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Interferons (IFNs) induce early-response genes by stimulating Janus family (Jak) tyrosine kinases, leading
to tyrosine phosphorylation of Stat transcription factors. Previous studies implicated protein-tyrosine phos-
phatase (PTP) activity in the control of IFN-regulated Jak/Stat signaling, but the specific PTPs responsible
remained unidentified. We have found that SH2 domain-containing PTP1 (SHPTP1; also called PTP1C, HCP,
or SHP) reversibly associates with the IFN-a receptor complex upon IFN addition. Compared with macro-
phages from normal littermate controls, macrophages from motheaten mice, which lack SHPTP1, show dra-
matically increased Jakl and Statla tyrosine phosphorylation, whereas Tyk2 and Stat2 activation is largely
unaffected. These findings correlate with selectively increased complex formation on a gamma response
element, but not an IFN-stimulated response element, in motheaten macrophages. Our results establish that
SHPTP1 selectively regulates distinct components of Jak/Stat signal transduction pathways in vivo.

Interferons (IFNs) were the first of many cytokines and
growth factors that were found to stimulate the expression of
early-response genes by inducing the tyrosine phosphorylation
of SH2 domain-containing transcription factors (subsequently
termed Stats) (20, 21). Tyrosine phosphorylation of Stat pro-
teins induces them to form homodimeric and/or heterodimeric
complexes, which translocate to the nucleus and interact with
similar elements in a variety of enhancers to promote tran-
scription. Janus family protein-tyrosine kinases (PTKs) are in-
tegral components of the signaling cascades regulated by cyto-
kines that activate Stats (17).

Recent work in many laboratories has identified several
downstream components of IFN-«/B signaling. Two subunits
(o and B) of the IFN-o/B receptor (IFNa/BR) have been mo-
lecularly cloned (28, 44). Binding of IFN-a/B to its receptor
results in rapid activation of the Janus PTKs Jak1 and Tyk2.
This results in tyrosyl phosphorylation of both Statla (p91)
and Stat2 (p113) and the formation of at least two transcrip-
tion factor complexes. One complex, composed of a heterotri-
mer of Statle, Stat2, and the DNA-binding component p48,
binds to IFN-stimulated response elements (ISREs) (12, 13,
30), whereas Statla homodimers bind to gamma response re-
gion (GRR) elements or the IFN-y activation sequence (14,
29). Substantial genetic and biochemical evidence indicates
that activation of Janus PTKs precedes and is necessary for
Stat tyrosyl phosphorylation and transcription complex forma-
tion. However, little is known about the molecules and mech-
anisms required for termination of IFN signal transduction.

Several reports have implicated protein-tyrosine phospha-
tases (PTPs) in both positive (signal-enhancing) and negative
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(signal-terminating) regulation of IFN signaling (6, 14, 15).
Preincubation of cell homogenates with PTP inhibitors pre-
vents activation of Statl by both IFN-a and IFN-y (6, 14).
These data suggest that at least one PTP is required to initiate
IFN signaling but not to maintain its activity. Incubation of a
variety of cells with vanadate also induces tyrosine phosphor-
ylation of the Janus PTKs, as well as Statla, such that Stat
complexes can form and bind to enhancers required for IFN-
induced gene expression (15, 16). Thus, a PTP(s) also may
negatively regulate IFN signal transduction. Since PTP inhibi-
tion results in IFN-independent activation of Jak/Stat family
members, these results further suggest that a PTP(s) may be
intimately associated with proximal components of this path-
way. However, the specific PTPs required for activation and
termination of IFN signaling pathway have remained uniden-
tified.

SH2 domain-containing PTPs (SHPTPs) are attractive can-
didates for such regulatory molecules. Two mammalian
SHPTPs have been identified (reviewed in references 9 and
26). SHPTP2 (11), also known as Syp (8), PTP1D (46), and
PTP2C (1), is expressed ubiquitously and is the homolog of
Drosophila Csw (32). Genetic analysis indicates that Csw is
required for signaling by Torso (32) and other Drosophila re-
ceptor tyrosine kinases (31). Likewise, vertebrate SHPTP2 has
been implicated in positive signaling by the insulin receptor
(49), the epidermal growth factor receptor (49), and the fibro-
blast growth factor receptor (38). SHPTP2 also is tyrosine
phosphorylated upon stimulation of appropriate cells with cil-
iary neurotrophic factor/interleukin-6 (IL-6)/leukemia-inhibi-
tory factor/oncostatin M (2), granulocyte-macrophage colony-
stimulating factor (GM-CSF) and IL-3 (47), or erythropoietin
(EPO) (39), although its role in these cytokine pathways has
not been established. SHPTP1 (PTP1C, HCP, SHP) is ex-
pressed primarily in hematopoietic cells (35). The physiologi-
cal importance of SHPTP1 has been graphically illustrated by
the finding that mutations in SHPTP1 result in motheaten (me/



