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Src homology 2 B adapter protein 1 (SH2B1) modulates signaling by a variety of ligands that bind to receptor 
tyrosine kinases or JAK-associated cytokine receptors, including leptin, insulin, growth hormone (GH), and 
nerve growth factor (NGF). Targeted deletion of Sh2b1 in mice results in increased food intake, obesity, and 
insulin resistance, with an intermediate phenotype seen in heterozygous null mice on a high-fat diet. We identi-
fied SH2B1 loss-of-function mutations in a large cohort of patients with severe early-onset obesity. Mutation 
carriers exhibited hyperphagia, childhood-onset obesity, disproportionate insulin resistance, and reduced final 
height as adults. Unexpectedly, mutation carriers exhibited a spectrum of behavioral abnormalities that were 
not reported in controls, including social isolation and aggression. We conclude that SH2B1 plays a critical role 
in the control of human food intake and body weight and is implicated in maladaptive human behavior.

Introduction
Leptin is a 16-kDa circulating hormone that regulates energy 
homeo stasis via hypothalamic neurons expressing the leptin 
receptor (LEPR) (1). Congenital deficiency of leptin and its recep-
tor results in severe obesity in rodents and humans, implicating 
leptin-mediated signaling in the regulation of food intake, ener-
gy expenditure, carbohydrate metabolism, and neuroendocrine 
function (2, 3). Diet-induced obesity in rodents, and common 
forms of obesity in humans, are characterized by resistance to 
endogenous and exogenous leptin (4). Dissecting the intracellular 
signaling pathways and hypothalamic neural circuitry by which 
leptin exerts its effects is critical for the identification of potential 
therapeutic targets for obesity (5).

Leptin mediates effects on energy balance by binding to the 
long form of LEPR (LEPRb) and activating LEPRb-associated 
JAK2 (6). JAK2 phosphorylates multiple tyrosines in LEPRb 
(Tyr985/1107/1138), enabling recruitment of downstream effec-
tors. JAK2 also autophosphorylates on Tyr813, allowing the bind-
ing of Src homology 2 (SH2) B adapter protein 1 (SH2B1), which 
enhances JAK2 activation and helps recruit IRS-1 and IRS-2 to 
the LEPRb/JAK2 complex (7, 8). This facilitates JAK2-mediated 
tyrosine phosphorylation of IRS-1/2 and subsequent activation 
of the PI3K pathway.

SH2B1 is a key endogenous positive regulator of leptin sensitiv-
ity; targeted deletion in mice results in impaired leptin signaling 
and severe obesity (8). Sh2b1-null mice are also insulin resistant 
and exhibit impaired insulin signaling (9). Multiple isoforms of 
SH2B1 are expressed in the brain; however, neuron-specific res-
toration of recombinant Sh2b1β alone is sufficient to reverse the 

obesity observed in Sh2b1 knockout mice (10), which suggests that 
centrally expressed SH2B1β is critical to energy homeostasis.

To investigate the importance of SH2B1 in human energy 
homeostasis and insulin signaling, we sought to identify muta-
tions in the SH2B1 gene in a group of severely obese patients. We 
identified 300 patients with severe early-onset obesity from the 
Genetics of Obesity Study (GOOS) cohort (11) with a dispropor-
tionate degree of insulin resistance for their obesity, as defined by 
the presence of acanthosis nigricans, development of type 2 diabe-
tes in early adolescence, and/or markedly elevated plasma insulin 
(top decile for age, gender, and BMI). Mutations in the genes caus-
ing the known monogenic obesity syndromes had been excluded 
in these patients, as had deletions at 16p11.2 by multiplex liga-
tion–dependent probe amplification (MLPA) (12).

