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Objective: Defects in the insulin receptor (INSR) gene cause various severe insulin
resistance conditions, including Donohue syndrome (DS), Rabson-Mendenhall
syndrome (RMS) and type A insulin resistance (type A-IR). This study aimed to
investigate the clinical characterization and molecular defects in three Chinese children
with INSR-related insulin resistance syndrome.

Methods: We reviewed the clinical data of three Chinese children with INSR-related
insulin resistance syndrome from two unrelated kindreds. Genetic analysis was performed
using whole-exome sequencing and the effects of the novel variants were further
assessed by in vitro functional assays.

Results: The proband with type A-IR presented with acanthosis nigricans, hypertrichosis,
and euglycemia with mild insulin resistance in early childhood. His sister presented with
features typical of type A-IR and was diagnosed with diabetes mellitus with severe insulin
resistance at the age of 9.8 years. The proband with DS showed typical dysmorphic
characteristics, severe intrauterine growth retardation, extreme insulin resistance, fasting
hypoglycemia and postprandial hyperglycemia from birth. The heterozygote variants
c.[3670G>A]; c.[3614C>T] were identified in both siblings with type A-IR; and
c.[749_751del]; c.[3355C>T] in the patient with DS. In vitro studies showed that the
novel variant c.749_751del [p.(Thr250del)] in the a-subunit, reduced expression of the
mature INSR protein and severely impaired INSR function. In contrast, the novel variant
c.3670G>A [p.(Val1224Met)] in the b-subunit had no effect on total protein expression and
phosphorylation of INSR and Akt, suggesting that the variant p.Val1224Met appeared to
be tolerated and was not responsible for the severe insulin resistance.

Conclusion: Our study detailed the clinical features of three patients with type A-IR and
DS, and identified two novel variants in the INSR gene. Functional assays indicated the
novel variant p.Thr250del was pathogenic. In contrast, the novel variant p.Val1224Met
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was suggested to be tolerated by our experimental data, even though bioinformatics
analyses predicted the variant as deleterious.
Keywords: Donohue syndrome, type A insulin resistance, diabetes mellitus, hirsutism, insulin receptor
gene, mutation
INTRODUCTION

Severe insulin resistance caused by loss-of-function mutations in
the insulin receptor (INSR) gene comprises a wide phenotypic
spectrum, including Donohue syndrome (DS), Rabson-
Mendenhall syndrome (RMS) and type A insulin resistance
(type A-IR) (1). DS (also known as leprechaunism), the most
severe form of these syndromes, has a prevalence of
approximately 1 in 4 million births (2). It is characterized by
intrauterine and postnatal growth retardation, developmental
delay, thick skin with lack of subcutaneous fat, hirsutism and
characteristic facies, as well as severely abnormal glucose
homeostasis and extreme insulin resistance. Patients with DS
usually die within the second year of life. RMS is a less severe
disease but also features insulin resistance, acanthosis nigricans,
soft tissue overgrowth, coarse facial features and linear growth
impairment (3). Type A-IR is relatively mild and is characterized
by insulin resistance, acanthosis nigricans and hyperandrogenism
that is usually identified peri- or post-pubertally (4). The wide
diversity in the clinical presentation of INSR-related insulin
resistance syndrome is generally correlated with the type and
localization of the genetic defect in the INSR gene (5).

The INSR gene is located on chromosome 19p13.2-13.3 and
includes 22 exons. It encodes a protein of 1382 amino acids that
belongs to the Src family of tyrosine specific protein kinases (6).
After being transported from the endoplasmic reticulum to the
Golgi apparatus, the pre-protein is further glycosylated and then
cleaved into a a2b2 heterotetramer, followed by transport to the
plasma membrane. The extracellular a chains carry the insulin-
binding regions, while the transmembrane b chains have
intrinsic tyrosine kinase activity (7). The INSR protein is
composed of the following domains: a leucine-rich repeat
domain (L1), a cysteine-rich region (CR), a second leucine-rich
repeat domain (L2), three fibronectin type III (FnIII) domains
(FnIII-1 to FnIII-3) and a tyrosine kinase domain (TK) (8). Most
patients with DS or RMS have biallelic variants in the INSR a-
subunit, which decrease the binding affinity to insulin and/or
impair INSR processing. A proportion of patients with type A-IR
have heterozygous variants in the intracellular TK domain of the
b-subunit, which affect kinase activity and lead to a mild decrease
in insulin binding capacity (9, 10).

