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Chapter 2 | Short stature associated with a novel heterozygous mutation in the insulin-like growth factor 1 gene

Abstract

Context: Homozygous /GF1 deletions or mutations lead to severe short stature, deafness,
microcephaly and mental retardation. Heterozygosity for an IGF-I defect may modestly
decrease height and head circumference.

Objective: The objective of the study was to investigate the clinical features of heterozygous
carriers of a novel mutation in the /GF1 gene in comparison with noncarriers in a short
family and to establish the effect of human GH treatment.

Subjects: Two children, their mother, and their maternal grandfather carried the mutation
and were compared with two relatives who were noncarriers.

Results: The two index cases had severe short stature (height SD Score —4.1 and —4.6),
microcephaly, and low IGF-I levels. Sequencing of IGF1 revealed a heterozygous duplication
of four nucleotides, resulting in a frame shift and a premature termination codon. The
mother and maternal grandfather had the same IGF1 mutation. Adult height (corrected for
shrinking and secular trend) and head circumference SD Score of carriers of the paternally
transmitted mutation was —2.5 and —1.8, in comparison with —1.6 and 0.3 in noncarriers,
respectively. After 2 yr of GH treatment, both index cases exhibited increased growth.
Conclusions: Heterozygosity for this novel IGFT mutation in children born from a mother
with the same mutation, presumably in combination with other genetic factors for short
stature, leads to severe short stature, which can be successfully treated with GH.
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Introduction

Insulin-like growth factor-I (IGF-1) plays a critical role in the regulation of pre- and postnatal
growth and development in humans and rodents (1;2). Prenatal IGF-I production is largely
growth hormone (GH) independent, and is mainly affected by placental sufficiency, fetal
nutrition, and insulin (3). Postnatally IGF-I production and secretion is predominantly
regulated by GH and nutrition (1). IGF-I can be synthesized by almost any tissue in the body,
but circulating IGF-I is mainly produced in the liver (4).

A total IGF-I deficiency caused by a homozygous IGF1 deletion or missense mutation,
leads to severe intrauterine and postnatal growth failure, microcephaly, mental
retardation, and sensorineural deafness (5;6). In another patient with the same phenotype,
a homozygous nucleotide substitution located in the upstream core polyadenylation
signal at the 3’ untranslated region in exon 6 of IGF1 was reported (7), later shown to be a
polymorphism (8). Recently a fourth patient was described with a homozygous missense
IGF1 mutation (9), exhibiting intrauterine and postnatal growth failure, microcephaly, mild
intellectual impairment, but normal hearing.

There is some evidence that heterozygosity for an IGF1 defect is associated with a
modest decrease of height. The eight heterozygous carriers of the IGF1 deletion had a
height between —0.6 and —2.1 SD Score (SDS), and serum IGF-1 was below the normal range
in five (5;10). The nine heterozygous carriers of the missense mutation showed a subtle,
but statistically significant, inhibition of intrauterine and postnatal statural and cranial
growth (6).

In this report we describe two children with severe short stature and a maternally
derived novel heterozygous mutation in exon 3 of the /GF1 gene and their relatives. All
subjects provided written informed consent.

Materials and Methods

Clinical, radiological, and audiometric measurements

A full physical examination was performed as described previously (11). Bone mineral
density was measured by dual-energy x-ray absorptiometry using the Hologic Scanner
(ODR 4500; Hologic, Waltham, MA) at the lumbar spine and femoral neck. Z-scores were
calculated as a function of age, sex, and ethnicity for a matched population using the
Hologic reference database. Hearing ability at different sound frequencies (500—4000 Hz)
was measured with an AC4o0 clinical audiometer (Interacoustics, Eden Prairie, MN).
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Biochemical measurements

Plasma acid-labile subunit (ALS), IGF-I, IGF-II, IGF binding protein (IGFBP)-1, IGFBP-2, IGFBP-3,
IGFBP-4, and IGFBP-6 were determined as described previously (6). Serum insulin levels,
after an overnight fast, were determined by a semiautomatic luminescence method
(Immulite 1000; Siemens Medical Solutions Diagnostics, Los Angeles, CA). GH levels are
expressed as micrograms per liter (conversion rate 1 pg/liter = 3.0 IU, standard World Health
Organization international standard 98/574).

Molecular studies with genomic DNA of the family members
Genomic DNA was isolated from whole blood (12). All exons of IGF1 (GenBank accession
number NM_000618) were sequenced as described previously (6).

For the analysis of single-nucleotide polymorphisms, the Affymetrix GeneChip human
mapping 262K Nspl array (Affymetrix, Santa Clara, CA) was used. Detection of copy number
changes was performed using Copy Number Analyser for GeneChip (CNAG) version 2.0
(www.genome.umin.jp/) (13;14).

