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Established Facts

sociated with impaired prenatal and postnatal growth.

sensitivity and insulin secretion.

« Different mutations in the insulin-like growth factor-I (IGF-I) receptor (IGFIR) gene have been as-

o TheIGF-I/IGFIR system is implicated in the regulation of glucose metabolism by modulating insulin
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able degree of prenatal and postnatal growth impairment.

insulin resistance and disturbed B-cell function.

o This study reports a novel mutation in the IGFIR gene in four family members associated with a vari-

o Wealso observed an association between the IGFIR defect and alterations in carbohydrate metabo-
lism, characterized by a variable phenotype ranging from normal glucose tolerance in the presence
of insulin resistance to impaired glucose tolerance and fasting hyperglycemia in association with both
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Abstract

Background: Mutations in the insulin-like growth factor-I
(IGF-I) receptor (IGF1R) have been associated with prenatal
and postnatal growth retardation. However, little is known

about potential effects of mutations in the IGF1R on carbo-
hydrate homeostasis. Methods: We investigated clinical, en-
docrine and metabolic parameters in four family members
carrying a novel IGF1R mutation (p.Tyr387X): an 18-year-old
male (index case), his sister and two paternal aunts. Results:
All family members showed a variable degree of impairment
in prenatal growth, with birth weight standard deviation
scores (SDS) between -1.65 and -2.37 and birth length SDS
between -1.78 and -3.08. Their postnatal growth was also
impaired, with height SDS between -1.75 and —-4.86. The in-
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dex case presented high IGF-I levels during childhood and
adolescence and delayed bone age. The index case and his
two paternal aunts had impaired glucose tolerance (IGT) as-
sociated with a variable degree of alterations in insulin sen-
sitivity and secretion. In contrast, the index case’s sister, who
had had IGT during pregnancy, showed normal glucose me-
tabolism but reduced insulin sensitivity. Conclusion: This is
the first study showing an association between a novel IGF1R
mutation and a variable degree of alterations in prenatal and
postnatal growth and in carbohydrate metabolism.

Copyright © 2011 S. Karger AG, Basel

Introduction

Insulin-like growth factor-I (IGE-I) plays a key role in
the regulation of intrauterine development, postnatal
growth, cell proliferation, survival and bone growth [1,
2]. The biological effects of IGF-I are mediated through
the type 1 IGF-I receptor (IGF1R) [3]. In recent years, sev-
eral cases of heterozygous mutations in the IGFIR gene
associated with prenatal growth retardation, small-for-
gestational-age newborns and postnatal lack of catch-up
growth despite sufficient IGF-Ilevels have been described
[4-14]. In addition, other clinical characteristics reported
in some but not all individuals with IGF1R mutations in-
clude bone retardation, microcephaly, modestly impaired
mental development, dysmorphic features and delayed
puberty [6, 12, 14, 15].

Growing evidence indicates a key role of the IGF-1/
IGF1R system in regulating glucose metabolism by in-
fluencing 3-cell function and insulin sensitivity [16, 17].
IGF-I has been shown to stimulate B-cell proliferation,
and B-cell-specific knockout of the IgfIr gene in mice
leads to defective insulin secretion [18, 19]. Several stud-
ies have also revealed that IGF-I can enhance peripheral
insulin sensitivity [16, 20-22]. These insulin-like meta-
bolic effects of IGF-I might be explained by its struc-
tural homology with the insulin molecule and by simi-
larities between the insulin receptor and the IGF1R and
the signaling cascades activated after hormone binding
[3, 16]. However, despite these shared characteristics, ge-
netic disturbances in the two genes lead to overlapping
yet distinct phenotypes [3]. While there are well-de-
scribed metabolic features associated with mutations in
the insulin receptor, including mild to severe forms of
insulin resistance, hyperinsulinemia, hyperglycemia
and acanthosis nigricans, the few studies assessing glu-
cose metabolism in young patients with IGF1IR muta-
tions could not demonstrate significant alterations [4, 5,

IGFIR Defect, Short Stature and
Impaired Carbohydrate Homeostasis

7]. However, the short follow-up of the reported cases
could have limited the ability to detect abnormalities in
glucose metabolism, which might not occur until adult-
hood.

Here we report on four adult members of an Italian
family in whom a novel IGF1R mutation was associated
with different degrees of impairment in prenatal and
postnatal growth and in glucose metabolism.

Patients and Methods

Index Case and Family Members

The index case was an 18-year-old male who had been fol-
lowed since childhood for severe short stature at the Department
of Pediatrics, University of Chieti, Chieti, Italy. The other three
family members were his older sister (27 years old) and two pater-
nal aunts (a middle-aged aunt of 47 years and an older aunt of 50
years). All four family members provided written informed con-
sent for all investigations. The study was approved by the Ethics
Committee of the University of Chieti.