In this study, we investigated three patients in two unrelated
kindreds with INSR-related insulin resistance syndrome,
including one case of DS and two cases of type A-IR.
Two novel variants (c.749_751del and c.3670G>A) in the
INSR gene were identified by whole-exome sequencing. The
novel variants were assessed for their effect on INSR function
in vitro by expressing the mutant receptor in Chinese hamster
ovary (CHO) cells, which have a low background of
endogenous INSR.
n.org 2
MATERIALS AND METHODS

Subjects
We investigated two Chinese kindreds with INSR-related insulin
resistance syndrome, including two siblings with type A-IR in
Kindred 1 and a proband with DS in Kindred 2 (Figure 1A).
Parents of both probands were non-consanguineous, healthy and
phenotypically normal, without any history of diabetes.

Whole-Exome Sequencing and
Bioinformatics Analysis
To identify the underlying genetic defect, whole-exome
sequencing was performed on genomic DNA samples isolated
from the peripheral blood. Sanger sequencing was performed to
confirm the identified variants. Four types of software (Mutation
Taster, Provean, PolyPhen-2 and SIFT) were used to predict the
damaging effect of the novel variants on INSR function.

Construction of Expression Plasmids
Wild-type (WT) full-length human INSR cDNA (NM_000208)
was purchased and cloned into a pcDNA3.1-3xFlag vector using
a Clone Express Entry one-step cloning kit (Vazyme Biotech Co.,
Ltd, China). The variants (c.749_751del and c.3670G>A) were
introduced into the pcDNA3.1-Flag-tagged plasmid using site-
directed mutagenesis according to the PCR-based DpnI-
treatment method (Vazyme Biotech Co., Ltd, China). Targeted
sequences were confirmed by dideoxy-based sequencing.

Transient Transfection of CHO Cells
CHO cells were maintained in RPMI-1640 medium
supplemented with 10% fetal bovine serum (FBS) (Gibco;
Thermo Fisher Scientific, Inc.) at 37°C in an atmosphere of 5%
CO2. After the cells were 50-70% confluent in 6- or 24-well
plates, they were transfected with expression vectors containing
INSR (wild or mutant type) using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s protocols.

Immunofluorescence Analysis
To determine the localization of INSR, CHO cells were seeded
into 24-well culture plates containing glass slides in RPMI-1640
medium with 10% FBS. About 36 h after transfection, the cells
were fixed with 4% paraformaldehyde for 15 min, following
permeation with 0.2% Triton X-100. Next, the cells were
incubated overnight at 4°C with primary mouse anti-Flag
(1:400; Sigma-Aldrich, St. Louis, MO) and rabbit anti-Na+/K+-
ATPase antibodies (1:400; Abcam, Cambridge, MA), followed by
fluorescein-conjugated secondary antibodies for 2 h at 37°C. The
cell nucleus was counterstained with 4’, 6-diamidino-2-
phenylindole. Cells were imaged with an inverted confocal laser
scanning microscope using a 63/1.4 oil-immersion objective.
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Western Blot Analysis
To evaluate the activation of INSR and its downstream signaling,
total INSR, phospho-INSR and total Akt, phospho-Akt were
measured by western blot with and without insulin stimulation.
A Flag-tagged INSR expression vector (wild or mutant type) was
transfected into CHO cells. For phosphorylation assays, CHO
cells were serum-starved 48 h after transfection for 4 h, before
stimulation with 10 nmol/L insulin or vehicle control for 5 min at
37°C. 40 mg of total protein was resolved by 10% SDS-PAGE
before transfer to PVDF membranes. The membranes were then
incubated with anti-Flag (1:3000, Sigma-Aldrich), anti-INSR
(1:1000, Abcam), anti-phosphorylated INSR (1:1000, Abcam),
anti-Akt (1:1000, Cell Signaling Technology), anti-
phosphorylated Akt (1:1000, Cell Signaling Technology), or
GAPDH (1:3000, ProTech), followed by secondary horseradish
peroxidase-labeled antibody (1:3000, Beyotime, China).
Membranes were visualized by chemiluminescence reaction.
Band intensity was quantified using ImageJ software (National
Institutes of Health, Bethesda, MD).
RESULTS

