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Abstract
Whereas the genetic basis of insulin sensitivity is determined by variation in multiple genes, mutations of single genes 
can give rise to profound changes in such sensitivity. Mutations of the insulin receptor gene (INSR)—which trigger type A 
insulin resistance, Rabson–Mendenhall, or Donohue syndromes—and those of the gene for the p85α regulatory subunit of 
phosphoinositide 3-kinase (PIK3R1), which give rise to SHORT syndrome, are the most common and second most common 
causes, respectively, of single-gene insulin resistance. Loss-of-function mutations of the genes for the protein kinase Akt2 
(AKT2) or for TBC1 domain family member 4 (TBC1D4) have been identified in families with severe insulin resistance. 
Gain-of-function mutations of the gene for protein tyrosine phosphatase nonreceptor type 11 (PTPN11), which negatively 
regulates insulin receptor signaling, give rise to Noonan syndrome, and some individuals with this syndrome manifest insulin 
resistance. Gain-of-function mutations of the gene for the p110α catalytic subunit of phosphoinositide 3-kinase (PIK3CA) 
have been identified in individuals with segmental overgrowth or megalencephaly, some of whom also manifest spontaneous 
hypoglycemia. A gain-of-function mutation of AKT2 was also found in individuals with recurrent hypoglycemia. Loss-of-
function mutations of the gene for phosphatase and tensin homolog (PTEN), another negative regulator of insulin signal-
ing, give rise to Cowden syndrome in association with exaggerated metabolic actions of insulin. Clinical manifestations of 
individuals with such mutations of genes related to insulin signaling thus provide insight into the essential function of such 
genes in the human body.

Introduction

The most important biological action of insulin is to regulate 
the storage and supply of energy sources in the body. Insulin 
exerts a variety of metabolic and nonmetabolic effects, how-
ever, and impairment of insulin action gives rise not only 
to diabetes mellitus but also to various other pathological 
conditions including dyslipidemia, atherosclerosis, nonal-
coholic fatty liver disease, cognitive disorders, and certain 
types of cancer.

Impairment of insulin sensitivity, or insulin resistance, 
has both genetic and environmental causes [1]. In general, 
genetic predisposition to insulin resistance is determined 
by variation in multiple genes. However, in rare cases, 

mutations of a single gene can trigger severe insulin resist-
ance. Defects in the insulin receptor gene (INSR) are the 
most common cause of such single-gene insulin resistance, 
but mutations of several other genes related to insulin sign-
aling have also been identified in individuals with severe 
insulin resistance. In addition, mutations of such genes have 
been found to give rise to exaggerated insulin action in some 
individuals.

We here review various conditions triggered by mutations 
of genes related to insulin signaling (Table 1), with a distinc-
tion as to whether the conditions are associated with insulin 
resistance or exaggerated insulin sensitivity.

Insulin signaling pathway

The insulin receptor is a tetrameric structure composed of 
two extracellular α subunits and two transmembrane β subu-
nits [1] (Fig. 1). The binding of insulin to the α subunits acti-
vates the intrinsic tyrosine kinase of the β subunits, resulting 
in phosphorylation of tyrosine residues of insulin receptor 
substrate (IRS) proteins and their consequent association 
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Table 1  Conditions caused by mutations of genes related to insulin signaling

Numbers in parentheses for frequency indicate the number of cases or families described in published reports
a Fifteen families have been evaluated for glucose tolerance or insulin sensitivity
b One family has been evaluated for glucose tolerance or insulin sensitivity
c The patient might have been too young to develop apparent insulin resistance

Gene Effect on 
protein func-
tion

Effect on insulin action Frequency Condition caused Other characteristics

INSR Loss Resistance Relatively common (> 200) Type A insulin resistance, 
Donohue, and Rabson–
Mendenhall syndromes

Acanthosis nigricans, poly-
cystic ovary, hirsutism (in 
type A insulin resistance); 
early death (in Donohue and 
Rabson–Mendenhall)

