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Context: Primary GH insensitivity (GHI) or Laron syndrome, caused
by mutations of the GH receptor (GHR) gene, has a clinical phenotype
of postnatal growth failure associated with normal elevated serum
concentrations of GH and low serum levels of IGF-I.

Objective: We investigated the clinical and biochemical implications
of molecular defects in the GHR gene in an Austrian family with two
daughters who were GHI.

Patients: Patient 1 [height, �4.8 SD score (SDS)] and patient 2
(height, �5.0 SDS) had elevated circulating levels of GH, low-normal
levels of GH-binding protein, and abnormally low IGF-I (�5.0 SDS
and �2.6 SDS, respectively) and IGF-binding protein-3 (�2.6 SDS
and �2.0 SDS, respectively).

Results: Both patients carry novel compound, missense, heterozy-
gous GHR mutations, C94S and H150Q. In vitro reconstitution ex-

periments demonstrated that whereas each of the mutants could be
stably expressed, GHR(C94S) lost its affinity for GH and could neither
activate signal transducer and activator of transcription (STAT)-5b
nor drive STAT5b-dependent gene transcription in response to GH
(1–100 ng/ml). GHR(H150Q) showed normal affinity for GH but im-
paired capacity for signal transduction. The compound heterozygote
and C94S heterozygote, but not the H150Q heterozygote, showed
significant deficiency in activating GH-induced gene expression, cor-
roborating diminished GH-induced STAT5b activation in fibroblasts
carrying GHR(C94S) as either a compound heterozygote (in the pa-
tients) or a simple heterozygote (in one parent).

Conclusions: Each of the compound heterozygous mutations con-
tributed additively to the pathological condition seen in the patients,
and the more detrimental of the two mutations, C94S, may cause
(partial) primary GHI, even in a heterozygous state. (J Clin Endo-
crinol Metab 92: 2223–2231, 2007)

PRIMARY GH INSENSITIVITY (GHI), characterized by
postnatal growth retardation, is a pathological condi-

tion associated with normal-elevated serum concentrations
of GH and low serum levels of IGF-I (reviewed recently in
Ref. 1). The clinical phenotypes seen in primary GHI patients
have been attributed to a range of genetic defects along the
GH-IGF axis, including GH receptors (GHRs) (2), the pos-
treceptor components in the GH signal transduction path-
way [such as signal transducer and activator of transcription
(STAT)-5b] (3, 4), and the IGF-I gene (5).

The pleiotropic cellular actions of GH are mediated

through its cell surface receptor, GHR. Upon GH binding,
GHR activates cytosolic Janus kinase 2, which in turn acti-
vates multiple cytosolic proteins, including STAT proteins,
as well as multiple adaptor proteins leading to activation of
the phosphatidylinositol 3-kinase and the MAPK signaling
pathways. The activated, tyrosine-phosphorylated STAT
proteins homo- or heterodimerize and translocate into the
nucleus to function as transcription factors, among which,
STAT5b, in particular, activates the transcription of the IGF-I
gene in human (3, 4).

The human GHR, the product of a single gene with 10
exons, is a glycosylated protein comprising 620 amino acid
residues in its mature form. The GHR protein can be divided
into the extracellular domain (encoded by exons 2–7), the
single transmembrane domain (encoded by exon 8), and the
intracellular domain (encoded by exons 9 and 10). The ex-
tracellular domain of the GHR also contains two functional
subdomains, subdomain 1, with residues 1–123 (exons 2–5)
involved in GH-GHR interaction, and subdomain 2, with
residues 128–246, involved in receptor dimerization and GH-
induced rotation (6, 7). In addition, a soluble, proteolytic
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form of the GHR, corresponding to the extracellular domain,
circulates as the GH binding protein (GHBP), and provides
a convenient means of assessing the affinity of mutant GHRs
for GH.

Defects in GHR protein resulting from abnormalities of the
GHR gene have been shown to result in the clinical phenotypes
of classical GHI or Laron syndrome (8, 9). To date, more than
60 different gene defects, almost all recessively inherited, have
been identified, including gene deletions, missense, or nonsense
mutations, splice-site mutations, and insertions or deletions (1,
2, 10). The majority of these genetic aberrancies, mostly in their
homozygous forms, occur in the region encoding the extracel-
lular domain of the receptor. Unlike homozygous mutations,
contributions of heterozygous GHR mutations to GHI are less
well defined (11–15). Several compound heterozygous muta-
tions have been reported to be associated with GHI but have
mostly involved nonsense mutations in at least one allele (5, 12,
15–18) (Table 1).