VoL. 15, 1995

me) and motheaten viable (me"/me”) mice (37, 41). The me
allele is an early frameshift mutation, such that me/me mice
make no detectable SHPTP1 protein, whereas me"/me’ mice
synthesize SHPTP1 protein products with substantially de-
creased PTP activity (19, 37). Although me/me mice survive for
only 2 to 3 weeks, me"/me” mice live for a few months. Pre-
sumably, residual PTP activity accounts for the increased via-
bility of me"/me” mice, emphasizing the physiological impor-
tance of the enzymatic activity of SHPTP1. However, the
specific signal transduction pathways regulated by SHPTP1 are
largely unknown.

Recent studies have suggested that SHPTP1 negatively reg-
ulates signaling by the IL-3 and EPO receptors (IL3R and
EPOR) (18, 51). Following IL-3 addition to a factor-depen-
dent hematopoietic cell line, SHPTP1 was reported to bind
directly to the tyrosyl-phosphorylated IL3R beta chain (IL3RB),
although the precise binding site was not identified (51). More-
over, lowering the level of SHPTP1 protein by the inducible
expression of antisense SHPTP1 RNA was reported to lead to
IL3RB hyperphosphorylation. Similarly, upon addition of
EPO, SHPTP1 associates with the tyrosyl-phosphorylated mu-
rine EPOR, expressed ectopically in either BaF3 or 32D cells
(18). Mutation of the binding site for SHPTP1 on the EPOR
results in prolonged phosphorylation of the EPOR-associated
Janus kinase Jak2 and correlates with increased sensitivity to
EPO-induced mitogenesis. The latter results suggested that
SHPTP1 may regulate cytokine receptor signaling by promot-
ing the dephosphorylation of receptor-associated Janus PTKs.
However, the relevance of such results, obtained by using fac-
tor-dependent cell lines, has not been assessed in vivo by using
me/me or me’/me” mice. To address the role of SHPTP1 in
IFN-o/B signal transduction, we examined whether it associ-
ated with known components required for Stat activation by
IFN-a/B. We found that SHPTP1 is basally associated with the
IFNa/BR alpha-subunit (IFNa/BR-a) complex but reversibly
dissociates upon IFN addition. This association is functionally
important in vivo, because bone marrow-derived macrophages
(BMDM) from me/me mice exhibit hyperstimulation of selec-
tive components of the IFN-o/B signaling cascade. Upon IFN
stimulation, me/me BMDM show remarkably enhanced Jakl
tyrosyl phosphorylation, with only minimally increased Tyk2
phosphorylation. This correlates with increased tyrosyl phos-
phorylation of Statla but not Stat2 and increased transcription
complex formation on a GRR element but not on an ISRE.
Our data establish that SHPTP1 negatively regulates IFNo/BR
signal transduction in vivo. Moreover, SHPTP1 can selectively
regulate specific components within a cytokine receptor signal
transduction pathway by dephosphorylating specific Janus
PTKs.

MATERIALS AND METHODS

Cells. Mono Mac 6 (MM6) cells (53) were grown in RPMI 1640 supplemented
with 10% fetal calf serum. Cultures of BMDM were prepared from 2-week-old
C3HeB/FelJLe-a/a-me/me mice or their unaffected littermates by a modification
of previously described procedures (42). Briefly, bone marrow cells extruded
from femurs were incubated for 24 h in Dulbecco’s modified Eagle’s medium
with 20% L-cell conditioned medium (L-CM) as a source of CSF-1. On day 1,
adherent cells were discarded and nonadherent cells were collected and seeded
on 100-mm-diameter plates at 1.5 X 10° cells per ml in Dulbecco’s modified
Eagle’s medium plus 20% L-CM. On day 7, adherent BMDM were deprived of
CSF-1 (L-CM) for 24 h and then stimulated with 10* U of IFN-a A/D (Hoff-
mann-LaRoche) per ml.