Results

Subjects

Clinical and biochemical features are shown in Table 1. Adult height SDS is corrected for
shrinking and secular trend (15).

Index case Ill-1 was born after an uncomplicated 40-wk pregnancy. There were feeding
difficulties in infancy, slow motor development, poor growth, and delayed bone age (2.5 yr
at 5.9 yr) (Supplemental Fig.1A). She had a prominent forehead, thin lips, and fine eyebrows.
IGF-I was low, but GH maximum during two provocation tests was normal (10.7 pg/liter,
normal >6.7 pg/liter). At an IGF-I generation test (1), baseline plasma IGF-I was —2.7 SDS and
IGFBP-3 was 0.3 SDS. Only on the highest GH dose IGF-I normalized (0.6 SDS).

Her younger brother (index case lll-2) was born after an uncomplicated 42-wk pregnancy.
Besides cow milk allergy and asthma, there were no medical problems, except poor growth
and delayed bone maturation (Supplemental Fig. 1B). He had a prominent forehead. Plasma
IGF-I was low and the peak GH response to arginine borderline (5.6 pg/liter).

Case lI-3, the father of the index cases, had a height of —1.3 SDS, a head circumference
(HC) of —1.0 SDS and normal IGF-I and IGFBP-3.

Their mother (case I1-2) had feeding problems in infancy and poor growth. At 8.5 yr, height
SDS was —3.0 (16), and the GH peak after exercise was 11.5 pg/liter. Breast development
started at 11.3 yr at a height of 131.0 cm, and pubertal height gain was only 16.2 cm.

The mother’s sister (case I1-1) was also short as a child (height SDS —2.0) (16). Her pubertal
growth spurt started at 9.75 yr at a height of 128.0 cm, and pubertal height gain was
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28.5 cm. The GH peak after exercise was 6.3 pg/liter.

Their maternal grandfather (case I-1), born in 1941, was admitted to the hospital in the
first 6 months for failure to thrive. Since 32 yr of age, he is known with poor bone quality,
overweight, early dementia, chronic diarrhea, headache, reflux esophagitis due to a hernia
diaphragmatica, gout, and a cataract. Reportedly his father, as well a several members of
his father’s family, was short.

Case I-2, the probands’ maternal grandmother, had always been healthy without any
medication.

Molecular studies with genomic DNA of the family members

Sequence analysis of IGF1 of cases I-1, II-2, lll-1, and llI-2 revealed a heterozygous duplication,
indicated as +/—, of four nucleotides, resulting in a frame shift at position 35 of the mature
IGF-I protein and a premature stopcodon (c.243_246dupCAGC, p.Ser83GInfsXi3) (http://
www.hgvs.org/mutnomen/recs-prot.html). The other family members did not carry the
mutation (+/+) (Fig. 1).

Sequence analysis of FGFR3 in cases Il-2, lll-1 and lll-2 and SHOX in cases Il-2 and llI-1
showed no abnormalities. Case Ill-2 showed a 47,XYY karyotype. His sister (case Ill-1) and
father (case 11-3) had a normal karyotype.

Single-nucleotide polymorphism array analysis showed an interstitial deletion
(rs13073496 to rs1119180) of about 0.4 Mb on chromosome 3g26.1in cases I-1, 1I-1, 11-2, lll-1and
l1-2. All these subjects, except case II-1, are also heterozygous carriers of the /GF1 mutation
(Fig.1). The deleted area does not contain any genes or noncoding RNAs. None of the known
variations in the Database of Genomic Variants in this region (http://projects.tcag.ca/
variation/) had 100% overlap with this deletion.

Comparison of clinical and biochemical features between carriers and noncarriers of the
IGF-1 mutation

Carriers of the IGF1 mutation tended to have a lower height SDS (-3.4 vs. 1.6, P = 0.172) and
had a significantly lower HC (—1.9 vs. 0.3, P = 0.002). In case -2, bone mineral density was
normal. Tone audiometry in the two probands was normal. In carriers plasma IGF-I was
lower than in noncarriers (P = 0.004).

