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ABSTRACT

Context: The exon-3 deleted growth hormone receptor (GHR ) polymorphism is associated
with an increased growth response to recombinant human GH (thGH) therapy in some, but
not all, studies in growth hormone deficient (GHD) and non-GHD children with short sta-

ture.

Objective: To assess the effects of GHR , on baseline height and the 1% year’s growth response

to thGH treatment in pre-pubertal GHD and non-GHD children with short stature.

Design: Systematic review and meta-analysis

Methods: Fifteen studies reporting the effect of GHR , on growth parameters were included.
Principal outcomes were baseline height SDS, and the weighted average of change in growth

velocity (delta cm/yr) and height gain (delta height SDS) after 1 year of thGH.

Results: In GHD, not in non-GHD, baseline height SDS was 0.159 SD higher (95%CI
0.020,0.298) in GHR ;, compared with GHR _ In GHR , rthGH therapy resulted in a higher
increase in growth velocity (0.521 ecm/yr, 95%CI 0.196,1.015) and height gain (0.075 SD;
95%CI 0.007, 0.143) compared with GHR . Meta-regression demonstrated a larger dif-
ference between GHR ; and GHR _ in studies using lower thGH doses and carried out at a

higher age, independently of the cause of short stature.

Conclusions: This meta-analysis in prepubertal children with short stature indicates that
GHR , is associated with increased baseline height in GHD, but not in non-GHD. Further-
more, GHR , stimulates growth velocity by an additional effect of ~0.5 cm during the first year

of thGH treatment and this effect is more pronounced at lower doses of thGH and higher age.
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INTRODUCTION

The aim of treatment of short children with recombinant human growth hormone (thGH) is
to increase growth in childhood and adolescence, and to increase adult height!. Treatment with
rhGH has been approved for the treatment of children with short stature caused by growth
hormone deficiency (GHD), and, more recently, for short children with Turner syndrome,
chronic renal failure, Prader-Willi-Labhart syndrome, SHOX-haploinsufficiency, and short
children born small for gestational age (SGA). In addition, in the USA rthGH is approved for
treatment of children with idiopathic short stature (ISS) (if height standard deviation score
(SDS) <-2.25). The first year’s growth response, as well as the adult height gain attained as a
result of thGH treatment, is influenced by several factors, including age and height deficit at
the start of treatment, the underlying cause of short stature, the severity and duration of GHD,
and the dose, injection frequency, and duration of thGH therapy*?. A possible predictor of
adult height gain is the height velocity during the first year of thGH treatment®. Recent reports
have suggested that also genetic variations in the GH-IGF-I axis might affect the response to
thGH treatment.

GH acts at the target cell through the growth hormone receptor (GHR)®. After
binding to the GHR, GH induces activation of the JAK-STAT pathway, ultimately leading
to increased expression of IGF-I and other GH dependent genes. One of the genetic factors
considered responsible for the variation in response to thGH treatment is a common polymor-
phism in the GHR gene, leading to deletion of exon 3 (d3), which encodes a 22-aminoacid
residue sequence in the extracellular domain®”. Dos Santos ez a/. described in 2004 that this loss
of exon 3 stimulates receptor expression and function, specifically by affecting the binding of
thGH, receptor processing, transport, stability, binding to other ligands, dimerization of GHR
monomers, and signal transduction®.

Since 2004 several studies have addressed the possible influence of the GHR , poly-
morphism on the growth response to thGH treatment in children with diverse clinical condi-
tions, including GHD?!'*, SGA%">"%, ISS$#2°2! and Turner syndrome®. However, the results of

11;13;19;21;22

these studies are remarkably inconsistent, because 6 reports confirmed the findings of

9;10;12;14;15;17;18;20

Dos Santos et al. ¥, whereas another 8 reports could not demonstrate a significant

effect of the exon-3 deleted genotype (GHR ,) on the growth response to thGH. We hypo-
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thesized that the discrepancies between these studies might be explained, at least in part, by the
relatively small numbers of patients included in these studies, precluding sufficient statistical
power.