PIK3R1 Loss Resistance Rare (> 30) SHORT syndrome Short stature, facial charac-
teristics

PIK3R2 Gain Sensitivity Rare (> 10) None Segmental overgrowth or 
megalencephaly

PIK3CA Gain Sensitivity Rare (> 60) None Segmental overgrowth or 
megalencephaly

AKT1 Gain Not known Rare (> 20) Proteus syndrome Overgrowth of various tissues, 
mosaic mutation

AKT2 Loss Resistance Very rare (3) None Hypertension
Gain Sensitivity Very rare (1) None Overgrowth, hypoglycemia

AKT3 Gain Not known Very rare (~ 3) None Megalencephaly
TBC1D4 Loss Resistance Very rare (1) None Acanthosis nigricans, post-

prandial hyperinsulinemia
PTEN Loss Sensitivity Relatively common (> 300)a Cowden syndrome Hamartoma, cancer predispo-

sition
PTPN11 Gain Resistance Relatively common (> 800)b Noonan syndrome Short stature, congenital heart 

disease, skeletal malforma-
tion

PRKCE Loss Nonec Very rare (1) SHORT syndrome Short stature, facial charac-
teristics

Fig. 1  The insulin signaling 
pathway
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with signaling molecules that contain a Src homology 2 
(SH2) domain [1]. Among such signaling molecules, class 
Ia phosphoinositide 3-kinase (PI3K), composed of a 110-
kDa catalytic subunit and an 85-kDa regulatory subunit, is 
a key mediator of the metabolic actions of insulin [1]. The 
association of PI3K with IRS results in stimulation of its 
lipid kinase activity and consequent generation of phosphati-
dylinositol 3,4,5-trisphosphate  (PIP3), which promotes the 
phosphorylation and activation of Akt by phosphoinositide-
dependent kinase 1 (PDK1) [1]. PI3K also activates mam-
malian target of rapamycin complex 2 (mTORC2), which 
also contributes to the activation of Akt.

Akt is a serine-threonine kinase that mediates the effects 
of insulin by phosphorylating various cellular substrates 
including the serine-threonine kinase GSK3β (glycogen syn-
thase kinase 3β), transcription factors of the forkhead box O 
(FOXO) family, the cyclic AMP-hydrolyzing enzyme phos-
phodiesterase 3B (PDE3B), and the Rab GTPase-activating 
protein TBC1 domain family member 4 (TBC1D4, also 
known as Akt substrate 160 or AS160) [1].

Protein tyrosine phosphatase nonreceptor type 11 
(PTPN11, also known as SH2 domain-containing phos-
phatase-2 or SHP-2) and phosphatase and tensin homolog 
(PTEN) negatively regulate insulin signaling by catalyzing 
the dephosphorylation of IRS and  PIP3, respectively.

Mutations of the insulin receptor gene

Mutations of INSR give rise to type A insulin resistance 
syndrome, which is characterized by bodily features of hir-
sutism, acanthosis nigricans, or polycystic ovary in addition 
to insulin resistance [2]. The severity of the disease var-
ies widely depending on the specific gene defect [3]. Rab-
son–Mendenhall syndrome and Donohue syndrome, which 
overlap to some extent, are characterized by the develop-
ment of serious insulin resistance and intractable diabetes 
in association with specific physical findings and result in 
infant or pediatric death [3]. Most individuals with either of 
these two syndromes harbor pathological mutations of INSR 
in both alleles [3].

Several hundred cases of type A insulin resistance syn-
drome have been described, and at least 0.05% of the general 
population in Japan is estimated to harbor a pathological 
mutation of INSR [4].

Mutations of genes for PI3K

PIK3R1 encodes p85α, a major and ubiquitously expressed 
regulatory subunit of PI3K. Mutations of PIK3R1 have 
been identified in individuals with SHORT syndrome [5–7], 
which is characterized by short stature, hyperextensibility 
of joints and/or inguinal hernia, ocular depression, Rieger 
abnormality, and teething delay. Some patients with this 

syndrome also develop diabetes [8]. Mutations of PIK3R1 
have also been identified in individuals with insulin-resistant 
diabetes who had not been recognized as having SHORT 
syndrome, although these individuals manifest some, if not 
all, of the classic bodily characteristics of this syndrome 
[4, 5, 9].

