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was used for direct sequencing, multiplex ligation-depen-
dent probe amplification and whole-genome SNP array 
analysis.  Results:  Three patients in group 1 had two novel 
heterozygous  STAT5B  mutations, in two combined with nov-
el  IGFALS  variants. In groups 2 and 3 the association between 
genetic variants and short stature was uncertain. The IGF-I 
generation test was not predictive for the growth response 
to GH treatment.  Conclusion:  In severely short children with 
IGF-I deficiency, genetic assessment is advised. Hetero-
zygous  STAT5B  mutations, with or without heterozygous 
 IGFALS  defects, may be associated with GH insensitivity. In 
children with less severe short stature or IGF-I deficiency, 
functional variants are rare.  Copyright © 2012 S. Karger AG, Basel 
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 Abstract 

  Background/Aims:  In short children, a low IGF-I and normal 
GH secretion may be associated with various monogenic 
causes, but their prevalence is unknown. We aimed at testing 
 GH1 ,  GHR ,  STAT5B ,  IGF1 , and  IGFALS  in children with GH insen-
sitivity.  Subjects and Methods:  Patients were divided into 
three groups: group 1 (height SDS  ! –2.5, IGF-I  ! –2 SDS, n = 
9), group 2 (height SDS –2.5 to –1.9, IGF-I  ! –2 SDS, n = 6) and 
group 3 (height SDS  ! –1.9, IGF-I –2 to 0 SDS, n = 21). An IGF-I 
generation test was performed in 11 patients. Genomic DNA 
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 Introduction 

 In approximately 80% of children who are referred to 
a pediatric clinic because of short stature, no definite 
cause can be established, even after a thorough diagnostic 
workup including extensive biochemical screening and 
radiologic investigations  [1–4] . Such children are usually 
classified as idiopathic short stature (ISS)  [1] . Within the 
ISS group, especially those children with a low circulating 
IGF-I level, in the face of a normal or even elevated GH 
secretion (also labeled ‘primary IGF-I deficiency’), pose a 
diagnostic challenge.

  At present, the known monogenic causes of short stat-
ure which are associated with a low serum IGF-I level and 
normal or elevated GH secretion include defects of  GH1 
 (bioinactive GH)  [5] ,  GHSR  (ghrelin receptor)  [6] ,  GHR 
 (GH receptor)  [7] ,  STAT5B   [8] ,  IGF1   [9]  and  IGFALS  [ 10 ; 
for reviews, see  11 ,  12 ]. With increasing numbers of re-
ports on these gene defects it has become clear that the 
phenotype is more variable than suggested by the first cas-
es. For example, the clinical features of homozygous  GHR  
mutations can vary substantially depending on the loca-
tion of the mutation. Furthermore, heterozygosity for the 
same gene defect may be associated with a mild negative 
effect on growth (approx. 1 SD), as observed for mutations 
in  IGF1   [9, 13, 14]  and  IGFALS   [15–17] . On the other hand, 
some cases of heterozygosity for a  GHR  mutation are as-
sociated with pronounced growth failure  [12, 18] .

  So far, only monogenic causes of primary IGF-I defi-
ciency have been reported. However, it is conceivable that 
primary IGF-I deficiency can also be associated with the 
cumulative effect of digenic or oligogenic defects, in a 
similar fashion as recently shown for hypogonadism  [19] . 
This view is supported by the results from genome-wide 
association studies that have shown that height is deter-
mined by more than 180 genes  [20] .

  Based on the clinical and biochemical phenotype of 
children with monogenetic disorders of the GH-IGF-I 
axis, we and others have proposed algorithms for the di-
agnostic approach of children with short stature  [11, 12, 
21] . As a first step, IGF-I generation tests theoretically 
should allow one to discriminate between a normal GH 
sensitivity ( GH1  and  GHSR  defects) and GH insensitivity 
( GHR ,  STAT5B ,  IGF1 ,  IGFALS  defects)  [11, 21] . However, 
the diagnostic accuracy of the various regimens for an 
IGF-I generation test is uncertain [reviewed in  22 ]. The 
second step would be genetic testing of the most likely 
candidate gene(s). Finally, as a third step, we have sug-
gested a whole-genome single nucleotide polymorphism 
(SNP) array analysis  [11] .

  In this paper we present the results of a genetic analy-
sis for  GH1 ,  GHR,   STAT5B, IGF1,  and  IGFALS , followed 
by whole-genome SNP array analysis, in short children 
with various degrees of IGF-I deficiency and a normal or 
increased GH secretion pattern.

  Subjects and Methods 

 Subjects 
 DNA from patients with short stature was sent to us for ge-

netic analysis. For this study we included patients with short stat-
ure (height standard deviation score (SDS)  ! –1.9, according to 
Dutch references  [23] ) and no abnormalities with respect to med-
ical history, physical examination, radiologic, and biochemical 
investigations, that could point to a diagnosis. GH secretion was 
either normal (6.7–26.6  � g/l) or elevated (arbitrarily defined as 
 6 26.7  � g/l), as assessed by a standard GH provocation test (cloni-
dine or arginine test) (except for 2 cases where it was not tested), 
and body proportions (sitting height/height ratio) were normal 
(between –2.5 and +2.5 SDS for age)  [24] .

  Subjects were divided into three groups, based on height SDS 
and serum level of IGF-I (assessed at least twice). Group 1 con-
sisted of severely short children (height SDS  ! –2.5) with a low 
serum level of IGF-I ( ! –2 SDS). According to the recently pro-
posed algorithm  [11] , these children would be suitable candidates 
for genetic testing. Children in group 2 were less short (height SDS 
between –2.5 and –1.9), but IGF-I deficient (serum IGF-I  ! –2 
SDS). Group 3 consisted of children with a wide range of short 
stature (height SDS  ! –1.9) and a serum IGF-I in the lower normal 
range (i.e. between –2 and 0 SDS).

  Auxological data and clinical characteristics were collected 
from case records. Birth weight, length and head circumference 
were expressed as SDS according to Swedish reference data  [25] . 
In children of whom no birth length or head circumference were 
available, length and head circumference SDS in the first 3 months 
of life were used as proxy estimates. Height at presentation as well 
as parental heights were expressed as SDS according to Dutch na-
tion-wide reference charts  [23] . Conditional target height (cTH) 
SDS was calculated as 0.72  !  mean parental height SDS  [26] , and 
the distance between height SDS and cTH SDS was recorded. The 
growth response to GH treatment is expressed as the change in 
height SDS  [23]  during the first year. Body mass index (BMI) was 
calculated as height (m)/weight (kg) 2  and expressed as SDS for the 
Dutch 1980 references, which were collected before the start of the 
obesity epidemic  [27] . The serum IGF-I data presented in the ta-
bles were obtained at clinical presentation.

