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Background: Functional defects caused by mutations in the insulin receptor (INSR) gene often lead to severe hereditary insulin
resistance syndromes, including but not limited to type A insulin resistance syndrome.

Method and Result: Here, we report a case of a 12-year-old girl with elevated fasting blood glucose detected by opportunistic
testing, associated with severe insulin resistance and hyperandrogenemia. She had axillary hair, acne, clitoral hypertrophy, prominent
labia minora hypertrophy and thickened voice with BMI 20.57kg/m?, and ultrasound imaging showed that she had multiple follicles in
both ovaries. Insulin was initially administered, but the glycemic control was poor. Accordingly, the prescription was later switched to
metformin, maintaining euglycemic blood glucose level. The whole exome sequencing from peripheral blood revealed that the patient
carries NM_000208.2:¢.1225 1227delTTC (p.Phe409del) heterozygous mutation in the INSR gene. She was tentatively diagnosed as
type A insulin resistance syndrome based on her clinical features and heterozygous mutation in the INSR gene.

Conclusion: Our results demonstrated that type A insulin resistance syndrome in patients presenting with severe insulin resistance
and hyperandrogenemia was associated with a heterozygous variant of c¢.1225 1227delTTC (p.Phe409del), suggesting that exon
sequencing would be beneficial to detect the potential mutations in the INSR gene of these patients for precise diagnosis and
intervention in clinical practice.

Keywords: insulin receptor gene, heterozygous mutation, severe insulin resistance, hyperandrogenemia, type A insulin resistance
syndrome, female

Introduction

Insulin resistance is widely defined as a state of reduced responsiveness of insulin-sensitive tissues to physiological levels
of insulin. It is usually associated with hyperinsulinemia and plays a critical role in the development of a cluster of
insulin resistance-related diseases such as type 2 diabetes mellitus (T2DM) and metabolic syndrome (MS)."? Insulin

resistance is characterized by defective insulin signaling in insulin-responsive tissues, and its mechanism is closely
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related to the structure and function of insulin receptor and/or insulin receptor gene (INSR), although ectopic lipid
deposition, abnormalities in secretion or action of endocrine mediators such as leptin, mitochondrial dysfunction and
oxidative stress, dysregulation of intestinal microbiota and chronic inflammation are also considered to be important
causative factors of insulin resistance.>* Hyperandrogenemia (HA) in female refers to a condition of androgen excess,
with variable clinical manifestations, including accelerated growth, advancement of bone age, hirsutism, acne, enlarged
clitoris in pre-pubertal stage,” and abnormal menstruation periods, infertility and androgenic alopecia in adults.
Hyperandrogenemia occurs in many disorders, including but not restricted to polycystic ovarian syndrome, which is
closely related to insulin resistance in female.® Here, we report a case of a girl with severe insulin resistance and
hyperandrogenemia, with NM_000208.2:c.1225 1227delTTC (p.Phe409del) heterozygous mutation in the INSR gene,
who was tentatively diagnosed as type A insulin resistance syndrome based on her clinical features and INSR gene
mutation.

Materials and Methods

Laboratory Examination

Blood glucose and lipid profile, sex hormones, ACTH, cortisol, thyroid hormones, growth hormone, serum electrolytes,
and diabetes-related antibodies were determined, and liver and kidney function tests were performed using commercial
reagent kits.

Oral Glucose Tolerance Test (OGTT)

OGTT was performed with the administration of a 75g glucose oral solution after overnight fasting. Blood samples were
collected before and at 30, 60, 120 and 180 minutes after glucose administration for the determination of plasma glucose,
insulin and C-peptide.

Doppler Echocardiography and Bone Stage Assessment
Doppler echocardiography was employed to evaluate the liver, gallbladder, pancreas, heart, uterus and adnexa, while
Tanner Whitehouse (TW3) Methods were used to assess the bone age of the patient.

Gene Sequencing

In view of that, the patient may harbor gene mutations contributing to insulin resistance, including but not restricted to
the most common causes of INSR and PIK3R1 gene variants. Whole-exome sequencing of DNA from peripheral blood
was performed on the patient and her parents, which includes all coding exons of nuclear genes together with
mitochondrial genome in the human genome as described previously and is cost-effective in clinical practice in China.
In brief, the genomic DNA was fragmented, and exome capture was performed using the Roche KAPA HyperExome
chip, and the sequencing was performed using the MGISEO-2000 platform.” Additionally, we conducted validation of
the identified INSR mutation in both the patient and the parents to confirm its presence and inheritance pattern.

