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FIGURE 1. 4, The pl026x-Ink transgene construct. The full-length
cDNA fragment encoding the Lok protein was inserted downstream of the
lek proximal promoter and the Ep enhancer, followed by the #GH mini
gene cassetle. The AGH gene carvies a mutation in the fourth exon (indi-
cated by an “X") so a functional hGIH protein is not expressed. 8, Lnk
protein expression in thymocytes obtained from five independent trans-
genic mouse lines (Lok aumbers 4, 15, 102. 99, and 98) and contro)
C57BL/6 (B6) mice. Serial dilutions (2-fold) of total cell lysates were
separated by SDS-PAGE, and subjected to immunoblotting using anti-Enk
Abs. Lnk expression levels were determined by densitometry, and the fold
expression aver endogenous Lok protein levels in nontransgenic C57BL%G
animals is indicated in parentheses under the transgenic line name.
Amounts of lysites loaded in each lane can be estimated from nonspeeific
bands cross-reacted with our anti-Lok Abs.

B220™ cells, many of which were CD43 % pro-B cells. Most of the
pro-B cells were HSA™ and BP-17 (Hardy et al."s fraction A; Ref.
1), indicating that B cell development was blocked at a very early
stage. Other transgenic lines showed mild reduction of B lineage
cells that correlated in a dose-dependent manner with the Lok ex-
pression level (Fig. 3). Interestingly, the correlation between re-
duction of B lincage cells and Lnk expression levels was not a
linear correlation, Instead, the reduction correlated with the loga-
rithmic value of Lnk expression Ievels. The reduction of pre-B and
immature B cells was more severe than that of pro-B cells. This
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may suggest the existence of Lnk-dependent regulation in the tran-
sition from pro-B to pre-B cell stages, in addition to the known role
for Luk in pro-B cell expansion (16). However, our pro-B cell
discrimination based on the method of Hardy and colleagues {24)
contains non-B lincage cells. especially in Fraction A (B220*
CD43*HSATBP-17). Thus, an alternative possibility could be
that those nen-B lineage cells in the pro-B cell fraction not ex-
pressing the ransgene were maintained at relatively normal levels,
leading to an underestimation of the pro-B cell reduction. As ex-
pected. no cell number reduction was observed in myeloid cells,
which should not express the transgenes.

Tmpaired expansion of T prectirsors by Lnk overexpression

We next examined consequences of Lok overexpression in T lin-
eage cell development. Total thymocyte numbers declined as Lok
expression in thymocytes increased (Fig. 3). However, thymocyte
development, evaluated on the basis of CD4 and CD3 expression,
was grossly normal (Fig. 2), except for a siight reduction of
CD4"CD8™ and CD4~CD8™ mature thymocytes. The reduction
in number was slightly more severc in CD4~CD8* thymocytes
than that of CD4*CDE™ mature thymoceytes in Lnk transgenic
lines. Within the CD47CD8™ immature thymacyte compartment,
a proportion of CD447CD25™ or CD447CD25™ cells was signifi-
cantly reduced in transgenic mice compared with normal littermates
(Fig. 2). This led to the overrepresentation of CD44+CD25* cells
indicating inefficient transition of CD44*CD25* to CD44-CD25*
cells or impaired expansion of CD44~CD25% cells,

Consequence of Lnk overexpression in peripheral hmphocytes

The total cell number in the spleen was also reduced as more Lnk
transgenes were expressed. Only a residual number of B cells re-
mained in the spleen of the highest expresser, Lnk no. 4 (Fig. 2).
T cell numbers also declined as Lnk expression increased, al-
though B cell reduction was more prominent than that of T ceils
(Fig. 33, We then examined splenic B cell subfractions by staining
for CD21. CD23, and IgM. This analysis demonstrated that the
CD21*CD2371gM™*" MZ B cells were relatively maintained in
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FIGURE 2. Representative multicolor fluorescence
plots showing severe impairment of B cell development
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and mild reduction of T lineage cells in transgenic mice
highly expressing Lok protein (Lnk no. 4). Celf suspen-
sions prepared from 6- to 8-wk-old animals were
stained with combinations of labeled Abs and analyzed
by flow cytometry. BM: expression of B220/CD45R
and CD43 on total BM cells, and expression of BPI1/
Ly-31 and HSA/CD24 on B2207CD43™ pro-B cells.

Spleen: total splenocytes were stained for surface fgM
and IgI, or for CD4 and CD8. Thymus: expression of
CD4 and CDS on total thymocytes, and expression of

Thymus

€D25 and CD44 on CD47CDE ™ double-negative thy-
mocytes. Peritoncal cavity cells: expression of IgM and

€123 on lymphocytes in peritoneal cavity, and expres-
sion of CD3 on CD237IgM " BI cells. Numbers rep-

Peritoneal cavity

resent the percentages of cefls in each box or area.
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FIGURE 3. Dose-dependent reduction of lymphoid cells in pl026x-Ink transgenic mice. Cell suspensions prepared from 6- to §-wk-old animals were
analyzed by flow cytometry: the absolute cell numbers within each cell fraction were calculated and shown as percentage of those in littermate control mice.
The relative amount of Lok protein expressed in thymocytes from each transgenic line was assessed by immunoblotiing and densitometry. Shown are
means * SD for four to six animals of each transgenic line. BM: pro-B (B2207CD43 ™), pre-B (8220 CD43"IgM ™}, immature B (B220"°"gM™), and
myeloid cells (B2207CD43"). Spleen: B (B220"), T (CD3*), macrophages (Mac-1"), transitional T! B (IsM*CD23"CD217), transitional T2 B
(IgM"#CD23* CD21"™), FO B (TIgM*CD23*CD21™™), and MZ B (IgM*CD23~CD21"#). Thymus: CD4™CD8", CD4*CDS*, CD4*CDE™, and
CD47CD8™. Peritoneal cavity cells: Bla (IgM*CD237CD5*Y. Bl cells in the peritoneal cavity and MZ B cells are refatively resistant to Lnk
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most transgenic tines, except in the most potent expresser, Lnk no.
4. In contrast, all other peripheral B cell fractions in spleen, tran-
sitional T1 and TZ cells, and FO B cells decreased in a dose-
dependent manner (Fig. 3). CD23 IgM™®"CDS* Bla and
CD23~ [gM"s"CD5™ Blb cells in the peritoncal cavity were also
relatively maintained in most transgenic lines, except in Lok no. 4,
whereas B2 cells and T cells in the cavity were reduced (Fig. 3 and
data not shown).

Next, we examined whether Lnk overexpression affects the
function of peripheral mature B cells. Lnk no. 98 moderately ex-
presses Lnk protein (13-fold greater expression than endogenous
Lnk in thymocytes) and was able to produce substantial numbers
of splenic ymphocytes (~43% of normal C57BL/6 control micc).
Histological and immunohistocheraical analysis demonstrated that
splenic architecture was grossly maintained in these transgenic
mice, although the white pulp regions were reduced {data not
shown). However, CD21* CD23 " 1gM"" MZ B cells occupied a

major compattment of splenic B cell populations (Fig. 4.4). CD23
cxpression levels on CD23*IgM'™™™ FO B cells in transgenic mice
were slightly higher than those observed on normal FO B cells.
CD217CD2371gM" T1 B cells showed stightly decreased Tghd
levels. In addition, TE, as well as CD21MEhCD23  IgMMs" T2,
cells in ransgenic mice were larger in size. In contrast, cells from
other B lineage {ractions, pro-B and pre-B cells, immature B cells
in the BM, and FO and MZ B cells in the spleen were 2! similar
in size to those of normal C37BL/6 mice (Fig. 4B). Interestingly,
larger transgenic T cells were not actively proliferating (Fig. 4C).
The cycling fraction of T1 B cells was severely reduced as as-
sessed via [DNA content analysis. In addition, expression levels of
B cell activation markers, such as MFC class II and CD86 or
CD23, on TI cells were unchanged (data not shown), Thus. Lnk
overexpression in peripheral splenic B celis compromised B cell mat-
uration and proliferation, especially in the T fraction.
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FIGURE 4. .4, Representative multicolor fluorescence plots showing skewed splenic B cell compartments and increased cell size of ransitional B cells
in transgenic mice overexpressing Lok at a moderate level (Lnk no. 98). BM: expression of B220 and IgM on total BM cells. Spleen: expression of CD23
and IgM on total splenocytes. and expression of CD2E/CD35 and TgM on CD23™ or CD23™ splenic B cells. Numbers represent the percentages of cells
in each box or area. B, Enlarged cell size of transitional T1 and T2 B celis in transgenic mice, Splenic B cells were fractionated clectrically based on
expression of 1gM, CD23, and CD21/CD35, Forward seatter of transitional T1 B {IgM* CD237°CD21 ™), transitional T2 B (IgM"*'CD23 Y CD2 1"y, FO
B (IgM*CD23*CD21""), and MZ B ([gM*CD23~CD2 1" were compared between control C37BL/6 (thin lines) and Luk no. 98 mice (hold lines), ¢,
Decreased cycling B cells in transgenic mice. T1 (CD217TgM™), or T2 and MZ (CD21"IgM ¥} B cells were purified by cell sorting. fixed, and stained
with propidium iodide. Numbers represent the percentages of ¢ycling cells that fall into the indicated range. D, Response to TI-2 Ag, TNP-Ficall (upper
panels) and TD Ag, KLH (fower panels), Serial dilutions of serum obtained before immunization (dashed lines) or after inmmunization (solid lines) from
control CSTBL/G mice {thin kines, open symbels) or Lnk no. 98 transgenic mice (bold lines. filled symbols) were analyzed for TNP- or KLH-specific Ig
isotypes by ELISA.