Results and Discussion
We identified 5 probands of mixed European descent with hetero-
zygous mutations in SH2B1 (Figure 1A): a frameshift mutation, 
F344LfsX20, which leads to a truncated protein product, and  
3 missense mutations, P90H (2 patients), T175N, and P322S; all 
were absent from 500 control subjects (P < 0.001). Probands were 
apparently unrelated over 3 generations, as assessed by medical 
history. All mutations were inherited from overweight/obese par-
ents, and carriers were hyperphagic and had reduced final height as 
adults (Table 1). Mutation carriers were hyperinsulinemic (fasting 
plasma insulin >60 pmol/l) and euglycemic; liver function tests and 
lipid profiles were within the normal range (data not shown). Unex-
pectedly, we found that mutation carriers were reported to have 
delayed speech and language development and aggressive behav-
ior by healthcare professionals and by family members (Table 1).  
However, these individuals did not consent to further behavioral  
testing, so the precise nature and severity of these phenotypes 
could not be determined. None of the controls were reported to 
have behavioral abnormalities by healthcare professionals.
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We next sought to assess the molecular and cellular basis for the 
phenotypes associated with these human mutations. SH2B1 is a 
member of a family of SH2 domain–containing adaptor molecules 
— SH2B1 (also known as PSM), SH2B2 (also known as APS), and 
SH2B3 (also known as Lnk) — that bind to activated receptor tyro-
sine kinases, including insulin receptor and TrkA, the receptor for 
nerve growth factor (NGF) (13). SH2B1 can also bind to activated 
JAK2 (14), a cytokine receptor–associated tyrosine kinase that is 
activated after binding of cytokine receptor ligands, such as leptin 
and growth hormone (GH). SH2B1 has an aminoterminal dimer-

ization domain, nuclear localization and 
export sequences, a central pleckstrin homol-
ogy domain, and a carboxyterminal SH2 
domain (Figure 1A). The SH2B1 transcript 
undergoes alternative splicing at the 3′ end, 
giving rise to 4 protein products (SH2B1α, 
SH2B1β, SH2B1γ, and SH2B1δ; ref. 15) that 
share their amino termini, nuclear localiza-
tion sequence, nuclear export sequence, 
pleckstrin homology domain, and SH2 
domain, but differ at their carboxyl termini. 
We investigated expression of the 4 SH2B1 
isoforms in human tissues by RT-PCR (Fig-

ure 1B). As the β isoform is the predominant form in the hypothal-
amus, we introduced the mutations into SH2B1β and examined 
their effect on SH2B1β expression, subcellular localization, and 
ability to enhance NGF-induced neuronal differentiation, cycling 
through the nucleus, GH-induced macrophage motility, JAK2 acti-
vation, leptin signaling, and insulin signaling.

Previous studies implicated SH2B1 in neuronal differentiation 
induced by NGF or by glial cell line–derived neurotrophic factor 
(16–18). To test the mutations’ effect on the ability of SH2B1β to 
enhance neuronal differentiation, we transiently expressed GFP-

Figure 1
Identification of SH2B1 mutations. (A) Human 
SH2B1 protein (NP_001139268). P, proline-rich 
region; DD, dimerization domain; NLS, nuclear 
localization sequence; NES, nuclear export 
sequence; PH, pleckstrin homology domain. 
SH2B1 mutations are shown, with nucleo-
tide changes marked on the chromatograms 
(arrows). N, normal allele; M, mutated allele. (B) 
Expression of the 4 SH2B1 isoforms (α, β, γ, 
and δ), studied by qualitative RT-PCR in a panel 
of human tissues.

Table 1
Phenotypic characteristics of SH2B1 mutation carriers

 Mutation Age Most recent BMI M/F Height Genotype Neurobehavioral phenotypes 
  (yr) BMI (kg/m2) (SD score)  (SD score)
Proband P90H 27 45 – M 1.5 NM Social isolation, aggression
Proband T175N 4 29 5.1 F 2.8 NM Speech and language delay, aggression
Mother T175N 31 30 – F 0.4 NM Speech and language delay
Father T175N 30 29 – M 1.1 NN Nil
Sister T175N 7 21 2.2 F –0.8 NM Speech and language delay
Proband P322S 14 32 2.9 M –0.8 NM Social isolation, aggression
Mother P322S 54 27 – F 0.2 NM Nil
Father P322S 55 22 – M 0.9 NN Nil
Brother P322S 18 32 – M 0.8 NM Social isolation
Proband F344LfsX20 13 37 3.5 F 0.8 NM Social isolation, aggression
Mother F344LfsX20 48 48 – F –2.7 NM Social isolation
Father F344LfsX20 55 26 – M 1.3 NN Nil
Sister F344LfsX20 21 – – F – NN Nil

Probands were identified by genetic screening; other individuals are family members of probands as indicated. Data were only included where reports from 
healthcare professionals and family members were available. –, data missing (in some cases, family members were deceased or contact information was 
not available); N, normal allele; M, mutant allele.
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tagged WT or mutant SH2B1β in PC12 cells, treated the cells 
with NGF to induce neuronal differentiation, and determined 
the percentage of GFP+ cells that were differentiated (neurite 
outgrowths >2 times the length of the cell body). The truncation 
mutation failed to enhance NGF-induced neuronal differentia-
tion, and the P90H, A175N, and P322S mutations significantly 
impaired the ability of SH2B1β to enhance neuronal differentia-
tion compared with WT (Figure 2A).

