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ABSTRACT The HS1 protein is one of the major sub-
strates of non-receptor-type protein-tyrosine kinases and is
phosphorylated immediately after crosslinking of the surface
IgM on B cells. The mouse B-lymphoma cell line WEHI-231 is
known to undergo apoptosis upon crosslinking of surface IgM
by anti-IgM antibodies. Variants of WEHI-231 that were
resistant to anti-IgM-induced apoptosis expressed dramati-
cally reduced levels of HS1 protein. Expression of the human
HS1 protein from an expression vector introduced into one of
the variant cell lines restored the sensitivity of the cells to
apoptosis induced by surface IgM crosslinking. These results
suggest that HS1 protein plays a crucial role in the B-cell
antigen receptor-mediated signal transduction pathway that
leads to apoptosis.

Aggregational membrane-bound antigen receptors, such as sur-
face immunoglobulin M (sIgM) on B cells, produce signals that
may lead to proliferation, differentiation, apoptosis, or anergy of
the cells (1). After crosslinking of the sIgM, one of the initial
intracellular signaling events is the activation of non-receptor-
type protein-tyrosine kinases (NR-PTKs), including p53/564Yn,
p55Blk, p59Fn, and p72sYk (2-4). These kinases rapidly phosphor-
ylate tyrosine residues of a number of intracellular substrates,
including phosphatidylinositol 3-kinase, phospholipases C--yl and
-y2, Ras GTPase-activating protein, and Vav (5-9). These phos-
phorylated substrates are thought to transmit further signals in
cascades that eventually reach the nucleus, where the expression
of immediate early genes, such as c-myc, c-fos, or egr-1, is induced
(10-12). NR-PTKs and their substrates often contain Src homol-
ogy 2 (SH2) and/or Src homology 3 (SH3) domains, which
mediate intra- or intermolecular association by binding to their
specific target motifs (13-15).
HS1 is a 75-kDa protein found in the cytoplasm and to a

lesser extent in the nucleus of essentially all hematopoietic cells
(16). The amino acid sequence of HS1 is highly conserved
between human and mouse and contains an SH3 domain,
which has recently been shown to bind to a specific proline-rich
sequence, at its carboxyl terminus. In its amino-terminal half,
HS1 contains a three and one-half times repeat of a unique
37-amino acid-residue motif; each motif contains a helix-turn-
helix structure similar to a prokaryotic DNA-binding motif
(16, 17). HS1 also possesses features characteristic of a tran-
scription factor-e.g., a putative nuclear localizing signal,
acidic and amphipathic a-helix structure (18), and a basic motif
resembling the DNA-binding domain of Jun, Fos, Myc, and
other helix-loop-helix protein families (19). Recently, we
showed that the HS1 protein was associated with the Src-like

protein-tyrosine kinase Lyn and was tyrosine-phosphorylated
shortly after crosslinking of the sIgM on a human B-cell line
(20). The tyrosine-phosphorylated HS1 was shown to be
physically associated with SH2 domains of Src-like protein-
tyrosine kinases, such as Lyn, Blk, or Fyn, with the highest
affinity among the tyrosine-phosphorylated proteins in sIgM-
crosslinked B cells (20, 21). These data suggest that the HS1
protein in B cells may be involved as a substrate of NR-PTKs
in a signal transduction pathway from sIgM.

B-cell tolerance is achieved by elimination (clonal deletion)
or inactivation (clonal anergy) of self-reactive cells (22, 23).
Clonal deletion is thought to be mediated by apoptosis of newly
formed B cells that have received a signal through sIgM
(24-27). The signal transduction mechanism leading to this
apoptosis is largely unknown, but it has recently been shown
that Blk, one of the NR-PTKs associated with sIgM, may be
involved in the apoptotic signal, since an antisense Blk oligo-
nucleotide inhibited apoptosis of a B-lymphoma induced by
anti-IgM antibody treatment (29). Although a number of
intracellular substrates of NR-PTKs have been identified,
none of them has so far proved to be functionally involved in
the induction of lymphocyte responses such as apoptosis
induced by sIgM crosslinking.

