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Defective Lymphoid Development in 
Mice Lacking Jak3 
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The Janus tyrosine kinases (Jaks) play a central role in signaling through cytokine re- 
ceptors. Although Jakl, Jak2, and Tyk2 are widely expressed, Jak3 is predominantly 
expressed in hematopoietic cells and is known to associate only with the common y (yJ 
chain of the interleukin (11)-2, 11-4, 11-7, 11-9, and 11-15 receptors. Homozygous mutant 
mice in which the Jak3 gene had been disrupted were generated by gene targeting. 
Jak3-deficient mice had profound reductions in thymocytes and severe B cell and T cell 
lymphopenia similar to severe combined immunodeficiency disease (SCID), and the 
residual T cells and B cells were functionally deficient. Thus, Jak3 plays a critical role in 
y, signaling and lymphoid development. 

T h e  Jaks have been implicated in the func- this question and to determine whether Jak3 
tion of receptors of the cytokine receptor is critical for signaling in other lineages, we 
superfamily (1). After ligand binding, the developed mice lacking Jak.3. 
Jaks are activated by tyrosine phosphoryla- 
tion, and in turn they phosphorylate one or 
more of the receptor chains as well as cellular 
substrates. Jak3 is predominantly expressed 
in hematopoietic cells, associates with the y, 
chain, and is activated by the cytokines IL-2, 
IL-4, IL-7, IL-9, and IL-15 that use the y, 
chain (1-3). These cytokines control lyrn- 
phoid differentiation and functions. Muta- 
tions of the y, chain are associated with 
human X-linked SCID (4) and account for 
approximately half of the cases of human 
SCID (5). The y, mutations affect receptor- 
mediated ligand activation of Jak3 (3), al- 
though it is unknown whether this effect is 
critical for the SCID phenotype. To address 

T. Nosaka, W. E. T h i i e r ,  B. A. Wmhuhn, J. N. Ihle, 
Department of Biochemistry, St. Jude Children's Re  
search Hospital, 332 North Lauderdale, Memphis, TN 
38105, USA. 
J. M. A. van Deursen and G. C. Gromeld, Department of 
Genetics, St. Jude Children's Research Hospital, 332 
North Lauderdale, Memphis, TN 38105, USA. 
R. A. Tripp, A. P. McMicWe, P. C. Doherly, Department of 
Immunology, St. Jude Children's Research Hospital, 332 
North Lauderdale, Memphis, TN 38105, USA. 
'To whom co~~espondence should be addressed. 

(lnvibogen), and mukiple dories were sequenced with 
Sewenase (USB, Amersham) to generate the gds 
shown n Fg. 2, B and C. 

25. We thank the Duke Clinical Research Center and 
G. A. Hanissian, M.D., for his clinical care of the 
patient, S. E. Schiffforestablishing the AP, GP, and 
JP cell lines, G. Tosato for RB cells, G. Poy for 
assistance with automated sequencing, and M. 
Berg for preparing genomic DNA. M.L.M. and 
R.H.B. are members of the Duke Comprehensive 
Cancer Center. Supported in part by NIH grant 
R37A118613-13 (R.H.B.) and in part by NIH grant 
M01 -RR30, National Center for Research Re- 
sources, and General Clinical Research Center to 
Duke University(M.L.M.). J.L.R. received NIH train- 
ing grant T32 CA09058. 

22 August 1995; accepted 25 September 1995 

We constructed a Jak3 targeting vector 
to disrupt the first coding exon, which cre- 
ated a null allele for expression (Fig. 1A). 
The construct was elecGoporated into El4 
embryonic stem (ES) cells, and four inde- 
pendent clones with normal karyotypes 
were injected into C57BLl6 blastocvsts to 
create chimeric mice. Chimeric mice from 
two clones transmitted the targeted allele, 
and heterozygous mice from the two clones 
were separately bred to create homozygous 
mutant (-/-) mice. Genotyping of 59 
progeny yielded 16 wild-type (+/+) mice, 
30 heterozygous (+/-) mice, and 13 -1- 
mice; this correspondence to the expected 
ratios ( 1 : 2: 1) indicated the lack of an effect 
on embryonic development. The -1- mice 
were indistinguishable from their litter- 
mates and thrived comparably under specific 
pathogen-free conditions. No Jak3 protein 
was detectable in splenic, thymic, or bone 
marrow extracts from the -1- mice (6). 

