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Dok-3 is a Dok-related adaptor expressed in B cells and macrophages. Previously, we reported that Dok-3
is an inhibitor of B-cell activation in A20 B cells and that it associates with SHIP-1, a 5’ inositol-specific lipid
phosphatase, as well as Csk, a negative regulator of Src kinases. Here, we demonstrate that Dok-3 suppresses
B-cell activation by way of its interaction with SHIP-1, rather than Csk. Our biochemical analyses showed that
the Dok-3—SHIP-1 complex acts by selectively inhibiting the B-cell receptor (BCR)-evoked activation of the Jun
N-terminal protein kinase (JNK) cascade without affecting overall protein tyrosine phosphorylation or acti-
vation of previously described SHIP-1 targets like Btk and Akt/PKB. Studies of B cells derived from SHIP-1-
deficient mice showed that BCR-triggered activation of JNK is enhanced in the absence of SHIP-1, implying
that the Dok-3—-SHIP-1 complex (or a related mechanism) is a physiological negative regulator of the JNK
cascade in normal B cells. Together, these data elucidate the mechanism by which Dok-3 inhibits B-cell
activation. Furthermore, they provide evidence that SHIP-1 can be a negative regulator of JNK signaling in B

cells.

B-cell maturation and activation are initiated by interactions
between soluble antigens and the B-cell receptor (BCR) for
antigen (3, 8, 25, 36). Upon antigen binding, the BCR trans-
duces intracellular signals that are initiated by protein tyrosine
phosphorylation as a result of an association with Iga and Igp,
two subunits bearing immunoreceptor tyrosine-based activa-
tion motifs (ITAMs). ITAMs function by recruiting several
classes of cytoplasmic protein tyrosine kinases (PTKs), which
phosphorylate intracellular enzymes and adaptor molecules.
Such phosphorylation events cause increased levels of intracel-
lular calcium, activation of phosphatidylinositol (PI) 3-kinase,
cytoskeletal reorganization, transcriptional activation, and, fi-
nally, B-cell maturation, proliferation, and antibody secretion.

Given the high sensitivity of B cells to BCR triggering, sev-
eral mechanisms exist to prevent inappropriate B-cell activa-
tion and avoid autoreactive antibodies and autoimmune dis-
eases (7, 34, 45). These regulatory mechanisms include a large
group of receptors carrying intracytoplasmic tyrosine-based
inhibitory motifs termed ITIMs (immunoreceptor tyrosine-
based inhibitory motifs). Such inhibitory receptors make up
PD-1, which recruits Src homology 2 (SH2) domain-containing
protein tyrosine phosphatases (PTPs), as well as FcyRIIB,
which binds the SH2 domain-bearing 5’ inositol phosphatase
SHIP-1. These two classes of phosphatases prevent B-cell ac-
tivation by inhibiting critical steps in the BCR signaling cas-
cade.

SHIP-1 is expressed mostly in hemopoietic cells, including
cells of lymphoid and myeloid lineages (6, 24, 37). It acts by
hydrolyzing inositol metabolites phosphorylated at the 5’ po-
sition of the inositol ring, namely, PI(3,4,5)P; and 1(1,3,4,5)P,.

* Corresponding author. Mailing address: IRCM, 110 Pine Ave.
West, Montreal, Quebec, Canada H2W 1R7. Phone: (514) 987-5561.
Fax: (514) 987-5562. E-mail: veillea@ircm.qc.ca.

2332

The membrane-bound PI(3,4,5)P; is critical for binding and
membrane recruitment of pleckstrin homology (PH) domain-
containing molecules like the PTK Btk, a pivotal effector of
B-cell activation, and the serine-threonine-specific protein ki-
nase Akt/PKB, a prosurvival factor. By converting P1(3,4,5)P,
to PI(3,4)P,, SHIP-1 precludes activation of these PH domain-
bearing effectors and can prevent B-cell activation. In support
of this idea, it has been reported that B cells freshly isolated
from SHIP-1-deficient mice exhibited augmented BCR-in-
duced proliferation (5, 12, 27). Moreover, in vivo B-cell mat-
uration is accelerated in SHIP-1~/" animals.

The primary mode of recruitment of SHIP-1 in activated B
cells is believed to involve FcyRIIB (31, 32). Engagement of
FcyRIIB by the Fc portion of immunoglobulin G (IgG)
present in immune complexes (which are generated as a con-
sequence of productive B-cell activation) results in tyrosine
phosphorylation of the ITIM of FcyRIIB, thus triggering bind-
ing of the SHIP-1 SH2 domain and membrane translocation of
SHIP-1. Analyses of ex vivo B cells or B-cell lines lacking
SHIP-1 have provided evidence that FcyRIIB-associated
SHIP-1 inhibits B-cell activation by preventing BCR-induced
PI(3,4,5)P5 accumulation, activation of Btk and Akt/PKB, cal-
cium fluxes, and Erk activation (2, 4, 20, 27, 32, 39). There are
also FcyRIIB-independent mechanisms for recruiting SHIP-1
in B cells. In agreement with this, it has been reported that
SHIP-1-deficient B cells display enhanced BCR-elicited
PI(3,4,5)P; generation and Akt activation even in the absence
of FcyRIIB coligation (5, 20, 27). While the exact mechanism
of recruitment of SHIP-1 in this setting is not known, it likely
involves interactions with other molecules. This view is also
consistent with the finding that SHIP-1 can associate with
intracellular adaptor molecules like Shc and Dok-related
polypeptides (13, 26).