Crosslinking of sIgM on WEHI-231 B-lymphoma cells in-
duces growth inhibition and apoptosis as evidenced by nuclear
fragmentation and oligosomal DNA cleavage. Thus, WEHI-
231 cells have been often used as a model system to study the
mechanism of the antigen receptor-induced apoptosis (30, 31).
In the present study, we analyzed two variants of the WEHI-
231 cell line (Ml and M22) that were selected for growth in the
presence of anti-IgM antibodies (32) and demonstrated that
the HS1 protein may be one of the components involved in the
sIgM-mediated apoptosis of WEHI-231 cells. To our knowl-
edge, there have been no previous reports that a substrate of
NR-PTKs associated with surface antigen receptors function-
ally mediates apoptosis of the B cells by transmitting the signal
from the receptors.

MATERIALS AND METHODS

Cells. Generation of the anti-IgM antibody-resistant variants
of WEHI-231 cells has been described (32). WEHI-231 cells and
the variants were cultured in RPMI-1640 medium supplemented
with 10% fetal calf serum, 50 ,uM 2-mercaptoethanol (2-ME),
and antibiotics. TCRE cells and NIH 3T3 cells were cultured in
Dulbecco's modified Eagle medium (DMEM) supplemented
with 10% calf serum, 50 ,uM 2-ME, and antibiotics.

Abbreviations: sIgM, surface IgM; NR-PTKs, non-receptor-type pro-
tein-tyrosine kinases; SH3, Src homology 3; hHS1, human HS1.
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Fluorescence-Activated Cell Sorting Analysis for Apoptosis.
Cells (1-2 x 105) were cultured with (+) or without (-) 8 ,ug
of affinity-purified goat antibody to mouse IgM per ml (Cap-
pel) in 1-2 ml of culture medium for 48 hr, fixed with 70%
ethanol at 4°C for 1 hr, and then incubated with phosphate-
buffered saline (PBS) containing 50 jig of RNase A per ml
(Sigma) at 37°C for 20 min. DNA content of the cells was
measured after staining with 50 ,ug of propidium iodide per ml
by flow cytometry using the FACScan (Becton Dickinson) as
described (33). Cells containing less DNA than those in Go/Gl
phase represent apoptotic cells.

Retroviral Infection. The retroviral vector pM5-hHS1 was
constructed by cloning the wild-type human HS1 (hHS1)
cDNA EcoRI fragment into the EcoRI-digested pM5-neo
plasmid (34). The ecotropic packaging cell line TCRE (a
generous gift from R. C. Mulligan, Massachusetts Institute of
Technology, Cambridge) (35) was transfected with pM5-hHS1
or pM5-neo for mock transfection by the calcium phosphate
coprecipitation method. To obtain clones that produce high
titers of retroviruses, we used the reinfection procedure as
follows. TCRE cells, pretreated with 800 ng of tunicamycin
per ml (Sigma) for 12 hr, were infected with the transient
supernatants of pM5-hHS1 or pM5-neo transfected TCRE
cells in the presence of 8 ,ug of Polybrene per ml (Sigma) and
were then selected in DMEM supplemented with 10% calf
serum and 1 mg of G418 per ml (Sigma). Among the drug-
resistant clones, high retrovirus-producing I'CRE clones were
selected by their efficiency for infecting NIH 3T3 cells. The
titer of the clones selected was >1 X 106 colony-forming
units/ml. Infection of the WEHI-231 variants was performed
by coculture with irradiated (2000 rads; 1 rad = 0.01 Gy)
TCRE clones in the presence of 4 ,ug of Polybrene per ml-for
2-4 days. Stable infectants of the variants were selected in
culture medium containing 800 ,g of G418 per ml. The
drug-resistant clones were analyzed by Western blot assay for
the expression ofhHSl protein, and the clones with the highest
expression of hHS1 protein were used in the present study.
Western Blot Analysis. Cells (1 X 107) in 1 ml of serum-free

RPMI-1640 medium were incubated with or without 20 ,ug of
affinity-purified goat antibody to mouse IgM at 37°C for 1 min.
The cells were then lysed in SDS/PAGE sample buffer con-
taining 2-ME and 2mM sodium orthovanadate, and the lysates
were subjected to Western blot analysis with an anti-
phosphotyrosine monoclonal antibody, PY20, labeled with
horseradish peroxidase (HRP) (Transduction Laboratories,
Lexington, KY), with a rat antiserum specific for mouse HS1
(against the peptide sequence Ala3W-Arg320, unpublished)
followed by HRP-labeled rabbit anti-rat IgG (Zymed) or with a
rabbit antiserum specific for hHSl (against the peptide sequence
Val'-06Ser320; ref 16) followed by HRP-labeled goat anti-rabbit
IgG (Zymed). The blots were developed by the ECL system
(Amersham). Molecular mass standards (97 kDa, 68 kDa, and
50 kDa) were purchased from GIBCO.
DNA Fragmentation Assay. The DNA fragmentation assay