Negative regulation of lymphocyte development by Lak is
independent of its phosphorylation

Despite the reduced proliferation in the B ¢ell compartment, in
vitro proliferative responses of splenic B cells upon anti-IgM stim-
utation were only slightly impaired (data not shown). Ab produc-
tion was also refatively well-maintained in /nk-transgenic mice.
Reflecting the increased proportion of MZ B cells in the spleen and
B1 ceils in the peritoneal cavity, Ab production againsta TI-2 Ag
(TNP-Ficoll) was augmented in the Ink-transgenic mice compared
with normal litlermates. Sera of transgenic mice immunized with
TNP-Ficoll countained a higher titer of anti-TNP Abs in both IgM
and 1g(G3 subclasses (Fig. 4D). In contrast, IgM and IgG1 preduc-
tion against the TD Ag KLH was slightly compromiscd, which was
consistent with the significant reduction of FO B cells in the
spleen, and of T cells in the thymus and spleen. Interestingly,
serum Ig levels of all subclasses were slightly increased in /ni-

Lok contains a tyrosine phosphorylation motif involving Y536 at
its C terminus that is conserved among all Lnk family adaptor
proteins, including APS, SH2-B, and the Lnk-like protein in Dro-
sophila. Y536 is the major site phosphorylated by c-Kit {20} and
by various tyrosine kinases when simwltancously overexpressed in
CQ87 cella (8. Takakt, unpublished observation). We examined a
potential role for the conserved tyrosine phosphorylation motif in
the negative regulatory functions of Luk in iymphocyte develop-
ment. Y536 was substituted with a phenylalanine residue and the
resulting mutant form of Lnk (Y336F) was inserted downstream of
the Ick proximal prometer and the Ex enhancer, and expressed in

transgenic mice (data not shown). It scems that a strong signal
through the B cell receptor could override the cell proliferation
inhibitien imposed by augmented expression of Lnk.

lymphoid cells in transgenic mice. The Y336F transgenic mice
expressed comparable amounts of Lok protein with the mice ex-
pressing the wild-type Lnk. Lok no. 4 (Fig. 58). As in the case of
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FIGURE 5, A. The transgene construct for the expression of Y336F
mutant Lnk. The cDNA fragment encoding Lnk protein carrving a substi-
mtional wmutation of phenylalanine for tyrosine at position 536 {Y3536F)
was inserted downstream of the Ick proximal promoter and the Eu en-
. hancer, B, Amounts of mutant Lok protein in thymocytes obtained from
Y536F iransgenic mice were compared with those of Lnk protein in thy-
mocytes from Lok nos. 4. 15, and C37BL/6 (B6) mice. Equal amounts of
total cell lysates were separated by SDS-PAGE, and subjected to immu-
noblotting using anti-Lnk Abs, C, Tmpairment of conventional B cell de-
velopment in Y536F transgenic mice. Representative multicolor fluores-
cence plots showing expression of B220/CD45R and CD43 on total BM
cells. Numbers represent the percentages of cells in each box.

wild-type Lok overexpression, B cell developraent in Y536F trans-
genic mice was also inhibited at the pro-B cell stage. The BM
contained very few B220* cells, which were mostly CD43 ™" pro-B
cells, similar to the BM of Lok no. 4 transgenic mice (Figs. 5 and
1. The numbers of thymocytes and B cells in the peritoneal cav-
ity were also decreased in the Y536F transgenic mice (data not
shown). These results indicate that the Lnk C-terminal tyrosine
phosphorylation site is dispensable for the negative regulatory ef-
fects of overexpressed Lnk in lymphocyte development.

Discussion
Lnk constrains ymphocyte production

Our results document a potent regulatory mechanisin in fympho-
poigsis mediated by the adaptor protein, Lnk. Lnk overexpression
in lymphoid precursors resulted in both B and T cell reduction.
Expausion of pro-B cells in bone marrow, and of pro-T cells in
thymus was impaired as Lnk expression increased. We previously
reported that mutant mice lacking the ink gene showed enhanced B
cell production due to the hypersensitivity of B cell precursors to
SCF, a c-Kit ligand. However, the Ink™'" mice do not show any
abnormality in T cell development or altered thymocyte expansion
as seen in Ink-transgenic mice (16), B lincage cells express more
Lnk than T lineage cells (15). Thus, different fevels of endogenous
Lnk expression in B lineage cells from those found in T lineage
cells probably account for this discrepancy. In other words, Lok
conld function in both B and T precursor cells, however, B pre-
cursors that express higher amounts of Lnk are more stringently
controlled by Luk-imediated regulatory signals. The physiological

importance of this more stringent restriction of conventional B celt
praduction by Lnk remains to be elucidated. In the C57BL/6 back-
ground. loss of the /nk gene alone does not cause autoimmunity,
malignant transformation of B lineage cells, nor exhaustive loss of
hemopuoietic progenitor cells. Although it is possible that other Luk
family proteins might compensate for some Lnk function in /nk-
defizient T cells, T lineage cells do not express APS {25). Mare-
over. despite the homology between Lnk and SH2-B, many studies
have demonstrated posttive effects of SH2-B on cell growth and
differentiation (26-32), while Lnk fanctions a5 a negative regula-
tor of lymphopoiesis as clearly shown in this stwdy and in the
analysis of the /nk-deficient mice. We recently reported that male
and female gonad maturation is impaired in SH2-B~"" mice, while
both B and T cell development are normal (33). Thus, in Jnk™"™ T
lineage cells, compensation by other Lok-family members docs not
appear likely. The generation of Ink, SH2-B double-deficient mice
will help to elucidate the special regulatory characteristics of thy-
nic progenitors.

Both B and T cell numbers were reduced as the amount of Lnk
exponentially increased. This contrasts with that of the perturbed
lymphocyte development by the increasing activity of many effec-
tor enzymes, such as p56’*, by overcxpression (34) or by the de-
creasing activity of p56™*, Erkl, and ras by their dominant neg-
ative mutants (21, 35, 36). All these examples show a lincar
correlation between phenotype and protein expression levels.
SH2-B forms a pentameric complex through homotypic associa-
tion via its N-terminal domain (30). Because the N-terminal do-
mains of Lnk-family adaptors are conserved, Lnk may also man-
ifest its function as a multimeric complex. In transfected COS7
cells, Lnk indeed exists as a multimer (S. M, Kwon and 8. Takaki,
unpublished observation). Lok multimerization could account for
the semilogarithmic relation between lymphocyte reducticn and
Lnk expression levels. The stoichiometrics between Lnk com-
plexes, membrane receptors, and signaling molecules may also
contribute to this unique correlation between phenotype and Lnk
expression levels.

Lnk finction in peripheral lymphocytes

Many unrelated transgenic and gene-targeted models show an en-
larged splenic MZ compartment (3). In several cases, the enlarged
MZ phenotype is linked to compromised peripheral B cell gener-
ation. For example. IZ-77"" (37) and conditiona} Rag-knockout
mice (38) show reduced B lymphopoiesis at precursor levels and
develop a farger MZ B subset. The peripheral B cells in these mice
with impaired B lymphopoiesis show an activated phenotype; in-
creased expression of CD23, class II. and CDR6, and augmented
entrance into the cell cycle (37, 38). Thesc properties could result
trom compensatory mechanisms which allow enhanced generation
of the mature B cell compartment. The peripheral phenotype ob-
served in our /nk-transgenic mice was similar to that observed in
J1-77"" or conditional Rag-knockout mice in terms of increased
MZ B cells accompanied by reduced B lymphopoiesis, but not
fully consistent with the phenotype due to limited BM B Iympho-
poiesis. Immature splenic T1 and T2 B cells in Jnk-transgenic mice
were enlarged, but were not entered in the G,/M phase of the cell
cyele. These results imply that Lok also constrains the proliferating
ability of peripheral B cells. as well as BM B cell precursors. Apart
from FO or MZ B cells, most B cells in /-7~ and conditional
Rag-knockout mice are enlarged, express activation markers, and
show an increased proportion of proliferating cells (37, 38). In
contrast, in Ink-transgenic mice, enlarged cells were only secn in
newly generated T1 and T2 cell compartments. Hence, maturation
or compensatory proliferation of peripheral B cells might be per-
turbed by Lok overioad.
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Another possibility is that the phenotype abserved in peripheral
B cells could be a consequence of unusual sciection of B cells that
are relatively resistant to Lnk overexpression. Cells which have an
advantage in maturation or proliferation might selectively develop
in the BM and expand into the periphery in Mnk-transgenic mice,
where they could preferentially differentiate into the B1 and MZ B
cell compartments. As shown in recent gene disruption studies,
signaling components of B cell receptors, such as tyrosine kinases
and coreceptors, survival factors like B cell activating factor from
the TNF family/B cell activating factor from the TNF family re-
ceptor, components controlling cell migration including protein
tyrosin kinase 2 and Lsc (Lbc's sccond cousin, the nwrine ho-
molog of human pl15 Rho GEF). and transcription factors like,
those of the NF-xB family, Aiolos, and recombination signal bind-
ing protein-J are all critical for MZ B cell development (3, 39).
Cells that could expand carrying high amounts of Lok might pref-
erentially differentiate in Bl and MZ B cell compartments as a
result of altered expression of molecules critical for MZ B cell
developiment.

How does Lnk control lymphocyvte proliferation?

Using a c-Kit" mast cell line, we previously demonstrated that
Lnk is tyrosine-phosphorylated by c-Kit and interacts with phos-
phorytated ¢-Kit {20). Lok specifically inhibited ¢-Kit-mediated
signaling for cell growth by attenuating Gab2 (a2 family member of
Gabl, Grb2-associated binder 1) phosphorylation and the subse-
quent activation of the mitogen-activated protein kinase pathway
(20). However, previous studies demonstrated that a ¢-Kit signal is
indispensable for T precursor expansion, whereas B cell generation
occurs in the absence of ¢-Kit (40). Although the impaired expan-
sion of CD47CD8~ double-negative T precursors in /nk-trans-
genic mice could result from an inhibitory effect of overexpressed
Lok on c¢-Kit signaling, the observed impaimment of B cell pro-
duction strongly indicates that c-Kit is not the sole target for Lnk.
Consistent with this idea, the enhanced hemopoietic ability by Ink-
deficient hemaopoietic precursors was not significantly normalized
by attenuating c-Kit signals with the introduction of the heterozy-
gous W mutation in the c-Kit locus (20). Flt3/Flk-2 may bc in-
volved in such a pathway because it has been shown to support
proliferation and differentiation of hemopoietic progenitor cells,
while disruption of Flt3/Flk-2 perturbed the production of various
blood cell lincages (41). W/W*#k2™" mice show impaired hemo-
poiesis with severe lymphocytapenia. However, injection of anti-
Flt3/Flk-2 Abs into adult mice together with anti-c-Kit Abs does
not inhibit B lymphopotiesis, while the treannent severely inhibits
erythropoiesis and myelopoiesis (42). Injection of anti-F1t3/Flk-2
Abs into Ink ™" mice failed to normalize the B cell overproduction
(S. Takaki, unpublished observation). These observations suggest
that F1t3/Flk-2 signaling is not likely to be a target affected by Lnk
overexpression. Further studies will be required to identify the
molecular targets of Lok and to understand how Lnk regulates the
expansion of hemopoietic and lymphoid precarsor cells in vivo.
It has been shown that Lnk associates with an actin binding
protein, ABP-280 (43). It has also been shown that SH2-B, a mem-
ber of the Lnk family adaptor proteins, is required for growth
hormone induced actin reorganization and regulates cell motility
(44, 45). These data suggest that Lnk could associate with an actin-
containing complex and may control the actin cytoskeleton during
cell division or migration. The relatively maintained splenic archi-
tecture in Ink-transgenic mice suggests that B cell migration during
maturation was unperturbed. However, enlargement of T1 and T2
B cells in transgenic mice might reflect Lnk function in controlling
the actin cytoskeleton, In line with the reduction in the fraction of
cycling B cells, Lnk might regulate expansion of precursor and mature
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B cells by preventing both entry into the cell cycle and cell division,
in part via cffects on cytoskeletal remodeling involving actin.

