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Abstract

Leptin regulates energy homeostasis primarily by binding and activating its long form receptor
(LRb). Deficiency of either leptin or LRb causes morbid obesity. Leptin stimulates LRb-
associated JAK?2, thus initiating multiple pathways including the Stat3 and phosphatidylinositol
(PI) 3-kinase pathways that mediate leptin biological actions. Here we report that SH2-B, a JAK2-
interacting protein, promotes activation of the Pl 3-kinase pathway by recruiting insulin receptor
substrate 1 (IRS1) and IRS2 in response to leptin. SH2-B directly bound, via its PH and SH2
domain, to both IRS1 and IRS2 both in vitro and in intact cells and mediated formation of a JAK2/
SH2-B/IRS1 or IRS2 tertiary complex. Consequently, SH2-B dramatically enhanced leptin-
stimulated tyrosine phosphorylation of IRS1 and IRS2 in HEK293 cells stably expressing LRb,
thus promoting association of IRS1 and IRS2 with the p85 regulatory subunit of Pl 3-kinase and
phosphorylation and activation of Akt. SH2-B mutants with lower affinity for IRS1 and IRS2
exhibited reduced ability to promote association of JAK2 with IRS1, tyrosine phosphorylation of
IRS1, and association of IRS1 with p85 in response to leptin. Moreover, deletion of the SH2-B
gene impaired leptin-stimulated tyrosine phosphorylation of endogenous IRS1 in mouse
embryonic fibroblasts (MEF), which was reversed by reintroduction of SH2-B. Similarly, SH2-B
promoted growth hormone-stimulated tyrosine phosphorylation of IRS1 in both HEK293 and
MEF cells. Our data suggest that SH2-B is a novel mediator of the Pl 3-kinase pathway in
response to leptin or other hormones and cytokines that activate JAK2.

Leptin is mainly produced and secreted from adipose tissues and regulates energy home
ostasis primarily by activating its long isoform receptor (LRb)! in the hypothalamic neurons
(1). Deficiency of either leptin (ob/ob) or LRb (db/db) in mice causes morbid obesity, a
primary risk factor for type 2 diabetes (2-6). LRb belongs to cytokine receptor family and
binds to JAK2, a cytoplasmic tyrosine kinase that initiates and coordinates multiple
pathways in response to leptin or other hormones and cytokines including growth hormone
(GH), prolactin, erythropoietin, interferon-y, and various interleukins. In response to leptin,
JAK?2 autophosphorylates as well as phosphorylates LRb at multiple tyrosines including
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Tyr985 Tyrl077 and Tyrl138 (7, 8). Phosphorylated Tyr%8° binds to SHP2, promoting the
mitogen-activated protein kinase pathway (7). Tyr%5 also serves as an inhibitory site by
binding to SOCS3 (8, 9). Phosphorylated Tyrl138 pinds to Stat3, a cytoplasmic latent
transcription factor, to allow JAK2 to phosphorylate and activate Stat3 (7, 10-12).
Disruption of the Stat3 pathway causes severe leptin resistance and morbid obesity in mice,
indicating that the JAK2/Stat3 pathway is required for leptin regulation of energy
homeostasis (10-12).

Leptin stimulates tyrosine phosphorylation of both insulin receptor substrate 1 (IRS1) and
IRS2 (13-18). Tyrosine phosphorylation of IRS proteins has been well characterized as an
initial and rate-limiting step in the activation of the Pl 3-kinase pathway in response to
insulin and IGF-1 (19, 20). IRS1 and IRS2 bind directly to insulin receptor and are
phosphorylated by insulin receptor at multiple Y XXM motifs that bind specifically to the
SH2 domain of the p85 regulatory subunit of P1 3-kinase (20). The interaction of p85 with
IRS1 or IRS2 causes a conformational change, resulting in activation of the p110 catalytic
subunit that is constitutively associated with p85 (21). P 3-kinase phosphorylates the
plasma membrane phospholipids that subsequently stimulate Akt by promoting
phosphorylation at Thr3% and Ser473 (22-26). The IRS/PI 3-kinase/Akt pathway is required
for insulin regulation of glucose homeostasis (27-29). Interestingly, leptin also stimulates the
activation of the PI 3-kinase pathway in both hypothalamic neurons and peripheral target
cells (15-18, 30-32). Inhibition of PI 3-kinase in the hypothalamus blocks leptin inhibition of
food intake, whereas inhibition of P 3-kinase in multiple peripheral tissues blocks various
cellular responses to leptin (15, 16, 30-32). Moreover, deletion of IRS2 diminishes leptin-
stimulated PI 3-kinase activity, resulting in leptin resistance and obesity (33, 34). These
observations demonstrate that in addition to the JAK2/Stat3 pathway, the PI 3-kinase
pathway is also required for leptin action in both the hypothalamus and peripheral tissues.
IRS1 and IRS2 appear to mediate the P1 3-kinase pathway in response to leptin.