Height, weight, sitting height, head circumference and waist
circumference were measured with standard equipment. Body
mass index (BMI) was calculated by dividing the weight in kilo-
grams by the square of the height in meters, and body composi-
tion was assessed by single-frequency, phase-sensitive bioelectri-
cal impedance analysis (Akern System Srl, Florence, Italy) [23].
Anthropometric standard deviation scores (SDS) were calculated
[24].

Blood and serum samples were collected for DNA extraction
and analysis of the IGFIR gene as well as for endocrine evaluation,
respectively. In addition, all four family members underwent a
standard oral glucose tolerance test (OGTT).

Genetic Analysis

Genomic DNA was extracted from peripheral leukocytes by
standard procedures. All coding exons of the IGFIR gene were
amplified by PCR using genomic DNA as template. PCR products
were prescreened by a denaturing HPLC approach (WAVE,
Transgenomic, Glasgow, UK) for the existence of any sequence
inconsistency in comparison to a wild-type sample. Subsequently,
PCR products showing conspicuous chromatograms were ana-
lyzed by dideoxy DNA sequencing.

Glucose Metabolism Assessment

All family members underwent a standard OGTT after a 10-
hour overnight fast and were classified as having normal glucose
tolerance, impaired glucose tolerance (IGT) or type 2 diabetes on
the basis of the American Diabetes Association 2009 criteria [25].
Glucose and insulin levels were determined every 30 min for 2 h.

Indexes of insulin sensitivity and secretion were calculated. In
particular, insulin sensitivity was determined by homeostatic
model assessment of insulin resistance (HOMA-IR), calculated as
(fasting insulin X fasting glucose)/22.5 [26], and by the whole-
bodyinsulinsensitivityindex (WBISI), calculatedas 10,000/,/[(fast-
ing glucose X fasting insulin) X (mean OGTT glucose X mean
OGTT insulin)] [26]. B-Cell function was ascertained by HOMA-
B, calculated as (fasting insulin X 20)/(fasting glucose - 3.5) [27],
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Table 1. Anthropometric parameters

Index case Sister Older paternal aunt ~ Middle-aged

paternal aunt
Age, years 18 26 50 47

Birth weight, kg 2.6 (-2.03) 2.7 (-1.65) 2.6 (-1.89) 2.4 (-2.37)

Birth length, cm 45 (=3.08) 45 (-2.85) 47 (~1.78) 46 (~2.32)

Height, cm 143.9 (-4.86) 152.3 (-1.75) 146.2 (-2.78) 143.5 (-3.24)
Weight, kg 39 69 57.5 71
BMI 18.8 29.7 26.9 345
Waist circumference, cm 58.5 81 77 101.5
Fat mass, % 18 38 32 38
Lean mass, % 82 62 68 62

IGF-1, ng/ml! 435 [56.8] (+1.04)

265 [34.6] (+1.13)

127 [16.6] (-0.88) 106 [13.8] (+0.2)

Values in parentheses represent SDS. ! Values in nanomoles per liter in square brackets.

and by the insulinogenic index, calculated from the OGTT data
as Ainsulin (0-30 min)/Aglucose (0-30 min) [28]. 190
Biochemical Assessments 180
Plasma glucose levels were determined with the glucose oxi- 170
dase method (Sclavo, Siena, Italy), and plasma insulin was mea-
sured with a two-site immunoenzymometric assay (AIA-PACK 160
IRI; Tosoh, Tokyo, Japan). 150
IGF-I and IGF-binding protein 3 were measured by immuno-
radiometric assay (Diagnostic Systems Laboratories Inc.) and 140
converted to SDS based on normative data, as provided by the
manufacturer. z 130
= 120
g 0
o 1N
Results T
100
Index Case %0
The index case was a boy born at term as the second
child of nonconsanguineous parents. His birth weight =
was 2.6 kg (SDS -2.03), and his birth length was 45 cm 70 S eiztr::f;:(;::gz .
(SDS -3.08; table 1). Both parents were of short stature; 6 i P y
the father’s height was 155 cm (SDS -2.94) and the moth- e b === =
er’s height was 150 cm (SDS -2.14), resulting in a target 0234567891011 1213141516171819l

height of 159 cm (SDS -2.4). The patient’s father died at
the age of 39 years due to acute leukemia.