Theoretically, variations in GH sensitivity due to genetic differences in the GHR can
be compensated by reverse changes in endogenous pituitary GH secretion, which might mask
the effect of the GHR polymorphism on spontancous growth. Therefore, we also hypothesized
that in patients with GHD this compensatory effect within the GH-IGF-I axis is disturbed.
Consequently, one might expect that only in children with short stature due to GHD, but not
in children with short stature due to other causes, this GHR , genotype is associated with a less
severe growth failure. However, so far none of the studies in GHD children have been able to
demonstrate such an effect on baseline height *°, which may be due to confounding factors and
insufficient numbers of study subjects.

In view of these contradictory results on the effects of GHR , on growth parameters
in response to thGH treatment and since the effect on this polymorphism has never been de-
monstrated on baseline height SDS, we conducted a meta-analysis. The aims of the study were
1) to assess the effect of the GHR ;, on baseline height SDS in pre-pubertal GHD and non-
GHD children, and 2) to assess the impact of the GHR , on height gain and change in growth

velocity in response to 1 year thGH treatment.

MATERIALS AND METHODS

Eligibility criteria

Two principal measures of outcome were used: 1) baseline height SDS in GHD and non-GHD
children and 2) height gain and/or growth velocity in response to 1 year of thGH treatment.
Studies reporting one of these outcomes in prepubertal children and stratified according to the

exon 3-deleted GHR polymorphism, ie. GHR  GHR , GHR . and/or GHR(GHR

d3-d3,

is the combination of GHR _,,and GHR, ,, genotypes) were eligible for inclusion in the pre-

sent study. A large proportion of studies reported outcomes for GHR . and GHR, . sepa-

rately. For the purpose of the present meta-analysis, we re-calculated the weighted mean of the
outcome parameter of interest (baseline height and first year’s growth velocity and height gain)

as well as the combined standard error of the GHR _, and GHR, ,, group. Studies reporting



incomplete data or studies providing the effects of the separate genotypes on growth only in a

figure could not be included in this meta-analysis.

Search strategy

We searched Medline, Embase, Web of Science, and the Cochrane Library for studies repor-
ting the effect of d3GHR on growth parameters in response to rhGH treatment. Searches were
performed using the following search strategy: d3GHR OR d3-GHR OR d3-growth hormone
(GH) receptor OR ((“Exon 3-deleted” OR “exon 3 deletion”) AND Growth Hormone Recep-
tor) OR ((“exon 3” OR d3) AND (growth hormone receptor OR GHR OR gh receptor OR
gh receptors OR growth hormone receptors) AND (polymorphism OR polymorphisms OR
genotype OR genotypes OR isoform OR isoforms)). Searches were performed on the 4™ of
December 2008. In addition, the references of relevant articles were checked for additional

articles. Abstracts of meetings and unpublished results were not included in the analysis.

Data review and data analysis

Data extraction and eligibility was assessed by two independent investigators (M.W. and N.B.).
Inconsistencies in data extraction were resolved by consensus. We compared the effect of thGH
treatment and baseline height between subjects with at least one copy of the exon-3 deleted

GHR, i.e. GHR,, and subjects without exon-3 deleted GHR, i.c. GHR _ .GHR

. Was used
as the reference group. For studies assessing the effect of thGH, the weighted mean difference
in height gain (delta SDS) and growth velocity (cm/year) in the first year of treatment was cal-
culated. The effect of the GHR , on baseline height, expressed as SDS, was assessed separately
in GHD and non-GHD. A meta-analysis was performed for baseline height, height gain and
growth velocity by using both a fixed effects model and a random effects model. To assess to
which extent the effect measured by the set of single studies was hetero- or homogeneous, the I*
index was assessed. The test secks to determine whether there are genuine differences underly-
ing the results of the studies (heterogeneity), or whether the variation in findings is compatible
with chance alone (homogeneity), 0% is very homogeneous, 100% very heterogeneous. In ad-
dition, a meta-regression was performed to assess the effects of age, dose, and diagnosis on the
effect of the different d3GHR genotypes on height gain and growth velocity. Statistical analyses

were done in Comprehensive Meta-Analysis (version 2.0, Biostat, Englewood, New Jersey,

USA) and in STATA for Windows (version 10.1, StataCorp, Texas, USA).