was performed as described with slight modifications (36). Cells
(1-2 x 106) were incubated with or without 6 ,.g of affinity-
purified goat antibody to mouse IgM per ml for 48 hr. The cells
were washed once with PBS and then lysed in 500 ,ul of a
hypotonic buffer containing 10mM Tris-HCl, 10mM EDTA, and
0.2% Triton X-100 (pH 7.5). The lysates were centrifuged at
10,000 x g for 10 min at 4°C. The supernatants containing low
molecular mass DNA were treated with 200 ,ug of RNase A per
ml at 37°C for 1 hr and with 400 ,ug of proteinase K per ml at 55°C
for 2 hr and then extracted with phenol/chloroforn/isoamyl
alcohol (24:1). Pellets containing high molecular mass DNAwere
lysed in 500 ,ul of a buffer containing 50 mM Tris HCl, 100 mM
NaCl, 100 mM EDTA, and 1% SDS (pH 8.0) and then treated
with RNase A and proteinase K as above. Nucleic acids were
precipitated with ethanol and dissolved in 10mM Tris-HCl/1 mM
EDTA/1% SDS, pH 7.5. After incubation at 60°C for 10 min,

the samples (1 X 106 cell equivalents per lane) were elec-
trophoresed at 60 V for 6 hr on a 1.5% agarose gel in TBE
buffer. DNA was visualized by ethidium bromide staining.
Hae III-digested 4X174 (300 ng) was used for molecular
mass markers.

Cell Proliferation Assay. Cell proliferation was estimated by
[3H]thymidine incorporation assay as described (37). Briefly,
cells (2 x 104) were cultured in triplicate with or without 10 ,ug
of affinity-purified goat antibody to mouse IgM per ml in 200
,ul of culture medium for 48 hr. The cultures were pulsed with
0.5 ,uCi of [3H]thymidine (DuPont; 1 Ci = 37 GBq) for the last
4 hr of the culture.

RESULTS
Variants ofWEHI-231 Cells, Ml and M22, Are Resistant to

sIgM-Induced Apoptosis. Recently, two variant lines (Ml and
M22), which are resistant to apoptosis induced by sIgM
crosslinking, have been generated from the WEHI-231 cell
line. In contrast to the parental WEHI-231 cells, anti-IgM
antibody treatment only moderately affected the proliferation
of Ml cells and had no effect on that of M22 cells (38) and did
not induce apoptosis in either Ml or M22 cells as assayed by
DNA fragmentation (32). The resistance of these cells to
sIgM-induced apoptosis was confirmed in the following assay.
The wild-type and the variant cells were incubated with
polyclonal anti-IgM antibodies for 48 hr, fixed with ethanol,
and then incubated for 20 min to allow release of small
fragmented DNAfrom the cells. After staining with propidium
iodide, the cells were analyzed for DNA content by flow
cytometry as described (33). Apoptotic cells contain less DNA
than the cells in Go/G1 phase due to the DNA fragmentation.
As shown in Fig. 1, after treatment of parental WEHI-231 cells
with anti-IgM antibodies, the proportion of the apoptotic cells
greatly increased (from 12% to 76%). By contrast, the same
treatment induced only a marginal increase in the apoptotic
cell population of Ml cells (from 8% to 16%) and essentially
no increase in M22 cells (from 6% to 8%).