Cong et al. (10) and Lemay et al. (26) previously reported
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the identification of Dok-3, a member of the Dok family of
adaptors expressed in B cells and macrophages. Like its rela-
tives Dok-1 and Dok-2, Dok-3 possesses an amino-terminal
PH domain, a phosphotyrosine-binding (PTB) region, and a
long carboxyl-terminal segment with potential sites of tyrosine
phosphorylation. Dok-3 becomes rapidly tyrosine phosphory-
lated in response to B-cell activation and associates by way of
tyrosines in its carboxyl-terminal segment with the SH2 do-
mains of SHIP-1 and the PTK Csk, an inhibitor of Src-related
PTKs (26). Our studies demonstrated that overexpression of
Dok-3 in the A20 B-cell line caused an inhibition of BCR-
induced release of interleukin (IL)-2. An opposite effect was
seen with expression of a mutant of Dok-3 (Dok-3 4F), in
which the four carboxyl-terminal tyrosines were replaced by
phenylalanines. Since this mutant was also incapable of bind-
ing SHIP-1 and Csk, it was estimated that Dok-3 4F is a
dominant-interfering form of Dok-3 that blocks the action of
endogenous wild-type Dok-3. Coupled with the findings that
wild-type Dok-3 and Dok-3 4F were also able to regulate
BCR-induced proliferation of normal B cells (J. D. Robson
and A. Veillette, unpublished results), these findings led to the
idea that Dok-3 is an inhibitor of B-cell activation on the basis
of its capacity to recruit SHIP-1, Csk, or both.

In this study, we examined the mechanism of Dok-3-medi-
ated inhibition in B cells. The results of our investigation
showed that the inhibitory effect of Dok-3 is mediated through
SHIP-1 rather than Csk. We found that the Dok-3-SHIP-1
complex functions by selectively suppressing the Jun N-termi-
nal protein kinase (JNK) signaling cascade without affecting
the activation of known targets of SHIP-1 like Akt/PKB. Fi-
nally, we demonstrated that BCR-triggered activation of JNK
is enhanced in B cells lacking SHIP-1, implying that Dok-3-
mediated recruitment of SHIP-1 or an analogous mechanism is
a physiologically relevant mode of JNK inhibition.

MATERIALS AND METHODS

c¢DNAs and constructs. The cDNAs encoding wild-type Dok-3 and a mutant in
which all four carboxyl-terminal tyrosines were replaced by phenylalanines
(Dok-3 4F) have been described previously (26). Additional cDNAs in which
individual tyrosines or combinations of tyrosines were changed to phenylalanines
were generated by PCR. cDNAs encoding chimeric proteins in which the PH and
PTB domains of Dok-3 (amino acids 1 to 255) were fused with the catalytic
domain of SHIP-1 (amino acids 401 to 900) (¢cDNA provided by Gerry Krystal,
Vancouver, British Columbia, Canada) (13) or Csk (amino acids 162 to 440)
were created by PCR. A chimera bearing an inactive version of the catalytic
region of SHIP-1 (D672A mutant) was also generated. All cDNAs were verified
by sequencing to ensure that they contained no unwanted mutation (data not
shown). The construct coding for constitutively activated FynT (FynT Y528F)
has been described elsewhere (14).

For transient transfections, cDNAs were cloned into the vector pXM139,
which contains the simian virus 40 origin of replication and the adenovirus major
late promoter. For stable transfection in A20 cells, cDNAs were inserted into the
mammalian expression vector pNT-Neo, which bears an SRa-based promoter
and the neo gene.

Cells and transfections. Cos-1 cells were grown in alpha minimal essential
medium supplemented with 10% fetal bovine serum (FBS), penicillin, and strep-
tomycin. They were transfected by the DEAE-dextran method as described
elsewhere (16). A20 B cells were propagated in RPMI medium supplemented
with 10% FBS and antibiotics. Stable and transient transfections of A20 were
achieved as outlined previously (26). Splenic B cells were purified by negative
selection (Stem Cell Technologies, Vancouver, Canada) from 4- to 8-week-old
C57BL/6 mice. The purity of the preparations was confirmed by flow cytometry,
using surface IgM and IgD as markers. In all experiments, greater than 90% of
cells were positive for surface immunoglobulins (data not shown). Purified B
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cells were then propagated in RPMI medium supplemented with 10% FBS,
antibiotics, and lipopolysaccharide (LPS; 20 wg/ml) prior to experimentation (see
below).

Antibodies. Rabbit antisera reacting against Dok-3, SHIP-1, Csk, and FynT
have been reported elsewhere (9, 14, 26). A mouse monoclonal antibody (MAb)
directed against the FLAG epitope tag (M2) was purchased from Sigma-Aldrich
(Oakville, Canada). Polyclonal rabbit antibodies directed against Erk-1 and
Erk-2, INK, p38, phospho-Erk (pT180/pY182), phospho-JNK (pT183/pY185),
phospho-p38 (pT180/pY182), ATF-2, phospho-ATF-2 (pT69/pT71), Rac-1, and
phospho-Btk (pY223) were purchased from Cell Signaling Technologies (Bev-
erly, Mass.). Anti-phosphotyrosine MAb 4G10 was obtained from Upstate Bio-
technologies (Lake Placid, N.Y). Anti-Btk MAb G149-11 was purchased from
Pharmingen.

Cell stimulation. A20 B cells (2 X 107 cells/ml) were stimulated with the
indicated concentrations of F(ab'), fragments of sheep anti-mouse (SAM) IgG
(Jackson Immunoresearch Laboratories, West Grove, Pa.). After stimulation,
cells were lysed in TNE buffer (1X TNE is 50 mM Tris [pH 8.0], 1% Nonidet
P-40, and 2 mM EDTA) supplemented with protease and phosphatase inhibitors,
as described in an earlier report (26). Lysates were processed for immunopre-
cipitation, in vitro binding assays, or immunoblotting. Mouse splenic B cells (2 X
107 cells/ml) were stimulated for the indicated periods of time with F(ab’),
fragments of goat anti-mouse (GAM) IgM (5 or 10 pg/ml) (Jackson Immunore-
search Laboratories) and lysed by addition of boiling 2X sodium dodecyl sulfate
sample buffer. In some cases, A20 B cells or ex vivo B cells were stimulated with
phorbol myristate acetate (PMA; 50 ng/ml).