Whole cell extracts. Cells were diluted with ice-cold phosphate-buffered saline
(PBS) and centrifuged at 1,500 X g for 10 min at 4°C. Cells were washed with
PBS and resuspended in 200 pl of lysis buffer (20 mM N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid [HEPES; pH 7.4], 1 mM vanadate, 150 mM NaCl,
1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride). For some experiments,
1% digitonin was substituted for Triton X-100. Lysate were vortexed, incubated
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on ice for 10 min, and centrifuged at 18,000 X g for 10 min at 4°C, and the
supernatants were transferred to new tubes. Supernatants were incubated with
various glutathione S-transferase (GST) fusion proteins bound to glutathione-
agarose beads. The construction and expression of GST fusions to either the
entire coding region of the cytoplasmic domain of IFNa/BR-a (the cDNA clone
of the human IFNa/BR described by Uze et al. [44]), its carboxy-terminal 50
amino acids, or the membrane-proximal 50 amino acids of its cytoplasmic tail
(lanes 5 and 6) have been described in detail previously (3). Beads were incu-
bated with extracts at 4°C for 12 h, pelleted at 1,500 X g for 2 min, and washed
three times with ice-cold lysis buffer (1 ml for each wash). Proteins were sepa-
rated on sodium dodecyl sulfate (SDS)—4 to 16% gradient polyacrylamide gels
and transferred to Immobilon. Membranes were blocked and then incubated
with an monoclonal antibody against Tyk2, Jakl, SHPTP1 (all from Transduc-
tion Laboratories), or phosphotyrosine (PY20; ICN), using concentrations and
conditions recommended by the manufacturer. Immunoblots were developed by
using appropriate secondary antibodies and enhanced chemiluminescence (ECL)

EMSA. Electrophoretic mobility shift assays (EMSAs) were performed as
previously described, using whole cell extracts prepared with Triton X-100-
containing buffers as described above (10, 20, 48). Probes, consisting of the GRR
found within the promoter of the FcyRI gene (5" AGCATGTTTCAAGGATT
TGAGATGTATTTCCCAGAAAAG 3') and the ISRE of IFN-stimulated gene
15 (5" GATCCATGCCTCGGGAAAGGGAAACCGAAACTGAAGCC 3')
were end labeled by using polynucleotide kinase and [y-*P]ATP.

Immunoprecipitations. Cell lysates (350 pg) prepared with Triton X-100 (Fig.
1, 2, 4, and 5)- or digitonin (Fig. 3)-containing buffers were incubated sequen-
tially with an anti-Jakl antiserum (Upstate Biotechnology Inc.) for 2 h, an
anti-Tyk2 antibody (Santa Cruz Biotechnology) for 2 h, and a mixture of anti-
Statla and anti-Stat2 antibodies overnight (20). For the experiments shown in
Fig. 2, antisera for Tyk2 and Jak1 were prepared from rabbits immunized with
peptides corresponding to the carboxy terminus of Tyk2 or the kinase-like do-
main of Jakl (3, 16). Antibodies to IFNa/BRa were generated against the
extracellular domain by immunizing mice with CHO cells expressing a high
concentration of cell surface IFNa/BR-a. The antibodies were screened with
IFNo/BR-a fusion protein and also by cell surface binding using fluorescence-
activated cell sorting analysis. Immune complexes were collected after each
immunoprecipitation on protein A beads, resolved by SDS-polyacrylamide gel
electrophoresis (PAGE) (8% polyacrylamide gel), immunoblotted with mono-
clonal antiphosphotyrosine antibody 4G10 (Upstate Biotechnology Inc.) and
detected by using ECL. Membranes were stripped and reprobed with an anti-
Jakl1, anti-Tyk2, anti-Statla, or anti-SHPTP1 antibody.

RESULTS

To identify specific PTPs involved in IFN-o/B signal trans-
duction, we examined whether SHPTP1 associated with com-
ponents of this signaling cascade. Tyk2, a PTK required for
IFNa/B activation of Statla and Stat2, has been shown to
interact with GST fusion proteins containing either the entire
cytoplasmic domain of IFNa/BR-a or its membrane-proximal
50 amino acids (3). We used these fusion proteins to determine
whether other signaling components interact with this receptor
subunit. Extracts were prepared from MMG6 cells which had
been incubated with or without IFN-B for 10 min. These cells
are very responsive to IFN-o/B (53) and express SHPTP1 (data
not shown). Glutathione-agarose beads containing GST fusion
proteins to either the entire 100-amino-acid cytoplasmic do-
main of IFNa/BR-a (Fig. 1, lanes 1 and 2), its membrane-
proximal 50 amino acids (lanes 5 and 6), or its carboxy-termi-
nal 50 amino acids (lanes 3 and 4) were incubated with the
extracts, and bound material was separated by SDS-PAGE,
transferred to nylon membranes, and subjected to immuno-
blotting with antibodies specific for Tyk2 (Fig. 1A), Jak1 (Fig.
1B), or phosphotyrosine (Fig. 1D). As reported previously (3),
Tyk2 associated with the GST fusion protein containing the
complete IFNa/BR-a cytoplasmic domain (Fig. 1A, lanes 1
and 2) as well as with its membrane-proximal 50 amino acids
(lanes 5 and 6). We also detected interaction of Jak1 with both
the full-length and membrane-proximal GST fusion proteins.
The carboxy-terminal 50 amino acids (lanes 3 and 4) did not
bind to either Tyk2 or Jakl, serving as a control for specificity.
In addition, GST alone did not bind to any of the proteins that
were analyzed (data not shown). When the same blots were
reprobed for SHPTP1, it was found to associate with the mem-
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FIG. 1. Interaction of proteins with the cytoplasmic domain of IFNo/BR-a.
MMB6 cells (1 X 10° to 2 X 10° per sample) were incubated for 10 min at 37°C
with (IFNB) or without (CTL [control] 10° U of recombinant human IFN-§ per
ml, and cell extracts were prepared. The supernatants were incubated with GST
fusion proteins bound to glutathione-agarose beads. Either the entire coding
region of the cytoplasmic domain of the « subunit (lanes 1 and 2), the carboxy-
terminal 50 amino acids of the cytoplasmic tail (lanes 3 and 4), or the membrane-
proximal 50 amino acids of the cytoplasmic tail (lanes 5 and 6) were used.
Proteins bound to the beads were separated on SDS-4 to 16% gradient poly-
acrylamide gels, transferred to Immobilon, and immunoblotted with a monoclo-
nal antibody against Tyk2 (A), Jak1 (B), SHPTP1 (PTP1C) (C) (all from Trans-
duction Laboratories), or phosphotyrosine (PY20; ICN) (D). Immunoblots were
developed by using ECL. The composition of the faster-migrating product de-
tected with the Tyk2 antibody is not known. The prominent tyrosine-phosphor-
ylated band labeled Tyk2 in panel D aligned with the Tyk2 immunoblot shown in
panel A. Sizes are indicated in kilodaltons.