A mutant form of Lnk Jacking the C-terminal tyrosine residue
conserved among Lnk family proteins stifl efficiently inhibited
lymphopoiesis in transgenic mice. This is consistent with obser-
vationsg obtained from transfection experiments using the c-Kit™
mast cell line MC9 (20). Although Y536 of Lnk was the main
¢-Kit target phosphorylation site, SCF-dependent growth of MC9
cells was inhibited by Y536F as well as by wild-type Lok, In
contrast, APS inhibits Janus kinase 2- or platelet-derived growth
factor receptor-mediated signaling in combination with ¢-Cbl, and
the phosphorylation of the C-terminal tyrosine is essential for ¢-
Cbl-binding and subsequent APS inhibitory effects (46, 47). This
suggests that the Lnk inhibitory function on c-Kit and as yet un-
identified signaling cascade(s) is accomplished by Lnk subdo-
mains other than the C-terminal tyrosine and may involve a mech-
anism unigue to Lnk. In contrast to the negative regulatory role of
Lok in lymphopoiesis, positive regulatory roles for SH2-B and
APS in signaling via receptors for varions cytokines and growth
factors have been reported (26-32). Thus, despite the significant
structural similarities berween Lnk, APS, and SH2-B, their func-
tions appear to be quite different from each other.

In summary, we used transgenic mice overproducing Lnk to
demonstrate that this adaptor protein is a critical regulator of lym-
phocyte production. Expansion of lymphoid precursors was se-
verely impaired in InA-transgenic mice. The skewed peripheral B
cell subpopulations, enlarged size of transitional T1 B cells, re-
duced cycling splenic B cells, and altered humaoral immune re-
sponses in Ink-transgenic mice suggest a potential function for Lnk
in peripheral lymphocytes. Thus our results precisely complement
studies of /nk-deficient mice. In addition, they suggest that Lok
may perform previously undescribed functions in peripheral B
cells and during T cell development. Taken together, these genetic
studies in mice illuminate the novel negative regulatory mecha-
nism by the Lnk adaptor protein in controlling lymphocyte pro-
duction and function.
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Many growth factors and hormones moduolate the reproductive status in mammals. Among these, insulin and
insulin-like growth factor I (IGF-I) regulate the development of gonadal tissues. SH2-B has been shown to
interact with insulin and IGF-I receptors, although the role of SH2-B in these signals has not been clarified.
To investigate the role of SH2-B, we generated mice with a targeted disruption of the SH2-B gene. Both male
and female SH2-B ™/~ mice showed sfight retardation in growth and impaired fertility. Femate knockout mice
possess small, anavulatory ovaries with reduced numbers of follicles and male SH2-B~'~ mice have small
testes with a reduced number of sperm. SH2-B™'~ cumulus cells do not respond to either follicle-stimulating
hormone or IGF-I. These data suggest that SH2-B plays a critical role in the IGF-I-mediated reproductive

pathway in mice,

Cytokine and growth factor receptors trigger multiple sig-
naling cascades that regulate cell growth and differentiation.
Many growth factor receptors have a protein tyrosine kinase
domain in their cytoplasmic region (receptor tyrosine kinase
{RTK]}. In contrast, cytokine receptors, such as those for in-
terleukins, interferons. and colony-stimulating factors, do not
have an intrinsic kinase domain but instead constitutively as-
sociate with Janus tyrosine kinases (JAKs). Binding of growth
factors and cytokines to their cognate receptors induces the
homo- and heterodimerization of the receptors, an event which
positions the kinase domains close to each other. This leads to
transphosphorylation and thereby activation of RTKs and re-
ceptor-associated JAKs. The activated kinases further phos-
phorylate othev tyrosine residues in the cytoplasmic region,
where various signaling molecules containing Src hornology 2
{SH2) or phosphotyrosine binding domains are recruited. As a
consequence, these recruited adaptor molecules contribute to
specification and amplification of signaling downstream of the
receptors. Lnk family proteins, including Ink, APS, and
SH2-B, are some of these adaptor molecules (39).

SH2-B was originally identified by using a yeast trilybrid
system as a protein associated with an immunoreceptor ty-
rosine-based activation motif in the high-affinity immunoglob-
ulin E (IgE) receptor Fee-RI (29). SH2-B contains a proline-
rich domain, a Pleckstrin homology (PH) domain, and an SH2
domain. APS was initially cloned from a B-cell ¢cDNA library
using a veast two-hybrid screening with the ¢-Kit RTK as bait,
and it was shown lo associate with a B-cell receptor (44). Lnk
was cloned from a rat lymph node cDNA library and was
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shown to participate in T-cell signaling (20, 38, 39). In Lok™"~
mice, T-cell development was unaffected, but pre-B and im-
mature B cells accumulated in the spleen and in the bone
marrow, thereby indicating that the Lnk protein negatively
regulates the production of pro-B cclls and ¢-Kit (39, 40).

Recently, SH2-B wus reported to mediate signaling through
many cytokine and growth factor receptors, including growth
hormone (GH), insulin, insulin-like growth factor I (IGF-I),
platelet-derived growth factor (PDGF), and nerve growth fac-
tor (NGF) receptors (23, 31-33, 36, 37, 47). SH2-B has been
shown to mediate mitogenic sighals as well as ERK activation
through these receptors (44, 45). A variant form of SH2-B,
SH2-Bp, was reported to be a substrate of the tyrosine kinase
JAK2 and to potentiate JAKZ kinase activity (34, 33). How-
ever, these studies were performed using an in vitro cultured
cell system, and the conclusions were obtained from the over-
expression of wild-type or domain negative forms. To clarify
the physiological role of SH2-B adaptor molecules, we used
genc targeting to acquire mice lacking the SH2-B gene. SH2-
B™'" mice displayed normal development of lymphoid organs
but decreased body weight and developmental defects in go-
nadal organs similar to the phenotype seen in mice with IGF-1
or follicle-stimulating hormone receptor (FSH-R) deficiencies
(24, 26). We propose that while SH2-B is dispensable for JAK2
activation, it does play an important role in the [GF-I pathway
that up-regulates FSH-R levels in vivo.

MATERIALS AND METHODS

Generation of SH2-B~/~ mice. Genomic ¢lones of the SH2-B locus, including
alt exons, were isolated from a 129sv mouse strain genomic lihrary (Stratagene).
The targeting vector was consuructed by replacing the second through the eighth
exons of the SH2-B gene with a PGK-NEO cassctic, preserving 8.0-kb (Ieft am) |
and 3.8-kb (right arm} fanks of homologous sequences (sec Fig. (). The diph-
theria toxin A pene was inserted for negative selection. Homologous recombi-
nation in murine embryonic stem cells was performed as described previously
{£9) and was confirmed by Southern hiot analysis (probes are shown below in Fig.
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1), Chimeric mice were mated with wild-lype CS7BL/A mice to generate het-
crozygous Fy progeny. The Fy progeny were intercrossed o acquire Fy progeny
for analysis.

Flow cytometric analysis, Single-cell suspensions of lymphocytes from bone
marrow. thymus, spleen, or ymph nodes were prepared. Red blood cells were
Iysed and removed wsing 0.15 M NH,CL, 1.0 mM KHCO,. 0.1 mM EDTA (pH
7.2) prior to staining. Predetermined optimal concentrations of the respective
antibodies were used to stain 0.5 X 10° to L& X 10° cells at 4°C for 20 min, Cells
were washed and analyzed on a FACScan instrument (Becton Dickinson, Moun-
tain View, Calit) using CellQuest software (Becton Dickinson). The following
monoclonal antibodies (MAbs) were used: flunrescein isothiocyanate (FITC)-
conjugated anii-CD3 (33-6.7), phyveoerythrin (PE)-conjugated anti-CD4 {RM4-3),
biotin-conjugated anti-CD3e (143-2CI1), PE- or biotin-conjugated anti-CD43
(37, PE-conjugated anti-Gr-1 {RB6-8C5), and FITC-conjugated anti-Mac-)
(M1/770) (a1l purchased from Pharmingzn, San Diego, Calit.y; FITC- or PE-
conjugated anti-B220 (RA3-6B82) (Caltag Laboratorics, Burlingame. Cakif.):
biotin-conjugated anti-IgD {CS8/13; gift from K. Miyake, Tokye, Japan). FITC- or
PE-conjugated F(ab®), fragments of polyclonal anti-IgM were purchased from
Caltag Laboratories, and PE- or TRE-COLOR-conjugated streptavidin (Caltag
Laburatorics} was used to reveal biotin-coupled antibody staining,

Lymphocyte proliferation and c¢ytokine production. Splenic B cells were pu-
ritied using a MACS system (Miltenyi Biotec, Bergisch Gladbach, Germany)
after incubation with biotin-conjugated anti-CD43 and streptavidin-coupled mi-
crobeads (Miltenvi Biotec). B cells (IF) were cultivated in 0.2 ml of RPMI 1640
medium supplemented with 10% fetal calf serum (FCS). 50 pM 2-mercapto-
ethanol, 1tk U of penicillin/ml, and 100 pg of strepromycin/ml in a Y6-well plate,
Cells were stimulated with anti-mouse Tgh F(ab'), (Organon Teknika, Durham,
N.C.), intetlevkin-4 (IL-1), 10 pg of lipopolysaccharide (Difco Laboratories,
Detroit, Mich.} per ml, or 3 pg of anti-CD4) (HM46-3; Pharmingen) per ml.
Cells were pulse-labeled with [*H]thymidine (0.2 pCi per well) during the last
16 h of a 66-h culture period, and the incorporated PPHJthymidine was measured
using a Matrix 96 Dircet Beta Counter (Packard, Meriden, Conn.).