Clinical Characteristics
The clinical features and laboratory data of the patients are
summarized in Table 1. We followed the CARE guidelines (11).
Patients’ photography cannot be presented in this research work
being unable to have the consent from the patients, which is a
limitation of current study. The patient’s perspective is shown in
supplemental material.
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Kindred 1 consisted of healthy parents and two affected
children (Figure 1A). The proband (1, II.2) was born as the
second child to non-consanguineous parents at 40 weeks of
gestation with a birth weight of 3.0 kg (-1.26 SDS). At the age
of 3.5 years, he was admitted to our department because of
increased hyperpigmentation of the skin over the neck and axilla
since he was 1.5 years old. On physical examination, his height
was 92.5 cm (-2.12 SDS) and his weight was 12 kg (-2.43 SDS).
Generalized hypertrichosis and skin pigmentation were
observed, with acanthosis nigricans of the neck and axillae. He
did not show the dysmorphic features characteristic of DS or
RMS. Laboratory data revealed a normal fasting serum glucose
level of 4.18 mmol/L [Normal range (NR), 4.1-5.9mmol/L)]; a
normal postprandial serum glucose level of 5.43 mmol/L (NR,
4.1-7.8mmol/L), and a normal HbA1C level of 5.5% (NR, <
6.5%). However, a high homeostatic model assessment insulin
resistance (HOMA-IR) score of 10.2 (NR, < 2.6) indicated insulin
resistance (12). The sister of patient I.4 (1,II.1) was 9.8 years old.
She was delivered at 40 weeks of gestation by caesarean section
with normal birth weight of 3.3 Kg (-0.23 SDS). On physical
examination, her phenotypic features were characteristic of Type
A-IR, including acanthosis nigricans and severe hypertrichosis
without obesity. Her height was 140.5 cm (+0.23 SDS) and her
weight was 27 kg (-0.81 SDS) at the admission. Her pubertal
development was Tanner stage II and her bone age was 10 years
old. Her HbA1C was elevated (7.1%). Oral glucose tolerance test
results showed that she had diabetes mellitus with severe insulin
resistance (HOMA-IR score, 25.1). Her testosterone level of
0.329 nmol/L was slightly elevated (prepubertal NR < 0.087
nmol/L; pubertal NR: <0.087-1.33 nmol/L). Pelvic ultrasound
demonstrated normal size for age of both the uterus and the
A B

C

FIGURE 1 | INSR variants identified in two kindreds with severe insulin resistance syndrome. (A) The kindreds of patients with INSR-related insulin resistance
syndrome and INSR variants. Kindred 1 with type A-IR; Kindred 2 with DS. (B) Sanger sequencing analysis showing the INSR gene variants. (C) The positions of the
de novo variants p.Thr250del (p.T250del) and p.Val1224Met (p.V1224M) identified in patients 1,II.2 and 2,II.1 are shown below the INSR domains. The valine residue
at position 1224 is highly conserved across different species.
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ovaries, without polycystic changes in both ovaries. Abdominal
ultrasound was normal. Both parents were phenotypically
normal and not obese. The father had normal fasting and
postprandial blood glucose levels. An oral glucose tolerance
test in the mother during the second pregnancy revealed
normal glucose tolerance. Insulin levels were not determined.

The proband (2,II.1) of Kindred 2 was a 2-year-old Chinese
boy, who was born as the first child to healthy, non-
consanguineous parents (Figure 1A). He was delivered via
cesarean section at 37 + 1 weeks of gestation because of severe
intrauterine growth retardation. His birth weight, length, and
head circumference were 1.6 kg (-3.33 SDS), 43 cm (-2.26 SDS),
and 27cm (-4.36 SDS), respectively. At birth, he was noted to
have dysmorphic characteristics typical of DS, including an elfin-
like face, low-set large ears, upturned nostrils, thick lips, nipple
hypertrophy, acanthosis nigricans, hirsutism, lack of
subcutaneous fat, a distended abdomen and enlarged genitalia.
Further examination revealed fluctuating blood glucose levels,
ranging from 3-15 mmol/L, with fasting hypoglycemia and post-
prandial hyperglycemia. His fasting serum insulin was high, at >
1000 mU/L (NR, 2.6-15 mU/L), as was his C-peptide level of >
13.33 nmol/L (NR, 0.3-1.5 nmol/L). Anti-insulin receptor
antibodies were not detected. Serum electrolytes levels were in
the normal range. Renin and aldosterone levels were not tested.
Echocardiography demonstrated an atrial septal defect (7 mm).
Abdominal ultrasound revealed nephrocalcinosis, with the liver,
spleen, and bladder of normal size and structure. He failed to
respond to exogenous insulin and his parents refused further
treatment and blood glucose monitoring since he was 45 days
old. During follow-up visits at an outpatient clinic, his HbA1C
level had increased to 9.5% at 5 months and 11.5% at 2 years.
Global developmental delay and severe growth failure were
noted . He sat unsupported at 10 months , walked
independently at 2 years, and spoke his first words at 1.8 years.
At 2 years of age, his height was 74.3 cm (-4.21 SDS), his weight
was 8.4 kg (-3.6 SDS) and his head circumference was 44.9 cm
Frontiers in Endocrinology | www.frontiersin.org 4
(-2.77 SDS). The parents had normal phenotype and body mass
index. Glucose tolerance tests performed in the parents revealed
normal glucose tolerance but mild hyperinsulinemia (insulin at 0
and 120 minutes: 14.25 and 148.3 mU/L, 15.6 and 109.3 mU/L in
the mother and father, respectively).