More than 30 families with PIK3R1 mutations have 
been described in the context of either SHORT syndrome 
or insulin-resistant diabetes [4–7, 9–15]. A recent nation-
wide survey in Japan identified 23 and 5 cases of INSR and 
PIK3R1 mutations, respectively, in individuals with severe 
insulin resistance [4], suggesting that PIK3R1 mutations are 
the second most common cause of single-gene insulin resist-
ance. The most frequent mutation of PIK3R1 observed in 
individuals with SHORT syndrome or genetic insulin resist-
ance is Arg649Trp, with the mutant p85α protein having 
been shown to inhibit insulin signaling in a dominant man-
ner [16]. A total of 11 different PIK3R1 mutations have been 
identified in such patients to date [4–7, 9–15].

Somatic activating mutations of PIK3CA, which encodes 
the ubiquitously expressed p110α catalytic subunit of PI3K, 
have been found to occur frequently in cancer cells and 
less frequently in tissues with segmental overgrowth [17], 
whereas germline mutations of PIK3CA have been identi-
fied in individuals with segmental overgrowth or megalen-
cephaly [17, 18]. Some patients with such germline PIK3CA 
mutations also manifest recurrent hypoglycemia [19]. Muta-
tions of PIK3R2, which encodes the p85β regulatory subunit 
of PI3K, have also been found in patients with hypogly-
cemia and either segmental overgrowth or megalencephaly 
[18]. Given that the activity of PI3K in cells is determined 
by a balance between the functions of multiple regulatory 
and catalytic subunits [20], the mutations of PIK3R2 found 
in these patients likely result in augmentation of PI3K 
signaling.

Mutations of the genes for Akt

Among the three isoforms of Akt, Akt1 and Akt2 are 
ubiquitously expressed, whereas Akt3 is expressed almost 
exclusively in the central nervous system [1]. A heterozy-
gous Arg274His mutation of AKT2, which is located in the 
kinase domain of the encoded protein and exerts a domi-
nant inhibitory effect on insulin action, was identified in 
a family with severe insulin-resistant diabetes [21]. The 
affected individuals manifested profound hyperinsulinemia 
of > 100 and > 1000 μU/mL under fasting and postprandial 
conditions, respectively, together with acanthosis nigricans 
and hypertension [21]. The population of Finland appears 
to harbor the partial loss-of-function Pro50Thr variant of 
AKT2 at a relatively high frequency (1.1%), with this muta-
tion increasing the risk of the development of type 2 diabetes 
with an odds ratio of 1.05 in this population [22].
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An activating mutation of AKT2 (Glu17Lys), either 
mosaic or nonmosaic, has been identified in individuals with 
left-sided overgrowth and severe recurrent hypoglycemia 
from infancy [23], and an activating mosaic mutation affect-
ing the same residue of AKT1 (Glu17Lys) was identified in 
patients with Proteus syndrome [24], which is characterized 
by the overgrowth of various tissues including skin, bone, 
muscle, blood vessels, and the brain. Activating mutations of 
AKT3 were identified in patients with megalencephaly syn-
drome [25], which likely reflects the central nervous system-
specific expression of this isoform. Information regarding 
glucose tolerance or insulin sensitivity in individuals with 
such activating mutations of AKT1 or AKT3 is not available.

