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Abstract

The SH2B family has three members (SH2B1, SH2B2, and SH2B3) that contain conserved
dimerization (DD), pleckstrin homology, and SH2 domains. The DD domain mediates the
formation of homo- and heterodimers between members of the SH2B family. The SH2 domain of
SH2B1 (previously named SH2-B) or SH2B2 (previously named APS) binds to phosphorylated
tyrosines in a variety of tyrosine kinases, including Janus kinase-2 (JAK2) and the insulin
receptor, thereby promoting the activation of JAK2 or the insulin receptor, respectively. JAK2
binds to various members of the cytokine receptor family, including receptors for GH and leptin,
to mediate cytokine responses. In mice, SH2B1 regulates energy and glucose homeostasis by
enhancing leptin and insulin sensitivity. In this work, we identify SH2B2/ as a new isoform of
SH2B2 (designated as SH2B2q) derived from the SH2B2 gene by alternative mRNA splicing.
SH2B2/ has a DD and pleckstrin homology domain but lacks a SH2 domain. SH2B2/ bound to
both SH2B1 and SH2B2q, as demonstrated by both the interaction of glutathione S-transferase-
SH2B24 fusion protein with SH2B1 or SH2B2« in vitro and coimmunoprecipitation of SH2B2/5
with SH2B1 or SH2B2« in intact cells. SH2B2/ markedly attenuated the ability of SH2B1 to
promote JAK2 activation and subsequent tyrosine phosphorylation of insulin receptor substrate-1
by JAK2. SH2B2/ also significantly inhibited SH2B1- or SH2B2a-promoted insulin signaling,
including insulin-stimulated tyrosine phosphorylation of insulin receptor substrate-1. These data
suggest that SH2B2£ is an endogenous inhibitor of SH2B1 and/or SH2B2a, negatively regulating
insulin signaling and/or JAK2-mediated cellular responses.

SH2-B is an adaptor protein containing an N-terminal dimerization domain (DD), a central
pleckstrin homology (PH) domain, and a C-terminal SH2 domain (1, 2). The SH2-B gene
encodes four isoforms (a, 5, v, and 9) via alternative mRNA splicing. All forms have the
same N-terminal regions of amino acids (1-666), containing an intact DD, PH, and SH2
domain (3, 4). Genetic disruption of the SH2-B gene results in morbid obesity and type 2
diabetes, indicating that SH2-B is required for maintaining normal body weight and glucose
homeostasis (5, 6). Moreover, SH2-B is also required for reproduction in mice (7).
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SH2-B may regulate energy balance and body weight at least partially by enhancing Janus
kinase-2 (JAK2)-mediated cytokine signaling, including leptin and/or GH signaling. Leptin
is an adipose hormone that controls body weight mainly by binding to and activating the
long form of the leptin receptor in the hypothalamus. GH regulates metabolism by activating
the GH receptor (GHR) (8-10). JAK2, a cytoplasmic tyrosine kinase, binds to long form of
the leptin receptor or GHR, mediating leptin or GH signaling, respectively (10-12). Leptin
or GH stimulates the activation of JAK2, which subsequently phosphorylates multiple
substrates, including insulin receptor substrate (IRS)-1, IRS2, signal transducer and activator
of transcription (STAT)-3, and STAT5 (12-20). SH2-B directly binds via its SH2 domain to
phosphorylated Tyré13 in JAK2, resulting in the enhancement of JAK?2 activation and JAK2-
mediated GH signaling (2, 21, 22). In addition, SH2-B simultaneously binds to both JAK2
and IRS proteins, specifically promoting IRS-mediated activation of the
phosphatidylinositol 3-kinase pathway (23). Disruption of the SH2-B gene attenuates leptin-
stimulated JAK?2 activation and tyrosine phosphorylation of STAT3 and IRS2 in the
hypothalamus, suggesting that SH2-B may be an important endogenous enhancer of JAK2
activation (6).