For T-cell proliferation assays, splenocytes (10°) were cultyred in (0.2 ml of
megdium in 3 36-well plate in the presence of various concentrations of anti-CD3e
(145-2C11). Cells were pulse-labeled with [*H]thymidine (0.2 pCi per well)

- during the last 8 b of 4 48-h culture period, and the incorporated [PH|thymidine
was measured.

Fur the asscssment of cytokine production, splenucytes (10%) were cultured in
0.2 ml of medium in the presence of 10 pg of anti-CD3g/ml for 48 h. Culture
supernatants were collected, and the levels of IL-2 and 1L-4 in the supernatants
were measured by enzyme-linked immunosorbent assay (ELISA) as deseribed
ehsewhere (41). Al of the MAbs used for the capture and detection of cytokines
were purchased from Pharmingen.

Serology. Concentrations of each immunoglobulin isotype in scrumn were de-
termined in 6-week-uld mice by isorype-specific ELISA (41). To measure pro-
duction of the antibodies against thymus-independent antigens, mice were in-
traperitoneally injected with 10 pg of trinitrophenol {TNP)-Ficoll in saline and
were bled on day 1() after injection, Scrial dilutions of serum were analyzed for
TNP-specific immunoglobylin isotypes by ELISA wsing dinitrophenol (DNP)-
coupled bovine serum albuniin (B5A), which cross-rencts with anti-TNP anti-
hodics) as 4 capture reagent. To examine the response against thymus-dependen
antigens. mice were immunized intraperitoneally with 100 g of BSA in a L)
homogenate of incomplete Freund's adjuvant (Nacalai Tesque, Kyolo, Japan)}
and saline. A booster dose of 10 pg of BSA in saline was given on dav 20, Mice
were bled on day 30 and the presence of anti-BSA antibodies in each immuno-
globulin subclass was determined using a BSA-specific ELISA.

Mast cell cultures and fusctional assays. Bone marrow-derived masc cells
(BMMCs) were obtained from a culture of bone marrow cells in RPMI 1640
supplemented with 3 ng of murine IL-3:m] (Pepro Tech EC), 8% FCS, nones-
sential amine acids (Gibco BRL). MW TU of penicillin/mt. 100 pg of streptomy-
cinfmt, and 10 pM 2-mercaptocthancl. We used BMMCs cultured for 4 to 10
weeks for all studies. BMMCs were cultured in 96-welt plates (5 % 107 cells: 0.2
mlawell) for 48 h in RPMI 1640 supplemented with 8% FCS and various can-
centrations of stem cell factor {SCF) or IL-3 as indicated. [*H]thymidine (0,2 pCi
per well) was added 12 h before cells were haivested, and the incorporated
[FH]uiymidine was measured. BMMCs were sensitized with anti-DNP IgE by
incubation in cultured supernatants of Igel @2(15.3) hybridoma celis ar 37°C for
1 h, after which they were washed, resuspended in Tyrode's buffer (10 mM
HEPES |pH 7.4], 130 mM NaCL 5 mM KCl. 1.4 mM CaCl,, | mM MgClL, 5.6
mM glucose, and 0.1% BSA), and left unstimulated or stimulated with DNP-
B3A for | h at 37°C. The degranulation was evaluated by measuring the amount
of granular enzyme B-bexosaminidase released from celis. The enzvmatic activ-
ities of P-hexosaminidase in supernatants and cell pellets solubilized with (0.5%
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Tritan X-100 and Tyrode's butfer were meusured with p-nitrophenyl N-acetyl-§-
o-glucosaminide (Sigma Chemical Cao.) in 0.1 M sodivm citrate (pH 4.5) for 40
mm at 37°C. The reaction was stopped by adding 0.2 M ghycine (pH 10.7). The
produst 4-p-nitrophenol was detected by absarbance at 405 nm. Percentages of
degranulation were calculwted by dividing absorbance in the supernatants by
total absorbance in the supernatants and celf pellets.

Sperm assay, For sperm analysiz, we collected sperm from the epididymides of
SHZ-B-null and wild-type mice as described previously (19). The sperm was
incubated in R1383 medium (150 mg of Raffinose/ml and 30 mg of skim milk/m])
for | hin a 59 CO. atmosphere equilibrated with 5% CO,. The sperm were
diluted 1;1061 with isotonic saline, and a phase-contrast microscope was used to
count the sperm and to evaluate the morphology, We followed the procedurs of
the World Health Organization laboratary manual for the examination of human
semen and semen-cervical mucus interaction to measure sperm motility (43a).

IVF, For in vitre tertilization (TVF), we collected sperm from the epididymides
of SH2-B-nuil and wild-type males as deseribed previously (19, Then, we incu-
bated the sperm in HTF medium supplemented with 0.75 pg of penicillin G/ml
and 0.5 pg of streptomycin/ml in a 5% CO; atmosphere, equitibrated with 3%
€O, for at Jeast 1 b for capacitation. Females were treated to induce superovu-
lation. and vocytes were collected from the ampullue of their oviducts. Only fully
matured oocytes, as confirmed by the first polur body releuse, were used for [IVF
cxperiments. We excluded oocytes with no first polar body. Oocytes were treated
with (.17 hyaluronidase to remove surrounding granulosa and cumulus cells,
Thereafter, 10 pl of the sperm suspension solution was transterved into the
oocytes in saline followed by incubation for 24 h under 5% CO, at 37°C. Afier
24 h, these inseminaled eggs were beginning cleavage, and the number of two-
cell-stage egps was counted. These two-cell-slage ¢embryos were transplanted into
ICR mice (purchased from Japan SLC Inc.) as described previously (1.

COC expansion assay. Bricfly, 48 h after adininistration of pregnant mare
serumn gonagdotropin (PMSG), cumulus cell-oocyte complexes (COCs) were cul-
lected from the oviduct ampullac of wild-type and SH2-B~~ mice sacrificed by
cervical dislocation. The large Graafian follicles were punciured with 27-gauge
needics, and the COCs were extruded inte Waymouths medium MB752/1
{Gibco BRL). Because expasure to IGF-T and FSH leads to drustic changes in
cumulus cells due to the hyaluronidase hypersensitivity of the cumulus oophori,
we cultured COCs in Waymouth's medium MB752/1 containing 3 mg of BSA
{Gibeo BRLj per ml rather than FCS (contral), in order to reduce hyaluronic
acid synthesis and to avoid this effect of IGF-1 in the serum (13). Cultures were
niaintained in a humidificd atmosphere of 5% 0,-5% CO,-90% N, at 37°C for
24 h. Other COCs were cullured in Waymouth's medium containing 3 mg of
BSA/ml and | pg of highly purificd rat FSH (Biogencsis Ltd ) per ml. or 3 mg of
BSA/mE plus 10 ng of IGF-I1 (Pepro Tech EC, Lud) per mil, into which 1 pg of
highly purified mouse FSH/ml was added after 4 b. For immunoblotting with
anti-phosphotyrosinc and anti-phosphorylated mitogen-activated protein (MAP)
kinase (ERK2) antibadics, COCs were incubated with 100 ng of FGF-1/ml for 20
min and then cell extracts were prepared. )

Northern hybridization and RT-PCR. Total RNA was extracted from tissues
and cells using Trizol reagent (Gibco BRL). Total RNA (10 p.g) was scparated
on L0% agarose gels containing 2.4% formaldehyde and then transterred to
pusitively charged nylon membranes. After fixation under calibrated UY irradi-
ation, the membranes were hybridized with [F2PJCTP-labeled ¢DNA probes as
described previously (44). SH2-B probe (334 bp) wus obtained by PCR from a
mouse testis cONA library and primer sets (3'-GAGGAAGTCGCITGGAGT
TCTTTGTAC-3' and 5'-TCCTGGCTAGGCAGACTCTCTGAATGA-3Y). FSH-
R ¢DNA (about 2 kb} was obtained by PCR using ovary cDNA and primer sets
(3 -ATGGCCTGGCTCCTGGTCTCCTTGLT-3' and 5-GAGGGACAAGCA
CGTAACTATTGGTGACT). To detect SH2-B, APS. and Lok mRNA in mast
cells and splenocytes, standard reverse transeription-PCR (RT-PCR) was per-
formed wsing a Standard Gene Amp RNA PCR kit (PE Biosystems) according 1o
the manufacrurer’s instructions. The following primer sets were used: $H2-B
{about i50 bp). - TCTACTATTACTGATGTCCGCACAGCC-3" and 5 -TGT
ACTCTGAAGGGCCTTCTACCTTAA-3"; Lok (930 bp), 5-ATGCCTGACA
ACCTCTACAC-3" and 8-ATTCACACGTCTGCCTCTCT-3": APS (530 bp),
5-GAAAGGGATTCTGGCTGCGTAACA and 5'-ATCCACACAGCCCTGG
ATGTCAGC. PCR primers for SHZ-B splice variants have been described by
Yousaf et al. (46).

Immunoblotting and immunostaining. For immunoblotting, total cell extracts
were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and proteins were detected by immunoblotting as described pre-
viously (44). Anti-phospho-STATS and phospho-ERK2-specitic antibodies were
purcbased from Cell Signaling and Upstate Biotechnology,

An anti-SH2-B antibody (G-17) which reacts with the N-terminal region of the
SH2-B protein was purchased from Santa Cruz Biotechnology. Inc., and an



3068 OHTSUKA ET AL

anti-murine APS antibody was affinity purified as described previousty (213, For
immunefluorescence microscopy, tissues were fixed overnight in 4% paraformal-
dehyde and embedded in optimal cutting temperature copound. Tissues were
cryostat sectioned o a 10-pm thickness and incubated with a 1:100 dilution of
anti-SH2-B antibody, followed by staining wilh a FITC-conjugated anti-gout [pG
antibody, Then, the samples were examined with fluorescent microscopy. For
immunohistochemistry, tissues were fixed with 10% bhuflered formalin, dehy-
drated through a graded series of alcokol, cleared in xylene, and embedded in
puraffin. Paraffin blocks were sectioned st 3-pm thickness. Slides were incubated
with a 1:100 dilution of anti-APS antibody and staincd with a peroxiduse-conju-
gated anti-rabbit TeG using an Envision™ kit (Dako, Carpinteria, Calif.). The
samples were then stained with Mayer's hematoxylin.