Expression ofthe hHSl Protein Restores the Sensitivity ofMl
Cells to Apoptosis. The HS1 protein is associated with NR-PTKs,
such as Lyn, and is tyrosine-phosphorylated shortly after
crosslinking of sIgM (20, 21). This indicates that, in B cells, the
HS1 protein may be involved in a signal transduction pathway
from the sIgM as a substrate of protein tyrosine kinase(s). As we
reported previously (38), the Ml and M22 anti-IgM-resistant
variants expressed an extremely low level of the HS1i protein,
>50-fold less than the parental WEHI-231 cells (Fig. 24 Lower).
Although tyrosine phosphorylation of the HS1 protein was
greatly reduced in the variant cells (Fig. 2A Upper), the reduction
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FIG. 1. The Ml and M22 variants of WEHI-231 are resistant to
apoptosis induced by crosslinking of s1gM. Cells were incubated with
(+) or without (-) affinity-purified goat antibody to mouse IgM (a
IgM) for 48 hr, treated and stained with propidium iodide, and
analyzed by flow cytometry. The DNA content of the non-gated
population was expressed as the histogram of propidium iodide
fluorescence intensity. The percentage of apoptotic cells (defined by
horizontal bars) is denoted in each histogram.
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is due to the limited amounts of HS1 protein present in these
variant cells rather than to inefficient tyrosine phosphorylation,
since the degree of phosphorylation per molecule in the variants
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was essentially the same as in the wild-type cells (data not shown).
Reduction of the tyrosine phosphorylation and/or expression
level of some other proteins in Ml and M22 cells is more evident
in the present analysis with a particular anti-phosphotyrosine
antibody (PY20) than in the analysis with the other antibody
(4G10) reported previously (38).
To determine whether the reduction of HS1 expression con-

tributed to the resistance of these variant cells to apoptosis, we
introduced the hHS1 cDNA into the variants by retroviral
infection (34, 35). Independent drug-resistant clones, with inde-
pendent virus-integration events, were isolated from the infected
Ml and M22 variants. Western blotting with antibodies against
hHS1 showed that the stable infectants expressed the hHS1
protein (representative data are shown in Fig. 2B Lower). The
hHS1 expression level was comparable to that of the human
B-lymphoma cell line Daudi (data not shown). The hHS1 protein
was tyrosine-phosphorylated 1 min after crosslintking of sIgM in
these cells (Fig. 2B Upper). The reduced tyrosine phosphorylation
(or expression) of other proteins was not restored in these
infectants, suggesting that the reduction of tyrosine phosphory-
lation of such proteins was not due to the deficiency of HS1. To
assess their sensitivity to apoptosis, the hHS1-introduced variant
cells were incubated with the same anti-IgM antibodies as above
for 48 hr and the DNA content in the cells was analyzed by flow
cytometry. As shown in Fig. 3A, the apoptotic cell population
markedly increased in the two independent hHS1-introduced Ml
cell clones (59% and 52%) after anti-IgM treatment, in contrast
to the mock-infected Ml cells (15%). Analysis by gel electro-
phoresis showed that DNA fragmentation occurred in hHS1-
introduced Ml cells after crosslinking of sIgM (Fig. 3B). On
the other hand, hHS1-introduced M22 cells remained resistant
to sIgM-mediated apoptosis (Fig. 3A). The restoration of
sensitivity to anti-IgM-induced apoptosis by the expression of
hHS1 in Ml cells was also confirmed by a [3H]thymidine
incorporation assay. As shown in Fig. 3C, DNA synthesis ofMl
cells expressing the hHS1 was reduced following anti-IgM
treatment, while that of M22 cells remained unaffected in the
presence of hHS1.
These results indicate that the reduced expression of HS1

protein is the major cause for the resistance of the Ml cells to
the sIgM-mediated apoptosis, but that of M22 cells seems to
include additional defects that cannot be compensated for by
expression of hHS1. Thus, it is concluded that HS1 is necessary
for the induction of apoptosis in WEHI-231 cells by the sIgM
crosslinking, although not sufficient for it.

97

hHS1 -_
68

FIG. 2. Exogenous hHS1 protein is tyrosine-phosphorylated
shortly after sIgM crosslinking in Ml and M22 cells. (A) WEHI-231
cells and the variants were incubated with (lanes 2, 4, and 6) or without
(lanes 1, 3, and 5) affinity-purified goat antibody to mouse IgM for 1
min, lysed with SDS/PAGE sample buffer, and analyzed by Western
blot using an anti-phosphotyrosine monoclonal antibody (Upper) or a
rat antiserum specific for mouse HS1 (mHS1) (Lower). The position
of the mouse HS1 protein band is indicated by an arrow. Molecular
masses of standard proteins are indicated. (B) Uninfected Ml and M22
cells and hHS1 infectants were incubated with (lanes 2, 4, 6, and 8) or
without (lanes 1, 3, 5, and 7) affinity-purified goat antibody to mouse
IgM for 1 min and the cell lysates were subjected to Western blot
analysis using the anti-phosphotyrosine monoclonal antibody (Upper)
or a rabbit antiserum specific for hHS1 (Lower). Lanes 3 and 4,
hHS1-introduced Ml cells (Ml-H1l); lanes 7 and 8, hHS1-introduced
Ml cells (Ml-Hil); lanes 7 and 8, hHS1-introduced M22 cells
(M22-H12). The position of the hHS1 protein band is indicated by an
arrow. Molecular masses of standard proteins are indicated.