Immunoprecipitations and immunoblots. Immunoprecipitations and immu-
noblots were performed as described in earlier reports (14, 44). Immunoreactive
products were detected using '*’I-protein A (Amersham Pharmacia Biotech),
horseradish peroxidase-coupled protein A (Amersham Pharmacia Biotech), '*I-
rabbit anti-mouse IgG (ICN Biochemicals), or horseradish peroxidase-SAM IgG
(Amersham Pharmacia Biotech). Radioactive signals were quantitated using a
phosphorimager (BAS2000; Fuji).

In vitro binding assays. Glutathione S-transferase (GST) fusion proteins en-
compassing the SH2 domain of SHIP-1 or Csk have been described elsewhere
(26). A construct coding for GST fused to the Rac-binding domain of Pak was
obtained from Sylvain Meloche, IRCM, Montreal, Canada. Production and
purification of fusion proteins, as well as in vitro binding assays, were performed
according to previously described protocols (33).

BCR-triggered IL-2 production. Pools of three independent A20 B-cell clones
(10° cells in 200 ul) were stimulated for 24 h at 37°C in 96-well plates in the
presence of various concentrations of F(ab’), fragments of SAM IgG. As a
control, cells were stimulated with a combination of PMA (100 ng/ml) and
ionomycin (1 pwM). The resulting production of IL-2 was measured using a
bioassay, in agreement with an established protocol (1). All cytokine secretion
assays were performed in triplicate and were repeated at least three times.
Representative results are shown.

BCR-induced proliferation. Ex vivo splenic B cells were stimulated for 48 h in
the presence of either F(ab’), fragments of GAM IgM or LPS (20 wg/ml). They
were then labeled for 6 h with tritiated thymidine to measure proliferation
according to standard procedures (1).

BCR-induced activation of IL-2 promoter. A20 cells (10 X 10°) were trans-
fected by electroporation with 20 g of pIL-2 promoter-luciferase in combina-
tion with 5 pg of the indicated plasmids and 1 g of pXM139-3-galactosidase (to
standardize for transfection efficiency). After 40 h, 2 X 10° cells were stimulated
for 6 h with 10 ug of F(ab’), fragments of SAM IgG/ml or with a combination
of 100 ng of PMA/ml and 1 uM ionomycin. Cells were then lysed and assayed for
luciferase activity using the luciferase reporter assay system (Promega) and a
luminometer (EG&G Berthold). Luciferase activity was calculated either as the
percentage of PMA plus ionomycin-induced activity or as the increase (n-fold)
over what was seen with unstimulated cells. B-Galactosidase activity was deter-
mined using a B-gal assay system (Tropix, Bedford, Mass.). To verify expression
of the Dok-3 polypeptides, equal numbers of viable cells were lysed in boiling
sample buffer and probed by immunoblotting with anti-Dok-3 or anti-FLAG
antibodies.

BRC-induced calcium fluxes. A20 cells were loaded with the calcium indicator
dye fura-2/AM. They were subsequently resuspended in calcium assay buffer (140
mM NaCl, 5 mM KCl, 5 mM glucose, 1 mM CaCl,, 1 mM MgCl,, 2 mM HEPES
[N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid; pH 7.4]), and intracellu-
lar calcium levels were measured using a Perkin-Elmer LS50 luminescence
spectrometer. After 30 s of incubation at 37°C to establish baseline values, cells
were activated by addition of F(ab’), fragments of SAM IgG (10 pg/ml). The
response of cells to the calcium ionophore ionomycin (1 wM) was later tested as
a control.
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FIG. 1. Tyrosines 325 and 343 are required for the inhibitory effect of Dok-3 in A20 B cells. (A) Primary structures of the Dok-3 mutants
created for this study. The positions of the PH and PTB domains, as well as of the four carboxyl-terminal tyrosines, are highlighted. (B) Expression
of the various Dok-3 polypeptides in A20 B cells. The expression of Dok-3 in pools of three independent transfectants for each of the
Dok-3-encoding constructs was measured by immunoblotting of equivalent amounts of total cell proteins with anti-Dok-3. (C) Impact of Dok-3
YYFF and Dok-3 FFYY on BCR-induced IL-2 secretion. Pools of three transfectants were activated for 24 h with the indicated amounts of F(ab"),
fragments of SAM IgG. IL-2 release was determined in a bioassay using the IL-2-dependent T-cell line HT-2. Assays were done in triplicate, and
average values with standard deviations are shown. (D) Effect of Dok-3 Y325F and Dok-3 Y343F on BCR-triggered IL-2 production. The
experiment was conducted as outlined for panel C, except that other transfectants were tested. (E) Influence of Dok-3 polypeptides on
responsiveness to PMA plus ionomycin. Cells were stimulated for 24 h with PMA and ionomycin. IL-2 secretion was subsequently measured as

described for panel C.

RESULTS

The inhibitory potential of Dok-3 in B cells requires ty-
rosines 325 and 343. To elucidate the mechanism of action of
Dok-3, we first determined which of the four carboxyl-terminal
tyrosines were required for its ability to inhibit B-cell activa-
tion. To this end, mutants of Dok-3 in which the carboxyl-
terminal tyrosines were replaced alone or in combination by
phenylalanines were created (Fig. 1A). A20 B cells, which
express IgG at their surface (29), were stably transfected with
constructs encoding these polypeptides. Monoclonal cell lines
were generated and tested for Dok-3 overexpression by immu-
noblotting with anti-Dok-3 antibodies (data not shown) (Fig.
1B). Expression levels were quantitated using a phosphorim-
ager (data not shown). All clones selected for our experiments
expressed amounts of Dok-3 that were four to five times
greater than for parental A20 cells (Fig. 1B), and they exhib-
ited unaltered levels of BCR, FcyRIIB, CD45, and CD40 (data
not shown).