RESULTS

Generation of SH2-B knockout (KO) mice. To clarify the
physiological role of SH2-B, we developed mice with a targeted
disruption in the SH2-B gene locus. Since the PH and $H2
domains are predicted to be essential for SH2-B to function as
an adaptor protein, the exons encoding these domains {(second
to eighth exons) were deleted (Fig. LA). For genotyping of the
F. offspring generated by intercrossing the F, heterozygotes,
Southern blot analysis was carried out, This revealed a ratio of
offspring within the Mendelian expectation for transmission (1
(+/+):2 (+/—):1 (/=) (Fig. 1B). The disruption of SH2-B
gene expression was confirmed by Northern blot analysis (Fig.
1C). SH2-B homozygotes exhibited no significantly abnormal
appearance at birth.

At age 2 to 6 weeks, the body weight of the SH2-B™'~ mice
was 60 to 80% that of wild-type littermates (Fig. 1D). In this
period, SHZ-B-null mice showed postnatal growth retardation
and proportionate dwarfism. However, the size and weight of
SH2B ™'~ mice became similar to that of wild-type mice after 6
to 10 weeks. These phenotypes may be related to a reduced
response to GH or {GF-I. Occasionally, some of the SH2-B-
null mice died shortly after birth (8 out of 78 SH2-B™'~ pups),
although the cause of death was not clear.

Normal development and function of T, B, and mast cells in
SH2-B KO mice. We initially investigated SH2-B mRNA dis-
tribution in wild-type mice by using Northern blot analysis
(Fig. 1E). SH2Z-B mRNA is widcly expressed in most organs,
but the strongest expression was observed in the thymus (lane
3), Ivmph node {fane 8), and spleen (lane 9). in addition to the
brain (lanes 1 and 2), ovary {(lane 12}, and testis {lane 13).
SH2-B has been shown to be an activator of JAK2 (34), which
is essential for cytokine signal transduction and hematopeiesis
(30). We therefore analyzed the development and function of
lymphocytes and myeloid cells in SH2B™'~ mice. The cellular-
ity in the bone marrow, thymus, spleen, and lymph nodes was
grossly normal in SH2-B ™'~ mice (data not shown), and B- and
T-cell development was also normal as assessed by flow cytom-
etry (Fig. 2). The cellular distribution in each lymphoid organ
was comparable to that of normal mice, and expression levels
of various surface proteins on lymphocytes or myeloid cells
were also comparable.

We then examined SH2-B ™'~ lymphocyte functions in vitro
and in vivo. The proliferative responses of B cells induced by
various stimuli were normal (Fig. 3A}. SH2-B™'~ T cells pro-
liferated normally upon stimulation with anti-CD3 and pro-
duced narmal levels of IL-2 and IL-4 (Fig. 3B and C). SH2-
B~/ mice had normal antibody responses against immunization
with both a thymus-independent antigen, TNP-Ficoll, and a
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thymus-dependent antigen, BSA (Table 1), Thus, SH2-B seems
dispensable for lymphocyte development and steady-state he-
matopoiesis and for functions of lymphocytes and antigen-
presenting cells.

APS and Lnk, members of the adaptor protein family to
which SH2-B belongs, have been implicated in functioning in
the c-Kit signaling pathway (39, 40, 44). SH2-B was originally
reported to be a possible adaptor protein that binds to the
immunoreceptor tyrosine-based activation motif of Fee-RI in
mast cells (29). We therefore asked if loss of SI2-B would
affect the mast cell function largely regulated by c-Kit and
Fce-RT signaling. TL-3-dependent BMMCs were established
from SH2-B~'~ mice and their normal littermates. As shown in
Fig. 4A, SH2-B was expressed in wild-type BMMCs, and Lnk
and APS was expressed at comparable levels in both wild-type
and SH2-B-null BMMCs. BMMCs of both origins expressed
c-Kit in comparable amounts {(data not shown), and they pro-
liferated equally in response to IL-3 or SCF (Fig. 4B). Activa-
tion (phosphorylation) of STATS (a substrate of JAK2), and
ERK2 MAP kinase (downstream of FAK2) was similarly in-
duced in response to IL-3 in wild-type and SH2-B™'~ mast
cells (Fig. 4C}. Expression levels of high-affinity FeeR assessed
by the binding of IgE MAb were also comparable between
SHZ-B~'~ and normal BMMCs (data not shown), and degran-
ulation was similarly induced by cross-linking of Fce-R1 in
BMMCs from both sources (Fig. 4D). These results indicate
that SH2-B deficiency does not compromise mast cell function.

Impaired fertility in SH2-B KO mice. Although offspring
were born normally from intercrosses of heterozygotes, few
offspring were born following incrosses of homozygotes (Fig.
5A). Only 1 of 25 breeding pairs of SH2-B™~ male and SH2-
B~ female mice produced offspring. Both SH2-B™"™ male
and female mice also showed reduced fertility when mated
with wild-type mice {Fig. 5A). We monitored SH2-B™'~ in-
crossed females daily for the presence of vaginal plugs, an
indication that copulation has occurred. It took a much longer
time after mating for vaginal plugs to be observed in the SH2-
B~/" mice than it did following wild-type matings (5.3 = 1.3
days for wild-type female mice fn = 13], and 31.8 * 5.8 days or
no plugs for femate SH2-B™'" mice [n = 22)).

To investigate the cause of this phenotype, we immunohis-
tochemically stained gonadal tissues (testis and ovary) from
wild-type mice (Fig. 5B). SH2-B was Iocalized in Leydig cells of
the testis and stromal cells of the ovary., Therefore, reduced
fertility of SH2-B-null mice might be related to the immaturity
or deficiency of the reproductive systems. Dissection of SH2-
B~'~ mice revealed hypoplasia of the testis and ovary (Fig.
5C), even though their body weights were alimost the saroe as
those in controls at 10 weeks of age. Although the seminal
vesicle and prostate gland (so-called accessory reproductive
organs) were notmal (data not shown), the testes and ovaries
from SH2-B™/~ mice showed size and weight reductions of
approximately 505 compared to those from the wild-type and
heterozygous controls.

Ovarian sections from SH2-B™/~ mice revealed evidence of
anovulation, based on the lack of antral follicles and the pres-
ence of many preantral follicles (Fig. 6A). The uterine tubules
in SH2-B™"" mice were also immature compared to thase in
wild-type mice (Fig. 6B). We also observed a significant de-
crease in the number of ovulated oocytes under natural con-
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FIG. 1. Generation of SH2-B-deficient mice, (A} Schematic representations of wild-type and mutant loci of the SH2-B gene together with the
targeting vector. Exons for genes encoding SH2-B are represented by black boxes. The neomycin resistance gene (Neo) driven by the phospho-
glycerate kinase promoter and the gene coding for diphtheria toxin fragment A (DT-A) driven by an MC1 promoter are indicated by white boxes.
The 57 and 3’ probes used for Southern blotting are indicated by a solid bar. The EcoRI- and EcoRV-digested genomic DNA fragments were
detected by probe B and probe A, respectively. Restriction sites: E, EcoRT; Ev, EcoRV; B, BamnHI. (B) Representative Southern blot analysis with
EcoRV-digested and EcoRI-digested DNA, Of 138 offspring from crosses between F, heterozygous mice, 35 were +/4, 70 were +/—, and 33 were
—/—. (C) Northern blot analysis of total RNA from wild-type (lanes 1 to 3) and SH2-B™~ (lanes 4 10 6) mice showed no SH2-B mRNA expression
in S112-B™" mice. Lanes 1 and 4, cerebrum; lanes 2 and 5, cerebetlum; lages 3 and 6, testis. Glyceraldehyde-3-phosphate dehvdrogenase
{GAPDH) levels are shown as an internal control. (D) Growth of SH2-B KO mice. The body weights of 4- and 6-week-old male (M) and female
{¥F) mice were measured. The numbet of analyzed mice are as follows: 4-week-old male mice (+/4, 11; +/=, L5; =/—, 12); 4-week-old female mice
(+/+, 7; +/—. 151 =/~, 9): 6-week-old male mice (+/+, [3; +/—, 15; —/—, 9): and 6-weck-old female mice (+/+, 8; +/—, 14; ~/~, &). Results
are shown as mean * standard error of the mean. (E) Tissue distribution of SH2-B mRNA. Ten micrograms of total RNA was loaded in each
lane. Lanes: 1, cersbrum; 2, cerebellum; 3, thymus: 4, skeletal muscle: 5, stomach; 6, small intestine; 7, colon; 8, lymph node; 9, spleen; 10, kidney:
11, liver; 12, ovary: 13, testis.

ditions in the mutant mice (Fig. 6E). These observations sug- des were also imumature, and the number of sperm collected
gest a dysregulation of the estrous cycle. In the testis, the  from the epididymides of SH2-B™'~ mice was significantly
number of Leydig cells was also reduced in SH2-B™'~ male reduced (Fig. 6D and F). The sperm from SH2-B-null mice
mice comparced with wild-type controls (Fig. 6C). Epididymi- had an abnormal morphological appearance and much-re-
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FIG. 2. Normal lymphocyte development in SH2-B ™'~ mice. Representative two-color Buorescence plots showing expression of B220 and IgM
(measuring B-celt development) or Gr-land Mac-1 (granulocytes and macrophages) on bone marrow cells (A), TgD and IgM (B-cell development),
or CD4 and CD8 {T-cell development) on splenocytes and lymph node cells (B, C), and CD4 and CDS8 on thymocytes (D). Percentages represent
the fractions of the total gated live cells that fall into the indicaled boxes. Cellular distribution in each lymphoid organ and expression levels of
various surface proteins on lymphocytes or myeloid ceils were comparable between SHI2-B™" mice and normat littermates.

duced motility compared to sperm from wild-type mice (data
not shown).