  Biochemical Tests 
 Serum levels of IGF-I were measured either in Leiden Uni-

versity Medical Center or University Medical Center Utrecht 
(UMCU) on the Immulite 2500 or Immulite 1000 (Siemens, Mu-
nich, Germany), respectively. Both methods were correlated
to the original in-house IGF-I RIA for which age references
had been determined  [28] . Serum IGFBP-3 was determined in 
Utrecht as described previously  [28]  and in Leiden on the Immu-
lite 2500. Results were expressed as SDS for age and gender, after 
correction for inter-assay differences, based on previously de-
scribed age references  [28] . GH was measured in local laborato-
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ries, but a nation-wide quality control system assured that the 
results of different assays were comparable  [29] . Results are ex-
pressed as  � g/l (1  � g/L = 3 mU/L according to the most recent 
standard (IS 98/574)).

  For subjects suspected for ALS deficiency, serum ALS levels 
were determined using the ELISA kit of Mediagnost (Reutlingen, 
Germany). Intra-assay variations were 6.6 and 6.8% at mean levels 
of 911 and 1,338 mU/ml, respectively. Inter-assay variations were 
9, 8 and 8% at mean levels of 931, 1,061, and 1,926 mU/ml, respec-
tively. Since ALS levels in the circulation depend on age and gen-
der (although less than serum levels of IGF-I and IGFBP-3), values 
were transformed to SDS using reference values. In order to estab-
lish normative ranges for ALS in the circulation, non-fasting 
blood samples were collected from 159 children (81 girls, 78 boys) 
ranging in age from 10 months to 18 years. These samples were 
derived either from healthy children from several primary schools 
in the Netherlands, selected populations of patients (e.g. with mi-
nor ear, nose or throat conditions) or their healthy siblings visit-
ing the UMCU. In addition, serum or EDTA plasma samples of 
adolescents and adults (176 females, 181 males) ranging from 18 
to 78 years were obtained from the Red Cross Blood Bank Utrecht 
(Utrecht, The Netherlands), and from healthy volunteers working 
in the endocrine department of UMCU. None of these subjects 
were suffering from malnutrition or showed signs of acute disease 
or endocrine abnormalities. All samples were obtained after in-
formed consent and stored at –20   °   C until analysis.

  The different molecular-size classes of endogenous IGF-
IGFBP complexes in plasma were determined by neutral gel filtra-
tion through a 1.6  !  60 cm HiLoad Superdex-200 column, as 
described previously  [15] . In order to investigate if the abnormal 
profiles could be normalized by spiking the samples with excess 
rhIGFBP-3, we used glycosylated hIGFBP-3, isolated from pooled 
normal human plasma using the purification procedure as mod-
ified by Martin and Baxter  [30] .

  IGF-I Generation Test 
 The GH dose-escalation IGF-I generation test was performed 

as previously described  [21] . In brief, GH was administered once 
a day subcutaneously for 1 week with a dosage of 0.7 mg/m 2 /day. 
In case of an insufficient response (defined as a change of  ! 1 SDS), 
the dose was doubled (1.4 mg/m 2 /day), and if the response was still 
too low, a third series of GH injections (2.8 mg/m 2 /day) was ad-
ministered. Serum IGF-I was measured before the first injection 
and after the seventh one. Washout periods between subsequent 
doses of GH lasted at least 4 weeks.

  Genetic Tests 
 Genomic DNA was isolated from peripheral blood samples 

using the Autopure LS Instrument (Gentra Systems). Direct 
sequencing was carried out according to standard procedures 
(primer sequences are available upon request).

  Variants were classified as polymorphisms on the basis of their 
presence in dbSNP (build 132) or as polymorphisms in gene-spe-
cific mutation databases (HGMD). Missense mutations were clas-
sified as pathogenic or unclassified variant (UV) based on their 
presence in gene-specific mutation databases and in silico predic-
tion programs (Polyphen, SIFT). Intronic and neutral amino acid 
substitution variants were analyzed with various in silico splice 
predict software programs (Human Splicing Finder, SpliceSite-
Finder-like, MaxEntScan, and NNSPLICE) to determine the po-

tential effect on splicing. Different Multiplex Ligation-dependent 
Probe Amplification (MLPA) kits (MRC Holland, The Nether-
lands) were used to detect deletions and duplications in various 
genes: P262 for  GHR ,  IGF1  and  STAT5B , P216 for  LHX4 ,  POU1F1 , 
 HESX1 ,  PROP1 ,  GHRHR ,  LHX3  and  GH1 , P18D1 for  SHOX,  and 
P217 for  IGF1R ,  IGFBP3  and  IGFALS , according to the manufac-
turer’s instructions. The Affymetrix GeneChip Human Mapping 
262K NspI array was used according to the instruction provided 
in the Affymetrix GeneChip Human Mapping 500K Manual 
(http://www.affymetrix.com) to detect copy number variants 
(CNVs). SNP copy number was assessed in the patient using 
CNAG (Copy Number Analyzer for GeneChip � ) Version 2.0  [31] .

  Functional Studies 
 Antibodies 
 The following antibodies were used: anti-phospho-STAT5 

(Tyr694) from Cell Signaling Technology (Beverly, Mass., USA), 
anti-STAT5b (G2) from Santa Cruz Biotechnology, Inc. (Santa 
Cruz, Calif., USA), anti-FLAG M2 antibody from Sigma (St. Lou-
is, Mo., USA), and anti-mouse IgG and anti-rabbit IgG from Am-
ersham-Pharmacia Biotech (Uppsala, Sweden).

  Generation of Recombinant Mutant N-FLAG-STAT5b 
Plasmids 
 N-terminally FLAG-tagged wild-type STAT5b (F-STAT5b) 

was described previously  [32] . FLAG-STAT5b-V498M (F-V498M) 
was generated by site-specific mutagenesis (QuickChange II Site-
Directed Mutagenesis Kit; Stratagene, La Jolla, Calif., USA), using 
F-STAT5b as template. The primers used were forward 5 � -
gggtgccatttgcc a tgcctgacaaagtg-3 �  and reverse 5 � -cactttgtcaggca  t  g-
gcaaatggcaccc-3 � . The nucleotide substitutions (in bold) are un-
derlined. The resulting F-V498M variant was confirmed by DNA 
sequencing.