Results

Case Presentation
The girl was 12 years old, with weight 52kg, height 159cm, waist circumference 70 cm and hip circumference 74 cm.
She was characterized by voice deepening, absence of menarche, increases in pubic and axillary hair, clitoral enlargement
and prominent labia minora, and her pubertal development was rated Tanner stage 3. Neither the patient nor her parents
showed obvious acanthosis nigricans. Her father and mother, who both suffered diabetes mellitus with insulin resistance,
had the height of 170 cm and 156 cm and weight of 75 kg and 52 kg, respectively. Her parents were non-
consanguineously married. However, her paternal grandfather and maternal grandmother had diabetes mellitus, with
no reported family history of other metabolic disorders.

It was detected by opportunistic testing in the regular examination at school that her fasting plasma glucose (FPG)
was as high as 12.1mmol/L. Further testing indicated that glycated hemoglobin (HbAlc) was 9.5% and postprandial
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blood glucose was 23.5mmol/L, associated with increases in fasting insulin of 158.17uIU/mL, 2-hour postprandial
insulin of 178.39 pulU/m L, and testosterone of 4.13 ng/mL (reference range 0.087—0.82 in Tanner stage 3), and she was
diagnosed with diabetes mellitus (type unspecified).

Initially, insulin was prescribed to the patient. However, she was not able to achieve a good blood glucose control,
with fasting glucose ranging from 6 to 9mmol/l and postprandial glucose ranging from 8 to 15mmol/l. Three months
later, metformin 1500 mg daily was administered to the patient and the insulin administration was discontinued after our
consultation. Remarkably, she had much better glycemic control, with fasting blood glucose (4.8—6.1 mmol/L), post-
prandial blood glucose (4.8—-7.9 mmol/L) and HbAlc (5.8%).

Laboratory Examination

The testosterone level is 4.13ng/mL, suggesting severe hyperandrogenemia in this girl. No obvious abnormality was
observed in ACTH, cortisol circadian rhythm, thyroid hormone (Table 1), liver and kidney function, lipid profile and
diabetes-related autoantibodies (Table 2).

OGTT

Remarkable increases in plasma glucose and insulin level were observed in the patient, suggesting severe insulin
resistance (Table 3).

Doppler Ultrasound Evaluation and Bone Stage Assessment

Ultrasound of the uterus and both adnexa showed bilaterally enlarged ovaries with tens of small ovarian follicles and the
endometrial thickness was 3mm. No significant abnormalities were observed in important organs such as the liver,
kidneys, and heart on ultrasonography. Her bone age is 14 years 4 months, and 11 years 2 months according to TW3-
RUS and TW3-Carpal, respectively.

Table | Hormone Analysis

Hormone Patient Valve | Normal Range Units
LH 744 Follicular Phase 2.4-12.6 | IU/L

FSH 6.11 Follicular Phase 3.5-12.5 | IU/L

Progesterone 0.60 Follicular Phase 0.06-0.9 | ng/mL
Estradiol 61.32 Follicular Phase 12-233 pg/mL
PRL 19.12 3.0-14.4 ng/mL
Testosterone 4.13 <0.087-0.82 in Tanner 3 | nmol/l
SHBG 18.76 20-85 nmol/l
17a-OHP 1.46 0.09—4.0 ng/mL
DHEA-S 1.52 0.92-7.6 umol/L
Androstenedione | 3.96 0.2-3.14 ng/mL
AMH 3.78 <13 ng/mL
hGH 5.51 0.123-8.05 ng/mL

Abbreviations: LH, luteinizing hormone; FSH, follicle-stimulating hormone; PRL, pro-
lactin; SHBG, sex hormone binding globulin; DHEA-S, Dehydroepiandrosterone-sulfate;
AMH, anti-miillerian hormone; hGH, human growth hormone; 170-OHP, [7a-
hydroxyprogesterone.

Table 2 Diabetes-Related Autoantibodies

Autoantibodies Patient Value | Negative | Positive | Units
Anti-Glutamic acid decarboxylase | 2.16 <10.0 210.0 IU/mL
Anti-tyrosine phosphatase <0.70 <10.0 210.0 IU/mL
Anti-insulin autoantibody 0.05 <0.9 20.9 S/ICO
Anti-islet cell antibody 0.11 <0.9 20.9 SICO
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Table 3 Results of OGTT

Time Glucose (mmol/l) | Insulin (ulU/mL) | C-peptide (ng/mL)
Omin 4.9 90.53 335
30min 9.8 217.51 7.04
60min 12.5 522.58 13.05
120min 85 581.14 13.52
180min 54 280.26 8.25

Abbreviation: OGTT, Oral Glucose Tolerance Test.