SH2-Bfwas originally identified as a JAK2-interacting protein (35). Alternative splicing of
SH2-B mRNA generates at least four isoforms (a, f, v, and ¢) that differ in the C terminus
following the SH2 domain (36). SH2-B binds directly via its SH2 domain to Tyr813 in JAK2
and enhances JAK2 autophosphorylation and activation in response to growth hormone
(37-39). In addition to its SH2 domain, SH2-B contains multiple potential protein-protein
interaction domain/motifs including a PH domain, multiple Pro-rich regions, and
phosphorylation sites, suggesting that SH2-B may also act as an adaptor to recruit
downstream signaling molecules as substrates for JAK2. In this work, we demonstrated that
SH2-B binds simultaneously to both JAK2 and IRS proteins, thus promoting formation of a
JAK2/SH2-B/IRS1 or IRS2 tertiary complex and subsequent tyrosine phosphorylation of
IRS1 and IRS2 by JAK2. Our results suggest that SH2-B may mediate the IRS/PI 3-kinase/
Akt pathway stimulated by leptin and multiple other hormones and cytokines that activate
JAK2.

EXPERIMENTAL PROCEDURES

Reagents

Mouse leptin, porcine growth hormone, aprotinin, and leupeptin were purchased from
Sigma. LipofectAMINE™ 2000 was purchased from Invitrogen. [*2°I]Leptin (human) was
from PerkinElmer Life Sciences. Nonidet P-40 was purchased from Calbiochem (La Jolla,
CA). Monoclonal anti-phosphotyrosine antibody (PY20) was purchased from Upstate
Biotechnology, Inc. (Lake Placid, NY). Polyclonal anti-phospho-Akt (Thr398), anti-
phospho-Stat3, and anti-phospho-Stat5h were purchased from Cell Signaling Technology,
Inc. (Beverly, MA). Monoclonal anti-Myc were purchased from Santa Cruz Inc. (Santa
Cruz, CA). Polyclonal anti-SH2-B antibodies was raised against GST-SH2-B. Polyclonal
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anti-IRS1 and IRS2 antibodies were described previously (40). Protein A-agarose was
purchased from Repligen (Waltham, MA).

Preparation of HEK293LRb

HEK?293 cells were stably transfected with pcDNA3 expression plasmids encoding mouse
LRb. G418-resistant clones were isolated and subjected to [1221]leptin binding assays as
described previously (41). A stable clone (C6), designated HEK293LRP, was selected for the
following experiments based on high [12°1]leptin binding activity: 14069 + 336 cpm/well in
HEK?293LRb versus 5791 + 1399 cpm/well in untransfected parental HEK293 cells.
Unlabeled cold leptin (2 zg/ml) reduced [12°1]leptin binding to basal levels in HEK293LRb
(4601 + 44 cpm/well).

Cell Culture and Transfection

HEK293 cells were grown at 37 °C in 5% CO» in Dulbecco’s modified Eagle’s medium
supplemented with 25 mw glucose, 100 units/ml penicillin, 100 zg/ml streptomycin, and
10% newborn calf serum. FAO cells were grown at 37 °C in 5% CO, in RPMI 1640
supplemented with 10% heat-inactivated fetal bovine serum, 100 units/ml penicillin, and
100 pg/ml streptomycin.

HEK293 or HEK293LRb cells were split at 2 x 10° cells/well in a 6-well culture dish 24 h
before transfection and transfected with indicated plasmids using LipofectAMINE™ 2000
reagents according to the manufacturer’s instructions. The cells were deprived of serum
overnight 24 h after transfection and then treated with 100 ng/ml mouse leptin or 8 x 1073
IU/ml GH for 10 min. The cell extracts were prepared and subjected to immunoprecipitation
and immunoblotting.

Mouse embryo fibroblasts (MEF) were prepared and immortalized as described previously
(42) and grown in Dulbecco’s modified Eagle’s medium supplemented with 10% heat-
inactivated fetal bovine serum, 25 mwm glucose, 100 units/ml penicillin, and 100 zg/ml
streptomycin. LRb was introduced into MEF cells using retrovirus-mediated gene transfer.