To determine which splice variant of SH2-B is expressed in
gopadal tissues, we performed RT-PCR with primers which
distinguish between the four variants to amplify short PCR
fragments, as described by Yousaf et al. (46) (Fig. 6G). Con-
sistent with their data, B and v isoforms were predominately
expressed in the ovary and testis, while levels of o and &

isoforms were low. To determine if APS is expressed in com-
pensation in the ovary and testis, we examined APS expression
using RT-PCR (Fig. 6G) as well as immunohistochemistry
(Fig. 6H; data on the ovary are not shown). We found no
overexpression of APS in SH2-B™" mice. Immunohistochém-
istry revealed that APS protein is expressed in seminiferous
tubules containing spermatogonia in the testis (Fig. 6H). while
SH2-B is expressed in Levdig cells (Fig. 3B). SH2-B and APS
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FIG. 3, Normal proliferative response and cytokine praduction by
ST12-B™~ lymphocytes. (A) Proliferation of splenic B cells induced by
anti-lgM, anti-CD40, or lipopolysaccharide (LPS}). Splenic B cells from
SH2-B™'~ mice or wild-type littermates were stimulated with indicated
stimuli, and proliferation was measured on day 3 by [*H]thymidine
incorporatior. The values are the mean counts per minute X 1073 (=
standard deviation [SD]) of triplicate determinations. Representative
results of three independent experiments are shown. (B) Splenocytes
from SH2-B ™ micc or wild-type littermates were stimulated with the
indicated concentrations of anti-CD3¢, and proliferation was mea-
sured on day 2. The values are the mean counts per minute X 173 (*+
SD) of triplicate determinations. Representative results of two inde-
pendent experiments are shown, (C) Splenocytes from SH2-B™' mice
or wild-type littermates were stimulated with 10 pg of and-CD3g/mt
and enttured for 48 h. Supernatants were collected. and TL-2 or [L4 in
the supernatants was measured by ELISA, The results are presented as
the average of duplicate assays.

are both expressed in stromal cells in the ovary (data not
shown).

IVF experiments show reduced sperm and egg activity. To
investigate possible defects in the germ cells of SH2-B-nuil
mice, we conducted IVF experiments. Qocytes cotlected from
SH2-B™/~ and wild-type females were inseminated with sperm
from wild-type males. As shown in Table 2, 84% of wild-tvpe
oocytes had developed to the ewo-cell stage just 24 h after
insemination. When sperm collected from SH2-B™" mice was
used to inseminate wild-type oocytes, a much lower percentage
of zygotes developed (15% of that with +/+ X +/+), SH2-B-
null oocytes were also significantly impaired in development:
only 13 or 105 of SH2-B™*~ oocytes developed to the two-cell
stage when SHI-B™'" oocytes were inseminated with wild-type
or SH2-B™'~ sperm, respectively. These observations suggest
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FIG. 4. Notmal mast cell function in the absence of $H2-B.
(A} RT-PCR analysis for the expression of SH2-B, Luk, APS, and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Total RNA
from 10° BMMCs was used as a template. {B) Proliferation of mast
cells induced by TL-3 or SCF, BMMCs obtained from SHZ-B™~ mice
or wild-type littermates were stimulated with the indicared concentra-
tions of IL-3 or SCF, and proliferation was measured on day 3 by
[*H]thymidine incorporation. The values are the mean counts per
minute X 107* (£ standard deviation) of triplicate determinations.
Representative results of two independent experiments are shown.
(C) STATS and ERK2 activation in response to IL-3. BMMGCs (10%)
were stimulated with 5 ng of IL-3/ml for 20 min, and then cel} extracts
were immunoblotted with the indicated antibodies. (D) Degranulation
of mast cells induced by Fee-RI cross-linking. BMMCs were sensitized
with anti-DNP IgE and then stimuluted with the indicated amount of
DNP-BSA. The rclease of B-hexosaminidase was measured as de-
scribed in Materials and Methods. Percentages of degranulation were
calculated by dividing the released B-hexosaminidase by the iotal
B-hexosaminidase stored in cells. Representative results of three in-
dependent experiments are shown.

that both male and female germ cells were defective in fertil-
ization.

Next, to examine sperm-egg fusion, we performed a partial
zona dissection on SH2-B™~ eggs followed by insemination
with wild-type sperm, or a partial zona dissection on wild-type
eges followed by insemination with SF2B™'~ sperm. These
procedures did not increase the efficiency of fertilization (data
not shown), thereby suggesting that the lower fertilization ef-
ficiency of SH2-B™/~ egg and sperm is not due to a defect of
egg-sperm fusion but rather to the lower activity of the sperm
and to immaturity of the eggs.

To determine whether the impaired fertility was due to a
defect in germ cells, we did a transplantation experiment. Two-
cell-stage zygotes developed by IVF were transplunted into the
ampullae of oviducts of female ICR mice, and the number of
offspring was counted. Although offspring were obtained with
all combinations (Table 2). offspring from the mutant egg-
mutant sperm combination werc much fewer than from the
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TABLE 1. Antibody production in SH2-B™~ mice

Antibody response

Expt and genotype (1)

IeM IgG3 Gl IgGa IzG2b A

Serum tmmunoglobulin®

+i+ {7) 140 * 36 130 = 50 480 > 130 620 * 380 30+ 110 120+ 20

—i—(7) 150+ 39 86 = 18 280 x 64 210 x 61 260 = 80 69 %60
Thymus-independent antigen™?

(D 436

=/=(3) 13233
Thymus-dependent antigen®? -

+1+ (5) 12+29 28049 17+ 706 49 +0.96 10%49 20051

—i= (4) 84%23 31+18 17+ 6.3 9.2+ 41 16 £ 11 22=x081

* Concentrations (mg/ml) of immunoglobulin subclasses in serum were determined by isotype-speeific ELISA.

® Antibody response to thymus-independent antigen, TNP-Ficoll. Mice were injected with TNP-Ficoll and the amounts of hapten-specific TsM antibodies were

messured by ELISA.

€ Response to thymus-dependent antigen, BSA. Mice were immunized with BSA and BSA-specific immunoglobulin subclasses were measured, Data shown are the

mean % standard error of the mean for the indicated groups of mice.
4 Results are expressed as relative titer (1077).

wild-type—wild-type combination. These results suggest that
impaired fertility and the reduced number of offspring of SH2-
B-null mice may be caused by a defect in the initial develop-
ment of fertilized eges.

QOoacytes from SH2-B-null mice have a reduced response to
FSH and IGF-1. We examined the response of SH2-B-null
female mice to reproductive hormones. Serum hormone levels
did not differ between wild-type and SH2-B KO mice (Table
3). Gonadotropin (FSH plus luteinizing hormone [LH]) treat-
ment of wild-type and beterozygous mice resulted in the de-
velopment of many preantral follicles into antral follicles, while
in SH2-B~"" female mice this development was impaired (Fig.
7A). There was g significant decrease in the number of ovu-
lated oocytes in mutant mice, even following treatment to
induce superovulation (Fig. 7B). These data indicate that the

A B
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-}
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parturient rate (%)
2 3

1

0__ Lt
Male 't Al - 4l -
X X X X X

Female +/4 -/~ +/+ +/- -/-
{10) (15) (10) (20) (25)

SH2-B-deficient ovary reduced the response to exogenous go-
nadotropin stimulation.

To examine function in the microenvironment of the ovary,
we did in vitro experiments on COC expansion. Exposure to
FSH leads to drastic changes in cumulus cells because of the
hyaluronidase sensitivity of the cumulus ocophori (Fig. 8A and
B). These experiments showed that in wild-type COCs, FSH
caused ovarian follicles to expand. In contrast, SH2-B™/~
CQCs did not expand in | pg of FSH/ml (Fig. 8E). We also
observed reduced FSH-R mRNA lfevels in SH2B ™'~ COC cells
(Fig. 8G). Since FSH-R levels have been shown to be regulated
by IGF-1, we examined the effect of IGF-I an COC expansion.
IGF-1I pretreatment did not increase FSH sensitivity of SH2-
B~ COCs (Fig. 8F), which suggested that COCs from SH2-
B~'~ mice could not respond to IGF-1. FSH stimulates steroid

Testis

FIG. 5. Reduced fertility and hypoplasia of gonadal tissues in SH2-B™~ mice. {A) Parturition rate of wild-type, SH2-B*'~, and SH2-B~~
females and males was examined by caging one male with one or two females with various SH2-B genotypes. The average parturition tate (*
standard error of the mean) is shown, The nembers in parentheses indicate the numbers of mating pairs. (B) Localization of SH2-B in wild-type
testis and ovary, Immunoflucrescence staining was carried out on 5-jum sections with anti-mouse SH2-B polyclonal antibody. Magnification, x40,
(C) Hypoplasia of SH2-B™'~ fcmale and male zonads in contrast to those from wild-type mice. Testes were from the wild-tvpe and SIF2-B™¢
listermates at 73 days after birth, Qvaries were from wild-type and SHY-B~" littermates at 83 days after birth.
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FIG. 6. Dysfunction of gonads of SH2-B-deficient mice. Histological analysis of ovary (A), uterus (B), testis (C), and epididvmis {D) from
wild-type (+/+) and SH2-B KO (=/-) mice. All sections were fixed overnight in 10% buffered formalin, dehydrated with ethanol. and then
embedded in paraffin. Five-micrometer sections stained with hematoxylin and eosin are shown. Magnification, X50. (E) Number of natarally
ovulated oocytes from wild-type and SH2-B-deficient mice. The values are the mean = standard deviation of triplicate determinations. Mice in
estrous were used. (F) Analysis of sperm number from SIT2-B-deficient and wild-type male mice. Sperm were collected from the cpididymis.
suspended in RI8S3 medium, and then diluted with PBS. The sperm number is shown as the mean % standard error of the mean (1 = 4.
(G) Expression of SH2-B splice variants and APS. After RT of mRNA from ovary and testis of wild-type (+/4) and SH2-B™*~ mice, PCR was
carried out with specific diagnostic primers (46) to amplify variant-specific fragments of carboxyl-terminal coding regions {indicated on the right)
and in parallel to amplify APS and a control B-actin fragment. Products were ¢compared on an ethidium bromide-stained agarose gel with specific
size markers (in base pairs) shown on the left, (H} APS expression dctected by immunohistochemistry. Testes of wild-type (+/+) and SH2-B KO
{—/-) mice were stuined with preimmune rabbit IyG (control) or atfinity-purified anti-murine APS antibody. Magnificution. x40 {control) and

®100 (2 APS).
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TABLE 2. Results of IVF and embryonic transfer

enatypes No. %) of No. of
Genatpe Total no.. two-ccll-stage  transplanted Nn‘ ',)f
Spl.'ﬂ“ 005}'1!.‘: of OUQ"Cb emhry()s cmbr)-'os L)ﬂ.spr:ng
+i+ +/+ 83 70 (81.4) 63 28
—f pE 66 10 (15.2) 10 3
+i+ - o 7 9{12.6) 9 2
-l e 77 8 {(10:3) 8 1

“Sperm from the epididymides were incubated with oocytes treated with
hyalaronidase. After 24 h, these inseminated egrs were beginning cleavage, and
the number of two-cell eggs was counted, Then, these wo-cell-stage embryos
were transplanted into ICR mice and the number of offspring was scored.

synthesis in granulosa cells, thereby promoting matration of
oocytes in a paracrine fashion. Since SH2-B is highly expressed
in supporting cells (Fig. 5B), these results suggest that dystunc-
tion of supporting cells, probably an IGF-I insensitivity, con-
tributes to the reduced maturation of SH2-B™ oocytes.