We report two female patients with primary GHI from a
nonconsanguineous Austrian family. The older of the two pa-
tients responded poorly to GH therapy, and subsequent treat-
ment with recombinant human IGF-I for 3 yr moderately ac-
celerated her growth. Genetic analysis revealed two novel
compound heterozygous missense mutations, in exons 5 and 6
of the GHR gene, in both patients, and parents were shown to
be heterozygous for the mutant alleles. Functional analyses
further delineated the effects of the mutations on GH-induced
signal transduction and gene expression, thus providing patho-
physiological insights into how heterozygous mutations, both
simple and compound, may affect GH sensitivity.

Subjects and Methods
Case reports

Patient 1, the fourth child born to nonrelated parents of Austrian
origin (Caucasian, from different regions), was normal for birth weight
(3100 g) and birth length (47.5 cm). First presenting at 5 yr of age, she
had a height of 90.3 cm [�4.8 sd score (SDS), based on Austrian stan-
dards], a body weight of 12.6 kg (50th percentile for height), and a
delayed bone age (2.5 yr). She had normal hair, mild midfacial hyp-
oplasia, a depressed nasal bridge, moderate frontal bossing, and small
hands. No high-pitched voice or hypoglycemic episode was observed.
Her plasma GH concentration was 39.1 ng/ml at baseline and greater
than 50 ng/ml after stimulation with arginine or insulin. The patient’s
serum GHBP concentration was 383 pmol/liter (normal range 431-1892).
Her serum levels of IGF-I (20 ng/ml, �5.0 SDS) and IGF binding protein
(IGFBP)-3 (1720 ng/ml, �2.6 SDS) were markedly low. In addition, her
serum IGF-I level failed to increase after an IGF generation test [human
(h) GH 0.03 mg/kg daily for 4 d], and she did not respond to a 3-month
trial of GH treatment (0.05 mg/kg�d). IGF-I therapy (80 �g/kg twice

daily sc) was initiated at age 6.5 yr (19). Her height velocity increased
from �3.0 SDS before treatment to �1.1 SDS (first year), �1.4 SDS
(second year), and �0.2 SDS (third year). Her height increased from �4.9
SDS to �3.8 SDS, and her body mass index was 13.9 kg/m2 before and
14.7 kg/m2 after the 3 yr of IGF-I therapy.

The second affected sibling was born by cesarean section after an
uneventful pregnancy at 38 wk of gestation. Her birth length (50 cm) and
weight (2950 g) were normal. At 1.8 yr, her height was 71.8 cm (�5.0
SDS), with a delayed bone age of 1.2 yr. She had no conspicuous features
of Laron syndrome. Like patient 1, she had an elevated basal GH level
(58 ng/ml) and low GHBP (208 pmol/liter), IGF-I (20 ng/ml, �2.6 SDS),
and IGFBP-3 concentrations (1540 ng/ml, �2.0 SDS).

The heights of the other family members of the patients were all in
the normal range (Table 2).

Serum assays

Serum assays (performed in Portland, OR) were by means of immu-
noradiometric assays for IGFBP-3 and ELISAs for IGF-I and GHBP
(Diagnostic Systems Laboratories, Webster, TX).

For the results from Austria, IGF-I was determined by a RIA devel-
oped in the laboratory of one of the investigators (H.F.). Serum samples
were extracted by acid-ethanol and diluted 1:20 before assay. IGFBP-3
level was analyzed by commercially available kits (Mediagnost, Tü-
bingen, Germany). Serum hGH was determined by an immunoradio-
metric assay, using two monoclonal antibodies, one of which is labeled
with I125 (Bioclone, Sydney, Australia).

Cell culture

Primary fibroblast cultures were established from skin biopsies taken
from patient 1 and her father and mother, with consent and in compli-
ance with the institutional review boards of both Oregon Health and
Sciences University and the Department of Pediatrics, Medical Univer-
sity of Vienna (Vienna, Austria). Establishment of normal human dermal
fibroblasts have been described previously (3). The fibroblasts, as well
as HEK293 cells, were maintained in DMEM (Cellgrow; Mediatech,
Herndon, VA) supplemented with 10% fetal bovine serum (Invitrogen
Life Technologies, Inc., Grand Island, NY) at 37 C in 5% CO2.