RESULTS

Literature search

We identified 136 studies by search in Medline, Embase, Web of Science, and the Cochrane
Library (Figure I).

136 potentially relevant studies identified
and screenend

81 papers excluded on the basis of title and
" | abstract

55 potentially relevant papers retrieved for
more detailed assessment

4 papers excluded on the basis of the text in

S * | the article because no original data

g

&
c _ | 1 paper excluded on the basis of the text in
O "~ | the article because no clinical assessment

50 papers on the effect of d3GHR genotype
220 on clinical parameters

34 papers excluded because of the absence
of thGH treatrment in a non-GHD population,
no growth parameters as principal outcome,
or no prepunertal children as study group

v

16 papers on the effect of d3GHR on 1)
growth parameters in response to 1 yr thGH
therapy, or 2) spontaneous height in GHD.

l

15 papers on the effect of d3GHR on 1)
growth parameters in reponse to 1 yr rhGH
therapy, or 2) spontaneous heigth in GHD,
with complete data for the different
genotypes

1 paper excluded because of incomplete data
on the effect of the d3GHR genotypes.

Y

Figure 1. Summary of study assessment and exclusion stages.

We excluded 81 papers on the basis of title and abstract. Four of the 55 potentially
relevant papers retrieved for more detailed assessment, were excluded from further analysis,

because these studies did not report original data and one more could be excluded because the



effect of d3GHR on clinical parameters was not assessed. Additionally, 34 of the 50 papers with
data on the effect of d3GHR on clinical parameters were excluded because of the absence of
thGH treatment in GHD or non-GHD populations, of reporting on growth parameters, or of
pre-pubertal children as study group. The study from Pilotta ez 2/.* did not provide precise data
on genotypic differences and was therefore excluded from the present analysis. Consequently, a
total of 15 studies were included in this meta-analysis (Figure I).

These 15 studies provided data on the effect of thGH therapy on height gain (n=1)",
growth velocity (n=4)%!%132!, or both (n=9) *!!14!15172022 From 5 studies (one publication re-
ported on 2 study populations') *1%1* in GHD and from 11 studies (two publications reported

on 2 different study populations ®** in non-GHD '*""” data on baseline height could be extrac-

ted.

Study characteristics
Details of the 15 included studies are summarized in 7zble 1. Studies on the effect of J3GHR
on baseline height or the growth response to thGH were published between 2004 and 2008,
and the number of included patients ranged from 28 to 240. Dos Santos ez al.%, Binder ez al. **
and de Graaff ez 4. '° reported on 2 different study populations in the same paper, and for the
purpose of the present analysis these populations were described and analyzed separately. Dos
Santos ez al. studied 2 separate populations of both SSA and ISS pre-pubertal children ® Binder
et al. studied SGA and ISS children separately in the same paper®?, and De Graaff ez al. '° stu-
died isolated GHD and multiple GHD pre-pubertal children in the same paper.

Indications for thGH treatment were GHD (isolated GHD or in combination with

) 7', small for gestational age (SGA) %5792 idiopathic short

multiple endocrine deficiencies
stature (ISS) %2%2!, and Turner syndrome '%*. The dosages of thGH applied in the 15 included
studies ranged from 26 pg/kg/day to 66 ug/kg/day and mean age ranged from 7 to 9 years.
The genotypic distribution showed some inter-study variation, but in all included studies the
distribution was according to the Hardy Weinberg Equilibrium (HWE). The distribution
remained in HWE when all 1680 patients of the 15 studies were analyzed together. The geno-
types included in this meta-analysis were: wt-wt=851 (51%), wt-d3=631 (37%), and d3-d3=

198 (12%).