DISCUSSION
The importance of NR-PTKs for antigen receptor-mediated
signals was suggested by the facts that tyrosine kinase inhibitors,
such as herbimycin A or genistein, blocked activation of phos-
pholipase C and the Ras pathway and inhibited proliferation of
lymphocytes (39-41). Genistein was also shown to inhibit acti-
vation-induced cell death of a T-cell hybridoma (42). We were
unable to evaluate the effects of these tyrosine kinase inhibitors
on the anti-IgM-induced apoptosis due to their toxicity for
WEHI-231 cells (unpublished data). However, it has been re-
ported that one of NR-PTKs associated with sIgM-namely,
Blk-may mediate the signal leading to apoptosis, since an
antisense oligonucleotide corresponding to the Blk mRNA in-
hibited apoptosis induced by anti-IgM antibody treatment of a B
lymphoma (29). Interestingly, an antisense oligonucleotide cor-
responding to the Lyn mRNA inhibited anti-IgM-induced cell
cycle arrest, but not apoptosis, of a B lymphoma (43). These data
indicate that NR-PTKs play an important role in signal trans-
duction leading to growth arrest or apoptosis.
Here we demonstrated that HS1, a substrate of NR-PTK(s)

coupled to sIgM on B cells, was necessary, if not sufficient, for
the induction of apoptosis by the sIgM crosslinking of WEHI-
231 cells. We utilized two anti-IgM antibody-resistant variants

B
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ofWEHI-231 cells, Ml and M22, that expressed a dramatically
reduced level of HS1 protein. The results indicated that
introduction of HS1 restored the sensitivity ofMl cells, but not
of M22 cells, to the anti-IgM antibody treatment. The resis-
tance of Ml and M22 cells to sIgM-mediated apoptosis does
not seem to stem from a general defect in the induction of
apoptosis since exposure of both variants as well as the
parental WEHI-231 cells to the Ca2+ ionophore A23187 could
induce apoptosis (32). Bcl-2, a protein known to block a broad
range of apoptotic pathway, also may not be involved since the
variant cells express Bcl-2 at the same level as the parental
WEHI-231 cells before and after the crosslinking of sIgM (32).
Moreover, apoptosis of WEHI-231 cells induced by sIgM
crosslinking was not inhibited by overexpression of the intro-
duced bcl-2 gene (44).
Although the levels of IgM expression on the surface are

similar in all three cell lines, the kinetics of tyrosine phos-
phorylation of some other proteins, in addition to HS1,
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FIG. 3. Introduction of hHS1 into MI cells, but not into
M22 cells, partially restores sensitivity to anti-IgM antibody-
induced apoptosis. (A) Cells were incubated for 48 hr with
affinity-purified goat antibody to mouse IgM, and then the
DNA content of the cells was analyzed and presented as Fig.
1. (I ) M1 cells; (2) mock-infected M1 cells (Ml-T2T); (3 and
4) independent hHSl-introduced Ml cell clones (M1-H4,
MI-H11, respectively); (5) M22 cells; (6) mock-infected
M22 cells (M22-T2T); (7 and 8) independent hHS1-
introduced M22 cell clones (M22-H9 and M22-H12, respec-
tively). (B) DNA fragmentation in the hHS I-introduced M l
cells. Cells were incubated with (lanes 4, 5, 8, 9, 12, and 13)
or without (lanes 2, 3, 6, 7, 10, and 11) affinity-purified goat
antibody to mouse IgM for 48 hr. Low molecular mass DNA
samples (lanes 3, 5, 7, 9, 1 1, and 13) and high molecular mass
DNA samples (lanes 2, 4, 6, 8, 10, and 12) were extracted
from the treated cells and electrophoresed. Shown is a
photograph of a gel stained with ethidium bromide. Lane 1,
molecular mass markers; lanes 10-13, hHS l-introduced Ml
cells (M1-H4). (C) A [3H]thymidine incorporation assay
was used to estimate proliferation rates of the hHS l-
introduced variant cells. Ml and M22 cells and their infec-
tants were cultured with or without affinity-purified goat
antibody to mouse IgM for 48 hr and pulsed with [3H]thy-
midine for the last 4 hr. Lane 1, Ml cells; lane 2, mock-
infected Ml cells (M1-T2T); lanes 3 and 4, independent
hHS1-introduced MI cell clones (MI-H4 and M1-HI'l,
respectively); lane 5, M22 cells; lane 6, mock-infected M22
cells (M22-T2T); lanes 7 and 8, independent hHSl-
introduced M22 cell clones (M22-H9 and M22-H 12, respec-
tively). Proliferation rates of the cells were estimated by
calculating the ratio of [3H]thymidine incorporation (mean
of triplicate cultures) by the cells cultured with and without
the antibody, and the relative cell proliferation rates are
normalized to the proliferation rates of the uninfected Ml
cells (lanes 2-4) and M22 cells (lanes 6-8) with standard
deviation.

