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ABSTRACT Growth, differentiation, and programmed
cell death (apoptosis) are mainly controlled by cytokines. The
Janus kinase—signal transducers and activators of transcrip-
tion (JAK-STAT) signal pathway is an important component
of cytokine signaling. We have previously shown that STAT3
induces a molecule designated as SSI-1, which inhibits STAT3
functions. To clarify the physiological roles of SSI-1 in vivo, we
generated, here, mice lacking SSI-1. These SSI-1—/— mice
displayed growth retardation and died within 3 weeks after
birth. Lymphocytes in the thymus and spleen of the SSI-1—/—
mice exhibited accelerated apoptosis with aging, and their
number was 20-25% of that in SSI-1+/+ mice at 10 days of
age. However, the differentiation of lymphocytes lacking SSI-1
appeared to be normal. Among various pro- and anti-apopto-
tic molecules examined, an up-regulation of Bax was found in
lymphocytes of the spleen and thymus of SSI-1—/— mice.
These findings suggest that SSI-1 prevents apoptosis by
inhibiting the expression of Bax.

The homeostatic regulation of cell populations is controlled by
a balance among proliferation, growth arrest, and apoptosis,
and this balance is mainly controlled by cytokines and growth
factors. Cytokines act by binding to receptors expressed on the
surfaces of responsive cells, which are associated with one or
more members of the Janus kinase (JAK) family of cytoplas-
mic tyrosine kinases. The JAK-signal transducers and activa-
tors of transcription (STAT) signal pathway plays an important
role in cytokine signaling (1-3), and is unique in that it features
a direct linkage of receptor-ligand interaction on the cell
surface to gene expression in the nucleus (4-6). However, the
mechanism of negative control of cytokine actions involved in
limiting their signal transductions is comparatively less well
characterized. In 1997, the molecules that were expressed by
stimulation of cytokine such as interleukin 6 (IL-6) and
inhibited cytokine signal transmission by binding to JAK were
isolated [STAT-induced STAT inhibitor-1 (SSI-1), suppressor
of cytokine signaling (SOCS-1), Jak-binding protein (JAB)]
(7-9). Subsequently, SSI-1 was found to form a family con-
sisting of at least eight molecules, which were structurally
characterized by an SH2 domain and a C-terminal conserved
region (SC-motif/SOCS-box/CH-domain) (10-12), and it was
recently known that SSI-1 inhibits not only IL-6 signaling but
also interferon (IFN)-vy, IL-2, IL-3, and growth hormone
signaling in vitro (13). It is expected that further study of SSI
family molecules engaged in the negative feedback mechanism
of cytokines will clarify the control mechanism of cytokines,
which have remained obscure.
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MATERIALS AND METHODS

Generation of SSI-1-Deficient Mice. A 129/G mouse
genomic library (Stratagene) containing the SSI-1 gene was
screened, subcloned into the pBluescript vector, and charac-
terized by restriction endonuclease mapping and DNA se-
quencing. A targeting vector was designed to replace the SSI-1
intron with phosphoglycerate kinase neo. This targeting vector
was flanked by a 5.5-kb fragment at the 5’ end and a 0.8-kb
fragment at the 3’ end and contained a PGK-tk cassette at the
5" end of the vector. It was linearized with Banlll and
electroporated into embryonic day 14.1 embryonic stem cells.
Clones resistant to G418 and gancyclovir were screened for
homologous recombination by PCR with the primers shown in
Fig. 1 and confirmed by means of Southern blot analysis with
the probe (Accl and Kpnl fragment) shown in Fig. 1. The
homologous recombinant embryonic stem clones were in-
jected into blastocysts of C57B1/6J mice and transferred into
the uteri of pseudopregnant C57B1/6J females. The resulting
chimaeric mice were backcrossed to C57B1/6J mice, and
heterozygous mutants were identified by means of PCR and
confirmed by using Southern blotting from tail DNA. Brother—
sister matings of heterozygous mice resulted in homozygous
mutants. All animals were housed under specific pathogen-
free conditions.

Northern Blot Analysis. Total RNA was extracted from the
lung tissues of SSI-1—/— and SSI-1+/+ mice with RNA ZOL
B (Tel-Test, Friendswood, TX), and was electrophoresed,
transferred to nylon membrane, and hybridized with 3?P-
labeled mouse SSI-1 cDNA.