Morphologically, the lymphoid tissues of 
the -1- mice were markedly different from 

Fig. 1. Disruption of the A 5.0 kb 
Jak3 gene by homolo- E B H  ATG E H B 

gous recombination. (A) I '*. Wild-type Jak3 
Maos of the Jak3 locus : , *,, . -\.. 

E B H ~EEE ., (to;), the targeting con- -.,E 
b Targeting vector 

struct in pBluescript II . 7.0 kb 
tk 

(Strataaene) (middle), 
and ttie targeted locus E I 8 H .y, EEE A I I 

E H  B 

- I Mutant Jak3 
(bottom). Restriction en- Probe 
zymes were Eco R1 (E), 
Bam HI (B), and Hind Ill (H). Genomic Jak3 clones were obtained from 

B 
-. - 

a 129-derived CCE ES cell genomic library. The hygromycin-resistance -7.0 (---) 
gene (Hyg) cassette, containing the same promoter as in pMClneo --5.0 (+/+) 
(73), was inserted ~n an exonic Stu i site located 0.18 kilobase (kb) kb 
downstream of the first ATG of the Jak3 gene. The Herpes simplex virus 1 2 3 4 5 6 7 a g 
thymidine kinase (tk) gene cassette, containing the same promoter as in 
the Hyg cassette, was inserted into the 3' end of the targeting vector for negative selection. The targeting 
vector contained 5.8- and 3.2-kb Jak3 fragments. Electroporation of the linearized plasrnid into 129- 
derived E l  4 ES cells and screening by Southern (DNA) blot analysis for homologous recombination were 
as described (14); the 3' flanking probe used in Southern blot analysis is shown as a bar. The efficiency 
of homologous recombination was 96%. (B) Southern blot analysis of mouse tail DNA. Genomic DNA 
from +/+ mice (lane I ) ,  +/- mice (lanes 2 through 5, 7, and 9), and -/- mice (lanes 6 and 8) was 
digested with Hind Ill and probed with a 1.4-kb Eco Ri-Hind Ill fragment. The 5.0- and 7.0-kb bands 
represent the wild-type and mutated alleles, respectively. When the blot was rehybridized with a Hyg 
probe, only the 7.0-kb band was detected (15). Barn HI digests probed with another 3' probe and Eco 
RI digests probed with a 0.85-kb Sst I complementary DNA probe containing the first ATG further 
confirmed appropriate homologous recombination (75). 
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Fig. 2 Thymus size and morphology o m c e  compared with normal liermate controls. (A) Freshly 
isolated thymuses (magnification, X2.8) from a 9-day-old -/- mouse (top) and from a wild-type 
liermate (bottom). (B and C) Histological analysis of thymuses from a 4-week-old -/- mouse (6) and 
from a wild-type littermate (C) stained with hernatoxylin and eosin (magnifications, X22). 

their littermates. The thymuses of the -/- 
mice were much smaller (Fig. 2), as were the 
mesenteric and peripheral lymph nodes and 
gut-associated lymphoid tissues. The spleens 
were slightly smaller in the youngest mice 
examined (1 week old) and were consistent- 
ly small& than those of normal littermates 
with age. All other organs were macroscop- 
ically normal. Peripheral blood smears from 
the -1- mice showed decreased numbers of 
lymphoid cells, but the numbers of granulo- 

cytes, erythroid cells, and monocytes were 
normal. Consistent with these findings, the 
numbers of Gr-1-positive granulocytic cells 
and Mac-1-positive cells were normal (7). 