Genomic DNA and cDNA

Genomic DNA from either whole blood or primary fibroblast cultures
was obtained with the Puregene DNA purification kit (Gentra Systems,
Minneapolis, MN). The intronic primers for PCR amplification were:
GHR exon 5, forward, GHRx5f (intron 4), 5�-cggcctcgtagcagtcgtca-3�,
reverse, GHRx5r (intron 5), 5�-cccctgcccttttcctcttgtt-3�; and exon 6, for-
ward, GHRx6f (intron 5), 5�-tggtcttctgagaagaatgccttccatta-3�, reverse,
GHRx6r (intron 6), 5�-gcatacagcatgaacatgtggtattaggtcaaa-3�. Primer
GHRx5f and GHRx6f were also used for sequencing. The primers for
amplifying other exons are available on request. Genotyping of GHR
exon 3 was performed as described previously (20).

Total RNA from primary fibroblast cells was extracted with the
RNeasy purification kit (QIAGEN, Valencia, CA), and cDNA from 1 �g
total RNA was synthesized with first-strand cDNA synthesis system
(Marligen Inc., Ijamsville, MD).

TABLE 1. Reported GHI cases with compound heterozygous GHR mutations

No. Sex, age (yr) Height (SDS) GHBP
(pmol/liter) IGF-I (ng/ml) IGFBP-3 (ng/ml) Mutations Functional

studies Ref.

1 Male, 8.7 �2.9 (�2.8 SDS) (�4.2 SDS) N/A E44K/R161C No 12
2 Female, 9.1 �8.0 �15.6 �4 300–340 E224X/981del (330X) No 16
3 11a �6.43 0 N/A �9.1 SDS R43X/V144D No 13
4 Male, 5.0 �6 �15.6 �10 477 Y208C/D244N No 17
5 Male, 2.8 �4 0 �20 486 Y208C/D244N No 17
6 Male, 0.5 �5.5 0 �5 �300 W16X/C38X No 15
7 Female, 17 �5.28 218 (�2.6 SDS) 94 (�2.6 SDS) 1500 (�3.5 SDS) C83X/1776del-581X Yes 18
8 Female, 5 �4.8 383 20 (�5.0 SDS) 1720 (�2.6 SDS) C94S/H150Q Yes This study
9 Female, 1.8 �5.0 208 20 (�2.6 SDS) 1540 (�2.0 SDS) C94S/H150Q Yes This study

a Gender not provided.
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Generation of recombinant GHR

To generate exon 3-excluded GHR (GHRd3), the N-terminal part of
the cDNA encoding exon 3-deleted hGHR was PCR amplified (forward
primer, 5�-attggatccggtcctacaggtatggatctct-3�; reverse primer, 5�-ca-
cacgcgtacttcatattccttat-3�), digested with BamHI and MluI restriction
enzymes, and cloned into the full-length GHR (GHRfl) pcDNA1/AMP
expression plasmid (21). GHR carrying C94S or H150Q mutation was
then generated with QuikChange II site-directed mutagenesis kit (Strat-
agene, La Jolla, CA) with either GHRfl or GHRd3 cDNA as template. The
primers for mutagenesis were: C94S, 5�-gctggggaaaacagctcttactttaat-
tcatcg-3� (sense), 5�-cgatgaattaaagtaagagctgttttccccagc-3� (antisense);
H150Q, 5�-gtttaactgggattcaggcagatatccaagtg-3� (sense), 5�-cacttggatatct-
gcctgaatcccagttaaac-3� (antisense). All resulting GHR variants were con-
firmed by sequencing.

Generation of adenovirus expressing Flag-tagged STAT5b

A NotI/HindIII digested fragment containing N-terminal Flag-tagged
human STAT5b cDNA from a pcDNA3.1 expression plasmid (22) was
subcloned into pShuttle transfer plasmid (AdenoVator Vector system;
QBiogen, Carlsbad, CA). Final construction of the adenovirus (Ad-F-
STAT5b) followed the manufacturer’s protocol.