The 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl Tetrazolium
Bromide (MTT) Dye Conversion. Cell viability and number
were assessed by MTT staining essentially as described by
Mosmann (14).

Flow Cytometry. Thymocytes and splenocytes were pre-
pared from age-matched SSI-1+/+ or SSI-1—/— mice. Red
cell-depleted splenocytes were obtained after treatment with
Ack buffer (0.15 M NH4Cl/1.0 mM KHCO3/0.1 mM Na,
EDTA. After a washing with PBS, they were counted and
resuspended in a staining medium. A total of 10° cells was
stained as described in the protocols by using the following
antibodies (Abs): anti-CD4, CD8, CD3, B220, IgM, Mac-1, and
Gra-1 antibody (PharMingen). The stained cells were analyzed
by means of double-color flow cytometry on a FACScalibur
(Becton Dickinson) by using CELLQUEST software (Becton
Dickinson).

Abbreviations: STAT, signal transducers and activators of transcrip-
tion; SSI-1, STAT-induced STAT inhibitor-1; SOCS-1, supressor of
cytokine signaling; JAB, Jak-binding protein; Bax, Bcl-2-associated X
protein; Bel-2, B cell lymphoma/leukemia-2; JAK, Janus kinase; IL,
interleukin; INF, interferon; TUNEL, terminal deoxynucleotidyl-
transferase-mediated UTP end labeling; Ab, antibody.
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FiG. 1. (A) Homologous recombination of the SSI-1 locus. (4a) Restriction map of the 129/G murine SSI-1 genomic clone, targeting vector,
and homologous recombinant. PGK-neo replaced a 0.6-kb XhoI-NotI fragment containing the great part of exon 2. A herpes simplex virus thymidine
kinase (HSV-TK) with a PGK promoter cassette was present on the 5’ flank of the vector. (4b) Representative southern analysis of progeny from
+/— X +/— mating. Tail biopsy genomic DNA was digested with KpnI and probed with a southern probe. The wild-type allele is 5.8 kb, and the
homologous recombinant exhibits the predicted 6.8-kb band. (B) SSI-1—/— mice showed no evidence of SSI-1 mRNA. Northern blot analysis of
lung tissue lysates from SSI-1+/+ mice with the SSI-1 cDNA probe exhibited expression of 1.3-kb SSI-1 mRNA but SSI-1—/— mice lacked this
product. B-actin mRNA was included as a loading control. (Ca) SSI-1 mice showed an ~40% decrease in body weight by 9 days of age. The mean
weight of SSI-1+/+ is shown by the solid line and that of SSI-1—/— by the broken line. Each line represents the mean of seven experiments. (Cb)
SSI-1 mice all died between 2 and 3 weeks after birth. Percentage survivals of SSI-1+/+ are shown by A and of SSI-1-/— by @.

Terminal Deoxynucleotidyltransferase-Mediated UTP End
Labeling (TUNEL) Staining. For detection of DNA fragmen-
tation in situ, paraffin-embedded sections were tested by the
TUNEL method as described elsewhere (15). Terminal de-
oxynucleotidyltransferase (TdT) was used to incorporate Bi-
otin-16-dUTP (Boehringer Mannheim) into the ends of DNA
fragments. TUNEL signals were detected with the aid of Texas
Red-conjugated anti-avidin Ab (1:200, Biomeda, Foster City,
CA).

Immunohistochemical Staining. Paraffin-embedded sec-
tions were immunostained by a method described elsewhere
(16). Sections were treated with anti-Bcl-2 Ab (1:100, Biomol,
Plymouth Meeting, PA) or anti-Bax Ab (1:100) and then
incubated with fluorescein isothiocyanate-conjugated goat
anti-Hamster IgG (1:300, PharMingen) or fluorescein isothio-
cyanate-conjugated goat anti-Rabbit I1gG (1:200, Seikagaku,
Kogyo, Tokyo).

In Vitro Thymocyte Culture. Fresh thymocytes were plated
at 2 X 103 cells per 100 pl in a 96-well plate in medium
containing 5% fetal calf serum and stimulated with anti-CD3
(1 png/ml) Ab, anti-CD3 Ab plus IL-2 (20 ng/ml), anti-CD3 Ab
plus IL-4 (20 ng/ml), or not stimulated. Cell viability was
assayed by means of MTT dye conversion. For each day,
triplicate cultures were counted and averaged.