To further characterize the deficiencies. 
we examined the effect of age on the num- 
bers, phenotype, and function of lymphoid 
cells. The total numbers of thymocytes in 
the -1- mice were 1 to 10% of those in the 
+/- or +/+ mice (Table 1). Histological- 
ly, the -/- thymuses were normal with iden- 
tifiable cortical and medullary areas (Fig. 
2B). Flow cytometric analysis showed de- 
creased percentages of CD4+CD8+ cells in 
the youngest mice (1 week old) relative to 
control littermates; these percentages in- 
creased to normal with age (Table 1 and 
Fig. 3A). With age, the -1- mice showed 
a relative increase in the proportion of 
CD4+ to CD8+ thymocytes compared to 
that in controls (Table 1). In contrast to 

lam 
Fig. 8 Examples of flow cytometric analyses of 
thymocytes and splenocytes from -/- mice 
(right) and from +/+ or +/- control mice (left). (A) 
Thymocytes from 7-day-old mice shined with 
phycoerythrin (PE)-anti-CD4 (HI 29.1 9) and fluo- 
rescein isothiocyanate (FlTC)-anti-CD8 (53-6.7). 
(B) Splenocytes from 7-day-old mice stained with 
PE-anti-B22O (RA3-662). (C) Splenocytes from 
4-week-old mice stained with PE-anti-B22O and 
FlTC-anti-lgM (R6-60.2). Cells were stained with 
monoclonal antibodies for 30 min at 4"C, washed 
with phosphate-buffered saline, and analyzed by 
double-color flow cytornetry on a FACScan (Bec- 
ton Dickinson). Antibodies were purchased from 
Pharmingen. 

those from controls, thymocytes from -/- 
mice at all ages failed to respond to con- 
canavalin A (Con A) or phorbol myristyl 
acetate (PMA) in combination with anti- 
body to CD3 (anti-CD3); the results ob- 
tained with thymocytes from 4-week-old 
mice are shown in Fig. 4A. Thymocytes 
from the -1- mice also failed to respond to 
Con A in combination with IL-2 (7), which 
indicated that the lack of a response was 
not caused by an inability to produce IL-2. 

The spleens of the -1- mice were con- 
sistently smaller. For example, in 2- to 
4-week-old -1- mice, the total numbers of 
nonerythroid splenocytes were 10 to 25% of 
those of controls (Table 1). Flow cytometric 
analyses of splenocytes from 1-week-old -1- 
mice revealed a marked reduction in'the 
number of B220+ cells (Fig. 3B and Table 
1) and decreased numbers of CD4+ or 
CD8+ cells relative to controls. In older 
-/- mice, there were detectable numbers 
of B220+sIgM- cells (sIgM, surface immu- 
noglobulin M) and of immature and mature 
B cells that are B220+sIgM+ cells (Fig. 3C 
and Table 1). In addition, CD4+ and CD8+ 
cells were detectable, although in the -/- 
mice the proportion of CD4+ to CD8+ cells 
was higher than in controls, comparable to 
the differences seen in thymocytes. The 
absolute numbers of single-positive T cells 
and B220+sIgM+ cells in the spleens of the 
-1- mice were 5 to 10% and 1.6 to 3.3% of 
those in controls, respectively. 

Splenocytes and lymph node cells from 
4-week-old -/- mice responded poorly to 
Con A, PMA plus anti-CD3, or lipopolysac- 
charide (LPS) (Fig. 4A). LPS-activated nor- 
mal splenic B cells respond to IL-4 by acti- 

Fig. 4. Functional assays of cells from 4-week-old -/- mice and controls. (A) Cells (1 X lo5) were 
stimulated for 72 hours with Con A (20 dml ) ,  with anti-CD3e (145-2C11) (10 pg/ml) plus PMA (10 
ng/ml), or with LPS (10 d m l )  and were then pulsed with 0.5 pCi of FHJthymidine for 12 hours, and 
incorporation of rmhymidine was measured. Assays were done in triplicate [open bars, -/- mice; solid 
bars, control liermates (+/-)I. Bone marrow cells (1 X 1 05) were stimulated with LPS (1 0 pg/ml), 11-7 
(5 ng/ml), or both. (B) Splenocytes were cultured in media containing LPS (25 pg/ml) for 24 hours and 
were then stimulated for 30 min with 11-4 (50 ng/ml). Extracts were prepared and analyzed for Stat6 
DNA-binding activity as described (8). The arrowhead indicates the position of the Stat6-DNA complex. 
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Table 1. Numbers and phenotype of lymphoid cells in -/- mice. Thymus and spleen cellularities were 
determined for 13 -1- mice at ages from 7 to 28 days; representative values are compared with values 
for control (C) littermates (+I- or +I+). The phenotypes were determined by fluorescence-activated cell 
sorting; the percentages staining positive are given (-, not determined). 