  Cell Culture and Transfection Experiments 
 HEK293 cells stably transfected with the full-length human 

 GHR   cDNA , HEK293(hGHR)  [33] , were maintained as recom-
mended. For reconstitution studies, HEK293(hGHR) cells were 
seeded at 2  !  10 5 /well, grown to  � 60% confluence in 6-well tis-
sue culture plates, and transiently transfected with 1  � g of vector, 
pcDNA3.1, or 1  � g of vector carrying F-STAT5b, or F-V498M, us-
ing TransIT-LT1 (Mirus, Madison, Wisc., USA). After 24 h of 
transfection, cells were starved for 9 h prior to a 20-min treatment 
with 100 ng/ml rhGH (generous gift from Serono), as described 
previously  [32] . Transfection experiments were performed in du-
plicates, at least three independent times.

  Luciferase Reporter Assay 
 Luciferase (pGHRE-LUC)-transfected HEK293(hGHR) cells 

were analyzed for reporter activity using the luciferase assay system 
(Promega Corp., Madison, Wisc., USA). A total input of DNA was 
2  � g/well: 1  � g of pGHRE-LUC plus 1  � g of pcDNA3.1, or relevant 
F-STAT5b variant (F-STAT5b, or F-V498M). After treatment with 
GH for 24 h, collected cell lysates (total amount is as indicated) were 
analyzed for reporter activity using a luminometer (BioTek Instru-
ments Inc., Winooski, Vt., USA). The results (from at least two in-
dependent experiments, performed in dup licate) are reported as 
relative fold induction  8  SD, compared to activities detected in 20 
 � g of total protein of untreated,  pcDNA3.1 transfected cell lysates, 
which was given an arbitrary unit of 1.



 Genetics of Growth Hormone 
Insensitivity 

Horm Res Paediatr 2012;77:320–333 323

  Results 

 Auxology and Biochemistry 
 Clinical and biochemical characteristics of the sub-

jects in groups 1–3 are shown in  tables 1–3 , respectively. 
Three out of 9 children in group 1 were born small for 

gestational age (SGA). The average GH peak after provo-
cation was clearly elevated (112 mU/l), and in 7 out of 9 
cases the GH peak was  6 26.7  � g/l. In group 2, none of 
the 6 children was born SGA, and only 1 had a GH peak 
 6 26.7  � g/l. In group 3, 10 out of 21 children were born 
SGA, and 10 out of 19 had a GH peak  6 26.7  � g/l. Two 

Table 1.  Clinical and biochemical features of group 1 (height SDS <–2.5, IGF-I <–2.0 SDS), ranked according to height SDS

Pa-
tient

Sex Birth
weighta

Birth
lengtha

Birth
HCa

Age
years

Heighta HCa BMIa Paternal
heighta

Maternal
heighta

Height
cTHa

GH max
�g/l

IGF-Ia IGFBP-3a Clinical
features

�HSDS 
(GH dose)

IR M –1.8 –2.1 0.3 12.47 –4.7 –1.8 –2.3 –3.6 –2.0 –2.7 34.7 –2.9 0.2 – 0.5 (1.4
+ GnRHa)

RZb M 0.2 –2.3 –1.3 3.24 –4.5 –2.5 –0.3 –3.0 –1.6 –2.9 95.3 –3.2 –5.2 high-
pitched voice,
obesity

no R

BV F –0.9 –0.1 – 38.34 –4.5 –2.6 –1.1 –3.0 –1.9 –2.7 8 –2.8 –0.2 – no R
ER F 0.4 0.6 1.3 8.41 –3.9 –0.2 0.3 –3.4 –1.9 –2.0 26.7 –2.1 1.1 – 0.5 (0.8)
IZb M 0.2 – – 6.98 –3.6 –1.2 1.3 –3.0 –1.6 –2.0 68.7 –3.6 –2.6 high-

pitched voice,
obesity

no R

CH M –1.7 –1.1 – 4.88 –3.5 – –0.7 –1.3 –1.2 –2.6 35.3 –2.5 –2.9 eczema 0.4/0.6
years (2.8)

TW M –2.5 –5.3 –0.7 3.72 –3.3 –2.2 –1.9 1.7 0.0 –4.0 29.3 –2.3 –1.8 – 0.8 (1.0)
AL F 0.8 –1.0 –2.3 5.82 –3.2 –0.8 –0.7 0.8 –2.1 –2.8 10.7 –3.1 –1.6 – 1.2 (1.0)
CG F –1.1 – – 61.51 –3.0 –2.0 1.7 –0.6 –1.6 –2.2 27.7 –2.0 –1.2 low BMD,

Graves
no R

Mean 5 M/4 F –0.7 –1.6 –0.5 16.2 –3.8 –1.7 –0.4 –1.7 –1.6 –2.6 37.3 –2.7 –1.7 – –

HC = Head circumference; cTH = conditional target height; GH max = maximum GH peak after provocation; �HSDS (GH dose) = response to growth 
hormone treatment, expressed as change in height SDS; GH dose = GH dose (mg) per m2 body surface per day; no R = no treatment; BMD = bone min-
eral density.

a All auxological data and serum levels of IGF-I and IGFBP-3 are expressed as standard deviation score (SDS). b Brothers. 

Table 2.  Clinical and biochemical features of group 2 (height SDS –2.5 to –1.9, IGF-I <–2.0 SDS), ranked according to height SDS

Pa-
tient

Sex Birth
weighta

Birth
lengtha

Birth
HCa

Age
years

Heighta HCa BMIa Paternal
heighta

Maternal
heighta

Height
cTHa

GH max
�g/l

IGF-Ia IGFBP-3a Clinical
features

�HSDS
(GH dose)

JH M –0.9 –1.7 –1.4 5.43 –2.4 –1.3 –1.1 –0.1 –0.2 –2.3 14.7 –3.4 –3.0 – 0.9 (1.0)
JB M –0.1 –0.1 –0.4 5.25 –2.4 1.6 –0.1 0.5 –1.5 –2.0 14 –3.0 –2.5 – 1.0 (1.3)
KB M 0.3 0.7 0.3 3.72 –2.4 –0.3 0.2 –2.6 0.4 –1.6 33.7 –3.3 –0.5 dysmorphic 0.5 (1.0b)
WW M 0.1 1.0 0.4 11.26 –2.2 –1.3 –2.1 –0.9 0.1 –1.9 12.3 –2.8 –1.7 – no R
MH F –0.1 0.9 1.3 4.25 –2.0 –0.1 –0.6 0.5 –0.1 –2.1 12.3 –3.7 –4.7 dysmorphic no R
JT F 0.7 –0.2 –0.4 4.09 –1.9 –1.5 –0.3 0.7 0.0 –2.2 21.7 –2.5 –1.8 dysmorphic 1.0 (1.3)
Mean 4 M/2 F 0.0 0.1 0.0 5.7 –2.2 –0.5 –0.7 –0.3 –0.2 –2.0 18 –3.1 –2.4 – –