Response to GH treatment

Both index cases received GH (1.4 mg/m?/day) (Supplemental Fig. 1), which was well
tolerated. After 2 yr, height SDS in case Ill-1 increased by +1.0, she remained prepubertal,
and plasma IGF-I rose from —2.6 to +0.6 SDS. IGFBP-3 increased from —0.4 to +0.5 SDS

In case Ill-2 height SDS increased by +1.5 SD, IGF-I from —2.4 to +0.3 SDS, and IGFBP-3 from
—1.0 to +0.3 SDS.
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Table 1 Clinical features and biochemical characteristics of the heterozygous and noncarriers

IGF1 gene

Gender

Age (y1)

Birth weight (kg) [SDS]
Birth length (cm) [SDS]
Height (cm) [SDS]®

HC (cm) [SDS]*

BM!I (kg/m?) [SDS]
Sitting height: height [SDS]
IGF-I (ng/ml) [SDS]
IGF-II (ng/ml) [SDS]
IGFBP-1 (ng/ml) [SDS]®
IGFBP-2 (ng/ml) [SDS]
IGFBP-3 (mg/liter) [SDS]
IGFBP-4 (ng/ml) [SDS]
IGFBP-6 (ng/ml) [SDS]
ALS (mg/liter) [SDS]

Insulin (IU/liter)

I-1
+/-

M

164 [-1.4]
54.7[-.8]
28.6 [3.5]
054 [17]
66 [2.0]
529 [1.6]
23
143 [-0.6]
2.0[01]
242 1]
252 [1.0]
16.6 [-011]

85

II-2
+/—

F
355
2.8[-1.6]
47 [-1.6]
147.2 [-3.5]
525 [-17]
313 [47]
055 [2.2]
87[-1.8]
599 [1.7]
5
83 [17]
2.8[0.8]
212 [0.6]
148 [0.2]
228[03]

22.2

I11-1

+/-

F

8.2
23[29]
44(-3.8]
108.9 [-4.1]
478 [-2.4]
141 [=3]
0.55 [1.6]
76 [-23]
640 [2.0]
143 [03]
155 [-13]
36 [1.2]
109 [-1.4]
83[-11]
201 [11]

<2.0

Il-2
+/-
M
6.2
33[=1.2]
50 [-1.0]
987 [~4.6]
49.0 [-1.6]
135 [-1.6]
057 [25]
35[-2.6]
542 [1.4]
378 [13]
288 [0.2]
21 (0]
17 [=14]
89 [-03]
1.5 [-0.4]

<2.0

64.5

4.0-5.0

na.
153.2[-1.2]
555 [04]
27.0 [27]
053 [07]
126 [0.6]
665 [3.0]
62
244 [05]
33[2.0]
184 [-011]
131[-09]
207[1.2]

<2.0

37.2
3.0 [-11]
48 [11]

156.5 [-2.0]
56.0 [0.4]
40.0[8.8]
0.55 [17]
131[~0.4]
719 [2.8]
7
81[-17]
27[07]
133 [-09]
141[0.0]
24.8[07]

9.6

To convert IGF-1 to nanomoles per liter, multiply by 0.131; to convert IGF-Il to nanomoles per liter, multiply by 0.134;

to convert ALS to nanomoles per liter, multiply by 15.8; to convert IGFBP-1to nanomoles per liter, multiply by 0.033;

to convert IGFBP-2 to nanomoles per liter, multiply by 0.032; to convert IGFBP-3 to nanomoles per liter, multiply by 33.3;
to convert IGFBP-4 to nanomoles per liter, multiply by 0.038; to convert IGFBP-6 to nanomoles per liter, multiply by
0.034. n.a., Not available; BMI, body mass index; ALS, acid-labile subunit.

@ Adult height SDS is corrected for shrinking and secular trend by the equations of Niewenweg et al. (15).

 Normal range for nonfasting subjects is 24—57 ng IGFBP-1 per milliliter. After overnight fasting there is an average

5-fold rise in normal individuals. IGFBP-1 SDS values are not available for adults older than 24 yr.
¢Normal range for healthy subjects after overnight fasting is less than 25 [U/liter.
* Statistical difference between heterozygous and wild-type family members.
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Figure1

Pedigree of the family. The heterozygous carriers of the IGF1 mutation are indicated with a
diagonally striped right half of the symbol and the noncarriers are indicated with a filled black
right half. The carriers of the 3q26.1 deletion are indicated with a white left half of the symbol and
the noncarriers are indicated with a filled black left half. On the right, the different combinations
of wild-type (WT) or mutant (MT) /GF1 and deleted or normal 3g26.1is explained. On the left the
generation number is indicated and the family number is indicated below each individual.
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Discussion

We have shown that heterozygosity for a maternally derived /GF1 frameshift mutation is
associated with severe short stature and microcephaly. The probands’ mother,who inherited
the same mutation from her father, was less short than the two probands. However, she
was still shorter and had a smaller HC and lower plasma IGF-I than her sister, who is not
carrying the mutation. This suggests that the combination of maternal and fetal IGF-I
deficiency may have had a larger effect on growth than fetal IGF-I deficiency alone, similar
to previous observations in a family with an IGFiR defect (11). Most carriers had feeding
difficulties in infancy, comparable with that observed in patients with homozygous IGF1
and heterozygous IGFIR defects (5;6;11;17). Biochemically, GH secretion was not elevated,
similarly to observations in children with IGF-I receptor defects (17) and mice with brain-
targeted inactivation of igfir (18). Long-term GH treatment of the probands resulted
in a good growth response. Mutant IGF-I was synthesized and used for several in vitro
experiments. It could not bind to the IGF-I receptor or antagonize the growth-promoting
effect of IGF-1. It could bind to IGFBPs but was not incorporated into 150-kDa complexes
(data not shown). Details will be reported elsewhere.