Immunoprecipitation and Immunoblotting

The cells were deprived of serum overnight in Dulbecco’s modified Eagle’s medium
containing 0.5% bovine serum albumin and treated with leptin or GH at 37 °C. The cells
were rinsed two times with ice-cold phosphate-buffered saline, solubilized in lysis buffer (50
mw Tris, pH 7.5, 1% Nonidet P-40, 150 mm NaCl, 2 mu EGTA, 1 mu NagVOy, 100 mm NaF,
10 mm NagP,07, 1 mm phenylmethylsulfonyl fluoride, 10 zg/ml aprotinin, 10 zg/ml
leupeptin), and centrifuged at 14,000 x g for 10 min at 4 °C. The supernatant (cell extracts)
was incubated with the indicated antibody on ice for 2 h. The immune complexes were
collected on protein A-agarose during a 1-h incubation at 4 °C. The beads were washed
three times with washing buffer (50 mw Tris, pH 7.5, 1% Nonidet P-40, 150 mm NaCl, 2 mwu
EGTA) and boiled for 5 min in SDS-PAGE sample buffer (50 mw Tris-HCI, pH 6.8, 2%
SDS, 2% f~mercaptoethanol, 10% glycerol, 0.005% bromphenol blue). The solubilized
proteins were separated by SDS-PAGE, transferred to nitrocellulose membrane (Amersham
Biosciences), and detected by immunoblotting with the indicated antibody using ECL or
Odyssey. Some membranes were subsequently incubated at 55 °C for 30 min in stripping
buffer (100 mm f~mercaptoethanol, 2% SDS, 62.5 mw Tris-HCI, pH 6.7) to prepare them for
a second round of immunoblotting.
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SH2-B Binds Directly to IRS1 and IRS2 via Both Its PH and SH2 Domains

To determine whether SH2-B interacts with IRS proteins, SH2-B/ was transiently
coexpressed in HEK293 cells with either IRS1 or IRS2, and association of SH2-B with IRS1
or IRS2 was examined by coimmunoprecipitation assays. The cell extracts were
immunoprecipitated with anti-SH2-B antibodies (eSH2-B) and immunoblotted with alRS1
or alRS2, respectively. SH2-B/Swas coimmunoprecipitated with both IRS1 and IRS2 (Fig.
1, Aand B). Similarly, the cell extracts were immunoprecipitated with alRS1 or alRS2,
respectively, and immunoblotted with aSH2-B. Both IRS1 and IRS2 were also
coimmunoprecipitated with SH2-Bf (Fig. 1, Aand B).

To determine whether SH2-B binds directly to IRS1 and IRS2, immunopurified IRS1 and
IRS2 were resolved by SDS-PAGE and transferred to a nitrocellulose membrane. IRS1 and
IRS2 immobilized on the nitrocellulose membrane were incubated with GST-SH2-B to
allow GST-SH2-B binding to targets and visualized by immunoblotting with aSH2-B (Far
Western analysis). SH2-B bound directly to both IRS1 and IRS2 (Fig. 1C).

To determine the interaction of endogenous SH2-B with endogenous IRS1 and IRS2, FAO
cells (derived from rat liver) were treated with leptin, and the proteins were
immunoprecipitated with alRS1 or elRS2 and immunoblotted with aSH2-B. Both
endogenous IRS1 and IRS2 bound constitutively to endogenous SH2-B (Fig. 1D). FAO cells
express endogenous leptin receptor at a very low level.

SH2-B contains multiple protein-protein interaction domains including a PH domain and a
SH2 domain. To determine whether the SH2 domain of SH2-B is involved in its interaction
with IRS proteins, the essential Arg>°® within the SH2 domain of SH2-BSwas replaced with
Glu (SH2-B(R555E)). IRS1 was transiently coexpressed with SH2-BS or SH2-B(R555E)
and immunoprecipitated with alRS1. Coimmunoprecipitated proteins were immunoblotted
with aSH2-B. IRS1 bound to SH2-Bf as expected, whereas its interaction with SH2-
B(R555E) was significantly reduced (Fig. 2A). Both SH2-B and SH2-B(R555E) were
expressed at a similar level (data not shown). Similarly, disruption of the SH2 domain of
SH2-B/also reduced its ability to bind to IRS2 (data not shown). These observations
suggest that the SH2 domain is required for a full interaction of SH2-B with IRS1 or IRS2;
however, other sites also contribute to the interaction.

To determine whether the SH2 domain is sufficient to bind to IRS proteins, an SH2-Bf
mutant (AN504) was generated by deleting the N-terminal 1-504 amino acids. AN504,
which contains the entire SH2 domain plus additional C-terminal 44 amino acids, was
transiently coexpressed with either IRS1 or IRS2. AN504 coimmunoprecipitated with both
IRS1 (data not shown) and IRS2 (Fig. 2B), whereas deletion of the C-terminal 44 amino
acids alone did not affect interaction of SH2-Bg with IRS1 or IRS2 (data not shown).
Moreover, both IRS1 and IRS2 were tyrosine-phosphorylated in these experimental
conditions (data not shown). Replacements of potential phosphorylation sites of 18 tyrosines
with Phe in IRS1(Y18F) abolished interaction of AN504 with IRS1(Y18F) (Fig. 2D). These
results suggest that the SH2 domain of SH2-B may bind directly to phosphorylated tyrosines
in IRS proteins.