Genetic Sequencing

The whole-exome sequencing testing results indicated that a heterozygous variant of NM 000208.2 (INSR):
c.1225 1227delTTC (p.Phe409del) was detected in the patient and her father, but not in her mother (Figure 1).
Actually, her father had diabetes for a couple of years with significant insulin resistance and the blood glucose control
seemed good using metformin. Her mother also had mild type 2 diabetes using lifestyle interventions. Based on the
American College of Medical Genetics and Genomics (ACMG) standards and guidelines, it was interpreted as a variant

of uncertain significance (VUS).

Discussion

We reported a 12-year-old female patient with severe insulin resistance, hyperandrogenemia and polycystic ovaries
caused by a heterozygous mutation NM_000208.2:¢.1225 1227delTTC (p.Phe409del) in the INSR gene, which has not
been reported previously to our best knowledge. It is reported that the INSR localized at 19p13.2-13.3 (OMIM147670),
with a total length of more than 170 kb, containing 22 exons and 21 introns, in which the exons 1-11 encode the a-
subunit, and the exons 12-22 encode the B subunit. The human INSR is a heterotetramer consisting of two a (insulin
binding) and two P (tyrosine kinase) subunits that are linked via disulfide bonds.® INSR signals in response to insulin,
enhances cellular glucose transport, increases glycogen synthase enzymatic activity, and subsequently regulates meta-
bolic processes such as protein or lipid synthesis, as well as growth. Defects in insulin receptor structures and function,

6 6 1T 61T cacrTtt1tcc17tTcBBNCcGG22rG6TTACGTCTGATTCGASG
The proband
INSR Ex5(11>297)

T N T e

kK 6 T T CaAacTTTCCTITTCCTG G AAMAMGAMARZCTATCTGATG GATATCGAG

The proband's mother
INSR Ex5(1>421) l
G T GTCACTT CTICT"CCGGAAGTTACGTCIGATTCGAG
The proband's father
INSR Ex5(2>288)

Figure | Variants of the insulin receptor gene in the patient and her parents. The whole-exome sequencing testing results indicated that NM_000208.2 (INSR):
c.1225_1227delTTC (p.Phe409del) variant was detected in the patient and her father but not in her mother. The red arrows indicate the sites of the gene mutation
present in both the patient and her father.
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including a-subunit and B subunit, can lead to complicated disorders, including but not limited to insulin resistance
syndromes.”'°

Insulin resistance syndromes are usually categorized into type A, caused by abnormalities in the INSR gene, and type
B, caused by autoantibodies to the INSR.'""'? Type A insulin resistance syndrome (TAIRS) is an autosomal recessive or
dominant genetic disease, due to mutations in the INSR gene affecting the binding of insulin to the INSR and
consequently causing insulin signaling impairment and insulin resistance, which is more common in adolescent
females.'> TAIRS is characterized by severe insulin resistance, hyperandrogenemia and acanthosis nigricans, which
are often associated with polycystic ovary syndrome.'® It is reported by Sanderson, E. E that an 11-year-old girl with
severe insulin resistance and hyperglycemia, who was diagnosed with Type A Insulin Resistance Syndrome (TAIRS) and
showed a significant response to metformin treatment, was associated with a heterozygous missense variant His1157Arg
in exon 19 of the INSR gene.'” Donohue syndrome (leprechaunism) and Rabson-Mendenhall syndrome are two rare
autosomal recessive disorders caused by mutations in the INSR gene. Donohue syndrome is the most severe form of
inherited insulin resistance syndromes, which is characterized by intrauterine growth retardation, dysmorphic features,
acanthosis nigricans, hirsutism and severe insulin resistance with early demise within the first year of age. Rabson-
Mendenhall syndrome is somewhat less severe, with progressive hyperglycemia and eventual development of refractory
ketoacidosis, together with somatic anomalies and survival up to the third decade.'® Actually, Donohue syndrome and
Rabson-Mendenhall syndrome are increasingly considered severe forms of type A insulin resistance syndrome.'’ In
general, patients with typical type A insulin resistance syndrome have INSR heterozygote abnormalities, whereas
patients with Donohue syndrome or Rashon-Mendenhall syndrome often have homozygous or compound and/or severe
heterozygote abnormalities.'® This patient we reported was presented with severe hyperinsulinemia, accompanied by
a mutation in the INSR gene, hyperandrogenemia and polycystic ovaries. The whole exome testing results of the patient
showed a heterozygous mutation of c.1225 1227delTTC (p.Phe409del) in exon 19 of the INSR gene, which is
considered to cause a deletion of phenylalanine (Phe) at position 409 in the amino acid sequence of the INSR (f
subunit). Thus, we tentatively diagnosed this girl as type A insulin resistance syndrome according to the article published
by Japanese scholar Wataru Ogawa in 2022'° and postulated that the INSR mutation in this patient might decrease
subunit tyrosine kinase activity and/or insulin-receptor binding capacity, leading to impairment of insulin signaling and
insulin resistance-related disorders.?® Insulin resistance and hyperandrogenemia are common features of type A insulin
resistance syndrome (TAIRS).?' More and more studies indicate that while many peripheral tissues develop insulin
resistance, the theca cells in the ovaries remain sensitive to insulin. Therefore, stimulation of the insulin receptors by
hyperinsulinemia results in an excess of androgen in female. In addition, insulin stimulates the secretion of
Gonadotropin-releasing hormone (GnRH) in the hypothalamus, resulting in pulsatile LH release and excessive secretion
of testosterone in women. Moreover, androgen excess can facilitate insulin resistance, hyperinsulinemia and diabetes.?*
These may be important explanations for the development of hyperandrogenemia associated with insulin resistance in the
patient we reported as well as in TAIRS.