Cellularity (%) and genotype 

Total B220+ 
(1 O6 cells) CD4+ CD8+ (total) B220fslgM+ CD4+ CD8+ 

Cells I -  C - -  C I -  C - -  C I -  C I -  C 

Thymus 
Spleen 

Thymus 
Spleen 

Thymus 
Spleen 

Thymus 
Spleen 

Day 7 
- - 

2.6 22.0 
Day 9 

- - 

2.1 23.2 
Day 12 

- - 

11.6 62.5 
Day 25 

- - 

12.1 68.7 

vating JaW (2) and inducing the tyrosine for normal lymphoid development, it is not 
~hosvhorvlation and activation of the DNA- reauired (or is functionallv redundant) for 
L - ,  

binding activity of the signal transducer and mieloid lineages. Therefore, the 
activator of transcription 6 (Stat6) (8). Gel of mice that are deficient in other Jaks will 
shift analysis showed that although IL-4- be of interest. Because the phenotype of the 
induced Stat6 DNA-binding activity was de- -/- mice is that of SCID, our results sup- 

The availability of a mouse model will be of 
value in verifying this hypothesis and con- 
ducting preclinical studies. 
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chain results in vrofound effects on lvm- SCID is not currentlv known, this deficiencv 
phoid differentiation (9). Because the IL-7 
receptor uses the y, chain and activates Jak3 
as well as Lyn and Fyn (lo), we examined 
the response of bone marrow cells to IL-7 
(Fig. 4A). No stimulation was observed with 
bone marrow cells from the -1- mice. 

The phenotype of -/- mice is similar to 
that of mice lacking the yc chain (1 1), the 
IL-7 receptor a chain, or IL-7 (9), consis- 
tent with the hypothesis that the interac- 
tion of IL-7 with its receptor and the acti- 
vation of Jak3 are critical, nonredundant 
functions in lymphoid development. In all 
cases some lymphoid development pro- 
ceeds, as assessed by phenotypic markers. In 
-/- mice, these cells are nonfunctional, 
even in response to mitogens that do not 
require Jak3 activation; this suggests a pos- 
sible spectrum of effects on functional dif- 
ferentiation. The difference in the differen- 
tiation of CD4' versus CD8+ T cells is 
readily demonstrable, and although the ba- 
sis of this difference is unknown, it is also 
seen in yc-deficient mice. 

Jaks are critical for signaling through 
cytokine receptors in a variety of lineages. 
The expression of Jak3 in myeloid cells 
suggests an importance in these lineages. 
The phenotype of the -/- mice clearly 
demonstrates that although Jak3 is critical 
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Superior Parietal Cortex Activation During Spatial 
Attention Shifts and Visual Feature Conjunction 
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Positron emission tomography was used to measure changes in the regional cerebral 
blood flow of normal people while they searched visual displays for targets defined by 
color, by motion, or by a conjunction of color and motion. A region in the superior parietal 
cortex was activated only during the conjunction task, at a location that had previously 
been shown to be engaged by successive shifts of spatial attention. Correspondingly, the 
time needed to detect a conjunction target increased with the number of items in the 
display, which is consistent with the use of a mechanism that successively analyzes each 
item in the visual field. 

A central issue for theories of attention is or by the successive analysis of each object 
whether a particular visual object is detect- (serial search). To investigate this issue, 
ed by the simultaneous analysis of all ob- psychologists have used visual tasks in 
iects across the visual field (parallel search) which people search an array of items for - - 

the presence of a prespecified target item 
Department of Neurology and Neurological Surgery and 
the McDonnell Center for the Study of Higher Brain Func- )' Depending On the accuracy 
tion, Washington University school of Medicine, st. LOU- and speed shown in detection of a target 
is, MO 631 10, USA. can be inde~endent of the number of dis- 
*To whom correspondence should be addressed. tractor objects in the field (a flat search 
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