Nuclear shuttling of SH2B1β appears to be required for its stim-
ulatory effect on neuronal differentiation (19). To test whether  
the mutations impair the ability of SH2B1β to translocate to the 
nucleus, we treated 293T cells expressing GFP-tagged forms of 
SH2B1β with an inhibitor of nuclear export, leptomycin B, for 
8 hours. While confocal microscopy revealed that approximately 
95% of the cells expressing GFP-tagged WT SH2B1β showed a 
nuclear/cytoplasmic GFP fluorescence ratio of ≥1, cycling of the 
mutants into the nucleus was significantly impaired (Figure 2B 

and Supplemental Figure 1; supplemental material available 
online with this article; doi:10.1172/JCI62696DS1).

SH2B1 has been implicated in GH regulation of the actin 
cytoskeleton (20). We therefore examined the ability of WT and 
mutant forms of SH2B1β to enhance GH-induced motility of 
cultured RAW264.7 macrophages. In contrast to GFP-tagged WT 
SH2B1β, which stimulated both basal and GH-induced motility, 
the point mutants inhibited GH-induced motility (Figure 2C).

SH2B1β mutants P90H, A175N, and P322S were expressed at 
the appropriate size and intensities and retained their ability to 
activate JAK2 (Figure 2D and data not shown). P90H, A175N, and 
P322S also exhibited a steady-state subcellular distribution simi-
lar to that of WT SH2B1β (Figure 3). In contrast, the F344LfsX20 
mutant exhibited significantly reduced expression and was unable 
to activate JAK2 (Figure 2D and data not shown), presumably due 
to the fact that it lacks the SH2 domain previously shown to be 
required for JAK2 activation (21). SH2B1β F344LfsX20 was also 

Figure 2
Functional characterization of SH2B1 mutations. (A) PC12 cells transiently expressing GFP-tagged WT or mutant SH2B1β were treated with NGF 
to induce differentiation. Percent differentiated values were normalized against WT at day 1 of differentiation (means ± SEM). All mutants impaired 
the rate of NGF-induced neuronal differentiation compared with WT. *P < 0.0001, 1-way ANOVA with Dunnett’s post-test. (B) 293T cells transiently 
expressing GFP-tagged WT or mutant SH2B1β were treated with or without leptomycin B (LMB) and imaged using confocal microscopy. Scale 
bars: 10 μm. All SH2B1β mutant proteins exhibited an impaired ability to accumulate in the nucleus (see Supplemental Figure 1). (C) RAW264.7 
macrophages transiently expressing GFP-tagged WT or mutant SH2B1β were added to the upper chamber, and GH (500 ng/ml) to the lower 
chamber, of a Transwell plate. Average values for migrated cells were normalized to unstimulated control values (means ± SEM). All SH2B1β 
mutants inhibited GH-induced cell migration. *P < 0.05. (D) Flag-tagged SH2B1β was immunoprecipitated from HEK293 cells coexpressing Flag-
tagged WT SH2B1β and GFP-tagged SH2B1β mutants (including the dimerization mutant 3AD/2FA). Immunoprecipitated proteins and proteins in 
cell lysates were immunoblotted using anti-Flag and anti-GFP antibodies. Binding of the P90H and A175N mutants was similar to that seen with 
WT; however, the P322S mutation enhanced dimerization. Note that for the A175N mutant, all experiments were performed using rat SH2B1β 
(NP_001041645), in which Thr175 is Ala175.
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present at lower levels in the plasma membrane relative to the cyto-
plasm in both 293T and PC12 cells and was found in aggregates in 
the cytoplasm (Figure 3 and data not shown). We assessed the abil-
ity of the SH2B1β mutants to enhance leptin signaling by examin-
ing their ability to stimulate leptin-dependent tyrosyl phosphory-
lation of IRS2. Consistent with the findings on JAK2 activation, 
the SH2B1β point mutants were as effective as WT SH2B1β in 
stimulating leptin-dependent tyrosine phosphorylation of IRS2; 
similar results were seen for insulin-stimulated tyrosine phosphor-
ylation of IRS2 (data not shown). As these latter assays rely on the 
overexpression of both SH2B1β and IRS2, it is possible that any 
subtle effects of the SH2B1 mutants were masked.