Table 1. Overview of publications on the pharmacogenctic effects of thGH in relation to dJ3GHR genotype on 1) base-

line height in GHD and 2) growth velocity and/or height SDS gain in response to 1 year of thGH treatment, arranged

according to clinical condition

First author N Male Age GHR genotye (%) Outcome Significant effect of d3GHR polymorphism vs.
wildtype
(%) (yrs) wt-wt wt-d3 d3-d3 Effect of Effect of Effect of
WT-D3 D3-D3 D3
GH deficiency in children
Blum, 2006 (9) 107 68 7.0 59 (55%) 45 (42%) 3 (3%) 1. baseline height NR NR No effect
2. growth velocity and height gain NR NR No effect
Jorge, 2006 (11) 58 62 8.9 28 (48%) 23 (40%) 7 (12%) 1. baseline height NR NR 1 growth velocity
2. growth velocity and height gain NR NR No effect
Wan, 2007 (14) 154 70 7.8 79 (51%) 55 (36%) 20 (13%) growth velocity and height gain No effect No effect NR
De Graaff 1, 40 NG 5.5 17 (43%) 19 (47%) 4(9%) 1. baseline height NR NR No effect
2008 (10) 2. height gain NR NR No effect
De Graaff 11, 2008 (10) 45 NG 4.8 19 (43%) 21 (47%) S (9%) 1. baseline height NR NR No effect
2. height gain NR NR No effect
Marchisotti, 28 57 11.2 14 (50%) 11 (39%) 3 (11%) 1. growth velocity NR NR No effect
2008 (12)
Riz, 2008 (13) 181 54 6.6 90 (50%) 71(39%) 20 (11%) 1. baseline height No effect 1 growth velocity 1 growth velocity
2. growth velocity No effect No effect No effect
Small for gestational age
Dos Santos I, 76 61 6.6 36 (47%) 24 (32%) 16 (21%) growth velocity NR NR 1 growth velocity
2004 (8)
Binder I, 2006 (22) 60 63 7.1 29 (48%) 23 (38%) 8 (14%) growth velocity and height gain 1 growth No effect 1 growth velocity
velocity
Carrascosa, 2006 (17) 68 49 +7.1 30 (44%) 32 (47%) 6(9%) growth velocity and height gain No effect No effect NR
Tauber, 2007 (19) 240 58 6.6 144 (60%) mm (27%)  31(13%) growth velocity and height gain No effect No effect 1 growth velocity
Audi, 2008 (15) 219 50 9.1 99 (45%) 96 (44%) 24 (11%) growth velocity and height gain No effect No effect NR
Carrascosa, 49 72 7.7 23 (47%) 21 (43%) 5 (10%) growth velocity and height gain No effect No effect NR
2008 (18)
Idiopathic short stature
Dos Santos II, 2004 (8) 96 64 7.7 50 (52%) 38 (40%) 8 (8%) growth velocity NR NR 1 growth velocity
Carrascosa, 106 55 7.8 46 (43%) 42 (40%) 18 (17%) growth velocity and height gain No effect No effect NR
2008 (20)
Ko, 2008 (21) 52 51 8.0 37 (71%) 13 (25%) 2 (4%) growth velocity NR NR 1 growth velocity
Turner syndrome
Binder I1, 2006 (22) 53 0 9 27 (51%) 15(28%) 11 (21%) growth velocity and height gain No effect 1 growth velocity 1 growth velocity
compared with wt-
wt and wt-d3
Binder, 2008 (16) 48 0 9.1- 24 (50%) 17 (36%) 7 (14%) growth velocity No effect 1 period of high NR
16.0 growth velocity
o1 =adeyn | &
[o\l



Legend Table 1. Effect means: p<0.05, no effect: p>0.05. NR: not reported, yrs: years, GHR: growth hormone recep-
tor, thGH: recombinant human growth hormone (treatment). D3 = GHR . and GHR, ., »s GHR _ _The use of 2

we-d3 d3-d3 W
different study groups in 1 paper is referred to as either I or II of those authors.