Western Blotting. Thymocytes were stimulated with 1 pug/ml
anti-CD3 Ab (PharMingen) plus 20 ng/ml IL-4 (Pepro Tech
EC, Rocky Hill, NJ) at 37°C for 1 hr or 3 hr, or not stimulated.
Cells were solubilized with lysis buffer (0.5% Nonidet P-40/10
mM Tris, pH 7.4/150 mM NaCl/1 mM EDTA/1 mM Na,POy)
containing protease inhibitors. Immunoprecipitates obtained
with anti-STAT6 Ab (R & D Systems) were blotted with
anti-phosphotyrosine Ab (4G10; Upstate Biotechnology) and
reblotted with anti-STAT6 Ab after stripping the first blot.
Whole cell lysates were blotted with anti-Bax Ab or anti-Bcl-2
Ab (both Santa Cruz Biotechnology).
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RESULTS

To clarify the functional and developmental roles of SSI-1, we
used homologous recombination in embryonic stem cells to
generate mice lacking SSI-1. The disrupted SSI-1 allele was
ultimately transmitted through the germ line, as confirmed by
Southern blot (DNA) analysis (Fig. 14). Northern blots con-
firmed the loss of SSI-1 mRNA in lung tissues from SSI-1—/—
mice (Fig. 1B). Homologous mutant mice (SSI-1—/—) were
healthy and normal at birth and were initially indistinguishable
from control littermates (SSI-1+/+). Although the body
weight of SSI-1—/— mice did not differ significantly from that
of SSI-1+/+ mice on postnatal day 3, an approximately 40%
decrease in body weight was observed on postnatal day 9 (Fig.
1C). Moreover, SSI-1—/— mice all died within 3 weeks after
birth (Fig. 1C).

SSI-1 has been shown in vitro to be a negative feedback
factor in the JAK-STAT signal pathway. We therefore carried
out the following experiment to determine whether lympho-
cytes lacking SSI-1 exhibited prolonged activation of STAT.
We stimulated the thymocytes of 10-day-old mice with anti-
CD3 Ab plus IL-4 and examined phosphorylation of STAT6 at
0, 1, and 3 hr after the stimulation. In the thymocytes lacking
SSI-1, the phosphorylation of STAT6 was not transient and
still detected 3 hr after the stimulation (Fig. 24). The thymo-
cytes of 10-day-old mice were then stimulated similarly with
anti-CD3 Ab, anti-CD3 Ab plus IL-2, and anti-CD3 Ab plus
IL-4 and survival of thymocytes on days 1, 2, and 3 was
examined by using MTT dye conversion, respectively (14) (Fig.
2B). Without stimulation or with anti-CD3 Ab alone, apoptosis
occurred in thymocytes from both SSI-1+/+ and —/— mice,
but the addition of IL-2 or IL-4 reduced apoptosis and the
number of living thymocytes increased. In the thymocytes of
SSI-1—/— mice, IL-2- or IL-4-induced lymphocyte prolifera-
tion was significantly augmented compared with SSI-1+/+
mice. These findings suggested that this increase in prolifer-
ation could be due to the impaired negative feedback mech-
anism of cytokine signals.
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FIG. 2. (A) The activation of STAT6 continued after stimulation
by IL-4 in thymocytes of SSI-1—/— mice. Cells were either nonstimu-
lated or stimulated with IL-4 plus a-CD3. Immunoprecipitated (IP)
STAT6 and STAT6 were immunoblotted with anti-phosphotyrosine
AD (a-pY). Blots were reprobed with a-STAT6 Ab. (B) MTT staining
was measured on days 1, 2, and 3 after stimulation. Each column
represents the mean of seven experiments.
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When the spleen and thymus of SSI-1—/— mice were
examined histologically by means of hematoxylin/eosin stain-
ing, little difference was seen between the number of lympho-
cytes in SSI-1—/— and SSI-1+/+ mice on postnatal day 1,
whereas the numbers of lymphocytes in the spleen and thymus
lacking SSI-1 had decreased markedly at 10 days of age. The
spleen of SSI-1—/— mice at 10 days of age was distorted in
shape and exhibited partial atrophy of the white pulp. In the
thymus, moreover, a borderline between cortex and medulla
was not visible (Fig. 34). The number of total thymocytes and
splenic lymphoid cells of SSI-1—/— mice markedly decreased
and at 10 days of age, approximately 75-80% of lymphocytes
had disappeared as compared with SSI-1+/+ (Fig. 3B).
However, the number of bone marrow cells did not signifi-
cantly differ between SSI-1+/+ and SSI-1—/— mice (data not
shown).