SH2-B also directly binds via its SH2 domain to phosphorylated tyrosines within the
activation loop of the insulin receptor (3, 24, 25). Overexpression of SH2-B enhances
insulin-stimulated tyrosine phosphorylation of IRS1 and IRS2, suggesting that SH2-B may
positively modulate insulin signaling (5, 26). Consistent with this idea, SH2-B-deficient
mice develop severe insulin resistance and type 2 diabetes (5, 6).

The SH2B family contains three members, SH2-B, APS, and Lnk, which have a conserved
structure of a DD, PH, and SH2 domain. Recently members of the SH2B family were
renamed by the HUGO Gene Nomenclature Committee as SH2B1 for SH2-B, SH2B2 for
APS, and SH2B3 for Lnk. SH2B2 binds via its SH2 domain to JAK?2 and the insulin
receptor in a similar fashion as SH2B1 (27-30). SH2B2 also enhances insulin signaling in
cultured cells (26). In addition, SH2B2 is phosphorylated by the insulin receptor and
mediates insulin-stimulated activation of the Cbl/TC10 pathway in cultured adipocytes (30—
34). Surprisingly, insulin sensitivity is modestly increased in SH2B2-deficient mice,
suggesting that the SH2B2 gene product(s) may negatively regulate insulin sensitivity in
animals (35, 36).

In this study, we identified a novel isoform of SH2B2 (designated as SH2B24, with the
previously reported SH2B2 as SH2B2a). SH2B2/ contains a DD and PH domain but lacks a
SH2 domain. The DD domain has been reported to mediate both homodimerization of
SH2B1 or SH2B2 and heterodimerization of SH2B1 with SH2B2 (2, 37, 38). Consistent
with those reports, we demonstrated that SH2B2/4 bound to both SH2B1 and SH2B2q.
Moreover, SH2B2/ inhibited the ability of SH2B1 to promote JAK?2 activation and insulin
signaling. Our results suggest that SH2B2/ may function as an endogenous inhibitor for
SH2B1- and/or SH2B2a-mediated cellular responses.
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Materials and Methods

Reagents

RT-PCR

Lipofectamine 2000 was purchased from Invitrogen Life Technologies (Carlsbad, CA).
Nonidet P-40 was purchased from Calbiochem (La Jolla, CA). Monoclonal
antiphosphotyrosine antibody (PY20) was purchased from Upstate Biotechnology Inc. (Lake
Placid, NY). Mouse SH2B25 cDNA was inserted into the prk5-Flag expression vector and
used for transient transfection experiments. Mouse SH2B2/5 cDNA was inserted into
pGEX-4X-1 (GE Healthcare Bio-Sciences Corp., Piscataway, NJ). Glutathione S-transferase
(GST)-SH2B2p fusion proteins were purified from bacteria and used as antigens to prepare
polyclonal anti-SH2B2/ antibodies.

Total RNA was extracted from mouse tissues using TRIzol reagent (Invitrogen) according to
the manufacturer's instructions. First-strand cDNA was synthesized from total RNA (3 ug)
using oligo dT (12-18) primer and Moloney murine leukemia virus reverse transcriptase
(Promega, Madison, WI), and subjected to PCR amplification. RT-PCR products were
separated by agarose gels, stained with ethidium bromide, and visualized by UV light. Two
sets of primers were designed to specifically amplify SH2B2/ (designated as P1-P4 in Fig.
1C): set 1, SH2B2/ sense (P1), 5-GAACGTTTCCGCCTGGAGTTC-3, SH2B2/ antisense
(P4), 5-GAAGGAGTGACTTTATTCAGCAG-3; set 2, SH2B2/ sense (P»), 5'-
ATGTGGAGCCTCAGAAGTGGTG-3, SH2B2f antisense (P3), 5'-
ATAGCCTTGAACCCATGCAG-3’; factin sense, 5-AAATCGTGCGTGACATCAAA-3,
f-actin antisense, 5-AAGGAAGGCTGGAAAAGAGC-3'.

Cell culture and transfection

HEK?293 cells were grown at 37 C in 5% CO», in DMEM supplemented with 25 mw glucose,
100 U/ml penicillin, 100 pg/ml streptomycin, and 10% calf serum. Cells were split at 2 x
10° cells/well in 6-well culture dishes 24 h before transfection and transfected with indicated
plasmids using Lipofectamine 2000 reagents according to the manufacturer's instruction.
Experiments were performed on the transfected cells 48 h later.