Genetic Analysis
Whole-exome sequencing identified three missense variants
(c.3670G>A, c.3614C>T and c.3355C>T) and one deletion
variant (c.749_751del) in the INSR (NM_000208) gene in two
kindreds (Figure 1B). Patients 1,II.1 and 1,II.2 from Kindred 1
were compound heterozygous for the novel G>A substitution at
position 3670 c.3670G>A [p.(Val1224Met)] on the paternal allele
and for the described variant c.3614C>T [p.(Pro1205Leu)] on
the maternal allele. Patient 2,II.3 from Kindred 2 was compound
heterozygous for a novel 3-bp deletion resulting in the deletion of
Thr at position 250 c.749_751del [p.(Thr250del)] on the
maternal allele; and a known missense variant c.3355C>T
[p.(Arg1119Trp)] on the paternal allele. Thr250 and Val1224
are located in the CR and TK domains of INSR, respectively, and
the valine at codon 1224 is highly conserved among different
species (Figure 1C).

In silico analysis with Mutation Taster and Provean predicted
the effect of the deletion variant p.Thr250del as “disease causing”
or “deleterious” , respectively. The missense variant
p.Val1224Met was predicted to be highly damaging to protein
function (SIFT: 0, PolyPhen2: 1, Mutation Taster: “disease
causing”, Provean: “deleterious”).

Cellular Localization of WT and Mutated
INSR in CHO Cells
The mutant INSRs were predominantly co-localized with the
Na+/K+-ATPase (a plasma membrane marker), similar to the
WT protein, suggesting that the cellular membrane localization
of the mutated form of INSR was not impaired in either case
(Figure 2A).
TABLE 1 | Clinical features and laboratory data of the three patients.

Patients 1,II.1 1,II.2 2,II.1

Sex F M M
Gestational age (w) 40 40 37
Birth-height (cm) ND ND 43 (-2.26 SDS)
Birth-weight (kg) 3.3 (-0.23 SDS) 3.0 (-1.26 SDS) 1.6 (-3.33 SDS)
Head circumference (cm) ND ND 27
Current age (years) 9.8 3.5 2
Height (cm) 140.5 (+0.23 SDS) 92.5 (-2.12 SDS) 74.3 (-4.21 SDS)
Weight (kg) 27 (-0.81 SDS) 12 (-2.43 SDS) 8.4 (-3.6 SDS)
Dysmorphic features – – +
Acanthosis nigricans + + +
Decreased subcutaneous fat – – +
Fasting glucose (mmol/L) 4.48 4.18 3.0
Fasting insulin (mU/L) 126.3 54.89 >1000
Fasting C-peptide (nmol/L) 1.66 0.65 >13.33
2h postload glucose (mmol/L) 15.98 5.43 15
2h postload insulin (mU/L) 464.2 295.30 >1000
2h postload C-peptide (nmol/L) >13.33 2.16 >13.33
HbA1c (%) 7.1 5.5 ND
April 2021 | Volume 12
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Expression of INSR/p-INSR and Akt/p-Akt
Proteins in CHO Cells
Western blot analysis showed that expression of the INSR
proreceptor in the two mutants was not lower than that in WT
(Figure 2B). In contrast, the levels of mature INSR (b-subunit)
were lower than WT in cells expressing the Thr250del mutant,
but not in cells expressing the Val1224Met mutant. This suggests
an impairment in proreceptor processing in the Thr250del
mutant (Figure 2B). Moreover, the phosphorylation of INSR
and Akt was shown to be decreased in CHO cells transfected
with Thr250del mutant, as compared to WT INSR (Figures 2C
and 3). However, the phosphorylation of INSR and Akt was not
Frontiers in Endocrinology | www.frontiersin.org 5
impaired by the Val1224Met mutant compared with WT INSR
(Figures 2C and 3).
DISCUSSION

Monogenic causes of insulin resistance are usually severe and
associated with rare inherited disorders resulting from
mutations in the insulin signaling pathway (13). Numerous
genes are candidates for severe insulin resistance, such as
INSR, BSCL2, AGPAT2, CAV1, and PTRF (14). Variants in
INSR result in rare severe insulin resistance syndromes,
A B

C

FIGURE 2 | Expression and processing of wild-type (WT) and mutant INSRs in Chinese hamster ovary (CHO) cells. (A) Immunofluorescence of CHO cells transiently
transfected with the indicated FLAG-tagged INSR, WT or mutant vectors (p.V1224M and p.T250del). (B) Western blot analysis of the INSR proreceptor (210 kD) and
the mature b-submit of the INSR (97 kD). (C) Insulin-stimulated phosphorylation of INSR and western blot analysis of INSR phosphorylation. DAPI, 4’,6-diamidino-2-
phenylindole.
FIGURE 3 | Insulin-stimulated phosphorylation of Akt in CHO cells expressing WT and mutant INSRs. Western blot analysis of the total Akt (60 kD) and phospho-
Akt (60 kD) with and without insulin stimulation.
April 2021 | Volume 12 | Article 606964
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including DS, RMS and Type A-IR. In the present study, we
describe three patients from two kindreds with Type A-IR and
DS. Four variants of the INSR gene were identified, including
two novel variants (c.3670G>A and c.749_751del).