Since early childhood, the patient showed impaired
growth, for which he was evaluated for the first time at the
age of 4 years (height 82 cm, SDS -4.58; fig. 1). He pre-
sented no dysmorphic features and his medical history
was unremarkable, including normal early psychomotor
development. At that time, celiac disease, hypothyroidism
and other possible causes of growth retardation were ex-
cluded, whereas baseline IGF-I was high [159 ng/ml (20.8
nmol/l), SDS +2.6]. A clonidine stimulation test resulted
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Age (years)

Fig. 1. Growth chart of the index case. TH = Target height.

in a normal growth hormone (GH) response (13.5 pg/l).
At the age of 6 years, a second GH stimulation test was
performed, confirming a normal GH response (18.8 g/1).
At that time, baseline IGF-I levels were still high [288 ng/
ml (37.6 nmol/l), SDS +2.1], whereas IGF-binding protein
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Table 2. Glucose metabolism data

Index case (1st eval- Index case (2nd eval- Sister Older aunt  Middle-aged aunt
uation at 18 years)  uation at 20 years) (26 years) (50 years) (47 years)
Metabolic variables
Fasting glycemia, mmol/l 5.6 6.4 5.8 5.9 7.3
Two-hour glycemia, mmol/l 8.6 8.1 6.9 8.4 8.7
HbAlc, % 4.9 - 5.8 5.7 5.5
Insulin sensitivity indexes
HOMA-IR 3.24 1.74 4.17 2.36 4.54
WBISI 2.19 3.39 3.29 3.93 2.79
B-Cell function indexes
Fasting insulin, pmol/l 90.3 424 118.8 62.5 97.2
Two-hour insulin, pmol/l 1,145.9 664.6 572.3 463.9 393.1
C-peptide, nmol/l 1.07 0.73 1.90 0.67 1.26
Two-hour C-peptide, nmol/l - 4.03 3.43 2.73 3.06
HOMA-3 123 42 140 76 74
Insulinogenic index 22 23 16 24 2.1

3 was normal for his age and sex (182 nmol/l). Given his
severe short stature and reduced growth rate, at the age of
8 years a course of GH therapy [recombinant human GH
(thGH); dose 0.26 mg/kg/week] was tried and continued
for 1 year without any improvement in his growth velocity,
which remained in his original growth channel. Accord-
ing to the Greulich-Pyle method, his bone age, assessed at
a chronological age of 9.7 years, was delayed by 1.7 years.

Due to the persistence of impaired growth, at the age
of 12 years another GH stimulation test was performed,
during which GH rose from 3.9 to 16.4 pg/l, and high
baseline IGF-I levels were confirmed [469 ng/ml (61.3
nmol/l), SDS +2.3].

Pubertal development started at the age of 12 years
and progressed normally, although the boy did not pres-
ent any pubertal spurt, resulting in a short proportionate
final height of 143.9 cm (SDS -4.86; upper to lower body
ratio 0.97) achieved at the age of 18 years (table 1; fig. 1).
At this time, he was a normal weight with a BMI of 18.8,
and his head circumference was 54.2 cm (SDS -1.7).

IGF-I levels remained markedly elevated for his age,
sex and pubertal development during the whole period of
growth and continued to be elevated into late adolescence
[at 17 years: 585 ng/ml (76.5 nmol/l), SDS +2.5], with a
subsequent decline [at 18 years: 435 ng/ml (56.8 nmol/l),
SDS +1.04; at 20 years: 329 ng/ml (43 nmol/1), SDS +0.08].

At the age of 18 years, a genetic analysis was per-
formed, revealing a heterozygous mutation in the IGFIR
gene. At that time, the patient also underwent an OGTT
(table 2), which showed IGT (8.6 mmol/l) associated with
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normal fasting glucose levels (5.6 mmol/l). HOMA-IR
was slightly elevated (3.24), while WBISI was low (2.19),
indicating a mild degree of insulin resistance, whereas
both basal (HOMA-B 123.2) and stimulated insulin se-
cretion (insulinogenic index 22) were normal. After 2
years, a second OGTT was performed, confirming IGT
in the presence of raised fasting glucose levels (6.4
mmol/l). This was associated with lower basal insulin
levels leading to markedly reduced HOMA-(. In con-
trast, stimulated insulin secretion was maintained (ta-
ble 2).

Sister

The patient’s sister was born at term after an unevent-
ful pregnancy with a weight of 2.7 kg (SDS -1.65) and a
length of 45 cm (SDS -2.85; table 1). Her physical and
neurological development were normal, and there were
no remarkable findings in her medical history. Menarche
occurred at the age of 12 years. She was evaluated at the
age of 27 years, when her height was in the lower part of
the normal range (height 152.3 cm, SDS -1.75) and she
was overweight, with a BMI of 29.7. Her plasma IGF-I was
in the upper part of the normal range for her sex and age
on two occasions [IGF-I 265 ng/ml (34.6 nmol/l), SDS
+1.13].