Next, to examine lymphocyte differentiation in the spleen,
thymus, and bone marrow, the splenocytes, thymocytes, and
bone marrow cells of SSI-1—/— mice at 10 days of age were
stained for two-color flow cytofluorometric analysis with Abs
to B220, CD3, CD4, CD8, Mac-1, Gra-1, and IgM (Fig. 3C).
In the spleen, the number of B220* or CD3 ™ cells in SSI-1—/—
mice were markedly decreased compared with those in SSI-
1+/+ mice. However, the ratio of B220/CD3 splenocytes
remained unaffected despite a massive decrease in the number
of splenic lymphoid cells in SSI-1—/— mice. The number of
Mac-1* and Gra-1" splenocytes did not significantly differ
between SSI-1—/— and SSI-1+/+ mice (data not shown). The
number of thymocytes in SSI-1—/— mice was only 25% of that
of control thymocytes (Fig. 3B). However, the percentages of
CD4"CD8~, CD4 CD8", and CD4*CD8" cells did not differ
between SSI-1+/+ and SSI-1—/— mice. Similarly, the per-
centages of IgM* and B220™ cells in the bone marrow did not
significantly differ between SSI-1+/+ and SSI-1—/— mice. In
SSI-1—/— mice, the spleen and thymus appeared to exhibit
normal differentiation of lymphocytes despite a massive de-
crease of the number of lymphocytes. These findings suggested
that SSI-1 is not essential for the generation and differentiation
of lymphocytes but that it may be important for the survival of
lymphocytes in vivo.

We examined the spleen and thymus of 10-day-old mice
immunohistochemically by means of TUNEL staining (15) to
determine the cause of the decrease in the number of lym-
phocytes in SSI-1—/— mice. In the spleen and thymus of
SSI-1—/— mice, there were more cells labeled with TUNEL
than in those of SSI-1+/+ mice (Fig. 44). In addition, electron
microscopic examination detected a larger number of apopto-
tic cells with the typical condensation of nuclear chromatin and
apoptic bodies in SSI-1—/— mice (Fig. 4B). The spleen and
thymus of 10-day-old mice were then stained immunohisto-
logically (16) with anti-Bax Ab or anti-Bcl-2 Ab to clarify the
mechanism of accelerated apoptosis of lymphocytes. Com-
pared with SSI-1+/+ mice, the cells expressing Bax had
markedly increased in the spleen and thymus of SSI-1—/—
mice. However, there was no significant difference in Bcl-2
expression between SSI-1+/+ and SSI-1—/— mice (Fig. 4C).
Moreover, no difference in the expression of molecules induc-
ing apoptosis such as Fas, Fas ligand, tumor necrosis factor-c,
and glucocortisol, could be detected between SSI-1+/+ and
SSI-1—/— mice (data not shown). These findings suggested
that accelerated apoptosis of lymphocytes in SSI-1—/— mice
may be due to the augmented expression of Bax, resulting in
a reduction in the lymphocytes.

DISCUSSION

The cytokine signal pathways that include Ras-MAP and
JAK-STAT signal cascades are known to be involved in the
generation of an anti-apoptotic signal, most likely through the
induction of the Bcl-2 (17-19). Our results showed that in
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F1G. 3. (A) Histological appearances of the spleen and thymus in SSI-1—/— mice at 1 and 10 days of age. Hematoxylin/eosin stained sections
of the spleen and thymus from SSI-1—/— mice 10-days-old reveal decreased lymphocytes (X80). The low magnification (X25) reveals a distorted
shape and partial atrophy of white pulp in the spleen and an indistinct borderline between cortex and medulla in the thymus of SSI-1—/— mice.
(B) Total thymocytes and splenic lymphoid cell numbers in SSI-1+/+ mice and —/— mice. The means and standard deviations for 10 +/+ and
10 —/— mice are shown. Numbers of total thymocytes and splenic lymphoid cells for SSI-1+/+ are shown by empty bars, and for SSI-1—/— by
filled bars. (C) Flow cytometric analysis of splenocytes, thymocytes and bone marrow cells from SSI-1+/+ and SSI-1—/— mice 10-days-old.