Patients 1,II.1 and 1,II.2 from Kindred 1 with type A-IR,
carried the compound heterozygous missense variants
c . 3 6 7 0G >A [ p . ( V a l 1 2 2 4M e t ) ] a n d c . 3 6 1 4 C > T
[p.(Pro1205Leu)]. Generally, patients with type A-IR have
heterozygous variants in the b-subunit. Some patients with
type A-IR have also been reported to have biallelic variants
(homozygous or compound heterozygous) (15–17). The
residue Pro1205 is a highly-conserved amino acid in the TK
domain and located near autophosphorylation site, so this
variant was thought to impair insulin receptor function. The
heterozygous variant p.Pro1205Leu was previously described
in a 14-year-old Japanese female patient with obesity,
moderate insul in res i s tance , acanthos is nigr icans ,
hypertrichosis and hyperandrogenism (18). Two other
British female patients who were both heterozygous for this
variant presented with acanthosis nigricans, hirsutism, and
asymptomatic diabetes but without obesity (19, 20). It can be
seen that obesity can be a phenotypic feature of patients with
type A-IR. The novel variant c.3670G>A caused the
replacement of a highly-conserved valine residue with a
methionine in position 1224 of the TK domain (Figure 1C).
The previously-reported variants near Val1224, such as
c . 3 6 5 9G > T [ p . ( T r p 1 2 2 0 L e u ) ] a n d c . 3 6 8 0 G >C
[p.(Trp1227Ser)] caused type A-IR in a dominant manner.
These variants were further found to cause defective tyrosine
kinase activity of the INSR in an in vitro autophosphorylation
assay (21, 22). In contrast, the receptor expression and
insulin-induced phosphorylation of INSR and Akt in cells
with the transfection of Val1224Met mutant INSR were
largely normal compared to the WT control. These results
suggest that the variant p.Val1224Met appears to be tolerated
and the l imi ta t ion of b io in fo rmat i c s ana ly se s in
predicting the pathogenicity of variants. Notably, the two
siblings from Kindred 1 carrying the identical INSR variants
showed normal height and short stature, respectively. Similar
to the reported patients with type A-IR, members of the same
kindred had different growth pattern (4), which may be
related to other genetic or environmental influence.

Patient 2,II.1 presented with features typical of DS. Less
common clinical features (atr ia l septal defect and
nephrocalcinosis) were also identified and have been reported
in other patients with DS (23, 24). Patients with severe disorders
(DS or RMS) are usually homozygous or compound
heterozygous for INSR variants in the a-subunit. Patient 2,II.1
was compound heterozygous for the novel variant c.749_751del
[ p . ( Th r 2 5 0d e l ) ] a nd known v a r i a n t c . 3 3 5 5C>T
[p.(Arg1119Trp)], located in the a- and b-subunits,
respectively. The p.Arg1119Trp variant was previously
identified in patients with RMS (compound heterozygous with
a 2.3kb microdeletion covering part of exon 10 and all of
exon 11) and DS (compound heterozygous with p.Glu1206Lys
in the b-subunit) (2, 25). Another variant c.3556G>A
Frontiers in Endocrinology | www.frontiersin.org 6
[p.(Arg1119Gln)] at the same amino acid position was
previously described in a homozygous patient with DS (26).
Variants at codon 1119 have previously been reported to cause a
loss of tyrosine kinase activity of the INSR without affecting
insulin binding (15, 26). Thr250 is in a highly conserved part of
the extracellular CR domain of the INSR protein and located in a
C229–C252 disulfide bond which is essential to maintain the
dimensional structure of the INSR protein. Therefore, the
Thr250del variant may interfere with the WT disulfide
bonding pattern, and thus affect the stability and local
geometry of the insulin receptor. In close proximity to our
p.Thr250del variant, a missense variant at amino acid position
260 (p.Leu260Pro) and 256 (p.Arg256Cys) were shown to
completely block processing and transport of the insulin
receptor to the cell surface in vitro (27). In our study, the
functional analysis also showed that the Thr250del variant was
associated with reduced expression of the mature INSR and
impaired processing of the proreceptor form. In addition, the
severely impaired phosphorylation was mainly due to decreased
expression of mature receptors caused by the Thr250del variant.
Taken together, the functional characterization of the Thr250del
variant was consistent with its severe phenotype of DS. Notably,
the mother and father of the proband, an obligate heterozygote
for the variant p.(Thr250del) and p.(Arg1119Trp), respectively,
were phenotypically normal but had mild insulin resistance.
Thus, although the DS is inherited as an autosomal recessive
trait, the phenotype of insulin resistance may be inherited in a
codominant fashion.