Transfection experiments

HEK293 cells were transfected with vector or vector carrying cDNA
encoding GHR variants as described previously (23). After 24 h trans-
fection, the cells were starved in DMEM supplemented with 0.1% BSA
for 16 h before treatments with hGH (a generous gift from Genentech,
Inc., South San Francisco, CA) as indicated.

Adenovirus infections of primary dermal fibroblasts

Fibroblasts were infected with adenovirus Flag-tagged STAT5b at a
multiplicity of infection of 1000 as described previously (23). After 48 h
of infection, the cells were starved 16 h in DMEM supplemented with
0.1% BSA before GH treatments as indicated, and cell lysates were
collected for Western immunoblot analysis.

GH binding assay by monolayer cells

HEK293 cells transfected with GHR variants were starved overnight
and washed with Hank’s balanced salt solution saline buffer (Hyclone,
Logan, UT) supplemented with 0.1% BSA. The cells were then incubated
with I125-GH (NEX-100; GE Healthcare Bio-Sciences Corp., Piscataway,
NJ) in the presence (specific binding) or absence (total binding) of un-
labeled GH for 3 h at room temperature. The cells were washed three
times with 0.1% BSA-Hank’s balanced salt solution buffer, solubilized
with cell culture lysis buffer (Promega, Madison WI) and the activity of
I125-GH in the lysates counted with a 1470 WIZARD �-counter
(PerkinElmer Life Sciences, Inc., Wallac Oy, Finland).

Western immunoblot analysis and immunoprecipitation

Preparation of cell lysates and subsequent Western blot analyses were
performed as described previously (24). Immunoprecipitations of the
fibroblast lysates with anti-FLAG-M2-agarose beads (Sigma, St. Louis,
MO) were performed following the manufacturer’s protocol. The anti-
bodies used in this study were: rabbit polyclonal IgG against phospho-
Tyr694-STAT5 (dilution 1:1000) from Cell Signaling Technology (Bev-
erly, MA); rabbit polyclonal IgG against hGHR (GHRcyt-AL47) (dilution
1:2000) (25), a generous gift from Dr. Stuart J. Frank (University of
Alabama, Birmingham, AL); mouse monoclonal IgG against STAT5b
(G-2) (dilution 1:1000) from Santa Cruz Biotechnology (Santa Cruz, CA).
Secondary antibodies (antimouse IgG and antirabbit IgG) were obtained
from Amersham-Pharmacia Biotech (Uppsala, Sweden). All immuno-
blot data shown are representative of at least two independent
experiments.

Luciferase reporter assays

Cell lysates from transfected HEK293 cells were analyzed for reporter
activity from an 8 � GHRE(Spi2.1)-pGL2 firefly luciferase construct
(p8 � GHRE-LUC) as previously described (23). Luciferase activities
were measured with a luminometer (Turner Designs, Sunnyvale, CA)
and normalized to total protein concentration.

Results
The GHR gene in the two patients is a C94S/H150Q
compound heterozygote

Sequencing of the GHR gene from genomic DNA obtained
from either whole blood or cultured fibroblasts revealed that
patient 1 carries two novel compound heterozygous mis-
sense mutations: a G to C transversion in exon 5 on one allele
resulted in the change of codon C94 (TGT) into S94 (TCT); a
T to G transversion in exon 6 on the other allele resulted in
a H150 (CAT) to Q150 (CAG) substitution (Fig. 1B). These
mutations were also confirmed at the cDNA level (data not
shown). The same mutations were identified in the genomic
DNA of patient 2 (Fig. 1B). Analysis of the genomic DNA
from the other family members revealed that the father and
one of the siblings (sister 2) were heterozygous for C94S, and
the mother and another sibling (sister 1) were heterozygous
for H150Q (Fig. 1B and Table 2), thus confirming the paternal
origin of the C94S mutation and the maternal origin of the
H150Q mutation.