An OGTT performed at the age of 27 years revealed
normal glucose tolerance, with fasting and 2-hour glu-
cose of 5.8 and 6.9 mmol/l, respectively. Insulin levels as
well as HbAlc were normal (table 2). HOMA-IR was high,
and WBISI was slightly reduced, indicating insulin resis-
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Fig. 2. Sequence analysis of IGFIR cDNA of the family.

tance. Basal and stimulated insulin secretion were nor-
mal (table 2). A second OGTT was performed after 2
years, confirming normal glucose tolerance (data not
shown). During her first and only pregnancy she devel-
oped IGT.

Older Paternal Aunt

The older paternal aunt was born at term after an un-
complicated pregnancy with a birth weight of 2.6 kg (SDS
-1.89) and a birth length of 47 cm (SDS -1.78; table 1). She
reported stunted growth and normal neurological devel-
opment. Menarche had occurred at the age of 14 yearsand
menopause at the age of 47 years. Anthropometric mea-
surements obtained at the age of 50 years revealed a re-
duced final height of 146.2 cm (SDS -2.78) and a BMI of
26.9. IGF-I was in the normal range for her sex and age
[127 ng/ml (16.6 nmol/l), SDS -0.88].

At that time, an OGTT was performed, which showed
IGT (8.4 mmol/l) associated with normal basal insulin
secretion (HOMA-[3 75.6), whereas her stimulated insu-
lin secretion was markedly reduced (insulinogenic index
2.4; table 2).

Middle-Aged Paternal Aunt

The middle-aged paternal aunt was born after an un-
eventful pregnancy with a birth weight of 2.4 kg (SDS
-2.37) and a birth length of 46 cm (SDS -2.32; table 1).
She had stunted growth with normal neurological devel-

140 Horm Res Paediatr 2011;76:136-143

opment. Menarche had occurred at the age of 12 years
and menopause at the age of 45 years. She was assessed at
the age of 47 years, when she presented with severe short
stature (height 143.5 cm, SDS -3.24) associated with nor-
mal IGF-I levels [106 ng/ml (13.8 nmol/l), SDS +0.2]. She
was frankly obese with a BMI of 34.5.

At that time, glucose metabolism assessment showed
impaired fasting glucose and IGT, with fastingand 2-hour
glucose of 7.3 and 8.7 mmol/l, respectively. HOMA-IR
was high, and WBISI was low, indicating reduced insulin
sensitivity. This was associated with reduced p-cell func-
tion, as indicated by low values of the insulinogenic index
and HOMA- (table 2).

Genetic Analysis

Sequence analysis of the IGFIR PCR fragments ob-
tained from genomic DNA revealed a heterozygous C to
A substitution within exon 5 (c.1161C>A) that alters the
coding nucleotide triplet from TAC to TAA (fig. 2). The
introduction of this nonsense mutation is predicted to
result in premature peptide chain termination at tyrosine
387 (p.Tyr387X) within the full-length IGFIR. The de-
duced heavily truncated receptor would lack the fibro-
nectin domains of the a-subunit as well as the entire 3-
subunit, leading to loss of plasma membrane anchorage.
However, introduction of a premature termination codon
frequently results in nonsense-mediated decay, a cellular
mechanism that prevents the translation of potentially
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toxic peptides encoded by a premature termination co-
don carrying aberrant mRNAs [5].

This mutation was present in all four family members
described here, whereas it was not found in the index
case’s mother. Therefore, the mutation is likely to have
been inherited from the father (who was already deceased
at the time of evaluation), because the two paternal aunts
were shown to harbor the same mutation.

Discussion

This report presents four members of a family with
different degrees of prenatal growth retardation and
short stature bearing the same heterozygous mutation in
the IGFIR gene.

Different types of mutations in the IGFIR gene have
been described previously and have been clearly linked
with impaired intrauterine growth and short stature [4-
14]. However, carriers of the mutations demonstrated
variable degrees of growth retardation, probably ex-
plained by the action of modifier genes in the genetic
background. In our family, despite detecting the same
mutation in all four members, the intrafamilial variabil-
ity in terms of compromised intrauterine and postnatal
growth was particularly apparent. Specifically, the index
case was affected by prenatal growth failure, character-
ized by low birth weight and length, and impaired post-
natal growth leading to severe short stature. These pre-
natal and postnatal growth characteristics were similar
in his middle-aged paternal aunt. In contrast, his sister
and older aunt had low to normal birth weights. Their
final heights were below average but not of the same
severity as the other two family members. Borderline
growth retardation at birth was already described for in-
dex cases in two previous reports [10, 12]. Similarly, al-
though none of the cases with IGF1R mutations reported
so far showed postnatal catch-up growth, a different de-
gree of impairment in final height was observed [4-14].
This could result from the interaction of the IGF1R de-
fect with other genetic and/or environmental factors. In
addition, a potential variation in the expressivity of the
same mutation might explain the variable phenotype
within a family.