In summary, we have described in detail the phenotype of
three patients with INSR-related insulin resistance syndrome.
DS was attributable to compound heterozygotes with two
variants in the a- and b-subunits. Further, the novel
Thr250del variant was shown to impair proreceptor
processing. The other two siblings with type A-IR were
compound heterozygotes with two missense variants
(p.Val1224Met, p.Pro1205Leu) in the TK region of the b-
subunit. The novel variant Val1224Met showed normal
expression of the mature INSR and INSR activity in CHO
cells in vitro, which suggested this variant was not responsible
for the severe insulin resistance. The three disorders caused by
defects in the INSR should be considered as a continuous
spectrum, which are diagnosed based on characteristic clinical
features and identification of INSR pathogenic variants on
molecular genetic analysis. The patients with INSR-related
insulin resistance syndrome manifest with distinct phenotypic
and genotypic heterogeneity, which may depend on the
genetic or environmental background.
DATA AVAILABILITY STATEMENT

The datasets generated for this study can be found in the LOVD
database via the following links: https://databases.lovd.nl/shared/
screenings/0000360822 and https://databases.lovd.nl/shared/
screenings/0000360820.
April 2021 | Volume 12 | Article 606964

https://databases.lovd.nl/shared/screenings/0000360822
https://databases.lovd.nl/shared/screenings/0000360822
https://databases.lovd.nl/shared/screenings/0000360820
https://databases.lovd.nl/shared/screenings/0000360820
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Zhou et al. Characterization of Novel INSR Variants
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the ethics committee of the Children’s Hospital of
Nanjing Medical University (Nanjing, China). Written informed
consent to participate in this study was provided by the
participants’ legal guardian/next of kin.
AUTHOR CONTRIBUTIONS

QZ and JY are the co-first authors. QZ and JY collected
samples, performed the experimentation, and analyzed the
data. AZ and WG conceived and designed this study. XY and
ZZ collected the clinical samples and clinical data. CW
Frontiers in Endocrinology | www.frontiersin.org 7
performed whole-exome sequencing analysis. WG, AZ, QZ
and YJ wrote the manuscript. All authors contributed to the
article and approved the submitted version.
ACKNOWLEDGMENTS

The authors thank all patients who participated in this study.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fendo.2021.606964/
full#supplementary-material
REFERENCES

1. Taylor SI, Cama A, Accili D, Barbetti F, Quon MJ, de la Luz SM, et al.
Mutations in the Insulin Receptor Gene. Endocr Rev (1992) 13(3):566–95.
doi: 10.1210/edrv-13-3-566

2. Desbois-MouthonC, Girodon E, GhanemN, CaronM, Pennerath A, Conteville P,
et al. Molecular Analysis of the Insulin Receptor Gene for Prenatal Diagnosis of
Leprechaunism in Two Families. Prenat Diagn (1997) 17(7):657–63. doi: 10.1002/
(SICI)1097-0223(199707)17:7<657::AID-PD132>3.0.CO;2-8

3. Moreira RO, Zagury RL, Nascimento TS, Zagury L. Multidrug Therapy in a
Patient With Rabson-Mendenhall Syndrome. Diabetologia (2010) 53
(11):2454–5. doi: 10.1007/s00125-010-1879-5

4. Huang Z, Liu J, Ma L, Wan X, He X, Fang D, et al. Glucose Metabolism,
Insulin Sensitivity and Beta-Cell Function in Type a Insulin Resistance
Syndrome Around Puberty: A 9-Year Follow-Up. Horm Metab Res (2014)
46(1):65–72. doi: 10.1055/s-0033-1357193

5. Hosoe J, Kadowaki H, Miya F, Aizu K, Kawamura T, Miyata I, et al. Structural
Basis and Genotype-Phenotype Correlations of INSR Mutations Causing Severe
Insulin Resistance. Diabetes (2017) 66(10):2713–23. doi: 10.2337/db17-0301

6. Ebina Y, Ellis L, Jarnagin K, Edery M, Graf L, Clauser E, et al. The Human
Insulin Receptor Cdna: The Structural Basis for Hormone-Activated
Transmembrane Signalling. Cell (1985) 40(4):747–58. doi: 10.1016/0092-
8674(85)90334-4

7. Ullrich A, Bell JR, Chen EY, Herrera R, Petruzzelli LM, Dull TJ, et al. Human
Insulin Receptor and Its Relationship to the Tyrosine Kinase Family of
Oncogenes. Nature (1985) 313(6005):756–61. doi: 10.1038/313756a0