In addition to the identified missense mutations, we de-
termined whether GHR exon 3 was retained (GHRfl) or ex-

TABLE 2. Clinical and biochemical characteristics of the patients and their family members

Subject Sex,
age (yr)

Height
(cm) (SDS)

GHBP
(pmol/liter)a

IGF-I
(ng/ml) (SDS)b

IGFBP-3
(ng/ml) (SDS)c GHR genotype

Patient 1 F,5 90.3 (�4.8) 383 20 (�5.0) 1720 (�2.6) d3(C94S)/fl(H150Q)
Patient 2 F,1.8 71.8 (�5.0) 208 20 (�2.6) 1540 (�2.0) d3(C94S)/fl(H150Q)
Mother F (�1.1) 1511 241 4467 d3/fl(H150Q)
Father M (�1.0) 386 284 3434 d3(C94S)/d3
Sister 1d F,18.5 164 (0) 2660 247 4043 d3/fl(H150Q)
Sister 2 F,12.2 170 (�0.6) 147 567 5396 d3(C94S)/d3
Brother M,13.3 167 (�1.5) 302 660 5310 d3/fl

F, Female; M, male.
a Normal range: 431-1892 pmol/liter.
b Normal ranges (Diagnostic Systems Laboratories): female, 12 yr, 334–680 (�1 SDS); male, 13 yr, 295–682 (�1 SDS); female, 18 yr, 193–575;

older than 30 yr, 100–494.
c Normal ranges (Diagnostic Systems Laboratories): female, 12 yr, 1800–8410; male, 13 yr, 2400–7330; female, 18 yr, 2310–7480; older than

30 yr, 1730–5590.
d Half-sibling, different father from probands, sister 2, and brother.
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cluded (GHRd3) because GH responsiveness has been re-
ported to be affected by the GHRd3 isoform (26). Genotyping
the exon 3 loci of the GHR gene indicated that the two
patients and their mother are heterozygous for GHRfl and
GHRd3, whereas the father is homozygous for GHRd3 (Fig.
1C). We therefore conclude that C94S mutation was carried
on the GHRd3 variant [GHRd3(C94S)], whereas the H150Q
mutation is on GHRfl [GHRfl(H150Q)].

GHRd3(C94S) cannot bind GH

To assess the ability of each GHR variant to bind GH, GHR
variants were constructed and transfected into HEK293 cells.
As indicated by Western immunoblot analyses, both
GHRd3(C94S) and GHRfl(H150Q) were stably expressed at
levels comparable with the wild-type GHR (Fig. 2A). It was
of note that GHRd3(C94S), compared with the wild type,

C

A

B

FIG. 1. Family-based genetic analyses of the GHR gene. A, Schematic depiction of the human GHR gene. B, Electropherogram of genomic DNA
sequence (sense strand) from two patients, their parents, and a normal control. The arrow indicates the normal sequence, the heterozygous
mutations at codons C94 of exon 5 (G to C transversion), or the heterozygous mutations at codons H150 of exon 6 (T to G transversion). C,
Genotyping the exon 3 loci of the GHR gene. As described previously (20), the 935-bp product amplified with primer G1/G3, indicates the presence
of exon 3 on the GHR gene, whereas the 532-bp product amplified with primer G1/G2, indicates the absence of exon 3 on the GHR gene. M, Marker;
fl, full-length, exon 3-retained GHR; d3, exon 3-excluded GHR; fl/d3, heterozygote of GHRfl and GHd3.
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consistently lacks the higher molecular form (115–130 kDa)
corresponding to mature, normally glycosylated GHR (Fig.
2A, lane 4) (27, 28).

The monolayer GH binding assay indicated that the total
specific binding by homozygous GHRd3(C94S) was only
6% of that observed with wild-type GHR, whereas the bind-
ing of GH by homozygous GHRfl(H150Q) was indistin-
guishable from wild-type GHR (Fig. 2B). Furthermore, when
GHRd3(C94S) was cotransfected with wild-type GHRd3 or
GHRfl(H150Q) (1:1), the resultant GHRd3/GHRd3(C94S)
heterozygote exhibited similar GH binding as did wild-type
GHR, whereas the compound heterozygote had total specific
binding of GH only 50% of that observed with wild-type
GHR (Fig. 2B).