differed from each other and from the parental cells after sIgM
crosslinking (Fig. 2A and ref. 38). Also, the increase of
intracellular Ca2+ concentration induced by sIgM crosslinking
was reduced in the variants compared to the parental cells,
suggesting a partial defect in Ca2+ signaling (38). Thus, other
signaling molecules in addition to HS1 could be differentially
deficient in these variants. Despite this, introduction of mere
HS1 restored the sIgM-mediated apoptosis of Ml cells, indi-
cating a pivotal role of HS1 in the pathway leading to the
apoptosis of WEHI-231 cells among such molecules. However,
the incomplete restoration of the apoptosis in Ml cells by the
introduction of HS1 may indicate that the other molecule(s)
functions synergistically with HS1 in this pathway. The failure
to reverse the resistance in M22 cells by introduction of HSi
suggests that M22 cells, but not Ml cells, are deficient also in
molecule(s) that is prerequisite for apoptosis of the cells. In
this regard, it is noteworthy that M22 cells barely suffered from
growth arrest by sIgM crosslinking, in contrast to Ml cells,

Immunology: Fukuda et al.
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which showed a moderate reduction of proliferation rate (38).
This is also evident in Figs. 1 and 3A. The proportions of cells
in S and G2/M phases of the cell cycle are unaffected in M22
cells by sIgM crosslinking but are severely reduced in Ml cells
as in the parental WEHI-231 cells. Thus, the growth arrest of
the cells induced by sIgM crosslinking might be required for
subsequent apoptosis that is mediated by HS1.

Recently, we have found that peritoneal B cells from HS1-
deficient mice, generated through gene-targeting technology,
are resistant to multivalent crosslinking of sIgM, which causes
apoptosis of those cells in the normal mouse. Furthermore,
anti-IgM-induced proliferation of splenic B cells from the
HS1-deficient mice was partially impaired (28). Thus, HS1
protein may be an essential component of the early signal
transduction machinery from sIgM, and its down-regulation
would impair cellular responses that follow cross-
linking of sIgM in B cells.
De novo synthesis of protein is required for sIgM-mediated

apoptosis of WEHI-231 cells, since the protein synthesis
inhibitor cycloheximide blocked this response (36). We pre-
viously showed that the anti-IgM-resistant variants of WEHI-
231 cells have altered expression patterns of c-myc mRNA
after sIgM crosslinking (32). Therefore, the transcriptional
activation and/or regulation of genes, including c-myc, seems
to be required for the induction of apoptosis. The HS1 protein
possesses several sequence motifs characteristic of transcrip-
tion factors, including repeating motifs containing helix-turn-
helix structures similar to those in several prokaryotic tran-
scription factors (16, 17), a sequence similar to the consensus
for the DNA-binding motifs found in the proteins of Jun, Fos,
Myc, and other helix-loop-helix protein families (19), and the
acidic and amphipathic a-helix structure, a potential transcrip-
tional activation domain (18). Also, our recent studies have
demonstrated that the amount of tyrosine-phosphorylated
HS1 protein in the nucleus increases after crosslinking of sIgM
(unpublished). Thus, it is tempting to speculate that HS1 is
phosphorylated by NR-PTKs upon crosslinking of sIgM and
transmits signals directly to the nucleus, where it may regulate
the transcription of the target genes, such as c-myc, responsible
for the apoptotic response of the cells. This situation would be
analogous to that of the recently described STAT family of
transcription factors, which are phosphorylated following var-
ious stimuli, such as interferons, interleukins, or growth fac-
tors, by Jak-Tyk family tyrosine kinases in the cytoplasm and
then translocate into the nucleus to regulate transcription of
their target genes (45).