Pools of at least three independent transfectants of each
type were tested for their ability to respond to BCR stimula-

tion (Fig. 1C and D). Cells were stimulated with F(ab'), frag-
ments of SAM IgG (anti-IgG), and the release of IL-2 in the
supernatant was measured using a bioassay. In agreement with
the findings of Lemay et al. (26), clones expressing wild-type
Dok-3 exhibited a pronounced reduction of BCR-evoked IL-2
production compared with cells expressing the neomycin resis-
tance marker alone (Neo). In contrast, clones containing
Dok-3 4F demonstrated enhanced cytokine secretion. More
importantly, these studies also revealed that mutation of the
first two tyrosines, Y325 and Y343 (Dok-3 FFYY mutant),
abolished the inhibitory potential of Dok-3 (Fig. 1C). In some
experiments, cells expressing this mutant actually showed a
markedly enhanced responsiveness in comparison to control
Neo cells (Fig. 1D). In contrast, replacement of the last two
tyrosines, Y378 and Y399 (Dok-3 YYFF mutant), had no im-
pact. The various cells responded equally well to the combina-
tion of PMA and ionomycin (Fig. 1E).

To ascertain whether Y325, Y343, or both were responsible
for the inhibitory influence of Dok-3, single point mutants
were analyzed (Fig. 1D). We found that mutation of Y325
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FIG. 2. Differential binding of the SHIP-1 or Csk SH2 domain to tyrosine-phosphorylated Dok-3. Cos-1 cells were transfected with the
indicated dok-3 cDNAs in the presence or absence of FynT Y528F. Equivalent amounts of total cell proteins were then incubated with either
GST-SHIP-1 SH2 domains (A) or GST-Csk SH2 domains (B). After several washes, the association with Dok-3 was detected by immunoblotting
with anti-Dok-3 (top blocks). The expressions of Dok-3 (middle blocks) and FynT (bottom blocks) were verified by immunoblotting of total cell

lysates with anti-Dok-3 and anti-FynT, respectively.

alone did not prevent the inhibitory effect of Dok-3. Whereas
alteration of Y343 alone alleviated to some extent the inhibi-
tory influence of Dok-3, the impact of this mutation was not as
marked as that of mutation of both Y325 and Y343. Therefore,
these findings indicated that both Y325 and Y343 were in-
volved in the inhibitory function of Dok-3 in A20 cells. It is
noteworthy, though, that mutation of Y325 alone seemed to
augment the capacity of Dok-3 to inhibit IL-2 production (Fig.
1D) (data not shown). While the basis for this effect is not
known, this observation raised the possibility that Y325 may
also carry out a stimulatory function under certain conditions.

The inhibitory effect of Dok-3 in B cells correlates with
binding to SHIP-1 but not Csk. To clarify the biochemical
mechanism implicated in the inhibitory function of Dok-3, the
tyrosine residues of Dok-3 responsible for mediating the inter-
action with the SH2 domain of SHIP-1 or Csk were identified.
The various Dok-3 mutants detailed above were transiently
expressed in Cos-1 cells in the presence or absence of an
activated version of the Src-related PTK FynT to allow Dok-3
tyrosine phosphorylation. After cell lysis, the ability of the
Dok-3 variants to interact with the SHIP-1 (Fig. 2A) or Csk
(Fig. 2B) SH2 domain was revealed by in vitro binding assays.
As reported elsewhere (26), wild-type Dok-3 interacted with
the SH2 domain of SHIP-1 (Fig. 2A) or Csk (Fig. 2B) when
expressed in the presence (lanes 2), but not in the absence
(lanes 1), of FynT. Mutation of all four carboxyl-terminal ty-
rosines (lanes 3) abolished these associations. In addition,
these experiments revealed that replacement of Y325 (Fig. 2A,
lane 6) or Y343 (lane 7) alone was insufficient to abolish
binding of Dok-3 to the SHIP-1 SH2 domain. This interaction
was eliminated only when both residues were replaced (lane 4).
Mutation of the two other tyrosines (Y378 and Y399, lane 5)
had no effect on binding. In the case of the Csk SH2 domain,
substitution of Y325 alone (Fig. 2B, lane 6), but not Y343
alone (lane 7), was found to eliminate the association with
Dok-3. Therefore, these results showed that while the SHIP-1

SH2 domain bound to Y325 and Y343, the Csk SH2 region
interacted only with Y325. Since mutation of Y325 alone was
insufficient to abolish the inhibitory effect of Dok-3 (Fig. 1D),
it is unlikely that the inhibitory function of Dok-3 in B cells was
mediated by Csk. Rather, it correlated with the capacity of
Dok-3 to bind SHIP-1 through Y325 and Y343.