The compound heterozygote showed a dose-dependent defect
on GH-induced STAT5b activation

Endogenous STAT5b activation induced by GH (1–100
ng/ml) was examined in HEK293 cells transfected with

vector or the GHR variants. In HEK293 cells transfected
with vector, minimal tyrosine-phosphorylated STAT5b
(pSTAT5b) was observed upon GH treatment (Fig. 3A, lanes
1, 5, 9, and 13), reflecting the modest amount of endogenous
GHR in this cell type. Overexpression of wild-type GHRfl,
GHRd3, or combination GHRfl/GHRd3 activated STAT5b
similarly, with robust pSTAT5b observed in response to 10
and 100 ng/ml GH (Fig. 3A, lanes 10–12 and 14–16).

Strikingly, both mutants in their homozygous state
showed significant reduction on GH-induced STAT5b acti-
vation. In the cells expressing the GHRd3(C94S), minimal
pSTAT5b was observed upon treatment with GH (1–100
ng/ml) (Fig 3B, lanes 11 and 15), consistent with the inability
of the C94S mutant to bind GH (Fig. 2B), thus suggesting that
this mutant is essentially incapable of mediating GH action
in vivo. The GHRfl(H150Q), compared with wild-type GHR,
demonstrated modestly reduced ability to mediate GH-in-
duced pSTAT5b (Fig. 3B, lanes 12 and 16), suggesting that
this mutant might show a significant defect in transducing
GH-induced signal in response to physiological concentra-
tions of GH in vivo.

When the two GHR mutants were coexpressed at 1:1 ratio
with wild-type GHR in HEK293 cells, activation of STAT5b
was similar to the wild-type GHR alone (Fig. 3C, lanes 9–11
and 13–15). In contrast, coexpression of GHRd3(C94S) and
GHRfl(H150Q), mimicking the compound heterozygote
state of the two patients, elicited significantly reduced
pSTAT5b at 10 ng/ml GH (Fig. 3C, lane 12). At 100 ng/ml
GH, pSTAT5b was detected but at low levels (Fig. 3C, lane
16).

In addition to reconstitution systems, the effects of C94S or
H150Q mutations on GH-induced signal transduction were
also examined in primary dermal fibroblasts established from
patient 1 (compound heterozygote), her mother (H150Q
heterozygote), and her father (C94S heterozygote). To better
visualize STAT5b activation in the fibroblasts, STAT5b was
overexpressed by infecting cells with adenovirus carrying N-
terminal Flag-tagged human STAT5b (F-STAT5b) cDNA. Con-
sistent with observations in the reconstituted HEK293 cells, the
GH-induced activation of F-STAT5b was largely abolished in
patient 1 cells, in response to 10 and 100 ng/ml of GH (Fig. 3D,
lanes 8 and 12), thus indicating the detrimental effects of the
compound heterozygote on GH-induced signal transduction
in vivo. Interestingly, unlike observations in HEK293 cells,
F-STAT5b activation in primary fibroblasts from the mother
[GHRd3/GHRfl(H150Q] heterozygote) and father [GHRd3/
GHRd3(C94S) heterozygote] were also significantly impaired
(Fig. 3D, compare lane 5 with lanes 6 or 7 and lane 9 with lanes
10 and 11). Thus, in this assay system, activation of F-STAT5b
was severely impaired in the compound heterozygote and par-
tially impaired in the simple heterozygotes at the concentra-
tions of GH used in the experiment.

The compound heterozygote causes a reduction of GH-
induced gene transcription

The effects of C94S or H150Q mutation on GH-induced
gene transcription were determined in reconstituted HEK293
cells, using luciferase reporter assays. No significant GH-
induced Luc activity was observed in the cells expressing

A

B

FIG. 2. I125-GH binding to the surface of monolayer HEK293 cells
expressing GHR variants. A, Expression of GHR variants in HEK293
cells. The cell lysates were collected from HEK293 cells transfected
with either 1 �g vector plus either 1 �g vector or 1 �g GHR variants
(0.5 �g each of two cotransfected variants) as described in Subjects
and Methods. The expression of each GHR variant was analyzed by
Western immunoblot (IB), using an antibody against the cytoplasmic
domain of the hGHR protein. The molecular markers are indicated to
the right of the blot. B, I125-GH binding. HEK293 cells on 12-well plate
were transfected with 0.4 �g vector, 0.4 �g vector carrying GHR
variants, or 0.2 �g each of two cotransfected variants. Then 105 cpm/
well (�1 ng/ml) of I125-GH were added to determine the total binding
or specific binding (in the presence of 10 �g/ml unlabeled GH). The
data are presented as percentage of specific binding (mean � SE) from
four independent experiments performed in duplicates.
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C