GHR cDNA was generated from mouse liver by RT-PCR, confirmed by DNA sequencing,
and subcloned into a retroviral vector [pBabe(hygro)-GHR]. Similarly, murine JAK2 cDNA
was inserted into a retroviral vector [pBabe(puro)-JAK?2]. pBabe(hygro)-GHR or
pBabe(puro)-JAK2 was transiently cotransfected into 293T cells with pC/ECO to generate
recombinant GHR or JAK2 retroviruses, respectively. Human y2A fibroblasts were infected
sequentially with recombinant JAK2 and GHR retroviruses and selected by 2 pm/ml
puromycin (for JAK2) and 0.2 mg/ml hygromycin (for GHR) for a week to generate
Y2AGHRIAKZ cells which stably express GHR and JAK2. 2 AGHRIAKZ cells were grown at
37 Cin 5% CO, in DMEM supplemented with 25 mw glucose, 100 U/ml penicillin, 100
ug/ml streptomycin, and 6% fetal calf serum.

Endocrinology. Author manuscript; available in PMC 2016 January 12.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 4

Immunoprecipitation and immunoblotting assays

Confluent cells were deprived of serum overnight (~16 h) in DMEM containing 0.6% BSA,
and treated with or without insulin as indicated in figure legends. Cells were rinsed two
times with ice-cold PBS, solubilized in lysis buffer [50 mwm Tris (pH 7.5), 1% Nonidet P-40,
150 mm NaCl, 2 mu EGTA, 1 mu NagVVOy, 100 mm NaF, 10 mw NagP207, 1 mm
phenylmethylsulfonyl fluoride, 10 pg/ml aprotinin, 10 pg/ml leupeptin], and centrifuged at
9000 x g for 25 min at 4 C. Protein concentrations in the supernatant (cell extracts) were
measured using a protein assay kit (Bio-Rad Laboratories, Inc., Hercules, CA). Cell extracts
were incubated with indicated antibody at 4 C for 2 h. The immune complexes were
collected on protein A-agarose during 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 mu NaCl, 2 mw
EGTA] and boiled for 5 min in SDS-PAGE sample buffer [50 mw Tris-HCI (pH 6.8), 2%
sodium dodecyl sulfate, 2% p-mercaptoethanol, 10% glycerol, 0.005% bromophenol blue].
The solubilized proteins were separated by SDS-PAGE, transferred to nitrocellulose
membranes (Amersham International Plc, Amersham, UK), and detected by immunoblotting
with indicated antibody using ECL or Odyssey detection system. Some membranes were
subsequently incubated at 55 C for 30 min in stripping buffer [L00 mm f~mercaptoethanol,
2% sodium dodecyl sulfate, 62.5 mw Tris-HCI (pH 6.7)] to prepare them for reprobing.

Brown adipose tissue (BAT) extracts (1 mg protein in 100 ml volume) were prepared from
male mice (8-9 wk), and incubated with either preimmune serum or aSH2B2 (20 pl) on ice
for 2 h. The mixtures were incubated with protein-A agarose (50 pl) for 1.5hin 4 C and
centrifuged for 2 min at 4 C. The supernatants were again incubated with protein-A agarose
(30 ul) at 4 C for 1 h and centrifuged for 2 min to remove residual antibodies. Preimmune
serum- or aSH2B2-cleared BAT extracts were immunoblotted with preimmune serum,
aSH2Bz2, or anti-#-actin antibody.

In vitro kinase assays

Results

HEK?293 cells were transiently transfected with indicated plasmids. Forty-eight hours later,
cells were solubilized in lysis buffer. JAK2 was immunoprecipitated with cJAK2, and JAK2
immunoprecipitates were washed extensively with a kinase reaction buffer [50 mw HEPES
(pH 7.6), 10 mm MnCly, 100 mm NaCl, 0.5 mw dithiothreitol, 1 mu NagVVO,] and incubated
with [~32PJATP (10 uCi) in the kinase reaction buffer supplemented with 20 pw cold ATP,
10 pg/ml aprotinin, and 10 pg/ml leupeptin at room temperature for 30 min. The precipitates
were then washed with lysis buffer, boiled for 5 min in the SDS-PAGE sample buffer, and
resolved by SDS-PAGE. 32P-labeled JAK2 was visualized by autoradiography. Proteins on
SDS-PAGE gels were subsequently transferred to a nitrocellulose membrane and
immunoblotted with appropriate antibodies.