To add support to this possibility, the ability of the various
Dok-3 mutants to associate with SHIP-1 was examined in A20
B cells (Fig. 3). Cells were stimulated for the indicated periods
of time with F(ab"), fragments of anti-IgG, and Dok-3 was
immunoprecipitated from cell lysates by using a rabbit anti-
Dok-3 serum. The presence of associated SHIP-1 was revealed
by immunoblotting with anti-phosphotyrosine (Fig. 3, top
blocks in panels A and B) or anti-SHIP-1 (middle blocks)
antibodies. As described previously (26), overexpression of
wild-type Dok-3 (Fig. 3A, top block, lanes 5 to 8) resulted in an
increase in BCR-induced tyrosine phosphorylation of Dok-3
and its associated SHIP-1 compared to what was seen with
control Neo cells (lanes 1 to 4). The amount of SHIP-1 found
in Dok-3 immunoprecipitates was also increased (middle
block). More significantly, this study showed that mutation of
both Y325 and Y343 (Fig. 3A, lanes 9 to 12, Dok-3 FFYY) also
abolished BCR-triggered Dok-3 tyrosine phosphorylation (top
block) and association with SHIP-1 (middle block). In com-
parison, mutation of both Y378 and Y399 (lanes 13 to 16,
Dok-3 YYFF) had no impact. The effect of mutation of either
Y325 or Y343 alone was examined next (Fig. 3B). This analysis
demonstrated that mutation of Y325 (lanes 9 to 12) had no
influence on the ability of Dok-3 to undergo tyrosine phos-
phorylation (top block) and associate with SHIP-1 (middle
block). Moreover, replacement of Y343 (lanes 13 to 16) caused
an incomplete, although appreciable, decrease in Dok-3 ty-
rosine phosphorylation (top block) and association with
SHIP-1 (top and middle blocks). Hence, these observations
implied that both Y325 and Y343 participated in the interac-
tion between Dok-3 and SHIP-1 in activated B cells.
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FIG. 3. Tyrosines 325 and 343 are required for the association between Dok-3 and SHIP-1 in B cells. Pools of three independent transfectants
of the indicated A20 derivatives were stimulated for various periods of time with F(ab'), fragments of SAM IgG. Following lysis, Dok-3 was
immunoprecipitated from equivalent quantities of total cell proteins and probed by immunoblotting with anti-phosphotyrosine (Anti-P.tyr; top
blocks) or anti-SHIP-1 (middle blocks). The presence of Dok-3 was confirmed by immunoblotting of equivalent amounts of total cell lysates with
anti-Dok-3 (bottom blocks). (A) Comparison of Dok-3 FFYY and Dok-3 YYFF. Note that a small amount of Dok-3-associated SHIP-1 could be
seen upon longer autoradiographic exposures in cells expressing the neo gene or Dok-3 FFYY (data not shown). This is presumably due to an
interaction between endogenous Dok-3 and SHIP-1. (B) Comparison of Dok-3 Y325F and Dok-3 Y343F.

The catalytic activity of SHIP-1 is sufficient to mediate the
inhibitory effect of Dok-3. Collectively, these results support
the idea that the inhibitory potential of Dok-3 is mediated by
SHIP-1 rather than Csk. To demonstrate this notion more
clearly, we tested whether the function of Dok-3 could be
regained by creating a chimera in which the PH and PTB
domains of Dok-3 are linked to the catalytic region of SHIP-1
(Fig. 4A). This fusion, termed Dok-3-SHIP-1, would presum-
ably allow recruitment of the catalytic domain of SHIP-1 to the
intracellular locales targeted by the Dok-3 PH and PTB do-
mains. As controls, constructs in which the PH and PTB do-
mains of Dok-3 were expressed in isolation (N-Dok-3), or
connected to an inactive version of the catalytic domain of
SHIP-1 (Dok-3-SHIP-1 D—A) or to the kinase domain of Csk
(Dok-3-Csk), were produced. All fusions carried a FLAG
epitope tag at the carboxyl terminus in order to allow compar-
ison of levels of expression.

We initially tested the function of these chimeras in transient
transfection assays (Fig. 4B and C). A20 cells were transfected
with the different constructs in the presence of an IL-2 pro-
moter-driven luciferase reporter plasmid. An immunoblot of
cell lysates with anti-FLAG antibodies indicated that all the
chimeras were expressed in comparable amounts (Fig. 4B).
After 40 h, cells were stimulated or not for 6 h with F(ab’),
fragments of anti-IgG and analyzed for luciferase activity (Fig.
4C). In keeping with the results obtained with stable transfec-
tions (26), we found that wild-type Dok-3 inhibited activation
of the IL-2 promoter-luciferase reporter in response to BCR
stimulation. Conversely, this response was enhanced by expres-
sion of Dok-3 4F. More importantly, we also found that the
active Dok-3-SHIP-1 chimera caused a repression of BCR-
induced activation of IL-2 promoter activity. In comparison,
N-Dok-3 and Dok-3-Csk had little or no effect, while inactive
Dok-3-SHIP-1 induced an increase in activity.

To expand on these findings, the active Dok-3—-SHIP-1 chi-
mera and N-Dok-3 were stably expressed in A20 cells (Fig. 5).
An immunoblot analysis of representative clones by using anti-

FLAG antibodies showed that the two polypeptides were ex-
pressed in equal amounts in these cells (Fig. 5A). Upon stim-
ulation with F(ab'), fragments of anti-IgG (Fig. 5B), cells
expressing Dok-3-SHIP-1 exhibited a reduced BCR-triggered
cytokine secretion in comparison to Neo cells in a manner
analogous to that of clones overexpressing wild-type Dok-3. In
contrast, reminiscent of cells bearing Dok-3 4F, those contain-
ing N-Dok-3 had a moderately augmented response. Never-
theless, all cells responded equally to PMA and ionomycin
(Fig. 5C). Thus, combined with the results shown in Fig. 4,
these findings indicated that the inhibitory impact of Dok-3 in
A20 cells was mimicked by replacing the carboxyl-terminal
region of Dok-3 with the active catalytic domain of SHIP-1 but
not with that of Csk.