We hypothesize that the severe short stature in the two probands might be caused by a
cumulative effect of three factors: 1) IGF1 haploinsufficiency; 2) placental dysfunction due
to maternal IGF1 haploinsufficiency; and 3) other genetic factors associated with (mild)
short stature.

The first part of our hypothesis is supported by the observation that case II-2 was in
childhood 1 SD and in adulthood 1.5 SD shorter than her wild-type sister (case Il-1). Indirect
support comes from our previous study showing that heterozygosity for a missense IGF1
mutation leads to a 0.6 SD lower height, as well as an inhibition of intrauterine and cranial
growth (6;19). The heterozygous carriers of an IGF1 deletion also exhibited reduced height
(5;10). The difference between pubertal height gain in cases Il-2 and Il-1 suggests that IGF-|
deficiency may have a strong impact on pubertal growth.

The second part is based on the observation that birth length (—3.8 SDS) and childhood
height (—4.1 SDS) of case Ill-1 is 1—2 SD lower than of her mother (—1.6 and —3.0 SDS,
respectively). It is further supported by our previous observations in a family with an IGFIR
mutation (1), in which the proband’s length was much more affected than in her mother,
who did not inherit the mutation maternally. Some more indirect evidence for such effect
of maternal IGF-I deficiency on placental and fetal growth includes the strong correlation
between the rate of IGF-l increase during pregnancy and placental weight (). Furthermore,
placentas from intrauterine growth retardation pregnancies are characterized by decreased
expression of IGF-I receptor and associated signal transduction proteins (11).
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With respect to the third part (other genetic factors), we have found no other gene
defects in this family, except for an interstitial deletion on chromosome 3g26.1 in most
cases. There is no evidence linking this region to short stature. Interestingly, the male
proband has a 47,XYY karyotype, known to be associated with tall stature. This may have
mitigated the negative effect of IGF-I deficiency on intrauterine growth and may have
increased his growth response to GH.

In conclusion, our observations suggest that maternally and paternally derived IGF1
haploinsufficiency leads to a height loss of 2 and 1 SD, respectively, and to a smaller HC,
in comparison with wild-type relatives. In combination with a familial predisposition for
short stature, this can lead to a height far below the normal range, which can be treated
successfully with GH.
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Supplemental Data

Methods

Biochemical measurements

Plasma levels of IGF-I, IGF-1I, IGFBP-1, -2, -3, -4 and -6 were determined as described
previously (1). ALS was measured by a commercially available ELISA (Diagnostics Systems
Laboratories, Inc., Webster, TX). With the exception of IGFBP-1 for adults older than 24
years, smoothed references based on the LMS method were available for all parameters
allowing conversion of patient data to SDS values (1). For the adult members of the family
plasma IGFBP-1 concentrations after an overnight fast were compared with a reference
group of 6 healthy adult controls. Levels of insulin were determined in serum, obtained
after an overnight fast, by a semi-automatic luminescence method (Immulite 1000;
Siemens Medical Solutions Diagnostics, Los Angeles, CA).

Molecular studies with genomic DNA of the family members

Genomic DNA was isolated from whole blood according to the salting out procedure
described by Miller et al (2). All exons of IGF1 (GenBank accession number NM_000618) were
PCR amplified and sequenced as described previously (1). The various primer sequences are
available upon request.

For the analysis of single-nucleotide polymorphisms (SNPs), the Affymetrix GeneChip
human mapping 262K Nspl array (Affymetrix, Santa Clara, CA) was used. This SNP array is
capable of genotyping approximately 262,000 SNPs, with a ~12 kb resolution. The assay
was performed according to the manufacturer’s protocol, beginning with 250 ng DNA.
Detection of copy number changes was performed using Copy Number Analyser for
GeneChip (CNAG) version 2.0 (www.genome.umin.jp/), using a reference set of minimal 5
and maximal 10 control DNAs (3;4).
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Supplemental Data

Supplemental Figure 1 chapter
Growth curves of the index cases. The dots represent height measurements, the squares S
represent bone age measurements, and GH treatment is indicated below the curves.
The growth curves of index cases Ill-1and Ill-2 are shown in panels A and B, respectively.
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