Meta-analysis

Baseline height in GHD pre-pubertal children (Figure 24)

The effect of d3GHR on baseline height (SDS) in GHD children without previous thGH
treatment was assessed in five studies *'%'%. In 4 of these 5 studies baseline height (SDS) was
higher in the GHR  than in the GHR__groups, which reached significance in only one
study'’. The mean difference in baseline height (SDS) between GHR ;and GHR __ in the
combined data from these 5 studies was -0.159 (95% CI: -0.298, -0.020), which reflects a small
positive effect in GHR , when compared with GHR __ in the absence of thGH treatment

(I*0%). This was significant, even when with for age (p=0.04).

Mean
Author Condition Year difference 95% ClI P-value Weight

Raz GHD 2008 0200 -0.361,-0039 0015 74

-0.100 -0.882,0.682 0.802 3

Jorge GHD 2006

De Graaf IGHD 2008

..l_ 0.100 -0.365, 0565 0673 g

De Graaf MGHD 2008 I -0.100 0.470,-0.344 0731 6

Bum  GHD 2006 — 0130 06320372 0612 8
|
1
-

Tolat 0159  -0298,-0.020 0025

1,00 0,00 1,00

Figure 2A. Meta analysis of the effect of GHR 5. GHR ; genotypes on baseline height (SDS) in children with short
stature caused by GHD. “Total’ represents fixed effects. A negative score points towards lower baseline height in GHR
.. subjects. De Graaff ez al. studied isolated GHD (IGHD) and multiple GHD (MGHD) in the same paper'’. CI:
confidence interval. GHD: growth hormone deficiency, SGA: small for gestational age, ISS: idiopathic short stature.

Baseline height in non-GHD pre-pubertal children (Figure 2B)

In non-GHD children baseline height (SDS) was cross-sectionally assessed in 9 of 15 studies,
and 2 of these 9 articles reported on 2 study populations®®. None of these studies demonstra-
ted a significant difference in baseline height (SDS) between GHR ;and GHR . The mean

Wt-wt

difference in baseline height between GHRd3 and GHR _was -0.05 SDS (95% CI: -0.180,

WE-Wi
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0.080), which indicates the absence of a significant difference between GHR,, and GHR _
children (I> 0%).

Author Condition Year . . _Di;‘:rael;ce 95% CI P-value Weight (%)
Binder Turner 2006 E —-§—|— E 0.192 -0.347,0732 0.485 6
Binder SGA 2006 E —I—E— l -0.354 -0.864,0.156 0.174 7
Binder Tumer 2008 : — 0.289 -0.280,0.857 0.320 5

Dos Santos  SGA/ISS 2004 0133 -0.318,0.583 0.564 8

Dos Santos  SGA/SS 2004

Carrascosa 1SS 2008 0.011  -0.373,0.395 0955 "

Carrascosa SGA 20086 -0.156 -0.636,0.323 0523 7

Carrascosa SGA 2008

1
_’_

e 0123 -0.278,0524 0547 11
g
— 0224 02920741 0395 6

Audi SGA 2008 —t | .0146 -0500,0209 0520 9
Tauber SGA 2007 —t— | 0243 05030016 0066 25
Ko IS 2008 —_— | -0159 -0.760,0.442 0.604 5
Total <> { -0050 -0.180,0.080 0.452

-1,00 0,00 1,00

Figure 2B. Meta analysis of the effect of GHR 5. GHR , genotypes on baseline height (SDS) in children with non-
GHD short stature. “Total’ represents fixed effects. A negative score points towards lower baseline height in GHR

Wwe-wt

subjects. Binder ez a/. studied Turner syndrome and SGA, in the same paper®. Dos Santos ez a/. studied two popula-
tions of SGA/ISS in the same paper®. CI: confidence interval. GHD: growth hormone deficiency, SGA: small for

gestational age, ISS: idiopathic short stature.