brane-proximal and complete cytoplasmic domains of IFNa/
BR-a in MMG6 cells (Fig. 1C). Similar interactions were de-
tected in lysates prepared from other cultured hematopoietic
cell lines as well as from primary human peripheral blood
monocytes (data not shown).

Although SHPTP1 associated with IFNo/BR-a, its interac-
tion initially appeared unaffected by IFN-B treatment (Fig. 1;
compare lanes 1 and 2, 5, and 6 [but see below]). In addition,
we did not observe any IFN-induced change in SHPTP1 tyro-
sylphosphorylation. Under the same conditions, IFN-induced
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Tyk2 tyrosylphosphorylation was readily detected, while IFN-a
stimulated tyrosine phosphorylation of Jakl was variable and
often marginally detectable (Fig. 1D). It should be noted that
in most experiments, there was low but detectable tyrosine
phosphorylation of both Tyk2 and Jak1 in cells incubated with-
out cytokine (see Discussion).

Tyk2 and Jakl represent two potential substrates for
SHPTPI. To determine whether these PTKs are in a complex
with SHPTP1 in vivo, Tyk2 and Jakl immunoprecipitates from
MMB6 cell extracts were resolved by SDS-PAGE, blotted onto
nylon membranes, and probed for the presence of SHPTP1
(Fig. 2A). Both anti-Tyk2 and to a lesser extent anti-Jakl
coimmunoprecipitated SHPTP1 from MMG6 cells, whereas a
control monoclonal antibody of the same isotype did not cross-
react with the protein detected by the SHPTP1 antibody (Fig.
2B). From the data in Fig. 1 and 2, we concluded that SHPTP1
is associated with one or more components of the IFNa/BR-a
signaling complex in vivo.

The association of SHPTP1 with the IFNo/BR-o complex
suggested that it might regulate IFN-a/B signal transduction.
However, we were surprised to find that this association ap-
peared to be independent of IFN addition (for 10 min). This
result contrasted with previous reports on the association of
SHPTP1 with the IL3R (51) and EPOR (18, 39) and with the
receptor tyrosine kinase c-Kit (50), in which SHPTP1-receptor
association is ligand inducible. Since we also detected no
change in SHPTP1 tyrosyl phosphorylation upon IFN treat-
ment, it was unclear how SHPTP1 regulation of IFN-o/f sig-
naling was effected.

Therefore, we investigated the kinetics of SHPTP1 associa-
tion with components of the IFN-a/B signal transduction path-
way in more detail (Fig. 3). MM6 cells were stimulated with
IFN for various periods of time, and extracts were immuno-
precipitated with antibodies against IFNa/BR-a (Fig. 3A),
Jakl (Fig. 3B), and Tyk2 (Fig. 3C), resolved by SDS-PAGE,
and subjected to anti-SHPTP1 immunoblotting. These studies
indicated that SHPTP1 reversibly associates with these three
components of the IFNa/BR-a signaling complex. As observed
in Fig. 2, prior to stimulation, SHPTP1 can be coimmunopre-
cipitated with both anti-Jakl and anti-Tyk2 antibodies, and as
predicted by the results of Fig. 1, SHPTP1 also is found in
anti-IFNo/BR-a immunoprecipitates. However, within 30 s of
IFN stimulation, the amount of SHPTP1 associated with
IFNo/BR-a, Jakl, and Tyk2 decreases substantially, and by 1
min, virtually no SHPTP1 is detectable in any of these immu-
noprecipitates (Fig. 3). By 2 min following stimulation, reas-
sociation of SHPTP1 with the IFNa/BR-a complex was ob-
served, and basal levels of association were restored by 5 min.
These blots were reprobed with anti-IFNa/BR-a, anti-Jakl,
and anti-Tyk2 antibodies, respectively, to ensure that compa-
rable amounts of these three signaling molecules were immu-
noprecipitated at each time point following stimulation. IFN-
induced dissociation of SHPTP1 from the IFNa/BR-a complex
suggested that its removal might be necessary to allow activa-
tion of Jakl and Tyk2. Its return to the receptor complex by 5
min poststimulation suggested that SHPTP1 might help regu-
late the magnitude and/or duration of IFN-induced Janus PTK
activation.