Identification of SH2B2p as a new isoform of SH2B2

We searched the National Center for Biotechnology Information database (Bethesda, MD)
for SH2B2 homologs to identify potential new isoforms of SH2B2. A novel species of
MRNA (accession no. BC049777 and AK017604) was identified, and designated as
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SH2B24. The previously reported APS is renamed SH2B2qa. SH2B2 mRNA is predicted to
encode a protein of 420 amino acids that contains an N-terminal DD and a C-terminal PH
domain (Fig. 1A). The N-terminal regions (amino acids 1-388) are identical between
SH2B2a and SH2B2p, including the DD and PH domains; however, SH2B25 completely
lacks a C-terminal SH2 domain (Fig. 1B).

To determine whether SH2B2a and SH2B2/ are derived from the SH2B2 gene via
alternative mRNA splicing, the intron/exon structure was examined by analyzing the
genomic sequence of the SH2B2 gene (accession no. AC083890). SH2B2« has nine exons
with the first exon being a noncoding exon and exons 7 and 8 encoding a SH2 domain (Fig.
1C). In contrast, SH2B2/ has only five exons. The first four exons are identical between
SH2B2a and SH2B24. Exon 5 of SH2B2£ is derived from both exons 5 and 6 of SH2B2q,
plus two additional DNA fragments (the intron between exons 5 and 6 and the intron
between exons 6 and 7 of SH2B2a) (Fig. 1C). The insertion of intronic sequence between
exons 5 and 6 causes a shift in reading frame, resulting in a unique C-terminal 32 amino
acids in SH2B24 (Fig. 1A).

To determine tissue distribution of SH2B2/, total RNA was prepared from multiple tissues
in mice and subjected to RT-PCR to detect SH2B2 mRNA. Two sets of SH2B2/-specific
primers (designated as P1-P4) were designed to specifically amplify a portion of SH2B2,
which is absent in SH2B2« (Fig. 1C). Total RNA was prepared in multiple tissues from
wild-type and SH2B2 knockout mice and reversely transcribed to cDNA. Using 5’ P; and 3’
P4 primers in RT-PCR analysis, SH2B2/ mRNA was easily detected in BAT, the brain,
white adipose tissue, and hypothalamus from wild-type mice but undetectable in SH2B2
knockout mice (Fig. 2A). Similarly, SH2B25 mRNA was detected in the brain, BAT,
hypothalamus, white adipose tissue, skeletal muscle, spleen, and embryos (E15) but not in
heart, lung, and ovary, using 5’ P, and 3’ P3 primers (Fig. 2B). The RT-PCR products
derived from 5’ P, and 3’ P4 primers were purified and subjected to DNA sequencing
analysis, confirming the identity of SH2B24 (Fig. 2C).

To demonstrate endogenous SH2B2/ protein, aSH2B2 was generated using GST-SH2B2/
as antigen. aSH2B2 specifically recognized both recombinant SH2B2a and SH2B2fin
immunoblotting analysis (Fig. 2D). BAT extracts were prepared from three mice and
immunoprecipitated with preimmune serum or aSH2B2. aSH2B2, but not preimmune
serum, is predicted to remove both SH2B2« and SH2B2/from the BAT extracts.
Preimmune serum- or aSH2B2-cleared BAT extracts were immunoblotted with preimmune
serum, aSH2B2, or anti-#actin antibodies, respectively. Preimmune serum was unable to
detect either SH2B2a or SH2B2 as expected (Fig. 2E, top panel). In contrast, aSH2B2
specifically detected two proteins in preimmune serum- but not aSH2B2-cleared BAT
extracts (Fig. 2E, middle panel). These two proteins have molecular masses approximate for
SH2Ba and SH2B2p, respectively, suggesting that they are endogenous SH2B2a and
SH2B24. Moreover, SH2B2a and SH2B24 protein levels were similar in BAT (Fig. 2E).