HC = Head circumference; cTH = conditional target height; GH max = maximum GH peak after provocation; �HSDS (GH dose) = response to growth 
hormone treatment, expressed as change in height SDS; GH dose = GH dose (mg) per m2 body surface per day; no R = no treatment.

a All auxological data and serum levels of IGF-I and IGFBP-3 are expressed as standard deviation score (SDS). b Age at start 7.2 years. The dose was 
increased from 0.7 to 1.0 mg/m2 after 3 months.
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participants (DD and JK) did not undergo a provocation 
test because both their serum IGF-I levels were within the 
normal range and GH treatment was approved because 
of SGA. Most patients were treated with biosynthetic GH 
and all except 2 cases in group 3 (NV,  �  height SDS 0.1; 
DD,  �  height SDS 0.3) showed a normal growth response 
to GH during the first year of treatment ( �  height SDS 
0.4–1.1).

  IGF-I Generation Test 
 In 11 of the 36 subjects, GH sensitivity was studied us-

ing an IGF-I generation test ( table 4 ). A normal response 
was defined as an increase of the serum IGF-I level with 
 1 1 SDS on a dosage of 0.7 mg/m 2 /day (equivalent to 25 
 � g/kg/day at a body surface area of 1 m 2 ). This was ob-
served for 3 subjects, i.e. JH, KB (group 2) and (borderline 
response) NV (group 3). A low response (a serum IGF-I 
increase  ! 1 SDS) to the lowest dose of GH, but a sufficient 
response to the intermediate dosage (1.4 mg/m 2 /day) of 
GH, suggesting partial GH resistance, was observed for 5 
patients (group 1: ER and CH; group 2: JB and JT; group 

3: MV). One patient (IR, group 1) only showed an IGF-I 
response to the highest GH dose, suggesting a severe GH 
insensitivity. Finally, 2 patients (brothers RZ and IZ) were 
virtually insensitive to GH, and were not treated with 
GH.

  The short-term serum IGF-I responses to GH in the 
IGF-I generation test did not correlate well with the 
growth response to long-term GH treatment ( tables 1–4 ), 
although the variety of doses makes a comparison diffi-
cult. On average, the growth response of the 3 children 
with a normal IGF-I generation test was 0.5 SDS (range 
0.1–0.9) in the first year, and of the 5 children with partial 
insensitivity it was 0.8 SDS (range 0.5–1.0). One of the two 
poor responders in terms of growth response (NV) had a 
borderline normal IGF-I response. The patient with se-
vere GH insensitivity (IR) was treated with both GH and 
GnRH analogue from 13.8 till 15.7 years of age, and GH 
was continued until 17.0 years. Her height SDS at the start 
of GH treatment was –4.6 SDS and increased to –3.4 SDS 
at 17 years.

Table 3.  Clinical and biochemical features of group 3 (height SDS <–1.9, IGF-I –2 to 0 SDS), ranked according to height SDS

Pa-
tient

Sex Birth
weighta

Birth
lengtha

Birth
HCa

Age
years

Heighta HCa BMIa Paternal
heighta

Maternal
heighta

Height 
cTHa

GH 
max
�g/l

IGF-Ia IGFBP-3a Clinical
features

�HSDS 
(GH 
dose)

DD M –2.2 –2.6 – 5.16 –5.2 –1.6 –1.1 –2.2 –3.6 –3.1 – –1.3 –0.4 – 0.3 (1.3)
BrKa F –1.7 –2.7 –1.1 0.87 –4.0 –1.6 –1.0 –1.5 –0.4 –3.3 12 –0.1 –2.0 – 1.1 (1.0)
LR F –1.1 –1.1 2.3 3.38 –3.7 –0.8 0.4 –2.4 –1.7 –2.2 7.3 –1.5 0.4 – no R
JK F –1.8 –2.4 – 6.43 –3.4 –1.8 –0.4 –0.5 –1.7 –2.6 – –1.0 –1.5 – 0.7 (1.0)
MVb M –0.9 –0.5 –0.3 4.07 –3.3 –0.7 –0.1 –2.6 –3.5 –1.1 24 –1.6 –2.6 SH/H +2.4 SDS 1.0 (1.0)
BrKo M –0.3 –1.3 –0.6 8.14 –3.2 –0.6 –0.5 –0.3 –0.9 –2.8 13.7 –1.0 0.1 – no R
GA M 0.0 0.5 –0.2 6.60 –3.1 –0.1 –1.4 –1.7 –1.2 –2.1 23.7 –1.9 –0.7 – 1.1 (1.1)
NK M –0.5 –1.2 0.3 4.83 –3.0 –1.0 –0.1 –1.8 0.0 –2.4 48.3 0.1 0.9 dev delay no R
MH M –1.2 –2.6 – 8.19 –2.8 –0.3 –1.1 –0.2 –2.3 –1.9 18.7 –1.7 –0.7 – 1.1 (1.0)
SH M 1.6 0.1 0.2 4.97 –2.7 0.6 –0.8 –1.4 0.1 –2.2 28 –1.9 –1.5 dev delay no R
RK M –1.0 0.7 – 6.80 –2.6 –0.5 0.3 –2.8 –1.0 –1.3 16.7 –1.6 –2.0 – no R
VOc M –1.6 –2.0 –0.4 13.38 –2.6 –1.2 –2.1 –0.1 –2.3 –1.7 48.7 –1.2 –0.3 – 0.5 (1.5)
NVb F –1.3 –1.7 –1.2 3.45 –2.5 –0.4 –0.2 –2.6 –3.5 –0.3 40.3 –0.7 –2.1 – 0.1 (0.7)
GY F –2.3 –1.4 –0.1 4.41 –2.5 0.0 0.2 –0.6 –2.9 –1.2 48.3 –1.1 –0.4 frontal bossing no R
MM M –3.2 –4.1 –1.8 5.92 –2.4 –2.0 –1.1 –0.5 –0.8 –1.9 50 –0.4 0.8 hypospadia no R
TOc M –2.9 –2.0 –2.1 13.38 –2.4 –1.7 –1.9 –0.1 –2.3 –1.5 41.7 –1.5 –0.7 – 0.4 (1.5)
WD M 0.1 –0.8 0.4 4.11 –2.4 –0.3 –0.5 –1.5 –4.3 –0.3 14.7 –1.9 –1.1 – no R
JO M 0.0 –0.5 –0.9 9.42 –2.2 –0.2 –0.2 –1.6 –1.2 –1.2 11 –0.7 –1.4 – no R
JR M –0.9 –2.4 – 4.84 –2.2 –1.4 –1.4 –0.3 –1.6 –1.5 29.3 –0.8 1.9 – no R?
BaKo M 0.4 0.5 0.2 4.12 –1.9 –1.7 –1.2 0.4 –0.6 –1.8 40.7 –0.8 –0.9 – no R
KBr M –2.5 –2.2 –1.2 4.98 –1.9 –0.7 –2.1 –0.5 –1.5 –1.2 27.7 –0.9 –0.5 – no R
Mean 16M/5F –1.1 –1.0 –0.4 6.1 –2.9 –0.9 –0.8 –1.2 –1.8 –1.8 28.7 –1.1 –0.7 – –