To identify other regions involved in the interaction, SH2-Bf was truncated progressively at
its N terminus (Fig. 2C). IRS1 or IRS1(Y18F) were transiently coexpressed individually
with each mutant, and its interaction with Myc-tagged SH2-B mutants was examined by
coimmunoprecipitation assays. Wild type IRS1 interacted with all mutants as expected (data
not shown), because each mutant contains an intact SH2 domain (Fig. 2C). IRS1(Y18F)
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bound similarly to SH2-B, AN118, and AN269, indicating that the N-terminal 1-269 amino
acids are dispensable for SH2-B interaction with IRS1 (Fig. 2D). In contrast, the deletion of
additional 128 amino acids (AN397) dramatically impaired the interaction (Fig. 2D). The
region of amino acids 269-397 contains the entire PH domain (Fig. 2C); therefore, the PH
domain may mediate SH2-B binding to non-tyrosine-phosphorylated IRS proteins. AN504
bound to wild type IRS1 and IRS2 as described above but not to IRS1(Y18F) (Fig. 2D).
These data suggest that the PH and SH2 domain of SH2-B may bind IRS1 or IRS2
independently, and a full interaction may require both domains.

SH2-B Promotes Formation of a JAK2/SH2-B/IRS1 or IRS2 Tertiary Complex

We have shown previously that SH2-B binds directly to JAK2 via multiple sites (35, 39).
Because it binds to both JAK2 and IRS1 or IRS2, SH2-B may mediate association of JAK2
with IRS1 or IRS2, thus promoting tyrosine phosphorylation of IRS1 and IRS2 by JAK2. To
determine formation of a JAK2/SH2-B/IRS1 tertiary complex, JAK?2 was transiently
coexpressed with IRS1 in the presence or absence of coexpression of SH2-Bg, and its
association with IRS1 was examined by coimmunoprecipitation assays. JAK2 association
with IRS1 was barely detectable in the absence of SH2-Bg, whereas SH2-B dramatically
increased the association (Fig. 3A). SH2-B/ was coimmunoprecipitated with both JAK2 and
IRS1 simultaneously as predicted (Fig. 3A).

Leptin binds and activates LRb, stimulating autophosphorylation and activation of LRb-
bound JAK?2. Because the SH2 domain is the primary binding site of SH2-B for tyrosine-
phosphorylated JAK?2, leptin is predicted to stimulate interaction of SH2-B with JAK?2, thus
promoting association of JAK2 with SH2-B-bound IRS proteins. To test this hypothesis,
SH2-B and JAK2 were transiently coexpressed with IRS1 or IRS2 in HEK293LRP cells
stably expressing LRDb. The cells were treated with 100 ng/ml mouse leptin, and the cell
extracts were immunoprecipitated with cJAK2 and immunoblotted with alRS1 or IRS2,
respectively. Leptin promoted association of JAK2 with both IRS1 and IRS2 (Fig. 3, B and
C). Leptin stimulated tyrosine phosphorylation of JAK2 as expected (Fig. 3, B and C). In the
absence of SH2-B, association of JAK2 with IRS1 or IRS2 was barely detectable (Fig. 3A
and data not shown).

Because the PH domain of SH2-B binds IRS1 or IRS2, deletion of the PH domain is
predicted to impair ability of the SH2-B mutant AN504 to mediate association of JAK2 with
IRS1 or IRS2. To test this possibility, IRS1 and JAK2 were transiently coexpressed with
AN504 in HEK293LRb cells. The ability of AN504 to promote coimmunoprecipitation of
JAK2 with IRS1 or IRS2 was significantly reduced, although both SH2-B and AN504
enhanced leptin-stimulated tyrosine phosphorylation of JAK2 to a similar extent (Fig. 3, B
and C). The residual association of JAK2 with IRS1 or IRS2 in AN504-expressing cells
might be mediated by endogenous SH2-B. Alternatively, the SH2 domain of AN504 may
bind to both JAK2 and IRS proteins simultaneously, although with reduced affinity.

SH2-B Mediates Tyrosine Phosphorylation of IRS1 and IRS2 in Response to Leptin

To determine whether SH2-B mediates tyrosine phosphorylation of IRS1 or IRS2 by JAK2
in response to leptin, IRS1 or IRS2 was transiently coexpressed with Myc-tagged SH2-BJ,
SH2-B(R555E), or AN504 in HEK293LRP cells. The cells were treated with 100 ng/ml leptin
for 10 min, and the cell extracts were immunoblotted with anti-phosphotyrosine antibodies.
Leptin slightly stimulated tyrosine phosphorylation of IRS1 and IRS2 in the absence of
SH2-B/, whereas SH2-B/ dramatically enhanced tyrosine phosphorylation of both proteins
(Fig. 4, Aand B). In contrast, SH2-B(R555E) failed to promote IRS1 tyrosine
phosphorylation. AN504 promoted leptin-stimulated tyrosine phosphorylation of IRS1 to a
lesser extent (Fig. 4A), although both SH2-Bfand AN504 stimulated tyrosine
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phosphorylation and activation of JAK2 to a similar extent (Fig. 3, B and C) (38, 39). SH2-B
also enhanced basal levels of IRS1 tyrosine phosphorylation (Fig. 4A). These results suggest
that both the PH and SH2 domains of SH2-B are involved in mediating tyrosine
phosphorylation of IRS1 and IRS2 by JAK2 in response to leptin, consistent with
involvement of both domains in interaction of SH2-B with IRS1 or IRS2.