Currently, lifestyle modifications, oral and injectable antihyperglycemic medications, and insulin, along with thera-
pies targeted to reverse or attenuate insulin resistance in patients of severe insulin resistance, constitute our modern
treatment armamentarium.'” In the patient we reported, insulin injection was administered initially as key elements of the
therapeutic approach. However, the glycemic control was poor by insulin injection in combination with diet and exercise.
Additionally, it is reported that IGF-1 can mediate their effects through similar tyrosine kinase receptors as a possible
therapeutic agent against insulin resistance. Furthermore, recombinant human IGF-1 (rthIGF-1) can improve metabolic
control in INSR-related severe insulin resistance syndromes and increase life span in patients with Donohue syndrome.*
Moreover, metformin and thiazolidinediones play a crucial role in severe insulin resistance, improving glucose home-
ostasis, in part by enhancing insulin sensitivity. In view of the fact that metformin is considered the first-line medication
for improving insulin sensitivity in patients,'” recombinant human IGF-1 is inaccessible for this patient and thiazolidi-
nediones is not recommended in individuals younger than 18 years old, metformin is prescribed for this patient and the
blood glucose control became better and better with the insulin injection discontinued accordingly, suggesting that
metformin administration based on diet and exercise could be sufficient in glycemic control in some patient of severe
insulin resistance with INSR gene mutations.
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It is reported that the prognosis is closely related to the location or number of mutations in the INSR gene, and
genetic testing is crucial in these patients.”* Moreover, the patient we reported carrying a heterozygous variant of
c.1225 1227delTTC (p.Phe409del) in exon 19 of the INSR gene was characterized by severe insulin resistance and
hyperandrogenemia, which is similar to polycystic ovary syndrome and significantly different from Donohue
syndrome and Rabson-Mendenhall syndrome. These findings suggest that genetic testing should not only be
recommend in those with suspected Donohue syndrome and Rabson-Mendenhall syndrome but also be worth
considering in female with severe insulin resistance and hyperandrogenemia, especially in young girls, which
would be of great help for early detection, precise diagnosis and treatment, as well as prenatal genetic counseling
in these patients.

Noteworthy, the heterozygous variant of NM_000208.2 (INSR):c.1225 1227delTTC (p.Phe409del) was detected in
the patient’s father, who had diabetes for a couple of years with significant insulin resistance with blood good glycemic
control using metformin, and looked like a patient with typical type 2 diabetes. It is reported by Zhu, A. N. that INSR
plays a role in the susceptibility to type 2 diabetes in the Han Chinese population,”> which seems consistent with our
findings in this patient. Therefore, we tentatively put forward that INSR variants might occur in male patients with
seemingly typical type 2 diabetes and genetic testing could be meaningful in them for early detection, precise diagnosis
and treatment, as well as prenatal genetic counseling in these patients.

It should be noted that we were not able to confirm the causative relationship between the detected heterozygous
variant of c¢.1225 1227delTTC (p.Phe409del) in exon 19 of the INSR gene and her severe insulin resistance and
hyperandrogenemia in the reported patient by performing cellular and/or animal experiments, although the mutation is
considered to cause a deletion of phenylalanine (Phe) at position 409 in the amino acid sequence of the INSR (B subunit)
and probably induce insulin signaling impairment, severe insulin resistance and hyperandrogenemia in this girl. Thus,
further confirmative research is necessary in the future.

Conclusions

Notwithstanding these limitations, we tentatively diagnosed this girl as type A insulin resistance syndrome and postulate
that the heterozygous variant of ¢.1225 1227delTTC (p.Phe409del) in exon 19 of the INSR gene might play a causative
role in severe insulin resistance and hyperandrogenemia in female.
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