SH2B2p binds to both SH2B1 and SH2B2a

Because SH2B2/ contains an intact DD, we determined whether SH2B2/4 binds to SH2B1
and/or SH2B2a. N-terminal Myc-tagged SH2B15 was transiently expressed in HEK293
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cells, and cell extracts were prepared and incubated with either immobilized GST or GST-
SH2B2/ fusion proteins. Precipitates were immunoblotted with anti-Myc (aMyc). GST-
SH2B24, but not GST, bound to SH2B1/ (Fig. 3A).

To determine whether SH2B24 binds to SH2B1 in cells, SH2B2/ was transiently
coexpressed with SH2B15in HEK293 cells. SH2B2/ was immunoprecipitated with
aSH2B2 and immunoblotted with aSH2B1. SH2B2/was coimmunoprecipitated with
SH2B1/ (Fig. 3B). Similarly, SH2B2/ was also coimmunoprecipitated with SH2B2a (Fig.
3C). To determine whether SH2B15 or SH2B2a reciprocally coimmunoprecipitated with
SH2B2p, Flag-tagged SH2B2/5 was coexpressed with Myc-tagged SH2B1/ or SH2B2a.
SH2B1p or SH2B2«a was immunoprecipitated with aMyc and immunoblotted with aFlag.
Both SH2B1/and SH2B2a were coimmunoprecipitated with SH2B2/ (Fig. 3D). Together,
these data indicate that SH2B2/ binds to both SH2B1/5and SH2B2a, presumably via their
DD domains.

SH2B2B inhibits SH2B1-enhanced JAK2 activation

SH2B1 is a potent enhancer of JAK2 activation (21). An SH2-terminal truncated SH2B2a
binds via its DD domain to SH2B1 and inhibits SH2B1-promoted JAK2 activation (2). To
determine whether SH2B2/£ inhibits SH2B1-promoted JAK2 activation in a similar fashion,
JAK2 was transiently coexpressed with SH2B1g in the presence or absence of the
overexpresion of SH2B24. JAK2 was immunoprecipitated with anti-JAK2 (aJAK2) and
subjected to in vitro kinase assays or immunoblotting with anti-phospho-tyrosine (aPY).
SH2B1/ significantly enhanced JAK2 kinase activity (Fig. 4A, panel 1) and JAK2 tyrosine
phosphorylation (Fig. 4A, panel 2) as expected. Overexpression of SH2B2/ dramatically
inhibited JAK?2 activation and phosphorylation (Fig. 4A). The expression of SH2B1/5and
Flag-tagged SH2B2/4was confirmed by immunaoblotting cell extracts with aSH2B1 or
aFlag, respectively (Fig. 4A, panels 4 and 5). JAK2 protein levels were similar with or
without coexpression of SH2B1 and/or SH2B2/ (Fig. 4A, panel 3).

To determine whether SH2B2/ inhibits SH2B1-promoted tyrosine phosphorylation of IRS1,
a JAK2 substrate, SH2B1 /4 was transiently coexpressed with or without SH2B24in HEK293
cells expressing both JAK2 and IRS1. Cell extracts were immunoblotted with aPY and
reprobed with alRS1. SH2B1p alone markedly enhanced JAK2-mediated tyrosine
phosphorylation of IRS1 (Fig. 4B). SH2B2/ dramatically inhibited SH2B14-promoted
tyrosine phosphorylation of IRS1 (Fig. 4B). The expression of Myc-tagged SH2B15and
Flag-tagged SH2B25was confirmed by immunoblotting cell extracts with eMyc and aFlag,
respectively (Fig. 4B). JAK2 protein levels were similar for each experimental condition
(Fig. 4B).