Height gain in response to 1 year rbGH treatment (Figure 3)

Height gain was measured as change in height SDS after 1 year of thGH treatment. As demon-
strated in Figure 3, for 8 of the 11 studies assessing the effect of height gain in GHD and non-
GHD small children, the mean difference in height gain SDS after one year of thGH treatment
was lower for GHR\V[_W[when compared with GHRd3 (mean difference -0.075, 95% C.I. - 0.143,
-,007)ywhich reflects 0.075 SD more increase in height in GHRd3 when compared with GHR
. after 1 year of thGH treatment. This pharmacogenetic effect was not statistically significant
in the majority of the original studies. The I* for this comparison was 46%, indicating moderate

heterogeneity *.



Mean
Author Year Condition Difference 95% ClI P-value Weight (%)

Blum 2006 GHD -0.100 -0.579, 0.379 0.883 2

De Graaf 2008 IGHD -0.300 -0.768, 0.196 0.236 2

H

De Graaf 2008  MGHD 0.400 -0.271,1.071 0.243 1

|

Jorge 2006 GHD -0.500 -0.787, -0213 0.001 6
Wan 2007 GHD -0.080 -0.192, 0.032 0181 37
Audi 2008  SGA 0.108 -0.278,0.494 0584 3
Binder 2006 SGA -0.085 -0.241, 0111 0.468 15

Carrascosa 2006  SGA 0.207 -0.025,0.439  0.080 8

Carrascosa 2008  SGA -0.018 -0.382, 0.346 0.923 3
Carrascosa 2008  ISS -0.165 -0.364, 0.034 0.104 12
Binder 2006  Turner -0.051 -0.258, 0.156 0.628 1

Total -0.075 -0.143,-0007  0.030

’+++++1H+

-1,00

o
8
8

Figure 3. Meta-analysis of the effect of GHR

Wewt

vs. GHR , genotypes on height gain (SD) in children with short sta-
ture after 1 year of thGH treatment. “Total” represents fixed effects. A negative score points towards less height gain in

GHR__subjects. Binder ez a/. studied Turner syndrome and SGA, in the same paper””. De Graaft ez 4/. studied isolated

WEw!

GHD (IGHD) and multiple GHD (MGHD) in the same paper'®. GHD: growth hormone deficiency, SGA: small for

gestational age, ISS: idiopathic short stature. CI: confidence interval.

First year’s growth velocity in response to rbGH treatment (Figure 4)

For 16 studies the effects of d3GHR polymorphism on the first year’s growth velocity, mea-
sured in cm/year, during rhGH treatment could be compared between GHR  and GHR ; chil-
dren. In 6 of these 16 studies there was a significant difference in growth velocity during thGH
treatment between GHR , and GHR _ , favoring GHR ; After meta-analysis, mean growth
velocity was lower for GHR _ compared with GHR , (mean difference -0.521 cm/yr, 95% CI:
-0.709,-0.333), which reflects an additional increase in height of 0.521 cm in GHR ;, compared
with GHR _ after I year of thGH treatment. The I* was 67%, but the use of a random effects

model did not influence the point estimate nor the statistical significance.
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Mean
Author  Condition Year difference 95% ClI P-value Weight (%)

Blum GHD 2006 e 0.000 -0.685, 0.685 1.000

Jorge GHD 2006 -2.000 -3.341,-0659 0003 2

Marchisotti GHD 2008 I 0.400 -1.460,2.260 0.673 1

Raz GHD 2008 | - -0.470 09750035 0068 14
— -0.230 -0.906, 0.446  0.505 8

—'— 0.605 -0.290,1.500 0.185 4

-0.781 -1.644, 0.082 0.076 5

Wan GHD 2007 |
Audi SGA 2008 |
Binder SGA 2006

Carrascosa SGA 2008 — -0.130 -0.697,0437 0653 11

—
—
—
—t]
—
—1 — o080 00131613 0054 5
Tauber SGA 2007 i —|--—~ -0.300 -0.926, 0.326 0.348 9
] —
I -
S
e
-