Mutations of the gene for TBC1D4

TBC1D4, a substrate of Akt, contributes to insulin-stimu-
lated glucose uptake by promoting the translocation of glu-
cose transporter 4 (GLUT4) [1]. A mutation of TBC1D4 
(Arg363Ter) was found in a family in which affected mem-
bers manifested marked postchallenge hyperinsulinemia 
with mild glucose intolerance [26]. An Arg684Ter variant 
of TBC1D4 was also identified with a high allele frequency 
(~ 17%) in a Greenlandic cohort [27], whereas this variant is 
rare in other populations [28]. Homozygous carriers of this 
variant manifested increased circulating concentrations of 
glucose and insulin at 2 h after an oral glucose load, whereas 
fasting glucose and insulin levels were not increased, but 
were instead decreased [27]. Moreover, homozygous carriers 
showed a markedly increased risk of the development of type 
2 diabetes, with an odds ratio of 10.3 [27]. The Arg684Ter 
variant thus appears to confer insulin resistance exclusively 
under the postprandial condition as well as a predisposition 
to type 2 diabetes.

Mutations of other genes related to insulin 
signaling

Heterozygous loss-of-function mutations of PTEN give rise 
to Cowden syndrome, which is characterized by multiple 
hamartomas in various tissues and an increased risk of cer-
tain types of cancer including breast, endometrial, and thy-
roid tumors [29]. Patients with Cowden syndrome manifest 
lower circulating levels of insulin in spite of a higher body 
mass index compared with healthy control individuals [30], 
suggesting that insulin action is augmented in these patients.

Noonan syndrome, characterized by short stature, 
congenital heart disease, and skeletal malformation, 
is caused by genetic defects in the Ras-MAPK (mito-
gen-activated protein kinase) signaling pathway [31]. 
Gain-of-function mutations of PTPN11, which result in 
inhibition of tyrosine kinase signaling and downstream 
Ras-MAPK signaling, therefore trigger Noonan syndrome 

[31]. Insulin-induced activation of Akt as well as glucose 
uptake and glycogen synthesis were found to be impaired 
in cells obtained from individuals harboring gain-of-func-
tion mutations of PTPN11, and some of these individuals 
manifested insulin resistance [32].

A loss-of-function mutation (Glu599Lys) of PRKCE, 
which encodes the ε isoform of protein kinase C (PKCε), 
was identified in an individual with clinical features of 
SHORT syndrome but without a PIK3R1 mutation [33]. 
Forced expression of a kinase-deficient mutant of PKCε was 
previously shown to inhibit insulin-induced Akt activity [34] 
(Fig. 1). The Glu599Lys mutant form of PKCε was found 
to inhibit Akt activation by the mTORC2 pathway [33]. The 
patient with this mutation did not manifest insulin resistance 
or diabetes at the age of 13 years, although diabetes becomes 
overt in most individuals with SHORT syndrome at an older 
age [5–7, 9].

Homozygous or compound heterozygous mutations of the 
insulin-like growth factor-1 (IGF-1) receptor gene (IGF1R) 
give rise to SHORT syndrome-like bodily features associ-
ated with insulin resistance [35–37]. Given that the IGF-1 
receptor and the insulin receptor are similar with regard to 
their structure and intracellular signaling and that the meta-
bolic effects of insulin are likely mediated in part by the 
IGF-1 receptor, it is possible that the insulin resistance of 
these patients results directly from impaired function of the 
IGF-1 receptor. The circulating level of growth hormone is 
markedly increased in individuals with IGF1R mutations 
[35, 36], which might also contribute to the development 
of insulin resistance. Of interest, some patients with IGF1R 
mutations were found to manifest relatively insulin-deficient 
diabetes [38], which may be related to the notion that IGF-1 
receptor signaling plays an important role in the develop-
ment of pancreatic β cells [39].

Conclusion

We have here summarized conditions caused by mutations 
of genes related to insulin signaling. Identification of the 
responsible genes and mutations in such genetic conditions 
may contribute to better treatment not only of these rare 
diseases but also of insulin resistance due to more common 
causes. In addition to insulin resistance or exaggerated insu-
lin sensitivity, patients with these genetic conditions mani-
fest a variety of disorders or characteristic bodily features, 
consistent with the many functions of insulin and its down-
stream signaling mediators. Further detailed investigation of 
the clinical manifestations of these conditions should pro-
vide insight into the essential functions of insulin signaling 
in the human body.
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