Selective inhibition of JNK pathway by the Dok-3-SHIP-1
complex in B cells. Previous studies have shown that by con-
verting P1(3,4,5)P; into PI(3,4)P,, SHIP-1 can inhibit the mem-
brane recruitment and activation of Btk and Akt/PKB in B
cells (2, 4, 5, 39). This inhibitory effect suppresses BCR-trig-
gered phospholipase C gamma (PLC-y) tyrosine phosphoryla-
tion, calcium fluxes, and cell survival. To ascertain whether
Dok-3 is acting on these targets, we examined the impact of
wild-type Dok-3, Dok-3 4F, and Dok-3-SHIP-1 on these pa-
rameters (Fig. 6 and data not shown). In repeated experiments,
we were unable to demonstrate that Dok-3 or Dok-3-SHIP-1
had an effect on BCR-induced tyrosine phosphorylation of
Btk, PLC-y2, or Vav-1, induction of calcium fluxes, or activa-
tion of Akt/PKB. Likewise, no impact was noted on BCR-
triggered clustering and internalization of the antigen receptor
complex (data not shown). Thus, these findings indicate that
the Dok-3-SHIP-1 complex may inhibit BCR signaling by act-
ing on targets distinct from those previously shown to be reg-
ulated by SHIP-1.

In an attempt to identify these targets, we examined the
impact of wild-type Dok-3, Dok-3 4F, Dok-3-SHIP-1, and N-
Dok-3 on the activation of various mitogen-activated protein
kinases (MAPKS), including Erk-1, Erk-2, INK (p54 and p46),
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FIG. 4. The catalytic activity of SHIP-1, but not Csk, is sufficient to mediate the inhibitory impact of Dok-3 on IL-2 promoter activation.
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at the carboxyl terminus. (B) Expression of Dok-3 chimeras in transiently transfected A20 cells. Cells were transfected with the indicated cDNAs
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fragments of SAM IgG. Luciferase was then measured, as described in Materials and Methods. Values are presented as percentages of the
luciferase activity induced by stimulation with PMA plus ionomycin. Similar conclusions were reached when values were calculated as the increase

in induction (n-fold) over unstimulated controls (data not shown).

and p38 (Fig. 7). A20 derivatives were stimulated with F(ab"),
fragments of anti-IgG, and lysates were probed by immuno-
blotting with antibodies recognizing the activated forms of
Erk-1 and Erk-2 (Fig. 7A, top blocks), JNK (third blocks from
top), and p38 (fifth blocks). The abundance of the MAPKs was
also verified by reprobing of the immunoblot membranes with
antibodies recognizing the total amounts of these enzymes
(second, fourth, and sixth blocks). This study demonstrated
that none of the Dok-3 variants (lanes 4 to 9 and 13 to 18) had
an influence on BCR-mediated activation of Erk-1, Erk-2, and
p38 (first and fifth blocks). However, expression of either wild-
type Dok-3 (lanes 4 to 6) or Dok-3-SHIP-1 (lanes 16 to 18)
clearly inhibited (approximately threefold; estimated using a
phosphorimager) the activation of JNK, especially p46™K
(third blocks) in comparison to what was seen with expression
of the neomycin resistance marker alone (lanes 1 to 3 and 10
to 12). By contrast, Dok-3 4F (lanes 7 to 9) had a stimulatory
effect on JNK activation. These variations in JNK activity were

not caused by changes in the abundance of JNK, as all cells
expressed equivalent amounts of JNK protein (fourth blocks).
Furthermore, the effect of Dok-3 on BCR-induced JNK acti-
vation did not reflect a global defect in JNK responsiveness, as
cells responded in an equal manner to PMA (Fig. 7B).

The JNK subclass of MAPKSs is involved in a variety of
biological processes, including stress-induced responses and
receptor-mediated proliferation and differentiation (15, 23).
Upon activation, JNKs phosphorylate and activate transcrip-
tion factors such as c-Jun and activation transcription factor 2
(ATF-2). In immune cells, ATF-2 has been shown to be in-
volved in the regulation of genes like c-jun as well as gamma
interferon and tumor necrosis factor alpha (35, 42, 43). To
examine whether Dok-3 has an impact on a known down-
stream target of JNK, lysates from resting and activated A20
derivatives were probed by immunoblotting with an antibody
recognizing ATF-2 polypeptides dually phosphorylated at
threonines 69 and 71, the known sites of JNK-mediated phos-
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phorylation (Fig. 7C, upper block) (28). This experiment re-
vealed that, compared with expression of the neo gene alone
(lanes 1 to 3), overexpression of wild-type Dok-3 (lanes 5 to 7)
caused an inhibition (approximately threefold) of BCR-trig-
gered ATF-2 phosphorylation. An analogous change was ob-
served in cells containing the Dok-3-SHIP-1 chimera (lanes 13
to 15), whereas an opposite effect was seen in cells bearing
Dok-3 4F (lanes 9 to 11). No differences in ATF-2 phosphor-
ylation were observed when cells were exposed to PMA (lanes
4,8, 12, and 16), and all cells expressed equivalent quantities of
ATEF-2 (lower block). Thus, these data showed that the Dok-
3-SHIP-1 complex was involved in selective inhibition of the
JNK signaling cascade in A20 B cells.

Enhanced JNK activation in B cells derived from SHIP-1-
deficient mice. To examine the physiological relevance of these
findings, we assessed whether lack of SHIP-1 in B cells had an

impact on the extent of JNK activation induced by BCR stim-
ulation by using B cells derived from SHIP-1-deficient mice
(Fig. 8). It should be pointed out first that a relative increase in
the abundance of mature (IgM'*/IgD™) over immature (IgM™/
IgD™) splenic B cells is found in SHIP-1~/~ animals (5, 20).
One potential problem stemming from this difference is that
the B-cell populations isolated from SHIP-1-deficient mice are
not exactly comparable to those from wild-type animals. To
circumvent this problem, splenic B cells from SHIP-1*'* and
SHIP-1~/~ mice were subjected to an initial in vitro stimula-
tion with LPS. Our preliminary studies had indicated that this
treatment corrected the difference in relative abundance of
immature and mature B cells between the two types of animals
(Fig. 8A) (Robson and Veillette, unpublished). Whereas the
basis for this effect remains to be clarified, it allows a more
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Lysates were probed by immunoblotting with phosphospecific anti-Btk