However, since PTPs have been implicated in both positive
and negative functions in IFN signaling (see the introduction),
the role(s) of SHPTP1 required clarification. The availability
of a murine model of SHPTP1 deficiency (me/me mice) pro-
vided the opportunity to define the function of SHPTP1 in IFN
signaling in more detail. We compared IFN-«/B signaling in
BMDM isolated from me/me mice or their unaffected litter-
mates. We used me/me mice, which are SHPTP1 protein null
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FIG. 2. SHPTP1 is associated with Tyk2 and Jakl in MM6 cells. MM6 cells were incubated without (CTL [control]) or with (IFNB) IFN, and extracts were
prepared as in described in Materials and Methods. Lysates were incubated with an affinity-purified antibody raised against either Tyk2 (lanes 1 and 2) or Jakl (lanes
3 and 4). Immunoprecipitates were resolved by SDS-PAGE, transferred to Immobilon, and probed for the presence of SHPTP1 (A) or an isotype-specific monoclonal

antibody (B) as described in the legend to Fig. 1. wb, Western blot (immunoblot);

animals, to avoid the potential confounding effects of residual
PTP activity in me"/me” mice. BMDM were allowed to prolif-
erate for 7 days in CSF-1, which was then removed from the
cultures for 24 h prior to incubation of cells with or without
IFN-a for 30 min. Whole cell extracts were prepared before
and after IFN treatment, and Statla and Stat2 functions were
assessed by EMSA using GRR and ISRE probes (33, 48).
IFN-a-induced complexes from normal and me/me BMDM
bound to both GRR and ISRE probes (Fig. 4A, lanes 2, 4, 6,
and 8). Although there was no difference in the amount of
IFN-stimulated gene factor 3 (ISGF3) complex in IFN-o/B-
stimulated me/me and normal extracts (lanes 6 and 8), there
was a substantial increase in the amount of the IFN-a-stimu-
lated factor binding to the GRR in the same extracts (lanes 2
and 4). This factor contained Statla by supershift analysis
(data not shown). In parallel, the amount of tyrosyl-phosphor-
ylated Statla was also significantly increased in me/me
BMDM, whereas the levels of tyrosine-phosphorylated Stat2 (a
component only of ISGF3) were not enhanced (Fig. 4B, lanes

A B

IgG-hc, immunoglobulin G heavy chain. Sizes are indicated in kilodaltons.

2 and 4). As demonstrated by anti-Statl immunoblotting (Fig.
4B), the increase Statla tyrosine phosphorylation was not due
to an increased level of Statla protein in me/me BMDM,;
instead, there is increased tyrosine phosphorylation of compa-
rable amounts of Statla in me/me cells. An additional IFN-a-
stimulated tyrosyl-phosphorylated protein, which did not react
on immunoblots with either Statla or Stat2, was also observed
in Statla and/or Stat2 immunoprecipitates. This protein may
represent a related Stat family member, since upon tyrosyl
phosphorylation, Stats dimerize and can then be coimmuno-
precipitated (7, 23, 36). Alternatively, this additional protein
could represent a novel, non-Stat tyrosyl phosphoprotein that
either shares epitopes or forms a complex with Stat family
members. It is not known whether this additional IFN-a-stim-
ulated tyrosyl-phosphorylated protein contributes to the en-
hanced GRR binding seen in extracts prepared from BMDM
from me/me mice.