To examine the effect of SH2-B in IGF-I signal transduction,
tyrosine phosphorylation of cellular proteins as well as ERK2
MAP activation in COCs were examined in response to IGF-I
stimulation (Fig. 8H). A similar phosphorylation of cellular
proteins and ERK2 was observed in wild-type and SH2-B™~
mice COCs. This suggests that SH2-B is involved in a signal
transduction pathway which is different from the classical MAP
kinase pathway.

DISCUSSION

SH2-B function in gonad development. In the present work,
we demonstrated that SH2-B is essential for the normal devel-
opment of gonadal tissues in both male and fermale mice. IGF-E
and FSH signaling has been shown to be essential for spermat-
ogenesis and maintenance of normal sperm production in
males (6, 24), and in females it is thought to tightly regulate
follicle and cecyte maturation (2, 3, 15. 47). As shown in Fig,
8G, FSH-R levels decreased in SH2-B™/~ ovaries and isolated
COCs did not respond to IGF-1. The phenotype of SH2-B-null
mice partially resembles that of [GF-1-, FSH-, and FSH-R-null
mice. Although female FSH-null mice are infertile, males are
fertile despite a significant reduction in testis size: the same is
tree of FSH-R-null mice (1, 11, 24). Based on in vitro analyses,
SH2-B was proposed to be a signal-transducing adaptor mol-
ecule located downstream of GH, insulin, [GF-1, hepatocyte
growth factor, PDGF, and fibroblast growth factor. Of these
hormones, IGF-I is thought to be tightly involved in maintain-
ing gonadal function (2, 3, 6). Therefore, the primary defect of
the SH2-B™~ mice is prabably impaired signaling of IGF-I in
gonadal tissues. .

In FSH-R-null males, no differences in the levels of FSH and
LH were found in the pituitary, even though levels of these

TABLE 3. Serum hormone levels”

Estradiol FSH LH IGF-I

106227 40x34 Jloex1l 23416
HHE32 6136 L7209 235+10

Genotype  Testosterone

4+ 1.4+07
—/= 2.6 %340

! Serum hormone levels (ng/mi) were measured using radicimmunoassay,
Four to six mice were used for each assay.
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FIG. 7. Comparison of the responsiveness of wild-type and SH2-
B-deficient female mice to gonadotropin, (A) Ovaries were treated
with gonadotropin to induce superovulation in wild-type and SH2-B-
deficient females, fixed with 10% buftered formalin, embedded in
parafiin, sectioned at 3 pm, and stained with bematoxylin and eosin,
Magnification, X50. (B) Number of superovulated oocytes. After treat-
ment with PMSG and human chorionic gonadotropin, oocytes were
collected from the ampullae of the oviducts of wild-type and SH2-B-
deficient mice (n = 5) and the ovulated oocytes were counted,

bormones in serum were elevated. Therefore, it has been sug-
gested that FSH-R-null males are fertile. However, we ob-
served no differences in levels of these hormones in serum in
SH2-B-null male and female mice (Table 3). Furthermore,
weight and gross morphology of the pituitary gland in SH2-B-
null mice were similar to thase of wild-type littermates (data
not shown), which suggests that dysfunction of the gonads in
SH2-B-deficient mice is not due to abnormal function of the
pituitary gtand, However, one could argue that reduced FSH-R
in the ovary should result in an increase in both FSH and LH
through pegative feedback mechanisms. Similar levels of FSH
and LH in SH2-B KO mice to those in wild-type mice could be
explained by a small reduction in sex steroid hormone levels in
scrum. We could not exclude the possibility of dysfunction of
the hypothalanmus and pituitary, since SH2-B was highly ex-
pressed in the brain. Interestingly, insulin receptor substrate 2
(IR5-2) KO mice exhibit similar defects in folliculogenesis, yet
LH levels are reduced (7). Therefore, a negative feedback
system may be defective in the SH2-B as well as in the IRS-2
KO mice.

IGF-1 is produced by various types of cells, and this growth
factor has been implicated in a variety of reproductive pro-
cesses, Leydiz and Sertoli cells in males and granulosa and
cumulus cells in females carry the IGF-T receptor (15-17, 28).
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FIG. 8. SH2-B is essential for developing cumulus cophori. A COC expansion assay was performed with wild-type (A, B, and C) and
SH2-B-deficient (D. E, and F) COCs. Forty-cight hours after administration of 5 IU of PMSG, Graafian follicles were punctured with needles and
the COCs were removed into control Waymouth's mediurn. COCs were cultured in Waymouth’s medium containing 3 mg of BSA/ml withaut FC$
overnight at 37°C (A and D). Wild-type COCs were expanded with 1 pg of FSH/ml (B and E) in Waymouth's medium. COCs were also cultured
in Waymouth's medium containing 10 ng of IGF-I/ml for 4 h, followed by 1 ug of FSH/m] {(C and F}. Similar results were obtained with up ta 100
ng of EGF-1/ml. Magnification, X 1({). Representative results of three independent experiments are shown. (G) Expression of FSH-R. Total RNA
was extracted from ovaries of wild-type (+/+) and SH2-B-null (—/—) mice and hybridized with FSH-R (upper panel) and control glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) ¢DNA (lower panel). (F1) Tyrosine phosphorylation of cellular proteins and ERK2 phosphorylation in
COCs in response to TGF-1. COCs were collected from two female mice and stimulated with 100 ng of IGF-I/ml for 20 min. Cell extracts were
immuncblotted with antiphosphotyrosine (aPY). anti-phosphorylated ERK {aP-ERK), or anti-ERK2 antibodics.

Ovarian granulosa celis contain IGF-1 mRNA. secrete IGF-1in
vitro and in vivo, and express the IGF-I receptor. IGF-I stim-
ulates both proliferation and differentiation of granulosa and
thecdl cells in vitro (6, 9. 17). Moreover, IGF-I has been shown
to potentiate FSH-stimulated cyclic AMP production, aro-
niatase activity, and LH reeeptor expression by granulosa cells.
IGF-I-deficient mice show partially similar, bul more severe,
defects than do SH2-B™'~ mice. IGF-1-deficient mice show
growth rctardation, delayed puberty, and ovarian dysfunction
(6, 26). Thercfore, SH2-B is likely to be an important, although
probably not the only, signuling molecule of the IGF-I recep-
tor. A similar pattern of female infertility, including small
anovulatory ovarics with reduced numbers of follicles, was
abscrved in female mice lucking the IRS-2 gene, a component
of the insulin and IGF-I signaling cascade (7, 22). Thus, SH2-B
and IRS-I could be independently necessary for IGF-I signal-
ing pathways in the ovary.

Although APS is expressed in ovary and testis, there was no
strong overexpression of APS in gonadal tissues in SH2-B™'~

mice (Fig. 6G and H). Furthermore, we found no defect in
reproduction in APS™™ and Lnk™~ mice 39; M. Iscki, S.
Takaki, and K. Takatsu, unpublished data). Phenotypes of Lok
KO mice (39, 40} as well as our biochemical analyses (42, 44)
suggest that Lnk and APS negatively regulate tvrosine kinase
signal trapsduction, while our present study suggests that
SH2-B transtits unknown positive signals from the IGF-T re-
ceptor. The reason for such differences in functions of SH2-B
and APS or Lnk arc not clear at present,

- Yousaf et al. (46) reported that all SH2-B isoforms aug-
mented IGF-I- and PDGF-induced mitogenesis, although the
most pronounced effect was observed with the v variant. A
high level of expression of SH2-By and -B in gonadal tissues
(Fig. 6G) may be responsible for the phenotype of SH2-B KO
mice. As shown in Fig. 8H, MAP kinase activation in response
to IGE- in COCs was not affected by SH2-B deficiency, sug-
gesting that other pathways are mediated by SH2-B in these
cells. Recently, Diakonova et al. reported that SH2-B directly
interacts with Rac (10). SH2-B KO mice will provide a useful
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tool to define the signaling pathway in which SH2-B mediates
the response to IGF-1.

SH2-B is not necessary for other tyrosine kinase signaling.
It has been reported that SH2-B binds to the cytoplasmic
phosphotyrosine residue of the insulin receptor (4, 27, 43).
SH2-B interacts with insulin receptor activation loop phos-
phorylation sites and undergoes insulin-stimulated tyrosine
phosphorylation ju vitro (5. 23). Obesity is associated with
infertile conditions such as polycystic ovary syndrome (14, 25).
We measured blood glucose concentrations after intraperito-
neal injection of 2 g of D-(+)-glucose/kg of body weight, but we
observed no differences in blood glucose concentrations com-
pared to that in wild-type control mice. These results suggest
that SH2-B may not be invelved in blood glucose homeostasis
in vivo (data not shown). However, IRS-2-null male mice had
increased blood glucose concentrations compared to wild-type
controls (7). Moreover, in IRS-2 KO mice the plasma concen-
trations of LH, prolactin, and scx steroids were low, but this
was not the case in SH2-B KO mice. This is probably because
the expression of SH2-B is restricted to fissues surrounding
germ cells in gonadal organs and SH2-B is not directly involved
in the function of the germ cells and pituitary gland.

The anteror pituitary gland plays an important role in reg-
ulating the normal reproductive status in mammals. However,
the size. gross anatomy, and histology of the pituitary gland of
SH2-B-null mice is normal {data not shown). These observa-
tions support the idea that the cause of the impaired fertility in
SH2-B™™ mice is in the cells surrounding the germ cells,
rather than in the germ cells themselves.

Both APS and SH2-B have been shown to be involved in the _

NGF-induced Ras-MAP kinase signaling cascade. A dominant
negative mutant of SH2-Bf when overexpressed in PC12 cells
acts to block NGF-induced neurite outgrowth (12). Thus,
SH2-B may be downstream of the Trk tyrosine kinase. Con-
sistent with this finding, SH2-B is highly expressed in the brain.
However, when we conducted an in vitro NGF-induced neurite
outgrowth assay with dorsal root ganglion cells from SH2-B-
null mice, we observed no differences in NGF sensitivity of the
dorsal root ganglion cells (data not shown). Thus, cither
SH2-B is not a major player in NGF signaling or APS can
compensate for SH2-B function in SH2-B-null mice.