Finally, the present study may offer a clue to better understand
the molecular basis of the signal transduction pathway that
is initiated from the antigen receptors on the cell surface and
terminated with the nuclear events that lead to apoptosis.

We thank Dr. R. C. Mulligan for the generous gift of the pM5 vector
and TCRE cells, Dr. T. Era and Dr.K Nagafuji for technical advice, and
Mr. P. Seto and Dr. P. Burrows for critical reading of the manuscript. This
work was supported by a Grant-in-Aid for Scientific Research from The
Ministry of Education, Science and Culture of Japan.

1. Baixeras, E., Kroemer, G., Cuende, E., Marquez, C., Bosca, L.,
Ales-Martinez, J. E. & Martinez-A., C. (1993) Immunol. Rev. 132,
5-47.

2. Yamanashi, Y., Kakiuchi, T., Mizuguchi, J., Yamamoto, T. & Toyo-
shima, K. (1991) Science 251, 192-194.

3. Burkhardt, A. L., Brunswick, M., Bolen, J. B. & Mond, J. J. (1991)
Proc. Natl. Acad. Sci. USA 88, 7410-7414.

4. Hutchcroft, J. E., Harrison, M. L. & Geahlen, R. L. (1992) J. Bio.
Chem. 267, 8613-8619.

5. Yamanashi, Y., Fukui, Y., Wongsasant, B., Kinoshita, Y., Ichimori,
Y., Toyoshima, K. & Yamamoto, T. (1992) Proc. Natl. Acad. Sci. USA
89, 1118-1122.

6. Carter, R. H., Park, D. J., Rhee, S. G. & Fearon, D. T. (1991) Proc.
Natl. Acad. Sci. USA 88, 2745-2749.

7. Hempel, W. M., Schatzman, R. C. & DeFranco, A. L. (1992) J.
Immunol. 148, 3021-3027.

8. Gold, M. R., Crowley, M. T., Martin, G. A., McCormick, F. & De-
franco, A. L. (1993) J. Immunol. 150, 377-386.

9. Bustelo, X. R. & Barbacid, M. (1992) Science 256, 1196-1199.
10. McCormack, J. E., Pepe, V. H., Kent, R. B., Dean, M., Marshak-

Rothstein, A. & Sonenshein, G. E. (1984) Proc. Natl. Acad. Sci. USA
81, 5546-5550.

11. Monroe, J. G. (1988) J. Immunol. 140, 1454-1460.
12. Seyfert, V. L., Sukhatme, V. P. & Monroe, J. G. (1989) Mol. Cell. Bio.

9, 2083-2088.
12. Tilzey, J. F., Chiles, T. C. & Rothstein, T. L. (1991) Biochem. Biophys.

Res. Commun. 175, 77-83.
13. Koch, C. A., Anderson, D., Moran, M. F., Ellis, C. & Pawson, T.

(1991) Science 252, 668-674.
14. Songyang, Z., Shoelson, S. E., Chaudhuri, M., Gish, G., Pawson, T.,

Haser, W. G., King, F., Roberts, T., Ratnofsky, S., Lechleider, R. J.,
Neel, B. G., Birge, R. B., Fajardo, J. E., Chou, M. M., Hanafusa, H.,
Schaffhausen, B. & Cantley, L. C. (1993) Cell 72, 767-778.

15. Ren, R., Mayer, B. J., Cicchetti, P. & Baltimore, D. (1993) Science
259, 1157-1161.

16. Kitamura, D., Kaneko, H., Miyagoe, Y., Ariyasu, T. & Watanabe, T.
(1989) Nucleic Acids Res. 17, 9367-9379.

17. Laughon, A. & Scott, M. P. (1984) Nature (London) 310, 25-31.
18. Ptashne, M. (1988) Nature (London) 335, 683-689.
19. Prendergast, G. C. & Ziff, E. B. (1989) Nature (London) 341, 392

(lett.).
20. Yamanashi, Y., Okada, M., Semba, T., Yamori, T., Umemori, H.,

Tsunasawa, S., Toyoshima, K., Kitamura, D., Watanabe, T. &
Yamamoto, T. (1993) Proc. Natl. Acad. Sci. USA 90, 3631-3635.