We also postulated that some of these heterozygous mutations 
may affect the ability of SH2B1 to dimerize. GFP-tagged WT 
SH2B1β coimmunoprecipitated with Flag-tagged WT SH2B1β, 
while the mutant 3AD/2FA (in which the phenylalanine zipper 

that is required for dimerization is mutated) exhibited greatly 
diminished coimmunoprecipitation (Figure 2D). Binding of 
the GFP-tagged P90H and A175N mutants to Flag-tagged WT 
SH2B1β was similar to that seen with GFP-tagged WT; however, 
the P322S mutation enhanced dimerization.

We have demonstrated that loss-of-function mutations in SH2B1 
were associated with severe early-onset obesity, insulin resistance, 
and reduced final height. All the mutations were associated with 
loss of function in assays of GH/NGF-mediated signaling. Intrigu-
ingly, apart from the frameshift mutation, the other mutants did 
not impair leptin signaling. Although this discordance may reflect 
the differing sensitivities of the assays used, it is plausible that 
some of the effects of SH2B1 on energy homeostasis may be medi-
ated by leptin-independent pathways.

Unexpectedly, we observed that mutations were associated with a 
range of behavioral abnormalities, including a tendency for social 

Figure 3
Subcellular distribution of SH2B1β WT and mutant proteins. Live 293T cells transiently expressing GFP-tagged WT, P90H, A175N, P322S, or 
F344LfsX20 SH2B1β were stained with the plasma membrane marker wheat germ agglutinin Alexa Fluor 594 (red) and imaged using confocal 
fluorescence microscopy. Shown are GFP fluorescence alone (green; top) and overlay of GFP and plasma membrane marker (bottom). Scale 
bars: 10 μm. Below, green and red signal intensity along the yellow arrows was determined using MetaVue Linescan. Arrows (red signal intensity 
peak) indicate position of the plasma membrane on the linescan. Horizontal lines on the linescan graphs denote the plasma membrane and cyto-
plasm values used to determine the plasma membrane/cytoplasm green signal intensity ratios (means ± SEM). The SH2B1β truncation mutant 
localized to the PM to a lesser extent than did SH2B1β WT. *P < 0.0001 vs. WT.
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Study approval. All studies were approved by the Anglia and Oxford mul-
tiregional ethics committee. Each subject, or parent (children <16 years), 
provided written informed consent (oral consent was obtained from the 
minors themselves). Clinical studies were conducted in accordance with 
the principles of the Declaration of Helsinki.
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isolation and high levels of aggression, as reported by healthcare pro-
fessionals and family members. We recognize that the absence of for-
mal psychiatric testing and disease classification in these individuals 
and in the controls is a limitation of our study. However, we note that 
these phenotypes were not seen in association with the other genetic 
obesity syndromes we have characterized to date (11, 12), although 
the socioeconomic status of mutation carriers was comparable. As 
we observed impaired NGF-induced neuronal differentiation in 
vitro, a similar response to other ligands, such as centrally expressed 
neurotrophins, could contribute to these features (22). The maladap-
tive behaviors reported in mutation carriers compared with controls 
were not reported in previous studies in mice. Our studies imply an 
unexpected role for SH2B1 in human behavior.

Methods
SH2B1 mutation analysis. All 300 patients from the GOOS study that fit the 
criteria for obesity and severe insulin resistance were screened for muta-
tions in the SH2B1 gene. An a priori power calculation was not conducted; 
given the rarity of these phenotypes, all eligible patients available to us were 
studied. Primers were designed to cover the coding sequence (NM_015503) 
and splice junctions of SH2B1. Mutation screening was undertaken by PCR, 
followed by direct sequencing using BigDye terminator chemistry (Applied 
Biosystems) and analysis on an ABI 3730 automated sequencer (Applied 
Biosystems). 500 controls were also sequenced using the same methods.

SH2B1 gene expression in human tissues. A human tissue cDNA library was 
prepared using 1 μl RNA (Clontech), which was reverse transcribed to cDNA 
using a RetroScript kit (Ambion). 1 μl cDNA was used as a template in an 
RT-PCR reaction (forward primer, 5′-CAGCTATGTCCCATCCTCCCAGC-
GA-3′; reverse primer, 5′-CAGGCTGTGGGGGATCTGTCCATGAAG-3′). 
The 4 SH2B1 isoforms were amplified simultaneously, generating 4 PCR 
products of distinct size (SH2B1α, 102 bp; SH2B1β, 201 bp; SH2B1γ, 254 
bp; SH2B1δ, 154 bp).

Statistics. See Supplemental Methods for details. 2-sided Fisher’s exact 
test was used to compare prevalence of mutations in cases versus controls. 
A P value less than 0.05 was considered significant.
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