To determine whether SH2B2/ inhibits hormone-stimulated JAK2 activation, SH2B2/ was
introduced by adenoviral-mediated gene transfer in 2 ACHRIAKZ ce||s (human fibroblasts)
that stably express both mouse GHR and JAK2. Cells were treated with GH, and cell
extracts were immunoblotted with a-phospho-JAK2 (apJAK2). apJAK2 specifically
recognizes active JAK2 that is phosphorylated on Tyrl007/1008  GH robustly stimulated
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phosphorylation and activation of JAK2, and GH-stimulated JAK?2 activation was inhibited
by SH2B2/ (Fig. 4C).

SH2B2p inhibits SH2B1- and SH2B2a.-promoted insulin signaling

Both SH2B2«a and SH2B1 are reported to bind via their respective SH2 domains to the
activation loop of the insulin receptor and enhance insulin signaling (5, 26). To determine
whether SH2B24 attenuates the ability of SH2B1 to promote insulin signaling, SH2B15 and
IRS1 were transiently coexpressed with or without SH2B24in HEK?293 cells. Cells were
deprived of serum overnight and treated with insulin (50 nv) for 10 min. Cell extracts were
immunoblotted with aPY and reprobed with alRS1. SH2B1/ markedly enhanced insulin-
stimulated tyrosine phosphorylation of IRS1 (Fig. 5, A and B). SH2B2/ inhibited SH2B14
promoted tyrosine phosphorylation of IRS1 in a dose-dependent manner (Fig. 5, A and B).
The expression of Myc-tagged SH2B1/ and Flag-tagged SH2B25 were confirmed by
immunoblotting cell extracts with aMyc and aFlag, respectively (Fig. 5A, bottom two
panels). In similar experiments, SH2B2«a enhanced insulin-stimulated tyrosine
phosphorylation of IRS1, which was significantly inhibited by SH2B2/ (Fig. 5, C and D).

Discussion

In this study, we identified SH2B2/ as a novel isoform of SH2B2. SH2B2«a and SH2B2/
appear to be derived from the SH2B2 gene via alternative mRNA splicing. SH2B2a contains
a DD, PH, and SH2 domain, which are encoded by nine exons. In contrast, SH2B2/ contains
only a DD and PH domain, which are encoded by five exons. Exons 1-4 of SH2B2a and
SH2B2/f are identical. Exon 5 of SH2B2/ contains both exons 5 and 6 of SH2B2« plus
intronic DNA sequences between exons 5 and 6 and between exons 6 and 7 (Fig. 1C). The
insertion of the additional DNA sequences between exons 5 and 6 of SH2B2« causes a shift
in reading frame, resulting in SH2B2/4-specific C-terminal 32 amino acids (Fig. 1A).

SH2B2/bound to both SH2B1 and SH2B2« as demonstrated by GST fusion protein pull-
down and coimmunoprecipitation assays. Because the DD domain of SH2B2a mediates
SH2B2a homodimerization and SH2B2a heterodimerization with SH2B1 (2, 38), the DD
domain of SH2B24, which is identical with the DD domain of SH2B2a, may mediate the
interaction of SH2B24 with SH2B1 or SH2B2a.

The SH2 domain of SH2B1 or SH2B2a binds to phosphorylated tyrosine(s) in JAK2 or the
insulin receptor, resulting in the enhancement of JAK2 activation or insulin signaling,
respectively (3, 5, 21, 22, 24-26). SH2 domain defective SH2B1 or SH2B2q acts as
dominant-negative mutants to inhibit JAK2 activation and insulin signaling (2, 21). Because
SH2B2/ lacks the entire SH2 domain, it may function as an endogenous inhibitor for
SH2B1 and/or SH2B2a. Consistent with these ideas, we demonstrated that SH2B2/
markedly inhibited SH2B1-promoted JAK2 activation and JAK2-mediated tyrosine
phosphorylation of IRS1. Moreover, SH2B2/ inhibited GH-stimulated JAK2
phosphorylation. SH2B2/4 significantly attenuated both SH2B1- and SH2B2a-promoted
tyrosine phosphorylation of IRS1 in response to insulin. SH2B2/ may inhibit JAK2
activation and insulin signaling by directly binding to SH2B1 and/or SH2B2q via its DD
domain, thus sequestering SH2B1 and/or SH2B2a.
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SH2B1 is a key positive regulator of leptin and insulin sensitivity in vivo as revealed by
severe leptin resistance, insulin resistance, obesity, and type 2 diabetes in SH2B1-deficient
mice (5, 6). SH2B2/is expressed in multiple tissues, including targets of insulin, GH, and
leptin (e.g. the brain, adipose tissue, and skeletal muscle). Therefore, SH2B2/ may function
as an endogenous-negative regulator of insulin, GH, and/or leptin sensitivity by
antagonizing SH2B1 action. SH2B2« also positively regulates insulin signaling and JAK2
activation in cultured cells; surprisingly, deletion of the SH2B2 gene results in enhanced
insulin sensitivity and cytokine action (36, 39). Because SH2B2/ is also deleted in
SH2B2~'~ knockout mice, SH2B2/ deficiency may contribute to the phenotypes observed in
SH2B2/~ knockout mice.