HC = Head circumference; cTH = conditional target height; GH max = maximum GH peak after provocation. �HSDS (GH dose) = response to growth 
hormone treatment, expressed as change in height SDS; GH dose = GH dose (mg) per m2 body surface per day; no R = no treatment; SH/H = sitting 
height/height ratio; dev delay = developmental delay.

a All auxological data and serum IGF-I and IGFBP-3 are expressed as standard deviation score (SDS). b Siblings. c Twin brothers.
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  Genetic Findings 
 Group 1 
 Five out of 9 patients exhibited one or more variants in 

direct sequencing of genes known to be involved in the 
regulation of growth or in the whole-genome SNP array 
analysis ( table 5 ). These findings are described in detail 
below.

  The 2 brothers (RZ and IZ) both showed abdominal 
obesity, a high-pitched voice, mid-face hypoplasia, and 
frontal bossing, and the biochemical picture of complete 
GH insensitivity ( tables 1 ,  4 ). They shared a heterozygous 
unclassified variant (UV) in  STAT5B  (p.Glu315Ala) 
which was not inherited from their mother (unfortunate-
ly, no DNA was available from their father). RZ was 0.9 

Table 4.  Results of the GH dose escalation IGF-I generation test (according to Walenkamp and Wit [21])

Pa-
tient

Age
years

Low dose (0.7 mg/m2/day ! 7) Intermediate dose (1.4 mg/m2/day ! 7) H igh dose (2.8 mg/m2/day ! 7)

IGF-I SDS IGFBP-3 SDS IGF-I SDS IGFBP-3 SDS IGF-I SD S IGFBP-3 SDS

0 7 0 7 0 7 0 7 0 7 0 7

IR 12.2 –3.4 –2.6 –4.3 –3.0 –3.0 –2.7 –3.8 –3.1 –2.7 –1.4 –3.3 –3.1
RZ 4.6 <–3.4 <–3.4 –3.1 –2.6 <–3.4 <–3.4 –1.8 –1.8 <–3.5 <–3.5 –2.2 –2.6
ER 7.3 –1.7 –1.7 –0.1 –0.1 –2.0 0.5 +0.3 +0.9 – – – –
IZ 7.4 –4.2 –4.3 –2.9 –2.9 –3.9 –4.5 –2.4 –2.7 –3.8 –3.4 –2.4 –2.7
CH 5.2 –3.0 –2.3 –3.0 –2.3 –3.4 –1.7 –3.2 –2.4 –2.7 –1.6 –2.3 –1.7
JH 7.3 –3.9 –2.5 –2.6 –0.1 – – – – – – – –
JB 5.4 <–3.0 –2.4 –2.5 –1.5 <–3.0 –2.1 –3.5 –1.2 <–3.1 –1.6 –2.6 –0.7
KB 7.0 –3.3 –0.9 –0.5 +1.2 – – – – – – – –
JT 4.5 –2.5 –2.9 –3.0 –2.5 –3.1 –1.6 –4.3 –1.1 – – – –
MV 4.9 –2.1 –2.4 +0.8 –3.4 –3.0 –0.4 –1.5 –2.5 – – – –
NV 11.3 –1.4 –0.4 – – – – – – – – – –

 0  = Measurement at start (day 0); 7 = Measurement after 7 injections (day 7).

Table 5.  Genetic findings in group 1

Patient GH1 GHR STAT5B IGFALS SNP array

RZa het UV c.944A>C
p.Glu315Ala

het UV c.1642C>T
p.Arg548Trp

arr Xq25 (SNP_A-2190162]SNP_A-2154195)!0 mat,
containing 1 gene (WDR40C)

BV het POL
c.266+22G>T

het UV c.860C>T
p.Pro287Leu

IZa het UV c.944A>C
p.Glu315Ala

CH het UV c.1492G>A
p.Val498Met

het UV c.1133C>T
p.Pro378Leu

AL arr 2q24.3q31.1 (SNP_A-1903408]SNP_A-1965788)!3 mat, 
2q31.1 (SNP_A-2147815]SNP_A-2193545)!3 mat,
containing 6 and 2 genes, respectivelyb

h et = Heterozygous; UV = unclassified variant; mat = maternal; POL = polymorphism.
a Brothers. b The most proximal duplication contains 6 protein coding genes: NOSTRIN, SPC25, G6PC2, ABCB11, DHRS9 and LRP2. 

The most distal duplication contains two protein coding genes: DYNC1I2 and SLC25A12.
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SD shorter than his brother, and has two additional ge-
netic variants. His shorter stature may be caused by the 
UV in  IGFALS  (p.Arg548Trp) rather than by the intersti-
tial deletion (maximally 272.5 kb) in Xq25 containing 
one gene  (WDR40C) . This is supported by both the lower 
150 kDa ternary complex peak ( fig. 1 b) and serum ALS 
level (–1.2 SDS) in RZ when compared with the results for 
IZ (serum ALS: 1.1 SDS) ( fig.  1 c). Addition of purified 
hIGFBP-3 (2.0  � g) per ml serum of RZ restored 150 kDa 
complex formation efficiently, i.e. it became comparable 
to the pattern found when the same amount of IGFBP-3 
was added to 1 ml serum from IZ ( fig. 1 c) or a normal 
control ( fig. 1 a). This result would suggest that patient’s 
ALS should be capable of effective 150 kDa complex for-
mation at a higher level of IGFBP-3. Possibly, RZ’s variant 
 IGFALS  has a reduced affinity for IGF-IGFBP-3 complex-

es, which only becomes manifest at his relatively low en-
dogenous level of serum IGFBP-3.