antibodies (anti-pY223) (upper block). The abundance of Btk was verified by reprobing of the immunoblot membrane with anti-Btk (lower block).
(B) BCR-triggered Akt/PKB activation. Lysates were probed by immunoblotting with phosphospecific anti-Akt antibodies (anti-pS473) (upper
block). The abundance of Akt was verified by reprobing of the immunoblot membrane with anti-Akt (lower block). (C) BCR-induced PLC-y2
tyrosine phosphorylation. PLC-y2 was immunoprecipitated from cell lysates and probed by immunoblotting with anti-phosphotyrosine (upper
block). The abundance of PLC-y2 was verified by reprobing of the membrane with anti-PLC-y2. (D) BCR-elicited Vav-1 tyrosine phosphorylation.
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adequate comparison of B cells from wild-type and SHIP-1-
deficient mice.

First, we tested the impact of SHIP-1 deficiency on BCR-
mediated proliferation of LPS-propagated B cells (Fig. 8B). To
study the FcyRIIB-independent function of SHIP-1, B cells
were stimulated with F(ab'), fragments of anti-IgM, which
trigger the antigen receptor without engaging FcyRIIB. After
48 h, proliferation was determined by measuring tritiated thy-
midine incorporation. This analysis showed that lack of SHIP-1
caused an enhancement of B-cell proliferation in response to
BCR engagement. The magnitude of the increase seen in these
LPS-propagated B cells was similar to that previously de-
scribed for freshly isolated SHIP-1-deficient B cells (5, 20, 27).
By contrast, SHIP-1 deficiency had no impact on the prolifer-
ative response to LPS (Fig. 8C). Therefore, these findings
confirmed that SHIP-1 had an inhibitory role in B cells in the

absence of ligation of FcyRIIB and established that LPS pre-
treatment did not alleviate this effect.

Next, LPS-induced B cells were stimulated with F(ab"), frag-
ments of anti-IgM and the activation of JNK, Erk, and p38 was
monitored as outlined above (Fig. 8D). This study revealed
that BCR-evoked activation of p54™¥ and, to a lesser extent,
p46™™¥ (top block) was noticeably augmented in B cells from
SHIP-1"'~ mice (lanes 5 to 7) in comparison to what was seen
with cells obtained from SHIP-1"/" animals (lanes 1 to 3).
However, both cell types responded in an equivalent manner to
PMA (lanes 4 and 8). Contrary to the impact of SHIP-1 defi-
ciency on JNK activation (Fig. 8D, top block), there was no
appreciable effect on Erk (middle block) or p38 (bottom block)
activation. The lack of impact of SHIP-1 deficiency on Erk
activation was in keeping with the finding of Liu et al. (27).
These various effects were not caused by differences in the
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levels of expression of the kinases, as demonstrated by immu-
noblotting of parallel cell lysates with the relevant antibodies
(Fig. 8E). Thus, in conclusion, these results supported the idea
that recruitment of SHIP-1 by one or more mechanisms inde-
pendent of FcyRIIB is implicated in selective inhibition of
JNK in normal activated B cells.

DISCUSSION

In this report, we presented evidence that the ability of
Dok-3 to inhibit BCR signaling was dependent on Y325 and
Y343, but not Y378 and Y399, in the carboxyl-terminal seg-
ment of Dok-3. Y325 and Y343 were also needed for binding

of Dok-3 to the SH2 domain of SHIP-1. In contrast, only Y325
was necessary for the interaction of Dok-3 with the Csk SH2
domain. Since mutation of Y325 alone had no impact on the
inhibitory potential of Dok-3, these findings implied that Csk is
unlikely to play a significant role in the inhibitory function of
Dok-3 in B cells. This notion is also supported by the previous
finding that the stoichiometry of the Dok-3-Csk association in
activated B cells is quite low (26).

These data indicated that the inhibitory role of Dok-3 cor-
related with the capacity of Dok-3 to bind SHIP-1. To provide
more direct evidence supporting this model, various Dok-3-
based chimeric proteins were created and studied. We found
that fusion of the PH and PTB regions of Dok-3 (the presumed
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indicated antibodies.

intracellular targeting domains of Dok-3) to the active catalytic
domain of SHIP-1, but not to the catalytic region of Csk, was
able to reestablish efficiently the inhibitory effect of Dok-3 in
A20 cells. Because the Dok-3-SHIP-1 chimera did not encom-

pass regions outside the catalytic domain of SHIP-1, such as its
SH2 domain or its sites of tyrosine phosphorylation, it is likely
that the impact of Dok-3-SHIP-1 was due to Dok-3-mediated
recruitment of the catalytic activity of SHIP-1. In agreement
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with this, we found that the effect of Dok-3-SHIP-1 was abol-
ished by mutation of a conserved residue required for SHIP-1
catalytic activity (D672A mutation) (22). Furthermore, the bio-
chemical consequences of expression of wild-type Dok-3 and
Dok-3-SHIP-1 in A20 cells were identical.