Both Tyk2 and Jak1 are required for IFN-o/p activation of
Statla and Stat2 (25, 45). These PTKs are tyrosyl phosphory-

C
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FIG. 3. Reversible association of SHPTP1 with components of the IFNo/B/R-

o signaling complex. MM6 cells were incubated without (CTL [control]) or with

(IFNB) IFNB for 30 s (30”), 1 min (1'), 2 min (2), or 5 min (5’). Extracts were prepared as for Fig. 1 except that digitonin-containing buffer was used for lysis. Lysates
were immunoprecipitated (ip) with antibodies against IFNa/B/R-a (A), Jakl (B), or Tyk2 (C), resolved by SDS-PAGE, and subjected to anti-SHPTP1 immunoblotting
(Western blotting [wb]) (top panels). Blots were then stripped and reprobed for the indicated proteins to ensure comparable loading (bottom panels).
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FIG. 4. BMDM from me/me mice display enhanced IFN-o/B activation of the Jak/Stat pathway. (A) IFN-o/B stimulates enhanced formation in me/me macrophages
of a complex that binds to the GRR in the promoter of the high-affinity (FcyR1 gene but not to the ISRE. Whole cell extracts were prepared from cultures of BMDM
from me/me mice or their unaffected littermates. EMSAs were performed with equal amounts of protein and 3?P-labeled oligonucleotide probes corresponding to the
GRR in the high-affinity FcyR1 gene (lanes 1 to 4) or the ISRE from IFN-stimulated gene 15 (lanes 5 to 8) (33, 48). CTL, control; 30’, 30 min; IFNaSF,
IFN-a-stimulated factor; ISGF3, IFN-stimulated growth factor 3. (B to D). Loss of SHPTP1 in me/me BMDM leads to selective hyperactivation of Jakl and Statla.
Cell lysates (350 pg) were incubated sequentially with an anti-Jak1 antiserum, an anti-Tyk2 antibody, and a mixture of anti-Statla and anti-Stat2 antibodies (20).
Immune complexes were collected on protein A beads, subjected to SDS-PAGE (8% gel), immunoblotted with monoclonal antiphosphotyrosine antibody 4G10, and
detected by ECL. Membranes were stripped and reprobed with the anti-Jak1, anti-Tyk2, or anti-Statla antibody. (B) Tyrosine phosphorylation of Statla and Stat2 in
macrophages from me/me and normal mice. Extracts prepared from BMDM as for Fig. 3A were immunoprecipitated with a mixture of Statla- and Stat2-specific
antisera (20). The immunoprecipitates were resolved by SDS-PAGE and immunoblotted with the antiphosphotyrosine antibody (upper panel). The membrane was then
reprobed with Statla (lower panel). (C) IFN-a/B-stimulated tyrosine phosphorylation of Tyk2 in macrophages from normal and me/me mice. The antiphosphotyrosine
blot was stripped and reprobed for Tyk2 (lower panel). (D) IFN-a/B-stimulated tyrosine phosphorylation of Jak1 in macrophages from normal and me/me mice. The
antiphosphotyrosine blot was stripped and reprobed for Jakl (lower panel).

lated as a result of treatment of cells with IFN-«, and tyrosine
phosphorylation of these proteins correlates with an increase
in their kinase activities (25, 45). To examine whether activa-
tion of Tyk2 and/or Jakl is modified in BMDM from me/me
mice, BMDM were incubated with IFN-a, and cellular extracts
were prepared and subjected to immunoprecipitation with a
Tyk2 or Jak1 antiserum followed by SDS-PAGE and antiphos-
photyrosine immunoblotting (Fig. 4C and D). Interestingly,

Jak1 displayed drastically increased tyrosine phosphorylation
in IFN-a-treated macrophages from me/me mice compared
with cells derived from the control group (Fig. 4D), whereas
there was, at most, modestly enhanced tyrosine phosphoryla-
tion of the Tyk2 kinase under the same conditions (Fig. 4C).
Analysis of the kinetics of tyrosyl phosphorylation of Jakl,
Tyk2, Statl, and Stat2 following IFN stimulation revealed that
tyrosine phosphorylation of Statla and Jakl was enhanced
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after 5, 15, and 30 min of incubation with IFN-a (data not
shown). Likewise, selectively enhanced Jak1 and Statl tyrosyl
phosphorylation was observed with several different IFN con-
centrations (data not shown). Thus, concentrations of IFN that
yield weak responses (as monitored by Jak and Stat phosphor-
ylation) in normal BMDM yield strong responses in me/me
cells. Our data establish SHPTP1 as an extremely selective
negative regulator of IFN-o/B signal transduction, such that
loss of SHPTP1 results in hyperactivation of only some com-
ponents of the pathway.