Bone age was delayed in our index case, similarly to
the majority of other cases reported in the literature [4-
14]. In contrast, neither our index case nor any of the oth-
er family members presented any of the dysmorphic fea-
tures previously associated with some IGFIR mutations
4, 6, 14].

IGFIR Defect, Short Stature and
Impaired Carbohydrate Homeostasis

The developmental milestones of our index case dur-
ing childhood were normal, although his school perfor-
mance was slightly impaired and as a young adult he
reported occupational difficulties. This could suggest a
degree of impairment in his cognitive function. Psy-
chomotor problems have been reported in some individ-
uals with IGF1R mutations and could be explained by the
known effect of the GH-IGF-I components on brain de-
velopment and function [29].

Persistently high IGF-I levels were detected in our pa-
tient throughout childhood and adolescence, with nor-
malization in late adolescence and early adulthood.
Slightly increased IGF-I levels were also found in his sis-
ter, whereas the other two adult family members had nor-
mal concentrations. Levels of IGF-I have been reported to
be normal or high in patients with heterozygous IGF1R
mutations and reflect a status of IGF-I resistance, which
was also confirmed by the lack of response to a standard
dose of rhGH in our index case. In line with this latter
observation, a variable response to exogenous GH has
been reported previously, with benefits mainly associated
with longer-term treatment or with higher doses of rhGH
5,7, 13].

No functional assessment of the IGF1R mutation was
possible for this family, although many of the character-
istics we found in the four members were similar to those
previously reported in carriers of other terminal IGFIR
mutations [4, 5]. The nonsense terminal mutation likely
leads to a nonfunctional IGF1R lacking its membrane an-
chorage. However, as recently reported for other cases of
IGFIR mutations [5], the involvement of the nonsense-
mediated decay pathways and the consequent degrada-
tion of the IGFIR mRNA expressed from the mutant al-
lele, leading to IGF1R haploinsufficiency, cannot be ex-
cluded.

The diversity in the observed growth phenotypes in
the four family members was associated with a different
degree of alteration in glucose metabolism. Normal glu-
cose homeostasis is highly dependent on the well-known
interplay between (3-cell function and insulin sensitivity
[30]. In this respect, in recent years genetic variants of
components of the IGF system have been suggested as
potential factors implicated in the multifactorial patho-
genesis of type 2 diabetes [31, 32]. In line with this, the
alterations in glucose metabolism we found in our family
members and which were suggestive of type 2 diabetes
might reflect the lack of IGF-I modulation of 3-cell func-
tion and insulin sensitivity. Until now, abnormalities in
glucose metabolism have not been investigated or, where
assessed, not found in young patients with IGF1R muta-
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tions, probably due to the short period of follow-up of
these cases [5, 7]. In contrast, a mild degree of insulin re-
sistance was detected in a 35-year-old patient carrying an
IGF1R mutation [6].

To the best of our knowledge, this is the first fami-
ly pedigree with ages ranging from young to advanced
adulthood where, interestingly, carriers of the same het-
erozygous mutation in IGF1R also presented different de-
grees of alterations in carbohydrate homeostasis.

Even as a normal-weight young adult, the index case
presented IGT with rising fasting glycemia over a 2-year
observational period, suggesting the potential role of in-
herited factors. The middle-aged obese aunt had im-
paired fasting glucose, whereas the older overweight aunt
exhibited normal fasting glycemia in the presence of IGT.
The obese sister did not show any alteration in carbohy-
drate homeostasis, but she had developed transient IGT
during a previous pregnancy. These different degrees of
glucose intolerance were associated with a variable com-
bination of alterations in 3-cell function and insulin sen-
sitivity, which might be related, at least in part, to the
overweight/obesity status of some of the family members.

Although based on clinical observations, the described
alterations in carbohydrate homeostasis in family mem-
bers bearing an IGF1R mutation suggest that alterations
of the IGF-I/IGF1R components might interfere with glu-
cose metabolism, although the exact mechanism remains
to be ascertained. There is evidence suggesting an asso-
ciation between being born small for gestational age, as
all our family members were, and reduced 3-cell func-
tion [33], and this appears to be related to hormonal im-
balances during intrauterine life [34], including potential
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