SH2-B could mediate leptin-stimulated tyrosine phosphorylation of IRS1 and IRS2 by two
distinct mechanisms. First, SH2-B potentiates JAK?2 activation (38), thus globally enhancing
tyrosine phosphorylation of all substrates of JAK2 including IRS1, IRS2, and transcription
factor Stat3. Second, SH2-B specifically promotes tyrosine phosphorylation of IRS1 and
IRS2 by mediating interaction of JAK2 with IRS1 or IRS2. In supporting the second
mechanism, AN504, which lacks one site for IRS1, exhibited a reduced ability to promote
leptin-stimulated tyrosine phosphorylation of IRS1 (Fig. 4A), although both AN504 and
SH2-Bf stimulate JAK2 activation and autophosphorylation similarly (38, 39). To provide
additional evidence for the second mechanism, both IRS2 and Stat3 were transiently
coexpressed with SH2-B/3in HEK293LRb cells. The cells were treated with 200 ng/ml leptin
for 10 min, and phosphorylation of IRS1 and Stat3 were measured by immunoblotting with
anti-phosphotyrosine or anti-phospho-Stat3 antibodies, respectively. Leptin stimulated
phosphorylation of both IRS2 and Stat3 (Fig. 4C). SH2-B enhanced tyrosine
phosphorylation of IRS2 by approximate ~3-fold but did not enhance Stat3 phosphorylation
in response to leptin (Fig. 4C). These results suggest that recruiting IRS1 and IRS2 to JAK2
might be the primary mechanism by which SH2-B mediates leptin-stimulated tyrosine
phosphorylation of IRS1 and IRS2.

To determine whether SH2-B is required for leptin-stimulated tyrosine phosphorylation of
IRS proteins, LRb were stably expressed in wild type or SH2-B™~ knockout MEFs. The
levels of the plasma membrane LRb were similar between SH2-B*/* and SH2-B~/~ MEF
cells based on the [1251]leptin binding analysis (data not shown). The cells were treated with
100 ng/ml leptin for 10 min, and immunopurified IRS1 were immunoblotted with anti-
phosphotyrosine antibodies. Tyrosine phosphorylation of IRS1 was easily detected and
slightly stimulated by leptin in SH2-B*"* MEF cells (Fig. 4D). In contrast, IRS1 tyrosine
phosphorylation was dramatically reduced in SH2-B~/~ cells (Fig. 4D). To confirm the role
of SH2-B, SH2-Bfwas reintroduced into SH2-B~/~ MEF cells (Fig. 4E). Leptin slightly
stimulated tyrosine phosphorylation of IRS1 in control SH2-B™~ cells, presumably
mediated by other members of SH2-B family such as APS. Restoration of SH2-B
dramatically increased basal as well as leptin-stimulated tyrosine phosphorylation of IRS1
(Fig. 4F). These data suggest that endogenous SH2-B mediates leptin-stimulated tyrosine
phosphorylation of endogenous IRS proteins.

SH2-B Promotes Leptin-stimulated Activation of the IRS/PI 3-Kinase/Akt Pathway

Tyrosine phosphorylation of IRS1 and IRS2 initiates activation of the Pl 3-kinase/Akt
pathway (20, 21). To determine whether SH2-B enhances IRS1 binding to p85, IRS1 was
transiently coexpressed with SH2-B/3, SH2-B(R555E), or AN504 in HEK293LRP cells, and
its interaction with p85 was examined by coimmunoprecipitation assays. Leptin slightly
stimulated coimmunoprecipitation of p85 with IRS1 in control cells, and SH2-B
dramatically enhanced the association (Fig. 5A). AN504 enhanced the
coimmunoprecipitation to a much lesser extent, whereas the stimulation by SH2-B(R555E)
was barely detectable (Fig. 5A). Similarly, SH2-B also promoted association of p85 with
IRS2 in response to leptin (data not shown).

To determine whether SH2-B enhances activation of Akt, SH2-Bf or SH2-B(R555E) were
coexpressed with Akt1 in HEK293LRP cells. Aktl activation was estimated by
immunoblotting with anti-phospho-Akt(Thr3%8) antibodies that specifically recognize
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phosphorylated and active Aktl. Leptin slightly stimulated phosphorylation of Aktl at
Thr3%8, which was dramatically enhanced by SH2-B but to a much lesser extent by SH2-
B(R555E) (Fig. 5B).