Indeed, our biochemical studies demonstrated that Dok-3
and the Dok-3-SHIP-1 chimera inhibited very specific targets
in BCR signaling. Both polypeptides had no effect on BCR-
induced overall protein tyrosine phosphorylation or tyrosine
phosphorylation of PLC-y2 and Vav-1 (Fig. 6 and data not
shown). Likewise, they failed to have an impact on the BCR-
triggered activation of Btk and Akt/PKB or the induction of
calcium fluxes, which are known to be regulated by FcyRIIB-
associated SHIP-1 (2, 4, 31, 32, 39). Surprisingly, however,
Dok-3 and Dok-3-SHIP-1 caused an inhibition of BCR-in-
duced phosphorylation and activation of JNK, while they had
no effect on other MAPKSs like Erk-1, Erk-2, and p38. Con-
versely, the dominant-negative Dok-3 4F induced an increase
in JNK activity in activated B cells. Similar effects were seen on
ATF-2, a known downstream target of JNK. Therefore, these
results implied that the Dok-3-SHIP-1 complex was acting by
selectively inhibiting the JNK pathway. This notion is also
supported by the finding that B cells derived from SHIP-1-
deficient mice exhibited an augmentation of BCR-elicited ac-
tivation of JNK but not Erk-1, Erk-2, and p38. While this last
observation did not establish that Dok-3 per se was responsible
for recruitment of SHIP-1 leading to JNK regulation in normal
B cells, this was nevertheless consistent with the notion that
non-FcyRIIB-interacting SHIP-1 was implicated in selective
down-regulation of JNK activity.

Like other MAPKSs, JNKs are activated through phosphor-
ylation by upstream kinases consisting of MAPK kinases
MKK-4 and MKK-7 as well as several MAPK kinase kinases
like MEKKs and MLKs (15, 23). However, we were unable to
detect an impact of Dok-3 on the phosphorylation state of
MKK-4 (data not shown). It has also been reported that
PLC-vy2 and Rac-1 can be involved in the activation of JNK in
BCR-stimulated B cells (11, 18, 21). Once again, though, we
observed no effect of Dok-3 on PLC-y2 tyrosine phosphoryla-
tion or Rac-1 activity. Whereas it is possible that the Dok-3-
SHIP-1 complex acts on a restricted pool of these JNK regu-
lators that cannot be identified with the currently available
assays, we favor the idea that Dok-3-SHIP-1 affects less con-
ventional or as-yet-unknown activators of the JNK pathway. In
particular, it may prevent the PI(3,4,5)P;-dependent mem-
brane recruitment of a PH domain-containing enzyme or scaf-
fold molecule involved in JNK activation. This possibility will
deserve future consideration.

The ability of SHIP-1 to bind various types of docking pro-
teins suggests that it carries out diverse functions in immune
cells. As reported elsewhere, by interacting with FcyRIIB,
SHIP-1 can inhibit the BCR-induced activation of Btk and
Akt/PKB, thus causing diminished PLC-y2 tyrosine phosphor-
ylation and calcium fluxes, as well as reduced cell proliferation
and survival (2, 4, 20, 27, 32, 39). Once soluble antibody se-
cretion is initiated during the course of an immune response,
this signal is presumed to prevent sustained B-cell activation in
vivo. In striking contrast, by way of its association with Dok-3,
SHIP-1 selectively inhibits the JNK cascade in activated B cells
without measurably affecting the Btk and Akt/PKB pathways
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(this report). This effect is accompanied by an inhibition of
BCR-induced cytokine production and proliferation (26; Rob-
son and Veillette, unpublished). Thus, the Dok-3-SHIP-1
complex constitutes an alternative negative feedback mecha-
nism that may be important for terminating B-cell activation in
the absence of FcyRIIB coligation. It is also possible that
Dok-3 qualitatively modifies the outcome of B-cell activation.
Along these lines, Healy et al. reported that JNK activation is
selectively deficient in tolerant, but not naive, B cells (19).
Hence, Dok-3-associated SHIP-1 may promote B-cell toler-
ance.

One of the most surprising results observed in the present
study is that activation of Btk and Akt was not detectably
inhibited by Dok-3-associated SHIP-1. Given that binding of
the PH domain of Btk and Akt to PIP; appears to be critical
for their activation in response to BCR stimulation, this finding
suggests that Btk and Akt may be physically protected from the
action of Dok-3-SHIP-1. In all likelihood, Dok-3 and its asso-
ciated SHIP-1 are targeted to an intracellular compartment
distinct from those occupied by Btk and Akt. Although less
likely, it is also conceivable that the substrate specificity of
Dok-3-associated SHIP-1 is distinct from that of FcyRIIB-
interacting SHIP-1. For example, while the SHIP-1 molecules
recruited by FcyRIIB seem to target PI(3,4,5)P;, Dok-3-asso-
ciated SHIP-1 may hydrolyze the 5" phosphate of an alterna-
tive inositol phospholipid implicated in regulation of the JNK
pathway. Obviously, future studies are needed to address these
issues.

In addition to identifying SHIP-1 as a negative regulator of
JNK signaling in B cells, our results provide evidence of the
functional importance of JNK in B-cell activation. While little
is known about the role of JNK in B cells, others have reported
that B-cell differentiation and functions seemed to be unaf-
fected in mice lacking expression of single juk genes (38, 46).
While one interpretation of these findings is that JNK proteins
have no significant role in B cells, it is likely that there is
functional redundancy between the various JNKs as well as
JNK-related molecules such as p38. JNKs may also have a
more specialized function in B cells. For instance, as suggested
above, they may be involved in protecting B cells against tol-
erance induction. Clearly, based on these and our findings,
more should be done to address the role of JNK in B cells.

SHIP-1 interacts not only with Dok-3 but also with other
adaptors such as Dok-1, Dok-2, and Shc (13, 26). Interestingly,
it has been reported that, like Dok-3, Dok-1 and Dok-2 can
inhibit receptor-mediated signaling events in immune cells,
including T cells and B cells (17, 30, 40, 41). In light of this, it
is appealing to propose that the inhibitory effect of Dok-1 and
Dok-2 in these cells is caused at least in part by SHIP-1 and
inhibition of JNK signaling. Although additional evaluations
are required to test this possibility, the strong sequence simi-
larities between the Dok-related molecules suggest that this
may well be the case.
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