D

B

A

FIG. 3. GH-induced STAT5b activation in HEK293 cells expressing GHR variants. A–C, HEK293 cells were transfected with cDNAs carrying GHR
variants as described in Fig. 2 and were treated with or without 1, 10, or 100 ng/ml GH as indicated. The cell lysates were collected 20 min after
treatment and subjected to Western immunoblot analyses (�60 �g cell lysates per lane) with specific antibodies against proteins indicated at the
left of each blot. Western immunoblots for phospho-STAT5 protein were stripped and reprobed with anti-STAT5b antibody or anti-hGHR antibody
as indicated. D, Fibroblasts infected with adenovirus carrying cDNA encoding F-STAT5b were treated with or without 10 or 100 ng/ml GH as indicated.
The cell lysates were collected 20 min after treatment, immunoprecipitated (IP) with anti-FLAG-M2-agarose beads (�800 �g cell lysates per
immunoprecipitation), and probed for phospho-STAT5. The immunoblot (IB) for phospho-STAT5 was subsequently stripped and reprobed with
anti-STAT5b antibody.
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endogenous GHR (transfected with pcDNA) (Fig. 4A), con-
sistent with the minimal STAT5b activation observed in these
cells (Fig. 3A).

In the cells expressing homozygous GHRd3(C94S), Luc
activity was not induced at any dose of GH used (Fig. 4A).
On the other hand, homozygous GHRfl(H150Q) did not ap-
pear to impact luciferase activity at these GH concentrations.
In cells expressing both GHR mutations, GHRd3(C94S)/
GHRfl(H150Q), luciferase activity was markedly reduced at
GH concentrations of 1 and 10 ng/ml, with partial recovery
at GH concentrations of 50–100 ng/ml.

Discussion

In this study, we report two GHI patients from a noncon-
sanguineous Austrian family, who presented with severe
growth retardation, elevated circulating levels of GH, but
low levels of serum IGF-I and IGFBP-3. The older patient
failed to respond to GH treatment but modestly responded
to IGF-I therapy. The analyses of the GHR gene led to iden-
tification of two novel GHR mutations, one in each allele,
with the mutations recessively inherited. Our in vitro func-

tional analyses demonstrated the potential detrimental ef-
fects of the compound heterozygous mutations on GHR sig-
nal transduction and gene regulation, thus supporting the
mutant GHR as the etiology for the growth failure and IGF
deficiency observed in the patients.

The two mutations identified, C94S and H150Q, are both
located in the extracellular domain of the GHR. The extra-
cellular domain of GHR contains seven cysteine residues,
with residues C38 and C48, C83 and C94, and C108 and C122
forming three intracellular disulfide bonds (29). The remain-
ing unpaired cysteine 241 is believed to form a disulfide bond
upon GH-induced GHR dimerization (30). A mutation of
C94S would thus be predicted to disrupt the formation of the
C83-C94 disulfide bond and lead to further alterations in
GHR structure. Interestingly, in vitro mutagenesis studies
had suggested that of the three disulfide bonds, the C83-C94
disulfide bond was the most critical for GHR to bind GH (27).
Consistent with these inferences, our in vitro studies dem-
onstrated that GH cannot bind to the surface of cells ex-
pressing homozygous GHRd3(C94S) (Fig. 2B), and the C94
mutation would, in homozygous form, thus render a non-
functional GHR in vivo (Figs. 3 and 4).

The significance of these extracellular cysteine residues in
normal GHR function was also suggested by the previous
identification of a homozygous missense mutation C38S in a
patient with GHI syndrome, although no functional studies
were provided for this GHR mutant (31).

Unlike residue C94, our results indicate that the homozy-
gous GHRfl(H150Q) has normal GH binding (Fig. 2B) but is
aberrant for GH-induced signal transduction and gene ex-
pression in response to physiological concentrations of GH
(1–10 ng/ml) (Figs. 3B and 4A). At higher doses of GH
(50–100 ng/ml), the GH-induced STAT5b activation and Luc
activity in the cells expressing GHRfl(H150Q) reached a level
comparable with that seen in the cells expressing wild-type
GHR (Figs. 3B and 4A). These results are in contrast to a
previous in vitro mutagenesis study, in which generation of
an H150D mutation caused an 89% reduction in GH-induced
gene expression, even in response to 200 ng/ml GH (32).
Such dramatically reduced response to GH was likely due to
a severe disruption in GHR dimerization and GH-induced
receptor orientation, although binding of GH was reportedly
unaffected (32). This suggests that replacing H150 with a
noncharged residue (Gln, Q), as in our patients, has a milder
effect on GHR structure and function than replacement of
H150 with a charged residue (Asp, D).