SHZ-Bp has been reported to be involved in the JAXZ sig-
naling activated by GH (8, 18, 35). Importantly, SH2-Bg po-
tentiates JAK2 kinase activity (31, 32). Partial growth retarda-
tion of SH2-B™~ mice suggests some impairment of GH
signaling. However, we obtained no evidence that SH2-B is a
JAK2 activator. For example, when stimulated by IL.-3, the
response of mast cells from SH2-B™~ mice was similar to that
of wild-type mice (Fig. 4). We also observed that GH-induced
JAKZ/STATS activation as well as [GF-I induction cecurred
normally in SH2-B-null mouse liver {data not shown). Thus,
SH2-B may be dispensable or unnceessary for JAK2 activity.
Further study is necessary to define the role of SH2-B in the
GH/JAK2 pathway.
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Abstract

Ligation of CD38 on murine B cells with agonistic anti-CD38 mAb induces B cell proliferation,
expression of germline y1 transcripts and enhances IL-5 receptor expression. This leads to Ig class
switch recombination from the i to 1 heavy chain gene, and high levels of IgM and 1gG1
production, particularly in response to anti-CD38 and IL-5 co-stimulation. Although some of the
post-receptor signaling events initiated by CD38 ligation have been characterized, signaling
pathways involved in CD38-mediated germline ¥1 transcript expression in B cells are pootly
understood. Here we show that CD38 ligation of murine splenic B cells activates members of the
NF-xB/Rel family of proteins including c-Rel, p65 and p50. The activation patterns and kinetics of
NF-xB-like proteins in CD38-stimufated B cells differ somewhat from those seen in CD40-stimulated
B cells. Activation of NF-xB-like proteins by CD38 ligation is not observed in splenic B cells from
Bruton's tyrosine kinase (Btk)-deficient (Btk™-) mice, with inhibitors of protein kinase C (PKC) and
phosphatidylinositol (P1)}-3 kinase also suppressing NF-xB activation in CD38-activated B cells. We
infer from these results that activation of Bik, P1-3 kinase and PKC play, at least in part, important
roles in the induction of NF-xB in CD38-stimulated murine B cells. Consistent with a role for NF-xB/
Rel signaling in CD38-mediated germline y1 transcript expression, pS0~+ B cells show significant
impairment of germline y1 transcript expression in response to CD38 ligation, whereas the CD40-
induced response was not altered. In contrast, c-Rel"~ B cells show a severe impairment of
germline y1 transcript expression in response to CD38 or CD40 ligation. These results indicate an
essential role for NF-xB proteins in the induction of germline 1 transcripts by CD38-ligated murine
B cells giving rise to IL-5-induced 1gG1 production.

introduction

The NF-xB/Rel family of transcription factors, which includes
p50, p52, pé5 (RelA), RelB and c-Rel, forms hormodimers and
heterodimers that in most cell types are retained as inactive
complexes in the cytoplasm by specific inhibiter (IxB) proteins
(1-7). Cellular activation by a range of stimuli involved in
inflammation and immunity, such as BCR cross-linkers, CD40
ligand, cytokines, chemokines and lipopolysaccharide (LPS),

leads to the phospherylation and degradation of the IxB
component of the NF-xB complex, resulting in the trans-
location of NF-xB/Rel complexes to the nucleus (1,2.5,6).
Subseguent binding of NF-xB to decameric kB sequence
motifs within the promoter/enhancer of a wide variety of genes
plays a key role in regulating their transcription in a posftive
manner (8). The subunits of the NF-kB/Rel family of transcrip-
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tion factors can interact with each other to create different
heterodimeric forms with resulting differences in binding
specificity, function and interactions with other transcription
factors. Pre-B cells express mainly p50 and p65, whereas p50
and c-Rel predominate in mature B cells.

BCR cross-linking leads to the activation of Syk, phos-
phatidylinositol (PH-3 kinase, Bruton's tyrosine kinase (Btk),
BLNK, phospholipase C (PLC)-y2, protein kinase C {PKC) and
NF-xB (9). Btk acts in concert with Syk to phosphorylate and

activate PLC-y2 (10,11}, which in turn mediates production of -

the second messengers inositol 1,4,5-triphosphate and
diacylglycerol (12). These second messengers stimulate the
activity - of PKC and increase intracellular calcium levels,
resulting the activation of downstream transcription factors
(13.14). It has recently been shown that Btk (15,16), BLNK
(17), PLCy2 (18) and PKC (19,20} are all involved in BCR-
induced” NF-xB activation. In addition, Pi-3 kinase gene-
targeted (pB85~) mice reveal a profoundly impaired B cell
phenotype (21,22). Whilst P!-3 kinase promotes cell survival
by activating Akt kinase, which phosphorylates and inactiv-
ates the pro-apoptotic molecule, Bad (23}, a connection
between Akt and IKK-yhas also been shown to be responsible
for targeting IxB for degradation and NF-kB activation (24,25).

CD38 is a type Il fransmembrane glycoprotein that pos-
sesses both ADP-ribosyl cyclase and cADP-ribosyl hydrolase
activities, and is widely expressed in both hematopoietic and
non-hematopoietic cells (26-32). Murine CD38 is expressed in
follicular B cells, but is down-regulated Tn germinal center
B cells (30,33,34). Stimulation of CD38+ lymphocytes with
agonistic anti-CD38 mAb has profound effects on cellular
viability, activation, proliferation and differentiation {29,30,35).
We previously reported that ligation of splenic B-2 cells with
agonistic anti-CD38 {clone CS/2) induces the expression of
germline 1 transcripts, enhances the expression of the IL-5
receptor & chain {IL-5Ra) and prevents B cell apoptosis (35—
37). Furthermore, IL-5 stimulation of arti-CD38-activated B-2
cells induces p—y1 class switch recombination (CSR) and IgM
and IgG1 production in an IL-4-independent manner (37-39).
Because of its multiple functions, the signaling pathways
triggered by CD38 are expected to be diverse. CD38 ligation
by anti-CD38 facilitates activation of tyrosine kinases (Lyn and
Btk} (36,41,42), PI-3 kinase (43,44) and phosphorylation of
c-Cbl (45). Nonetheless, a direct link between specific
signaling pathway and the expression of germline ¥1 tran-
scripts remains unclear.

B cells lacking p50 (46-48), c-Rel (46,49,50), RelB (51} and,
to a lesser extent, p52 have proliferative defects that may
depend upon the manner by which the B cells become
activated. The presence of multiple NF-xB/Rel binding sites in
the lg heavy chain locus including | regions and the switch
regions has further suggested a potential role for NF-xB/Rel
family members in regulating CSR. Interestingly, through
studies performed in knockout mice, it became clear that
individual members of the NF-xB family have distinct roles in
the immune system. Snapper et al., using B cells from p50/NF-
xB1-deficient mice, dernonstrated that pSO/NF-xB plays key
selective roles in germiine heavy chain RNA expression and
CSR (48). They also reported results obtained by using B cells
genetically deficient in the ¢-Rel transactivation domain (Ac-
Rel) that Ac-Rel B cells failed to switch to 1gG3 in response to

LPS alone, or to 19G1 or IgE in response to LPS plus IL-4 {50).
These failures of CSR are associated with a correspanding
loss of germline v3, 1 or e RNA. The ability of Ac-Rel B cells to
switch to 1gG1 can be restored through the action(s) of
additional stimuli that were associated with induction of normal
levels of germline v1 RNA expression relative to controls (50).
Their data demonsirated a key and selective role for c-Rel in
the regulation of CSR, and suggested the distinct differences
in the 1g isotype induction profiles of B cells lacking c-Re!
compared with those deficient in pS0/NF-xB.

To gain a better understanding of the role of NF-xB in the
cellutar activation of CD38-ligated B cells, we analyzed splenic
B cells from pS0~- and c-Ret+ mice for their ability to undergo
proliferation, germline 1 RNA expression and 1gG1 produc-
ticn. We found that both the p50 and ¢-Rel proteins play an
important role in CD38-induced germline y1 gene expression.
We will also discuss the roles of PI-3 kinase, Btk and PKC in the
CD38-dependent activation of the NF-xB/Rel tamily proteins.

Methods

Mice

Female C57BL/6 and BALB/c mice were purchased from
Japan SLC (Hamamatsu, Japan) and used at 8-12 weeks of
age. CD38+ mice and c-Rel"- and {49,52) were backcrossed
to C57BL/6 mice for eight generations and used for experi-
mentation at 8-12 weeks of age. The genotype of CD38~ mice
was determined by PCR of ear DNA using the following
primers: C30 (5-GTCAACCCCCTAGAGTAAGCAGCAA-3),
Ce3 (5-CAAGGGTCTACACAGGATCACCAAG-3) and L129
{5"-TCTCAGGAGGTATCAGTTCAAACCC-3'). The p50+ mice
and wild-type littermates were purchased from the Jackson
Laboratory (Bar Harbor, ME). Btk mice (53}, kindly provided
by Dr Fred Alt (Harvard University, Boston, MA), were
backcrossed to C57BL/6 mice for seven generations and
maintained in our animal facility. All mice were housed in
microisolator cages under pathogen-free conditions, main-
tained on a diet of laboratory chow and water available ad
fibitum in the animal facility of the Institute of Medical Science,
University of Tokyo. All experiments were performed accord-
ing 1o the guidelines for animal treatment at the Instituie of
Medical Science, University of Tokyo.

Antibodies and reagents

Agonistic mab for murine CD38 (clone CS/2, rat igG1) and
CDA40 (clone LB428, rat 1gG2a) were prepared as previously
described (35,54). Affinity-purified F(ab’), fragments of goat
anti-mouse IgM antibody and LPS were purchased from
Cappel (Durham, NC) and Difco {Detroit, MI) respectively.
Streptavidin-conjugated magnetic beads were purchased
from Miltenyi Biotec (Bergisch Gladbach, Germany). The
following mADb were obtained from ATCC (Rockville, MD):
RA3-6B2 (anti-B220), 2.4G2 (anti-mouse FeyR) and M1/70
(anti-Mac-1). Anti-mIL-5Ra (clone H7, rat IgG1) was prepared
as described (55,56). Purified mAb was coupled with biotin
(Pierce, Rockford, IL}, FITC (Sigma, St Louis, MO) or phyco-
erythrin (PE; Pierce). Streptavidin—PE was purchased from Life
Technologies {Tokyo, Japan). Mouse IL-4 was purified from
cuftured supernatant of IL-4-producing cells using 11811