SH2-B Mediates GH-stimulated Tyrosine Phosphorylation of IRS1

JAK2 mediates cell signaling in response to a variety of hormones and cytokines including
GH, prolactin, erythropoietin, interferon-y, and various interleukins in addition to leptin. To
determine whether SH2-B also promotes the Pl 3-kinase pathway by enhancing tyrosine
phosphorylation of IRS1 and IRS2 in a similar fashion in response to other hormones and
cytokines, GH receptor, IRS1, and Stat5b were transiently coexpressed in HEK293 cells in
the presence or absence of coexpression of SH2-B/. Stat5b is a physiological substrate of
JAK2 required for GH action (43). Phosphorylation of IRS1 and Stat5b were determined by
immunoblotting with anti-phosphotyrosine or anti-phospho-Stat5b antibodies, respectively.
GH stimulated Stat5b phosphorylation similarly regardless of co-expression of SH2-B/ (Fig.
6A). In contrast, tyrosine phosphorylation of IRS1 was undetectable in the absence of SH2-
B, and coexpression of SH2-B/ increased both basal and GH-stimulated tyrosine
phosphorylation of IRS1 (Fig. 6A). Moreover, deletion of SH2-B dramatically reduced GH-
stimulated tyrosine phosphorylation of endogenous IRS1 mediated by endogenous GH
receptor in MEF cells (data not shown). Restoration of SH2-B rescued GH-stimulated IRS1
phosphorylation (Fig. 6B). These results suggest that SH2-B mediates GH-stimulated
tyrosine phosphorylation of IRS1 primarily by recruiting IRS1 to JAK2.

DISCUSSION

In this study, we found that SH2-B mediates leptin-stimulated phosphorylation of IRS
proteins, resulting in activation of the Pl 3-kinase pathway. Five lines of evidence support
this conclusion. First, SH2-B bound directly to both IRS1 and IRS2 in vitro in Far Western
analysis. Second, SH2-B was coimmunoprecipitated with both IRS1 and IRS2. Both the PH
and SH2 domains were involved in the interaction. Third, SH2-B mediated a JAK2/SH2-B/
IRS1 or IRS2 tertiary complex, which was promoted by leptin. Fourth, expression of SH2-B
dramatically promoted leptin-stimulated tyrosine phosphorylation of IRS1 and IRS2,
whereas deletion of the SH2-B gene impaired IRS1 tyrosine phosphorylation. Fifth, SH2-B
specifically enhanced tyrosine phosphorylation of IRS1 and IRS2 but not Stat3 and Stat5 by
JAK?2, suggesting that physical interaction of SH2-B with IRS proteins contributes mainly to
increased phosphorylation of IRS1 and IRS2. Finally, SH2-B enhanced leptin-stimulated
association of p85 with IRS1 or IRS2, resulting in enhancement of Aktl phosphorylation
and activation. Deleting its binding sites for IRS1 impaired the ability of SH2-B to promote
tyrosine phosphorylation of IRS1 and IRS1 association with p85.

SH2-B is expressed at high levels in leptin target tissues including the hypothalamus, liver,
skeletal muscles, adipose tissues, and immune cells (data not shown). The mouse SH2-B
gene is located on the distal arm of chromosome 7, which contains a locus involved in a
multifactorial model of obesity (44-46). Moreover, SH2-B knockout mice exhibit leptin
resistance and obesity, indicating that SH2-B mediates leptin signaling and action in
animals.? Therefore, the JAK2/SH2-B/IRS proteins/PIl 3-kinase pathway identified in this
work may be involved in mediating leptin regulation of feeding and energy homeostasis.

We propose a model of SH2-B-mediated activation of the P1 3-kinase/Akt pathway in
response to leptin (Fig. 7). Leptin binds and activates its long form receptor LRDb, resulting
in activation and autophosphorylation of JAK2. SH2-B binds via its SH2 domain to JAK2

2D. Ren, C. Duan, M. Li, and L. Rui, manuscript in preparation.
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and further increases JAK2 activity, thus globally increasing tyrosine phosphorylation of
JAK?2 substrates including IRS1 and IRS2 (Mechanism 1). SH2-B also binds simultaneously
to IRS1 or IRS2 via its PH and/or SH2 domain, thus promoting a JAK2/SH2-B/IRS1 or
IRS2 complex. Appropriate proximity between JAK2 and IRS1 or IRS2 induced by SH2-B
facilitates tyrosine phosphorylation of IRS1 and IRS2 by JAK2 (Mechanism 2). Tyrosine-
phosphorylated IRS1 and IRS2 may be a rate-limiting step of activation of the Pl 3-kinase
pathway in response to leptin. APS also bound to IRS1 and IRS2 (data not shown) and may
facilitate tyrosine phosphorylation of IRS1 and IRS2 by JAK2 in a similar fashion.
Moreover, SH2-B and APS homo- and hetero-multimerize in cells (47). Multimerization
may not only increase the affinity of multimeric SH2-B or APS for JAK2 and IRS proteins
but also recruit multiple copies of JAK2 and IRS proteins to the SH2-B/APS complexes,
further increasing the efficiency of JAK2 activation and its phosphorylation of IRS1 and
IRS2.