DISCUSSION

Previous studies suggested that PTPs have both positive and
negative functions in IFN-«/B signal transduction, but the spe-
cific molecules involved were unclear. We have established
that SHPTP1 is a physiologically relevant negative regulator of
the IFN-o/B pathway. Both before and after IFN stimulation,
SHPTP1 is associated with the IFNa/BR signaling complex
(Fig. 1 to 3). This association is reversible, as following IFN
addition, and concomitant with activation of Jakl and Tyk2,
SHPTP1 transiently dissociates from the complex, only to re-
turn at later time points. Most importantly, comparison of IFN
signaling in normal and me/me BMDM reveals that negative
regulation by SHPTP1 is specific, controlling the tyrosine phos-
phorylation (and presumably the PTK activity) of Jak1 but not
Tyk2, as well as Statl but not Stat 2 (Fig. 4 and 5).
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The presence of SHPTP1 in the IFNa/BR-a complex does
not appear to be necessary to prevent gratuitous Jakl activa-
tion, as basal Jak1 activity in me/me BMDM is not significantly
elevated. Therefore, SHPTP1 alone cannot account for the
PTP activity required to prevent spontaneous Jak and Stat
activation, as revealed by PTP inhibitor studies (see the intro-
duction). Conceivably, SHPTP1 could function primarily to
limit the extent and duration of Jak and Stat activation, while
another PTP prevents basal activation. However, we suspect
that SHPTP1 is associated with the basal IFNa/BR-a complex
because it also helps to keep basal Jakl activity low. One or
more additional PTPs may contribute to such regulation, pro-
viding a fail-safe mechanism; perhaps an as yet unidentified
PTP responsible for Tyk2 inactivation subserves this function.
In any case, SHPTP1 probably is not the only negative regu-
latory PTP in IFN-o/B signaling. Mesenchymally derived cells,
which fail to express SHPTP1 (22, 35, 51), presumably have an
alternative mechanism for terminating IFN-a/B activation. In
addition, the effects of SHPTP1 expression on IFN-« signaling
may not be limited to Jak1 activity in that another possible Stat
protein may be activated in macrophages from me/me mice
(Fig. 4B).

Although our results suggest a general model for SHPTP1
regulation of IFN-o/B signaling (Fig. 5), several questions re-
main. The component(s) (IFNa/BR-a, Jakl, and/or Tyk2?) of
the IFNo/BR complex that directly mediate association with
SHPTP1, as well as the molecular determinants of association
(SH2 domain or non-SH2 domain mediated), remains to be
defined. We regularly detect low levels of tyrosine phosphor-
ylation on Tyk2 in unstimulated cells which potentially could
mediate SHPTP1 binding to the complex. Alternatively, the C
terminus of SHPTP1, which has been implicated in its associ-
ation with the insulin receptor (43), could be responsible. Stud-
ies using purified recombinant proteins produced in nonmam-
malian cell systems should resolve this issue. Likewise, the
mechanism by which SHPTP1 is displaced from the IFNo/BR
complex requires clarification. It is clear that association-dis-
sociation of SHPTP1 from the signaling complex does not
strictly correlate with tyrosine phosphorylation of Jak1, Tyk2,
or the o subunit of the receptor. These components (with the
exception of Tyk2) are not tyrosine phosphorylated in un-
treated cells, and they all remain tyrosine phosphorylated
longer than 5 min after exposure of cells to IFN-a (21) (data
not shown). One obvious and attractive possibility is that in the
basal IFNa/BR complex, SHPTP1 associates with Jakl and/or
Tyk2 on a surface that, following receptor engagement, serves
as the PTK dimerization interface. Likewise, the precise mech-
anism by which SHPTP1 is recruited back to the receptor
complex is unclear. Although SHPTP1 appears to dephosphor-
ylate and presumably inactivate Jakl but not Tyk2, it is not
clear whether specificity derives from restricted access of
SHPTP1 to Tyk2 within the IFNo/BR complex or instead re-
flects substrate preference of the SHPTP1 catalytic domain.
Most likely, SHPTP1 undergoes one or more IFN-a/B-induced
posttranslational modifications (e.g., serine phosphorylation).
In fact, recent evidence indicates that IFN-o/f activates ERK2
and stimulates serine phosphorylation of Statl and Stat3 (5).
However, in contrast to other signaling pathways, tyrosine
phosphorylation of SHPTP1 does not appear to increase in
response to IFN-a/B. Interestingly, the enhanced IFN-o/f-
induced activation of Jakl in me/me BMDM correlates with
selectively enhanced Statla tyrosine phosphorylation. The
much more modest increase in tyrosine phosphorylation of
Tyk2 compared with Jak1, and of Stat2 compared with Statle,
is consistent with the notion that Tyk2 promotes tyrosine phos-
phorylation of Stat2 in response to IFN-a/B (45).
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FIG. 5. Model for selective regulation of IFNa/BR signal transduction by SHPTP1. (A) SHPTPI is basally associated with the IFNa/BR signaling complex. The
specific components mediating this association remain to be established. (B) Following addition of IFN, the IFN«/BR is activated, leading to extrusion of SHPTP1, Jak1
and Tyk2 phosphorylation, and tyrosine phosphorylation of the o and 3 subunits of the receptor (34) and Statl and Stat2. (C) SHPTP1 is recruited back to the complex
and selectively dephosphorylates Jak1 but not Tyk2. The mechanism of recruitment of SHPTP1 back to the complex remains to be defined and is indicated by the
question marks, as is the PTP responsible for Tyk2 dephosphorylation, which remains unidentified. See text for details. P, phosphate.

