region of the genome in the
N1F1 generation. Further analysis of this chro-
mosomal region revealed a G to A point mutation
in the splicing donor site of the third exon of the
[L-7 genomic locus. In fact, we have continued to
outcross affected mice to C3H strains and tried to
genotype affected animals based on detection of
such a point mutation. Up to the N3F1 generation
with 10 1 of mice analyzed, we have not encoun-
tered any exception to the rule that the lymphope-
nia phenotypes always match the point mutation
genotype at the IL-7 genomic locus. This result
suggests that there are no contributions from other
genes to the affected phenotype, as most other
ENU mutations in G3 mice should have been
diluted out during multiple outcrosses.

The lymphopenia phenotype of our ENU
mutant mice is apparently less severe than that
reported for the [L-7-gene knockouts. For exam-
ples, in the knockouts, no, instead of smaller,
lymph nodes were detected, and a much more
reduction of thymus and spleen cellularity was
observed (<5 and 15% of that of controls,
respectively) [12]. This suggests that the G to A
point mutation detected in this study has rendered
the TL-7 gene to be a hypomorphic allele, a
conclusion seemingly contradicts with that reached
from the experiment showing that the AE3-1L-7
protein failed to manifest any significant anti-
apoptotic activity. Our best interpretation for
these results is as follows. First, although under
our experimental conditions we cannot detect any
T cell survival activity of the AE3-1L-7 protein, we
cannot rule out the possibility that this mutant
protein still has a residual activity in vivo, which
can support the survival of a low percentage of
lymphocytes. On the other hand, the mutation in
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the splicing donor site may not completely abolish
the normal splicing event and trace amounts of
wild-type IL-7 mRNA and proteins are still made
in some tissues whose levels are too low to be
detected by our assay methods. Either or both of
these two scenarios will result in a mutant mouse
with an IL-7-hypomorphic phenotype. Alterna-
tively, what we have observed in this study could
be indeed an IL-7-null phenotype. However, it is
less severe in our mutant mice with a C56BL/6-
C3H mixed genetic background than in the
reported TL-7 knockouts that were apparently
with a 129/sv-B6 mixed background [12].

Although the IL-7 gene-targeting mouse was
generated many years ago [12], our IL-7 point
mutation animals provide several advantages over
the gene knockout mouse model. First, the path-
ophysiology of these mutant mice more closely
resembles the human disease, as the human disease
is most frequently caused by point mutations. In
addition, the mutant mouse will least likely mount
an immune reaction against the recombinant
murine IL-7, since affected mice still produce IL-
7 protein, albeit being a non-functional variant.
Furthermore, this mutant phenotype has been
maintained in the inbred B6 background (G5 and
G7 mice, data not shown). This feature may
facilitate immunological studies where an inbred
mouse genetic background is required. The present
study successfully demonstrates how a traditional
genetic study can be performed, utilizing advances
in genome knowledge and technology as a plat-
form, to improve the speed, convenience and
production of a novel research model.

Our SNP genotyping revealed that of the nearly
200 mice that were analyzed, only two had genetic
crossover between marker #42 and the affected
allele (i.e. the mutated gene). One of the mice
exhibiting genetic crossover in this region was an
affected mouse that was heterozygous and the
other was an unaffected mouse that was homozy-
gous at marker #42 (data not shown). These
observations suggest that the mutation site is
about 1 ¢cM (equivalent to 2 Mb) away from
marker #42 and is estimated to be located at
7.6 Mb in chromosome 3. Note that this number
is very close to the physical position of the IL-7
gene, which is located at 7.5 Mb of chromosome
3, according to the NIH mouse genome pro-
gram (http://www.ncbi.nlm.nih.gov/genome/guide/
mouse/).



180

A G-to-A point mutation was identified at the
exon 3 splicing donor site of the IL-7 gene,
abolishing the GT dinucleotide consensus se-
quence motif and causing exon 3 skipping in
mRNA maturation. Interestingly, this aberrant
AE3-IL-7 mRNA does not alter mRNA stability,
but can still encode an internally truncated IL-7
protein. We could not compare the endogenous
protein level of truncated IL-7 to that of wild-type
protein by either Western blot or ELISA due to
the extremely low abundance of IL-7. This paucity
of IL-7 is consistent with our and others previous
observations that the heterozygous animals show a
significant reduction in the number of B lympho-
cytes [29] and T lymphocytes (data not shown).
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