In summary, we demonstrated that SH2-B bound simultaneously to both JAK2 and IRS
proteins, resulting in activation of the Pl 3-kinase pathway in response to leptin and GH. The
P1 3-kinase pathway is required not only for leptin regulation of energy homeostasis in the
hypothalamus (14, 32) but also for its action in peripheral tissues (30, 31, 48). SH2-B may
serve as a potential drug target for therapeutic intervention of leptin resistance and obesity.
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Fig. 1. SH2-B directly bindsto IRS1 and IRS2

A, HEK?293 cells were transiently cotransfected with expression plasmids encoding IRS1
(0.8 1.9) and SH2-Bg (1 19). The cell extracts were prepared 48 h after transfection,
immunoprecipitated (IP) with anti-SH2-B (aSH2-B), and immunoblotted (I1B) with alRS1.
The same blot was reprobed with aSH2-B. The cell extracts were also immunoblotted with
alRS1. In a parallel experiment, the cell extracts were immunoprecipitated with ¢IRS1 and
immunoblotted with aSH2-B. The same blot was reprobed with alRS1. B, HEK293 cells
were transiently cotransfected with expression plasmids encoding IRS2 (0.8 zg) and SH2-
B/ (1 1@). The cell extracts were prepared 48 h after transfection, immunoprecipitated
aSH2-B, and immunoblotted with alRS2. The same blot was reprobed with aSH2-B. The
cell extracts were also immunoblotted with alRS2. In a parallel experiment, the cell extracts
were immunoprecipitated with oIRS2 and immunoblotted with aSH2-B. The same blot was
reprobed with alRS2. C, HEK293 cells were transiently transfected with expression
plasmids encoding IRS1 (1 g) or IRS2 (1 g). The cell extracts were prepared 48 h after
transfection and immunoprecipitated with alRS1 or alRS2, respectively. Immunopurified
IRS1 and IRS2 were resolved by SDS-PAGE and transferred to nitrocellulose membrane.
The blot was incubated with GST-SH2-B, and subsequently immunoblotted with aSH2-B.
D, FAO cells were treated with 100 ng/ml leptin for 10 min. The cell extracts were
immunoprecipitated with alRS1, alRS2, or aSH2-B, respectively, and immunoblotted with
aSH2-B. The same blots were reprobed with alRS1 or alRS2 as indicated.
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Fig. 2. SH2-B bindsto IRS1 and RS2 via multiple sites

A, HEK?293 cells were transiently cotransfected with expression plasmids encoding IRS1 (1
1g) and SH2-B£ (0.8 19) or SH2-B(R555E) (0.8 19). The cell extracts were prepared 48 h
after transfection, immunoprecipitated (1P) with «IRS1, and immunoblotted (IB) with
aSH2-B. The same blot was reprobed with alRS1. B, HEK293 cells were transiently
cotransfected with expression plasmids encoding IRS2 (0.7 xg) and Myc-tagged AN504 (1.2
219). The cell extracts were prepared 48 h after transfection, immunoprecipitated with
alRS2, and immunoblotted with aMyc. The same blot was reprobed with alRS2. C,
schematic representation of full-length and N-terminal truncated SH2-Bf. D, HEK293 cells
were transiently cotransfected with expression plasmids encoding IRS1(Y18F) (1 xg) and
Myc-tagged full-length or truncated SH2-B/ (1 1.9). The cell extracts were prepared 48 h
after transfection, immunoprecipitated with «SH2-B, and immunoblotted with alRS1. The
cell extracts were immunoblotted with aMyc to estimate the expression of full-length or
various N-terminally truncated SH2-Bg.
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Fig. 3. SH2-B mediates a JAK2/SH2-B/IRS1 or RS2 tertiary complex

A, HEK?293 cells were transiently cotransfected with expression plasmids encoding IRS1 (1
219), JAK2 (0.8 g), and SH2-B/ (0.6 19) as indicated. The cell extracts were prepared 48 h
after transfection, immunoprecipitated (I1P) with aJAK2, and immunoblotted (IB)
sequentially with aIRS1, aSH2-B, and aJAK2. B, HEK293LRP cells were transiently
cotransfected with expression plasmids encoding IRS1 (1.2 z9), JAK2 (0.6 19), and SH2-Bf
or AN504 (0.6 xg) as indicated. The cells were treated with 100 ng/ml leptin for 10 min. The
cell extracts were immunoprecipitated with «JAK2 and immunoblotted with aIRS1. The
same blot was reprobed with anti-phosphotyrosine (aPY). C, HEK293-Rb cells were
transiently cotransfected with expression plasmids encoding IRS2 (1.2 ng), JAK2 (0.6 1Q),
and SH2-Bg or AN504 (0.6 1) as indicated. The cells were treated with 100 ng/ml leptin for
10 min. The cell extracts were immunoprecipitated with acJAK2 and immunoblotted with
alRS2. The same blot was reprobed with anti-phosphotyrosine.
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Fig. 4. SH2-B mediates leptin-stimulated tyr osine phosphorylation of IRS1 and IRS2