  A boy with clinical features suggestive of a  STAT5B  
defect (CH), including severe constitutional eczema from 
infancy, borderline elevated serum prolactin, low serum 
immunoglobulins, and a very low IgG antibody response 
to hemophilus B vaccination at 6 months of age, showed 
heterozygous UVs in  STAT5B  (p.Val498Met, maternally 
transmitted) and  IGFALS  (p.Pro378Leu, paternally trans-
mitted). The  STAT5B  missense mutation is located in 
exon 13 and affects a highly conserved nucleotide and 
amino acid. In reconstitution studies, homozygous ex-
pression of the mutant  STAT5B  was lower than the wild-
type gene ( fig. 2 ). However, immunologically equivalent 
amounts of the mutant STAT5b protein could still be 
phosphorylated by the GH-GHR signaling pathway 
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  Fig. 1.  S200 gel filtration column chromatography.  a  Representa-
tive column profile for normal adult serum.  b  Serum RZ.  c  Serum 
IZ. Solid line: without addition; dotted line: addition of purified 
hIGFBP-3 (2.0  � g/ml serum). 
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( fig. 2 a) and was able to induce transcriptional activities 
comparable to that of wild-type STAT5b ( fig. 2 b).

  The  IGFALS  variant appears to lead to a partial ALS 
deficiency, since serum ALS was –1.8 SDS and column 
chromatography showed a pattern consistent with a het-
erozygous  IGFALS  defect ( fig.  3 ). This variant has not 
been found in previous studies, nor in controls. PolyPhen 
2  [34]  predicts that the  IGFALS  variant could be patho-
genic (HumDiv 0.999 score; HumVar 0.985 score). How-
ever, addition of purified hIGFBP-3 (2.0  � g/ml) to pa-
tient’s serum led to increased 150 kDa complex formation 
(data not shown), and became similar to that observed in 
normal serum ( fig.  1 a). It remains to be determined 
whether the heterozygous  STAT5B  p.Val498Met mutation 
by itself, or synergistically with the heterozygous  IGFALS  
mutation, is the cause of patient’s severe short stature and 
his low serum IGF-I level.

  AL had two different interstitial duplications in the 
long arm of chromosome 2, which have not been de-
scribed in the normal population. No association with 
height is known for any of these genes. However, her 
mother, who was also short ( table 1 ) also carried both du-
plications, suggesting a functional role of one or both of 
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  Fig. 2.  Reconstitution studies of the heterozygous  STAT5B 
p.V498M  mutation identified in CH. Reconstitution studies were 
performed in HEK293(hGHR). To compare immunologically 
equivalent amounts of FLAG-tagged STAT5b protein, loading of 
cell lysates from cells transfected with F-V498M was twice that

of cells transfected with wild-type F-STAT5b or with vec -
tor, pcDNA3.1.  a  Western immunoblot analyses of GH-induced 
STAT5b tyrosine phosphorylation (pY-STAT5). Primary antibod-
ies are indicated on the left side of panels.  b  GH-induced luciferase 
reporter activities. 
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these duplications. AL responded very well to a regular 
dose of GH ( table 1 ).

  It is uncertain to which extent the heterozygous UV in 
 IGFALS  (p.Pro287Leu) and the polymorphism in the 
 GHR  contributed to the severely short stature and low se-
rum IGF-I level of BV. This  IGFALS  variant has been con-
sidered to represent a SNP with low abundance (MAF = 
0.0053), in silico analysis predicted it to be benign, and 
serum IGFBP-3 level was within the normal range, all 
suggestive for a neutral variant. However, this UV has 
been found previously in patients with ISS  [35] , and in 
vitro expression of the mutant p.Pro287Leu ALS protein 

resulted in increased trans-Golgi co-localization, sug-
gesting impaired trafficking  [36] . BV’s brother who has 
comparable short stature (height SDS –5.5) carries the 
same  GHR  and  IGFALS  variants, in addition to two 
 IGFALS  polymorphisms (c.1566G 1 A, p.Thr522Thr and 
c.1386C 1 T, p.Tyr462Tyr).

  Group 2 
 In 2 out of 6 patients, DNA variants could be detected 

( table 6 ), described in detail below.
  In JB, the low serum levels of IGF-I and IGFBP-3 

would suggest ALS deficiency. Indeed, the concentra-

Table 6.  Genetic findings in groups 2 and 3

Patient GH1 GHR STAT5B IGFALS SNP array

Group 2
JB het POL c.1386C>T,

p.Tyr462Tyr (pat)
KB het POL

c.10+52A>G,
c.10+56A>T (mat)

Group 3
DD arr3p12.3 (SNP_A-2129422]

SNP_A-2233269)!3. Not of mat ori-
gin. pat DNA n.a. containing part of 
ROBO2

BrKa het UV in 5� UTR
c.56–30A>T (mat)

LR het UV c.1319G>T, 
p.Cys440Phe (mat)

JK arr15q24.2q24.3 (SNP_A-4204149]
SNP_A-4240707)!3 mat containing 
C15orf27, ETFA, ISL2 and SCAPER

MVa het POL c.558A>G, 
p.Gly186Gly

NVa arr16q12.1 (SNP_A-2104022]
SNP_A-1828829)!3 mat containing 
CBLN1, AC0076.14.7, C16orf78 and 
ZNF423 

MM het POL
c.682-117C>T

arr1q25.1 (SNP_A-1800278]
SNP_A-4225405)!1 mat containing 
ZBTB37, SERPINC1, RC3H1 and
RABGAPIL