When the GHRfl(H150Q) was coexpressed with
GHRd3(C94S) in HEK293 cells, both GH-induced STAT5b ac-
tivation and STAT5b-dependent gene expression were signif-
icantly reduced, compared with cells expressing GHRfl-
(H150Q) or wild-type GHR (Figs. 3C and 4B). Because
GHRd3(C94S) is a nonfunctional GHR, these observed GH
responses, particularly the increase in STAT5b activation and
gene expression in response to higher doses of GH (50–100
ng/ml) (Figs. 3C and 4B) are presumably attributed to the
contributions of the GHRfl(H150Q). This also suggests that if
expressed at 1:1 ratio, the GHRfl(H150Q) can potentially com-
pensate for the defective GHRd3(C94S) at higher doses of GH
treatment. However, the compound heterozygous GHR mu-
tations abolished GH-induced STAT5b activation in the fibro-

A

B

FIG. 4. GH induced luciferase activity in HEK293 cells expressing
GHR variants. HEK293 cells were transfected with 1 �g luciferase
reporter plasmid (p8xGHRE-LUC) plus either 1 �g vector or 1 �g
GHR variants (0.5 �g each of two cotransfected variants) as indicated
in Subjects and Methods. The Luc activities were measured with the
luciferase assay system (Promega), following the manufacturer’s pro-
tocol, and were normalized to total protein concentration. A and B,
Relative Luc activity over control (no exogenous GHR expressed),
which compares the levels of STAT5b-dependent gene expression
activated by different GHR variants upon GH treatment. The results
presented (mean � SE) are from three independent experiments per-
formed in duplicate.
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blasts from patient 1 (Fig. 3D), who also failed to respond to a
trial of GH treatment, suggesting that, under in vivo conditions:
1) GHRd3(C94S) may be preferentially expressed; 2)
GHRd3(C94S) has a dominant-negative effect; 3) GHRd3(C94S)
cannot form stable dimers with GHRfl(H150Q); or 4) therapeu-
tic levels of GH cannot adequately compensate for aberrant
GHR function (in vivo). Indeed, the somewhat milder and atyp-
ical features of the two patients, compared with classical GHI
syndrome, undoubtedly reflects the incomplete nature of the
receptor defects.

It has been difficult, to date, to demonstrate convincingly
that heterozygous mutations in GHR can result in clinically
significant GH insensitivity, except in rare dominant-nega-
tive situations. In the present case, through genetic and func-
tional analyses, our results indicate that the clinical pheno-
type of the patients is reasonably attributable to the additive
effects of each heterozygous mutation. Furthermore, our
functional analyses suggest that the C94S heterozygous state
could cause partial GHI (Figs. 3D and 4B), although impact
on growth appeared modest, with statures of family mem-
bers carrying the heterozygous C94S GHR within the normal
range (�1.0 and �0.6 SDS). It was of note that the one child
who carries two normal GHR alleles has a height of �1.5 SDS,
which was 1.5–2 SDS above those of heterozygote family
members, suggesting the intriguing possibility that the het-
erozygous state may, in fact, have some biological conse-
quence. Further studies of the extended family would be
necessary to determine the consistency of this observation.

We hypothesize that in patients who are heterozygous
for GHR mutations that, in an homozygous or compound
heterozygous state would result in clinical GHI, stature
within the normal range may be achieved by either com-
pensatory GH secretion or compensatory GH signaling
downstream of the GHR. In situations in which such com-
pensatory mechanisms prove inadequate, short stature
may be the result. Indeed, the same may well be true for
heterozygosity for genes controlling other aspects of the
GH-IGF axis, such as GH signaling, IGF-I gene expression,
or IGF-I receptor function, in which varying ability of the
individual to compensate may explain, at least in part,
deviations from mean stature.
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