A, HEK293LRb cells were transiently cotransfected with expression plasmids encoding IRS1
(1 9) and SH2-Bg, SH2-B(R555E), or AN504 (0.8 ) as indicated. The cells were treated
with 100 ng/ml leptin for 10 min. The cell extracts were immunoblotted (I1B) with anti-
phosphotyrosine. The positions of IRS1, SH2-Bg, SH2-B(R555E), and AN504 were marked.
CON, control. B, HEK293LRb cells were transiently cotransfected with expression plasmids
encoding IRS2 (1 xg) and SH2-B£ (0.8 g). The cells were treated with 100 ng/ml leptin for
10 min. The cell extracts were immunoblotted with aPY. The positions of IRS2 and SH2-Bf
were marked. C, HEK293LRP cells were transiently cotransfected with expression plasmids
encoding IRS2 (0.8 xqg), Stat3 (0.4 g), and Myc-tagged SH2-B£ (0.3 1) as indicated. The
cells were treated with 200 ng/ml leptin for 10 min. The cell extracts were immunoblotted
with anti-phosphotyrosine (aPY), anti-IRS2, anti-phospho-Stat3, anti-Stat3, and anti-Myc as
indicated. The positions of IRS2, Stat3, and SH2-BS were marked. The phosphorylation of
IRS2 and Stat3 was quantitated and normalized to total IRS2 or Stat3, respectively. D, SH2-
B~/-/LRb and SH2-B*/*/LRb MEFs stably expressing LRb were treated with 100 ng/ml leptin

J Biol Chem. Author manuscript; available in PMC 2013 December 28.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Duan et al.

Page 15

for 10 min. The cell extracts were immunoprecipitated (IP) with aIRS1 and immunoblotted
with anti-phosphotyrosine. The same blot was reprobed with aIRS1. E, SH2-B~/~/LRb MEFs
were infected with control (Con) or SH2-Bf retroviruses, and stable clones were selected.
The cell extracts were prepared from SH2-B*/*/LRb and SH2-B~~/LRb MEFs infected with
control or SH2-Bg retroviruses, immunoprecipitated with aSH2-B, and immunoblotted with
aSH2-B. F, control or SH2-B retroviruses-infected SH2-B~/~/LRb MEFs were treated with
100 ng/ml leptin for 10 min. The cell extracts were immunoprecipitated with aIRS1 and
immunoblotted with aPY. The same blot was reprobed with alRS1.
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Fig. 5. SH2-B enhances leptin-induced activation of the Pl 3-kinase pathway

A, HEK293LRb cells were transiently cotransfected with expression plasmids encoding IRS1
(1 pg) and SH2-BS, SH2-B(R555E), or AN504 (0.8 £g) as indicated. The cells were treated
with 100 ng/ml leptin for 10 min. The cell extracts were immunoprecipitated (IP) with ap85
and immunoblotted (IB) with alRS1. The same blot was reprobed with ap85. B,
HEK?293LRb cells were transiently cotransfected with expression plasmids encoding IRS1 (1
29), Aktl (0.8 1.9), and SH2-Bg or SH2-B(R555E) (0.8 1) as indicated. The cells were
treated with 100 ng/ml leptin for 10 min. The cell extracts were immunoblotted with
aphospho-Akt (Thr3%8), gAkt, and aSH2-B as indicated. Con, control.
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Fig. 6. SH2-B mediates GH-stimulated tyr osine phosphorylation of IRS1

A, HEK293 cells were transiently cotransfected with expression plasmids encoding GH
receptor (0.7 ng) IRS1 (1.2 19), Stat5b (0.5 49), and SH2-Bf (0.6 1) as indicated. The cells
were treated with 8 x 1073 [U/ml GH for 10 min. The cell extracts were immunoblotted (IB)
with anti-phosphotyrosine (aPY), anti-IRS1, anti-phospho-Stat5b, and anti-Stat5b as
indicated. The positions of IRS1 and Stat5b are marked. CON, control. B, control (Con) or
SH2-Bp retrovirus-infected SH2-B~/~/LRb MEFs were treated with 8 x 1073 IU/ml GH for
10 min. The cell extracts were immunoprecipitated (1P) with eIRS1 and immunoblotted
with aPY. The same blot was reprobed with alRS1.
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Pl 3-Kinase

Fig. 7. A Model of SH2-B action

SH2-B binds to and potentiates activation of JAK2, globally enhancing the activation of
pathways downstream of JAK2 (mechanism 1). SH2-B binds simultaneously to both JAK2
and IRS1 or IRS2, mediating a JAK2/SH2-B/IRS1 or IRS2 complexes. Consequently, SH2-
B mediates specifically tyrosine phosphorylation of IRS1 and IRS2, resulting in activation
of the P1 3-kinase pathway (mechanism 2).

J Biol Chem. Author manuscript; available in PMC 2013 December 28.