8. McKern NM, Lawrence MC, Streltsov VA, Lou MZ, Adams TE, Lovrecz GO,
et al. Structure of the Insulin Receptor Ectodomain Reveals a Folded-Over
Conformation. Nature (2006) 443(7108):218–21. doi: 10.1038/nature05106

9. Falik ZT, Kalfon L, Klar A, Elisha MB, Hurvitz H, Weingarten G, et al. Two
Novel Mutations Identified in Familial Cases With Donohue Syndrome. Mol
Genet Genomic Med (2014) 2(1):64–72. doi: 10.1002/mgg3.43

10. Innaurato S, Brierley GV, Grasso V, Massimi A, Gaudino R, Sileno S, et al.
Severe Insulin Resistance in Disguise: A Familial Case of Reactive
Hypoglycemia Associated With a Novel Heterozygous INSR Mutation.
Pediatr Diabetes (2018) 19(4):670–4. doi: 10.1111/pedi.12632

11. Riley DS, Barber MS, Kienle GS, Aronson JK, von Schoen-Angerer T, Tugwell P,
et al. CARE Guidelines for Case Reports: Explanation and Elaboration Document.
J Clin Epidemiol (2017) 89:218–35. doi: 10.1016/j.jclinepi.2017.04.026

12. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC.
Homeostasis Model Assessment: Insulin Resistance and Beta-Cell Function
From Fasting Plasma Glucose and Insulin Concentrations in Man.
Diabetologia (1985) 28(7):412–9. doi: 10.1007/BF00280883

13. Parker VE, Semple RK. Genetics in Endocrinology: Genetic Forms of Severe
Insulin Resistance: What Endocrinologists Should Know. Eur J Endocrinol
(2013) 169(4):R71–80. doi: 10.1530/EJE-13-0327

14. Melvin A, O’Rahilly S, Savage DB. Genetic Syndromes of Severe Insulin Resistance.
Curr Opin Genet Dev (2018) 50:60–7. doi: 10.1016/j.gde.2018.02.002
15. Maassen JA, Tobias ES, Kayserilli H, Tukel T, Yuksel-Apak M, D’Haens E,
et al. Identification and Functional Assessment of Novel and Known Insulin
Receptor Mutations in Five Patients With Syndromes of Severe Insulin
Resistance. J Clin Endocrinol Metab (2003) 88(9):4251–7. doi: 10.1210/
jc.2003-030034

16. Hacihamdioglu B, Bas EG, Delil K. Homozygous Mutation in the Insulin
Receptor Gene and Mild Form of Insulin Resistance Syndrome; a Case Report.
J Clin Res Pediatr Endocrinol (2020) 13(1):100–3. doi: 10.4274/
jcrpe.galenos.2020.2019.0213

17. Musso C, Cochran E, Moran SA, Skarulis MC, Oral EA, Taylor S, et al.
Clinical Course of Genetic Diseases of the Insulin Receptor (Type a and
Rabson-Mendenhall Syndromes): A 30-Year Prospective. Med (Baltimore)
(2004) 83(4):209–22. doi: 10.1097/01.md.0000133625.73570.54

18. Kim H, Kadowaki H, Sakura H, Odawara M, Momomura K, Takahashi Y,
et al. Detection of Mutations in the Insulin Receptor Gene in Patients With
Insulin Resistance by Analysis of Single-Stranded Conformational
Polymorphisms. Diabetologia (1992) 35(3):261–6. doi: 10.1007/BF00400927

19. Krook A, Kumar S, Laing I, Boulton AJ, Wass JA, O’Rahilly S. Molecular
Scanning of the Insulin Receptor Gene in Syndromes of Insulin Resistance.
Diabetes (1994) 43(3):357–68. doi: 10.2337/diab.43.3.357

20. Wei C, Burren CP. Diagnostic and Management Challenges From Childhood,
Puberty Through to Transition in Severe Insulin Resistance Due to Insulin
Receptor Mutations. Pediatr Diabetes (2017) 18(8):835–8. doi: 10.1111/pedi.12486

21. Iwanishi M, Haruta T, Takata Y, Ishibashi O, Sasaoka T, Egawa K, et al. A
Mutation (Trp1193–>Leu1193) in the Tyrosine Kinase Domain of the Insulin
Receptor Associated With Type a Syndrome of Insulin Resistance.
Diabetologia (1993) 36(5):414–22. doi: 10.1007/BF00402277

22. Moller DE, Yokota A, Ginsberg-Fellner F, Flier JS. Functional Properties of a
Naturally Occurring Trp1200—-Ser1200 Mutation of the Insulin Receptor.
Mol Endocrinol (1990) 4(8):1183–91. doi: 10.1210/mend-4-8-1183