JO het UV c.860C>T,
p.Pro287Leu (mat) and
het POL c.1386C>T,
p.Tyr462Tyr

h et = Heterozygous; UV = unclassified variant; mat = maternal; pat = paternal; 5� UTR = 5� untranslated region.
a Siblings.
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tion of ALS in serum was low (–2.4 SDS) and 150 kDa 
ternary complex formation reduced, as assessed by
column chromatography, being consistent with partial 
 IGFALS  deficiency ( fig. 4 a). As in cases RZ and CH, the 
profile normalized after adding excess purified 
hIGFBP-3 (2.0  � g/ml) (data not shown). Also on GH 
treatment the column profile normalized ( fig. 4 a) as well 
as serum ALS (0.8 SDS), and the growth response was 
excellent ( table  2 ). However, direct sequencing of
 IGFALS  only showed a c.1386C 1 T, p.Tyr462Tyr poly-
morphism transmitted from his normal statured father, 
that has been encountered in 18.0% of ISS subjects and 
14.8% of normal children  [35] . Serum levels of IGF-I, 
IGFBP-3 and ALS in carriers for this SNP do not differ 
from those in non-carriers, both in ISS and normal chil-
dren [Domené, pers. commun.]. We then performed col-
umn chromatography in both parents ( fig. 4 b) and mea-
sured serum ALS. Serum of the relatively short mother 
(height –1.5 SDS) showed a reduced 150 kDa ternary 
complex, although serum ALS was normal (0 SDS). The 
father (with a height of 0.5 SDS) had a normal profile and 
a high serum ALS (+2.6 SDS). Although we have no good 
explanation for these findings, they are suggestive of the 
presence of an ALS abnormality that cannot be discov-
ered by sequencing of the coding domains of the gene. 
Both for the patient and his mother, the addition of 
hIGFBP-3 to their serum led to a substantial increase in 
150 kDa complex formation, to the same extent as en-
countered for normal serum ( fig. 1 a), suggesting only a 

partial decrease of  IGFALS  affinity for IGF-IGFBP-3 bi-
nary complexes.

  KB had several characteristics of a bioinactive GH 
molecule, such as short stature, a very low serum IGF-I 
level that increased sufficiently after a low dose of GH in 
an IGF-I generation test, and a very high GH peak after 
provocation. However, curiously the  GH1  variant found 
in intron 1 originated from KB’s mother, who had a nor-
mal height (+0.4 SDS). His short father (height SDS –2.6) 
had a normal serum IGF-I and IGFBP-3. KB’s growth rate 
increased moderately on GH treatment (1 mg/m 2 , started 
at 7.2 years) and serum IGF-I normalized as well (+0.6 
SDS after 1 year), supporting the possibility that his en-
dogenous GH is not biologically active.

  Group 3 
 In 8 out of 21 patients, DNA variants were detected 

( table 6 ), but in all cases the pathogenic relevance remains 
uncertain, as outlined below.

  Out of the 4 copy number variations (CNVs) found 
with SNP array analysis, the 1.4-Mb duplication detected 
in DD, containing part of ROBO2, a non-coding RNA 
(ncRNA) and a microRNA (miRNA), may suggest an as-
sociation with short stature. DD was born SGA, remained 
extremely short and microcephalic, and has short parents 
( table 3 ). His mother does not carry the variant, but his 
younger brother with a similar growth curve (most recent 
height –4.3 SDS) carries the same duplication. Unfortu-
nately, no DNA from his father is available. The duplica-
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  Fig. 4.  S200 gel filtration column chromatography.    a  Column profile of JB before GH treatment (solid line) and 
after 4 years of GH treatment (dotted line).  b  Column profile of mother (solid line) and father (dotted line).   
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tion has not been described as a genomic variation in the 
available databases, however overlapping duplications 
have been found in two other families investigated in our 
laboratory. The index patients of these families had short 
stature, but further analysis of the family showed that the 
duplication was inherited from a parent with normal stat-
ure.

  MM had normal serum levels of IGF-I and IGFBP-3, 
but a very high serum GH peak level after provocation, 
suggesting either a defect of the IGF-I receptor  (IGF1R) , a 
post-receptor defect, or an  IGF1  defect. No abnormalities 
could be found in the  IGF1R  nor  IGF1 , but a small inter-
stitial deletion was detected in chromosome 1q, contain-
ing 4 genes ( table 6 ). His mother with a normal height 
(–0.8 SDS) carried the same deletion. The CNVs detected 
in MM and the other 2 cases (JK and NV) have not been 
associated previously with short stature, and, as far as 
known, no clear candidate genes are present in the de-
leted or duplicated regions.

  Two patients showed UVs in  IGFALS  (BrKa and JO), 
but in both cases it is unlikely that the clinical and bio-
chemical features can be explained due to these muta-
tions. In BrKa the UV in the 5 �  UTR of  IGFALS  was in-
herited from her normal statured mother (height SDS 
–0.4). During GH treatment there was an excellent growth 
response ( table 3 ), an elevated level of serum ALS (+2.7 
SDS), and normal 150 kDa ternary complex formation. In 
JO, two variants were found in  IGFALS , although serum 
ALS was 0.2 SDS and most of  125 I-IGF-I migrated in the 
150 kDa ternary complex peak, after column chromatog-
raphy. Moreover, as explained in the case of BV, it is un-
certain whether the p.Pro287Leu variant leads to patho-
genic effects. The p.Tyr462Tyr is considered to represent 
a polymorphism.

  RK ( table 3 ) had biochemical characteristics of partial 
ALS deficiency (a lower serum IGFBP-3 level than serum 
IGF-I, a column chromatography pattern typical for par-
tial ALS deficiency, and a serum ALS value of –1.1 SDS), 
but mutation screening and MLPA did not show any
 IGFALS  variant.

  LR inherited an UV of the  GHR  from her mother with 
a height of –1.7 SDS, which makes it unlikely that this 
variant by itself had caused severe GH insensitivity in this 
patient. The  GHR  variant in MV represents a synony-
mous polymorphism.

  Polymorphisms 
 Within the whole cohort of ISS subjects investigated, 

the frequency of the known polymorphism in  GHR  (a de-
letion of exon 3, d3) was 50% full length, 34% heterozy-

gous for d3, and 16% homozygous d3/d3. Two known 
polymorphisms of  IGF1  were found in 3 cases (exon 2: 
c.64–23A 1 C in 1 case, exon 3: c.221–164G 1 A in the oth-
er 2 cases). 

 Discussion 

 In our group 1 (9 patients with severe short stature 
(height SDS  ! –2.5) and decreased serum IGF-I), 5 were 
found to carry a gene variant. In 3 of them (RZ, IZ and 
CH), heterozygous mutations of  STAT5B  appeared to be 
involved in the observed GH insensitivity. In 2 other pa-
tients the associations between the respective genetic 
variants in  IGFALS  and short stature remains uncertain. 
Thus, according to the previously proposed clinical algo-
rithm  [11] , the yield in terms of established diagnoses was 
3/9, i.e. 33%. By contrast, the association between the ge-
netic variants observed in groups 2 and 3 with the clinical 
and biochemical features remained uncertain.