Carrascosa SGA 2008

-2.756  -3.873,-1.639 0000 3

Dos Santos SGA/ISS 2004 —{—

Dos Santos SGA/ISS 2004 | —

~

-1.870 -2.573, -1.167  0.000

Carrascosa 1SS 2008 — 0.032 -0.673, 0.737 0.929

Ko 1SS 2008 -1.200 -1.947,-0453 0002
Binder Turner 2008
Binder Turner 2006 ;

Total

-1.165 -2.054,-0276 0.010
-0.781 -1.644, 0.082 0.076

M o @ o~

-0.521 -1.015,-0.196  0.004

-4,00 -2,00 0,00 2,00

Figure 4. Meta-analysis of the effect of GHR

We-wt

vs. GHR , genotypes on growth velocity (cm/yr) in children with
short stature after 1 year thGH treatment. “Total’ represents fixed effects. A negative score points towards lower growth
velocity in GHR __ subjects. Binder ez a/. studied Turner syndrome and SGA, in the same paper””. De Graaff et 4l.
studied isolated GHD (IGHD) and multiple GHD (MGHD) in the same paper '°. Dos Santos ¢t /. studied two
populations of SGA/ISS in the same paper®. CI: confidence interval. GHD: growth hormone deficiency, SGA: small

for gestational age, ISS: idiopathic short stature.

Meta-regression

We performed a meta-regression analysis to assess whether the differences in response to thGH
between genotypes in growth velocity and height gain were dependent on the dose of thGH,
age, or cause of short stature (i.e. GHD versus non-GHD). Random effects meta-regression
showed a significant interaction between rhGH dose and the difference in height gain between
GHR  and GHR, (p=0.02) (Figure SA) and suggested a trend for the interaction between
rhGH dose and the difference in growth velocity between GHR | and GHR , (p=0.06)
(Figure SB) and This points towards smaller differences in outcome with increasing doses of

growth hormone.



Figure SAB

A.
Mean difference in height gain (SDS)

wt vs. d3GHR

0.4 -
® non-GHD

0.2 O GHD

20 30 40 50 60 70
mean dose (ug/kg/day)

B.
Change in growth velocity (cm/yr)
wt vs. d3GHR

® non-GHD
o © GHD

0.75 ~

0.25 -
-0.25
-0.75

-1.25
175 - &

-2.25 T T T T 1
20 30 40 50 60 70

mean dose (ug/kg/day)

There was also an interaction between genotype and age for the treatment effect of
thGH: the differences in height gain between GHR _ and GHR , (p=0.02) (Figure 5C) and
growth velocity (p=0.02) (Figure SD) were more pronounced in studies with a higher mean

age. Meta-regression demonstrated that age and dose were both significant predictors for the ef-
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fect of the d3GHR genotypes (p=0.005 and p=0.002, respectively), irrespective of the cause of
short stature (i.e. GHD versus non-GHD children). The cause of short stature did not signifi-

cantly affect the difference between genotypes (p=0.069), although the trend observed

Figure SCD

C.
Mean difference in height gain (SDS)
wt vs. A3GHR

0.4 A
® non-GHD

O GHD

'0.6 1 ) | I
6.5 7.0 TS 8.0 8.5 9.0 9.5

mean age (years)

D.
Change in growth velocity (cm/yr)
wt vs. d3GHR

0.75 o e non-GHD
0.25 O GHD

-0.25

-0.75

-1.25

-1.75 A

-2. 25 1 ) ) ) ) 1
6.5 7.0 TD 8.0 8.5 9.0 9.5

mean age (years)