In summary, we identified SH2B2/ as a novel isoform of SH2B2. SH2B24 binds to both
SH2B1 and SH2B2q, thereby inhibiting both SH2B1- and SH2B2a-promoted cellular
responses, including JAK2 activation and insulin signaling. SH2B2/ may function as an
endogenous inhibitor of SH2B1 and/or SH2B2a, contributing to negative regulation of
cellular responses to insulin and/or cytokines that require JAK2 for cell signaling.
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BAT
DD
GHR
GST
IRS
JAK?2
aJAK?2
aMyc
PH
apJAK?2
aPY
SH2
STAT

Brown adipose tissue
dimerization domain

GH receptor

glutathione S-transferase
insulin receptor substrate
Janus kinase-2
anti-JAK2

anti-Myc

pleckstrin homology
a-phospho-JAK?2
anti-phospho-tyrosine
Src homology 2

signal transducer and activator of transcription
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Fig. 1.
Sequence analysis of SH2B24. A, Amino acid sequences of mouse SH2B2/4. An N-terminal

DD and a C-terminal PH domain are underlined. B, A schematic representation of SH2B2q,
SH2B2p, and SH2B1 proteins. C, A schematic representation of alternative splicing of
SH2B2a and SH2B2. Individual boxes represent exons. Exons 7 and 8, which are absent in
SH2B2p, encode a SH2 domain. P4, P, P3, and P4 indicate the positions of primers used in
RT-PCR.
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Fig. 2.

SSZBZﬂtissue distribution. A, Total RNA was prepared from multiple tissues from wild-
type and SH2B2 knockout mice and subjected to RT-PCR to detect SH2B2/4 using 5’ P1 and
3’ P4 primers (upper panel) or factin (lower panel). The positions of primers Py, P, P3, and
P, were indicated in Fig. 1C. WAT, White adipose tissue. B, Total RNA was prepared from
various tissues from a wild-type mouse and subjected to RT-PCR to detect SH2B2/ using 5/
P, and 3’ P53 primers (upper panel) or f-actin (lower panel). Experiments in A and B were
repeated more than three times with similar results. C, SH2B24 cDNA was prepared from
mouse brain by RT-PCR using 5’ P; and 3’ P4 primers and subjected to DNA sequencing
analysis. D, SH2B2a and SH2B2/ were transiently coexpressed in HEK293 cells. Cell
extracts were immunoblotted with aSH2B2. E, BAT extracts (1 mg protein) were prepared
from three mice (1, 2, and 3) and incubated with aSH2B2 or preimmune serum. aSH2B2-
and preimmune serum-cleared BAT extracts were immunoblotted with preimmune serum
(top panel). The same blot was reprobed with aSH2B2 (middle panel) and «actin (bottom
panel), respectively. Molecular markers (kilodal-tons) were indicated at the left in both D
and E.
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Fig. 3.