  With respect to the two novel heterozygous  STAT5B  
variants, for which in silico analysis suggested pathoge-
nicity, we first speculated that these mutations could ex-
ert dominant negative effects. However, so far we have 
not been able to confirm this. Alternatively, mutations 
may exist in non-coding regions of the  STAT5B  gene (e.g. 
the promoter) in the other allele, resulting in a compound 
heterozygous defect, or in unidentified genes involved in 
its regulation of expression. Another interesting novel 
observation is that several patients show a combination 
of variants in two genes that are known to be involved in 
the regulation of growth, for example, the  STAT5B  and 
 IGFALS  variants in CH and RZ. We hypothesize that, 
similar to the finding of a high percentage of abnormali-
ties of oligogenic origin in hypogonadotropic hypogo-
nadism  [19] , GH insensitivity may be of digenic, oligo-
genic or polygenic origin.

  Although we found three  GHR  variants, the only one 
for which the association with GH resistance cannot be 
excluded is the c.1319G 1 T, p.Cys440Phe mutation. How-
ever, the maternal transmission (maternal height –1.7 
SDS) makes its pathogenicity doubtful, which is in line 
with previous publications on this variant (in older no-
menclature termed p.Cys422Phe), showing no difference 
in signaling in vitro, when compared with controls [re-
viewed in  37 ].

  It is also unlikely that the variant in  GH1  exerts a 
pathogenic effect in KB, since the  GH1  variant was inher-
ited from the normal statured mother, and the response 
to long-term GH treatment was only moderate. We have 
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not been able to test for  GHSR  variants, but the prevalence 
of abnormalities in this gene appears to be low  [6, 38–40] .

  The biological significance of the heterozygous vari-
ants in  IGFALS  observed in 6 patients within the whole 
cohort of ISS subjects remains uncertain. In previous 
studies, we showed that heterozygosity for dysfunctional 
 IGFALS  mutations may lead to approximately a 1 SD 
height loss  [15–17] . In contrast to his brother IZ, RZ had 
an additional p.Arg548Trp  IGFALS  variant besides the 
 STAT5B  variant which both brothers carried. The differ-
ences between the 2 brothers with respect to height SDS 
(i.e. 0.9 SD), serum ALS levels, and the relative size of the 
150 kDa peak after column chromatography, is consistent 
with an additional effect of the heterozygous  IGFALS  
variant in RZ. Possibly, this variant decreases the affinity 
of  IGFALS , since in the presence of a high concentration 
of IGFBP-3, 150 kDa complex formation increased sub-
stantially. The p.Arg548Trp  IGFALS  variant is described 
as a SNP in several databases, and has been encountered 
previously in 2 ISS children as well as in 2 normal control 
children [Domené, pers. commun.] However, in silico 
analysis by PolyPhen predicts a damaging effect, and pre-
liminary in vitro studies on the expression of the p.Arg-
548Trp ALS mutant protein indicate an increased trans-
Golgi co-localization and a reduction in ALS secretion 
 [36] . The 2 ISS children carrying this heterozygous vari-
ant had serum levels of IGF-I, IGFBP-3 and ALS all below 
–2.0 SDS. On the other hand, 2 normally statured chil-
dren carrying this same heterozygous variant showed cir-
culating levels of IGF-I, IGFBP-3 and ALS within the re-
spective normal ranges [Domené, pers. commun.]. The 
p.Pro378Leu  IGFALS  variant in combination with the 
 STAT5B  variant in CH may have contributed to his severe 
short stature and GH insensitivity. The role of the p.Pro-
287Leu  IGFALS  variant that we found in 2 other patients 
is less clear. In BV it is unlikely that this is the cause of the 
severe short stature, whereas in JO the column profile did 
not point to ALS deficiency.

  An interesting observation was a low or low-normal 
serum ALS level and reduced 150 kDa ternary complex 
formation in 2 children (JB and RK) with a phenotype 
and biochemical features suggestive for a heterozygous 
 IGFALS  defect. Nonetheless,  IGFALS  sequencing only 
showed a common (neutral) synonymous SNP and the 
WT sequence of nucleotides, respectively. This suggests 
that there may be abnormalities of ALS secretion that are 
not caused by exonic variants. In 1 of them (JB), serum 
ALS and the 150 kDa ternary complex formation normal-
ized on GH treatment, as well as in vitro after addition of 
exogenous hIGFBP-3. With respect to the genetic finding 

in patient BrKa, there is no reported  cis -element in the 
5 � -UTR promoter region of the  IGFALS  gene affected by 
the variant (c.56–30A 1 T)  [41, 42] .

  Our data show that the GH dose-escalating IGF-I gen-
eration test has some diagnostic value by allowing dis-
crimination between severe GH insensitivity, as in the 
cases with  STAT5B  variants, and reduced bioactivity of 
endogenous GH. However, the predictive value of this test 
for the efficacy of GH treatment is low, since almost all 
patients who were treated with GH showed an adequate 
growth response, independent of the results of the IGF-I 
generation test. It must be emphasized, however, that 
some of them received supraphysiologic doses of GH. 
Further studies on alternative regimens of the test includ-
ing a larger number of patients are needed before defini-
tive conclusions about its value in the diagnostic workup 
of patients with IGF-I deficiency can be reached.

  Besides the variants in known genes involved in 
growth disorders, we found novel CNVs in 6 short chil-
dren. It is possible that in some of these patients the CNVs 
are associated with the phenotype, but in none of these 
CNVs clear candidate genes were involved. This finding 
is concurrent with a recent report on an increased burden 
of lower-frequency deletions in children with short stat-
ure  [43] . With the accumulation of CNV data on many 
more patients into the databases, novel gene defects may 
be discovered that play a role in IGF-I generation and 
growth.

  In conclusion, the diagnostic yield of genetic testing in 
children with severe short stature (height  ! –2.5) and low 
serum IGF-I is approximately 30%, which appears suffi-
cient to advise genetic assessment of the genes that are 
currently known to be associated with GH insensitivity. 
We have presented evidence that heterozygous  STAT5B  
mutations may be associated with GH insensitivity. In at 
least two cases we found evidence for a digenic origin of 
short stature. In children with less severe short stature 
and/or modestly decreased serum IGF-I levels, the likeli-
hood of finding variants in these genes is much lower, 
suggesting that other, as yet unknown, genes play a role.
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