thymocytes lacking SSI-1, cytokine-induced proliferation was
augmented by prolonged activation of STAT in vitro (Fig. 2 A
and B). This finding indicates that, as expected, SSI-1 plays an
important role in the negative feedback mechanism of the
cytokine. However, in the thymus and spleen, a large number
of lymphocytes lacking SSI-1 showed evidence of apoptosis
with aging, which involved an increase in Bax expression in vivo
(Fig. 44-C). These seemingly contradictory findings may
indicate the possibility that SSI-1 inhibits not only the JAK-
STAT signal pathways, but also other signal pathways, which
promote apoptosis.

The balance of interactions between pro- and anti-apoptosis
members of the Bcl-2 gene family are believed to regulate

apoptosis (20). Bax is one of the genes in this family. A
predominance of Bax has been found to accelerate apoptosis
in response to cytokine removal (20) and the expression of the
Bax transgene in T cells leads to a large reduction in the
numbers of mature T cells in vivo (21). In contrast, overex-
pression of Bcl-2 strongly reduces apoptosis (22). The ratio of
Bcl-2 to Bax determines whether a cell will respond to apo-
ptotic stimuli. Although the embryonic development of Bcl-
2—/— mice is normal, these mice display growth retardation,
shortened lifespan and massive apoptosis in the spleen and
thymus (23, 24). These findings are similar to those for
SSI-1—/— mice. Nevertheless, the present study did not show
any significant difference in the level of Bcl-2 protein between
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FIG. 4. (A) Numerous apoptotic splenocytes and thymocytes in the SSI-1—/— mice 10 days old are demonstrated by TUNEL staining. (B)
Electron micrograph of the thymus of SSI-1—/— mice at 10 days old (X5500). Cells (A4) are still relatively normal, but the apoptotic cells (B) have
lost cell membrane microvilli and clearly exhibit chromatin condensation and apoptic bodies. (C) Immunohistochemical staining of the spleen and
thymus. Comparisons of Bax expression in SSI-1+/+ mice (Top Left) and that in —/— mice (Top Right), and of Bcl-2 expression in +/+ mice
(Bottom Left) and that in —/— mice (Bottom Right).

SSI-1—/— and SSI-1+/+ mice (Fig. 4C). Then, it has been location into mitochondrial membrane, mitochondrial dys-
recently demonstrated that a death signal generates the acti- function, and apoptosis (25). SSI-1—/— mice showed an
vation of Bax, which in turn induces homodimerization, trans- increased level of Bax protein in the spleen and thymus (Fig.
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4C). Thus, the apoptosis of lymphocytes lacking SSI-1 may be
due to this increase in Bax expression. These findings suggest
that, although the relation between Bax expression and the
JAK-STAT signal pathway has not been clarified yet, SSI-1
may directly or indirectly inhibit the other signal pathways,
except JAK-STAT signal cascades, which induce Bax expres-
sion and thus prevent Bax-induced apoptosis in vivo. However,
further analysis is required to determine which signal pathway
in the expression of Bax is inhibited by SSI-1 and whether SSI-1
inhibits apoptosis through inhibition of JAK activation.
Whereas SSI-1 is strongly expressed in thymus, spleen, and
peripheral blood leukocytes, any expression of SSI-2 or -3 is
hardly observed in them (3, 9). This difference in distribution
suggests that other members of the SSI-family may not able to
compensate for the lack of SSI-1 in lymphocytes. Although our
analysis mainly focused on the immune system of SSI-1—/—
mice in this study, SSI-1—/— mice at 10 days of age surprisingly
showed apparent severe cardiac hypertrophy and histological
degeneration of the hepatocytes (our unpublished data). The
physiological roles of SSI-1 in other tissues have not been
clarified for the present. Future analysis will be necessary to
clarify them or to determine whether SSI-1 inhibits Bax
expression similarly in tissues other than lymphocytes.
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