Previously, we reported that SHPTP1 controls EPOR signal
transduction by regulating EPOR-associated Jak2 (18). Our
finding that SHPTP1 controls Jakl1 tyrosyl phosphorylation in
response to IFN-a/B supports our earlier suggestion that inac-
tivation of receptor-associated Janus PTKs may be a general
mechanism by which SHPTP1 regulates multiple cytokine re-
ceptor signaling pathways. In this regard, the hyperphosphor-
ylation of the IL3RB chain observed in DA3 myeloid cells
expressing antisense SHPTP1 constructs may be due to aber-
rant regulation of Jak2 in response to IL-3 stimulation of these
cells, rather than to the action of SHPTP1 on IL3R itself as
suggested previously (51). Consistent with this notion, we have
found that Jak2 is hyperactivated in granulocyte-macrophage
CSF-stimulated me/me BMDM (2a).

However, the current study goes beyond previous work to
reveal new complexities in PTP regulation of PTKs. First,
although mutation of the binding site for SHPTP1 on EPORs
expressed in heterologous myeloid cells correlated with sus-
tained Jak2 activation (18), it remained possible that this was
due to another regulatory molecule binding at this site or was
a peculiarity of ectopic EPOR expression. Analysis of BMDM
from otherwise isogenic normal and me/me mice provides the
distinct advantage of investigating the role of SHPTP1 in pri-
mary cells expressing normal levels of cytokine receptors and
downstream signaling components. Our studies of IFN-o/3
signaling attribute the observed hyperactivation of Jakl and
Statl in me/me to the absence of SHPTPI1, but it is formally
possible that this may be a secondary effect due to the lack of
expression of the protein. Second, the mechanistic details of
SHPTP1’s interaction with the EPOR and the IFNo/BR differ.
Whereas SHPTP1 is basally associated with the IFNo/BR-a
complex (Fig. 1 to 3), no such complex with the EPOR could

be detected in the absence of EPO stimulation (18). In addi-
tion, although loss of SHPTP1 association led to prolonged
(18) Jak2 activation in response to EPO stimulation, the extent
(i.e., peak magnitude) of activation was not altered, as opposed
to our observations of IFN-a/B-stimulated me/me BMDM
(Fig. 4). Furthermore, the downstream signaling consequences
of aberrant Jak2 activation were not assessed in our earlier
study. We have now shown that hyperactivation of a specific
Janus PTK in me/me BMDM results in selective dysregulation
of a particular Stat family member. This finding establishes
that PTPs can be highly specific regulatory molecules which
can distinguish between closely related target molecules, even
when such molecules are in the same signaling complex. In the
few previous studies in which discrete substrates for PTPs have
been proposed, e.g., Src family PTKs for CD45 (40) and
HPTPa (52) for Jak2 and the EPOR (18), such specificity has
not been observed.

The finding of selective dysregulation of Statl in response to
IFN in me/me BMDM may have interesting consequences for
IFN-induced gene expression in these mice. The increase in
IFN-induced GRR-binding complexes suggests that genes
bearing such elements would be overexpressed in these cells.
Indeed, preliminary analysis of IFN regulatory factor 1 expres-
sion by Northern (RNA) blotting reveals a severalfold increase
in expression in response to IFN (unpublished observations).
Typically, however, IFN-o/B results in the generation of both
ISRE- and GRR-binding complexes. Lowering the SHPTP1
activity clearly alters the ratio of these two transcription com-
plexes (Fig. 4) as a result of SHPTP1’s selective regulation of
Jak1 and Statl. It will be interesting to monitor the expression
of a battery of IFN-responsive genes. Furthermore, our find-
ings in this pathological model system raise the possibility that
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physiological regulation of SHPTP1 expression and/or activity
can modulate cytokine-induced gene expression in similar
ways. Therefore, it will be also interesting to examine whether,
by regulating SHPTP1 activity, different normal cell types can
exhibit distinct responses to IFN-a/B.

Finally, the hypersensitive IFN-o/f signaling pathway in
me/me BMDM may help contribute to abnormal inflammation.
One gene controlled by a GRR element in monocytic cells is
FcyR1. Our results predict that subthreshold levels of IFN-o/
would lead to FcyR1 expression; threshold levels of IFN-a/
might result in even higher FcyR1 expression. The circulating
immune complexes found in me/me mice might be expected to
engage FcyR1 on macrophages and neutrophils, leading to
their activation and further cytokine production. Furthermore,
FcyR1 signaling in neutrophils and/or macrophages may itself
be regulated by SHPTP1, a possibility suggested by the recent
finding that SHPTP1 is activated by another member of the
FcR family, FcyRIIB, in B cells (4). Thus, IFN-o/B signaling
may be part of a proinflammatory positive feedback loop which
helps generate the complex me/me phenotype.
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