21. Baumann, G., Maier, D., Freuler, F., Tschopp, C., Baudisch, K. &
Wienands, J. (1994) Eur. J. Immunol. 24, 1799-1807.

22. Nossal, G. J. V. (1983) Annu. Rev. Immunol. 1, 33-62.
23. Nossal, G. J. V. (1994) Cell 76, 229-239.
24. Nemazee, D. A. & Burki, K. (1989) Nature (London) 337, 562-566.
25. Hartley, S. B., Crosbie, J., -Brink, R., Kantor, A. B., Basten, A. &

Goodnow, C. C. (1991) Nature (London) 353, 765-769.
26. Murakami, M., Tsubata, T., Okamoto, M., Shimizu, A., Kumagai,

S., Imura, H. & Honjo, T. (1992) Nature (London) 357, 77-80.
27. Hartley, S. B., Cooke, M. P., Fulcher, D. A., Harris, A. W., Cory, S.,

Basten, A. & Goodnow, C. C. (1993) Cell 72, 325-335.
28. Taniuchi I, Kitamura, D., Maekawa, Y., Fukuda, T., Kishi, H. &

Watanabe, T. (1995) EMBO J., in press.
29. Yao, X.-R. & Scott, D. W. (1993) Proc. Natl. Acad. Sci. USA 90,

7946-7950.
30. Benhamou, L. E., Cazenave, P.-A. & Sarthou, P. (1990) Eur. J.

Immunol. 20, 1405-1407.
31. Hasbold, J. & Klaus, G. G. B. (1990) Eur. J. Immunol. 20, 1685-1690.
32. Hibner, U., Benhamou, L. E,, Haury, M., Cazenave, P.-A. & Sarthou,

P. (1993) Eur. J. Immunol. 23, 2821-2825.
33. Darzynkiewicz, Z., Bruno, S., Bino, G. D., Gorczyca, M. A., Hotz,

M. A., Lassota, P. & Traganos, F. (1992) Cytometry 13, 795-808.
34. Stocking, C., Kollek, R., Bergholz, U. & Ostertag, W. (1985) Proc.

Natl. Acad. Sci. USA 82, 5746-5750.
35. Danos, 0. & Mulligan, R. C. (1988) Proc. Natl. Acad. Sci. USA 85,

6460-6464.
36. Ishida, Y., Agata, Y., Shibahara, K. & Honjo, T. (1992) EMBO J. 11,

3887-3895.
37. Sarthou, P., Henry-Toulme, N. & Cazenave, P.-A. (1989) Eur. J.

Immunol. 19, 1247-1252.
38. Benhamou, L. E., Watanabe, T., Kitamura, D., Cazenave, P.-A. &

Sarthou, P. (1994) Eur. J. Immunol. 24, 1993-1999.
39. Mustelin, T., Coggeshall, K. M., Isakov, N. & Altman, A. (1990)

Science 247, 1584-1587.
40. June, C. H., Fletcher, M. C., Ledbetter, J. A., Schieven, G. L., Siegel,

J. N., Phillips, A. F. & Samelson, L. E. (1990) Proc. Natl. Acad. Sci.
USA 87, 7722-7726.

41. Kawauchi,-K., Lazarus, A. H., Rapoport, M. J., Harwood, A., Cam-
bier, J. C. & Delovitch, T. L. (1994) J. Immunol. 152, 3306-3316.

42. Jin, L.-W., Inaba, K. & Saitoh, T. (1992) Cell. Immunol. 144,217-227.
43. Scheuermann, R. H., Racila, E., Tucker, T., Yefenof, E., Street, N. E.,

Vitetta, E. S., Picker, L. J. & Uhr, J. W. (1994) Proc. Natl. Acad. Sci.
USA 91, 4048-4052.

44. Cuende, E., Ales-Martinez, J. E., Ding, L., Gonzalez-Garcia, M.,
Martinez-A. C. & Nunez, G. (1993) EMBO J. 12, 1555-1560.

45. Darnell, J. E., Jr., Kerr, I. M. & Stark, G. R. (1994) Science 264,
1415-1421.

7306 Immunology: Fukuda et al.