23. Grasso V, Colombo C, Favalli V, Galderisi A, Rabbone I, Gombos S, et al. Six
Cases With Severe Insulin Resistance (SIR) Associated With Mutations of
Insulin Receptor: is a Bartter-Like Syndrome a Feature of Congenital SIR?
Acta Diabetol (2013) 50(6):951–7. doi: 10.1007/s00592-013-0490-x

24. Kostopoulou E, Shah P, Ahmad N, Semple R, Hussain K. Gastrointestinal
Dysmotility and Pancreatic Insufficiency in 2 Siblings With Donohue
Syndrome. Pediatr Diabetes (2017) 18(8):839–43. doi: 10.1111/pedi.12483

25. Chen X, Wang H, Wu B, Dong X, Liu B, Chen H, et al. One Novel 2.43Kb
Deletion and One Single Nucleotide Mutation of the INSR Gene in a Chinese
Neonate With Rabson-Mendenhall Syndrome. J Clin Res Pediatr Endocrinol
(2018) 10(2):183–7. doi: 10.4274/jcrpe.5080

26. Takahashi Y, Kadowaki H, Momomura K, Fukushima Y, Orban T, Okai T,
et al. A Homozygous Kinase-Defective Mutation in the Insulin Receptor Gene
in a Patient With Leprechaunism. Diabetologia (1997) 40(4):412–20.
doi: 10.1007/s001250050695

27. Thiel CT, Knebel B, Knerr I, Sticht H, Muller-Wieland D, Zenker M, et al.
Two Novel Mutations in the Insulin Binding Subunit of the Insulin Receptor
Gene Without Insulin Binding Impairment in a Patient With Rabson-
April 2021 | Volume 12 | Article 606964

https://www.frontiersin.org/articles/10.3389/fendo.2021.606964/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2021.606964/full#supplementary-material
https://doi.org/10.1210/edrv-13-3-566
https://doi.org/10.1002/(SICI)1097-0223(199707)17:7%3C657::AID-PD132%3E3.0.CO;2-8
https://doi.org/10.1002/(SICI)1097-0223(199707)17:7%3C657::AID-PD132%3E3.0.CO;2-8
https://doi.org/10.1007/s00125-010-1879-5
https://doi.org/10.1055/s-0033-1357193
https://doi.org/10.2337/db17-0301
https://doi.org/10.1016/0092-8674(85)90334-4
https://doi.org/10.1016/0092-8674(85)90334-4
https://doi.org/10.1038/313756a0
https://doi.org/10.1038/nature05106
https://doi.org/10.1002/mgg3.43
https://doi.org/10.1111/pedi.12632
https://doi.org/10.1016/j.jclinepi.2017.04.026
https://doi.org/10.1007/BF00280883
https://doi.org/10.1530/EJE-13-0327
https://doi.org/10.1016/j.gde.2018.02.002
https://doi.org/10.1210/jc.2003-030034
https://doi.org/10.1210/jc.2003-030034
https://doi.org/10.4274/jcrpe.galenos.2020.2019.0213
https://doi.org/10.4274/jcrpe.galenos.2020.2019.0213
https://doi.org/10.1097/01.md.0000133625.73570.54
https://doi.org/10.1007/BF00400927
https://doi.org/10.2337/diab.43.3.357
https://doi.org/10.1111/pedi.12486
https://doi.org/10.1007/BF00402277
https://doi.org/10.1210/mend-4-8-1183
https://doi.org/10.1007/s00592-013-0490-x
https://doi.org/10.1111/pedi.12483
https://doi.org/10.4274/jcrpe.5080
https://doi.org/10.1007/s001250050695
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Zhou et al. Characterization of Novel INSR Variants
Mendenhall Syndrome. Mol Genet Metab (2008) 94(3):356–62. doi: 10.1016/
j.ymgme.2008.02.013

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Frontiers in Endocrinology | www.frontiersin.org 8
Copyright © 2021 Zhou, Yu, Yuan,Wang, Zhu, Zhang and Gu. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
April 2021 | Volume 12 | Article 606964

https://doi.org/10.1016/j.ymgme.2008.02.013
https://doi.org/10.1016/j.ymgme.2008.02.013
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	Clinical and Functional Characterization of Novel INSR Variants in Two Families With Severe Insulin Resistance Syndrome
	Introduction
	Materials and Methods
	Subjects
	Whole-Exome Sequencing and Bioinformatics Analysis
	Construction of Expression Plasmids
	Transient Transfection of CHO Cells
	Immunofluorescence Analysis
	Western Blot Analysis

	Results
	Clinical Characteristics
	Genetic Analysis
	Cellular Localization of WT and Mutated INSR in CHO Cells
	Expression of INSR/p-INSR and Akt/p-Akt Proteins in CHO Cells

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