SH2B24 binds to both SH2B1 and SH2B2a. A, Myc-tagged SH2B1 /4 was transiently
overexpressed in HEK293 cells. Cell extracts were prepared and incubated with
immobilized GST or GST-SH2B2/ fusion proteins. GST- or GST-SH2B24-bound SH2B14
was immunoblotted (IB) with aMyc. B, Myc-tagged SH2B1/ was transiently coexpressed
with or without Flag-tagged SH2B2/5in HEK293 cells. Cell extracts were
immunoprecipitated with aSH2B2 and immunoblotted with aSH2B1. In parallel
experiments, cell extracts were immunoblotted with aMyc or aFlag to detect SH2B1/5 or
SH2B2p, respectively. C, Myc-tagged SH2B2«a was transiently coexpressed with or without
Flag-tagged SH2B25in HEK293 cells. Cell extracts were immunoprecipitated with aFlag
and immunoblotted with aMyc. In parallel experiments, cell extracts were immunoblotted
with aMyc or aFlag to detect SH2B2« or SH2B2, respectively. D, Flag-tagged SH2B2/
was transiently coexpressed with Myc-tagged SH2B15 or SH2B2a in HEK 293 cells. Cells
extracts were immunoprecipitated with aMyc and immunoblotted with aFlag (top panel). In
parallel experiments, cell extracts were immunoblotted with aMyc (middle panel) or aFlag
(bottom panel). Similar results (A-D) were obtained in more than three independent
experiments.
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Fig. 4.
SH2B2£ inhibits SH2B1-promoted JAK?2 activation. A, JAK2 was transiently coexpressed

with SH2B1/in the presence or absence of SH2B24in HEK293 cells. JAK2 was
immunoprecipitated with «JAK2 and subjected to in vitro kinase assays in the presence of
[1-32P-]ATP. 32P-labeled JAK?2 was visualized by autoradiography (panel 1),
immunoblotted (IB) with aPY (panel 2) or aJAK2 (panel 3). In parallel experiments, cell
extracts were immunoblotted with aSH2B1 (panel 4) or aFlag (panel 5). Similar results
were obtained from two independent experiments. B, JAK2 was transiently coexpressed
with Myc-tagged SH2B1/4and IRS1 in the presence or absence of Flag-tagged SH2B24in
HEK?293 cells. Cell extracts were immunoblotted with aPY, alRS1, aJAK2, aMyc, or
aFlag as indicated. C, y2AGHRIAKZ ce|s were deprived of serum overnight and stimulated
with 4 U/ml GH for 10 min. Cell extracts were immunoblotted with apJAK2, acJAK2, or
aFlag as indicated (left panels). Phosphorylated JAK?2 in GH-treated cells was quantified
and normalized to total JAK2 protein levels (right panels). Con, Control. *, P < 0.05.
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Fig. 5.
SH2B2/ inhibits SH2B1- and SH2B2 a-mediated enhancement of insulin (Ins)-stimulated

tyrosine phosphorylation of IRS1. A, IRS1 was transiently coexpressed with Myc-tagged
SH2B14in the presence or absence of Flag-tagged SH2B25in HEK293 cells as indicated.
Cells were treated with insulin (50 nw) for 10 min, and cell extracts were immunaoblotted
(IB) with aPY, alRS1, aMyc, or aFlag as indicated. B, HEK293 cells were transiently
transfected with empty vector [control (Con)], SH2B1, or SH2B1 plus SH2B2/ and treated
with insulin. IRS1 phosphorylation was quantified and normalized to IRS1 protein levels.
IRS1 phosphorylation in SH2B1- or SH2B1/SH2B2/-transfected cells was normalized to
IRS1 phosphorylation in control cells (mean + sew, N = 3). C, IRS1 was transiently
coexpressed with Myc-tagged SH2B2a in the presence or absence of Flag-tagged SH2B2/
in HEK?293 cells as indicated. Cells were treated with insulin (50 nw) for 10 min, and cell
extracts were immunoblotted with aPY, alRS1, aMyc, or aFlag as indicated. D, HEK293
cells were transiently transfected with empty vector (control), SH2B2a, or SH2B2a plus
SH2B2/ and treated with insulin. IRS1 phosphorylation was quantified and normalized to
IRS1 protein levels. IRS1 phosphorylation in SH2B2a- or SH2B2a/SH2B24-transfected
cells was normalized to IRS1 phosphorylation in control cells (mean £ sew, n = 4). *, P <
0.05.
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