Figure 5 A-D. Association between the dose of thGH / age and the difference between GHR _ and
GHR, genotypes in change in growth velocity and height gain during 1 year of thGH treatment. Regres-
sion coefficient (R) and 95% confidence interval (CI): Fig SA: R 1.89, 95% CI -0.12, 3.17; Fig 5SB: R 1.48,
95% CI10.07, 0.88, Fig 5C: R -3.55,95% CI -1.15, -7.25; Fig SD:R -1.71, 95% CI -0.64, -2.99. GHD:
growth hormone deficient.



in the interaction between genotype and diagnosis pointed towards a smaller effect in non-
GHD children. When GHD and non-GHD patients were analyzed separately, this difference
in height gain between GHR _ and GHR, in non-GHD patients with short stature was not

significant anymore (p=0.18), whereas it was significant in the GHD patients (p=0.01).

DISCUSSION

In the present meta-analysis, we show that the growth response during the first year of thGH
treatment, both expressed as height SDS gain and as growth velocity, is significantly increased
in pre-pubertal short children with the GHR , genotype in comparison with the GHR
genotype. Moreover, this meta-analysis demonstrates an association between the stimulatory
effect of the GHR , genotype and baseline height in children with GHD. Both findings are in
line with the differences in activity between both GH receptor variants iz vitro®. In addition,

alower thGH dose and a higher age at onset of thGH treatment were associated with a larger

difference in growth response between GHR

WE-Wt

and GHR , genotypes

The studies included in the present meta-analysis differ with respect to the conditions
causing short stature in children, the presence/severity of GHD, age (although all children were
pre-pubertal with mean ages between 7 and 9 years), and the duration and/or dose of thGH
treatment. Nonetheless, the pharmacogenetic effects on the growth response to thGH were
remarkably constant across the various studies and the various indications for thGH therapy.
In the majority of studies on height SDS gain or first year’s growth velocity, the effect of thGH

was larger in GHR , compared with GHR _ . Moreover, in 4 out of 5 included studies in

wt-wt”

GHD children baseline height (SDS) was higher in GHR , compared with GHR _ . The
problem of statistical power in the individual studies is illustrated by the fact that the pharma-
cogenetic effects are largely consistent among the different studies, even though these effects
were small and not always statistically significant. Unfortunately, the number of subjects in
the studies included in the present meta-analysis was too small to reliably sub-analyze data for
GHD and non-GHD children. In the meta-regression, the cause of short stature (GHD versus
non-GHD) did not appear to be a significant predictor for first year’s height gain and growth

velocity in the total group. On the other hand, the difference in height gain between genotypes

lost its statistical significance in a separate analysis of non-GHD children. Therefore, larger
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studies are needed to enable firm conclusions on the (magnitude of the) effect of the GHR ,
on height gain in non-GHD children and to assess whether this effect is larger in GHD than in
non-GHD children. In addition, we chose to analyze the pharmacogenetic effects in homozy-
gous and heterozygous d3 deletions patients together, since the number of studies that reported
,and GHR

separate results for GHR was too small. In analogy with the iz vitro data by

d. d3-d3

Dos Santos e al. which indicate increased bioactivity in GHR , . compared with GHR

d3-d3 d3’

additional studies are needed to establish whether there are comparable pharmacogenetic dif-
ferences with respect to the growth response to thGH between patients with the GHR _,,and
the GHR, ,, genotype®.

The observation of a larger difference in first year’s height gain and growth velocity
between GHR  and GHR in patients treated with a lower thGH dose in our meta-regres-
sion is in line with theoretical considerations that differences of any predictor will be uncovered
more casily when a relatively low dose is given. With a high dose it would be more difficult to
detect the subtle effects of variation in responsiveness. Our observation is in contrast to the sug-
gestion that was raised in the recent review by Keni ez 4/. that the GHR , genotype has a larger
impact at higher doses. The discrepancy between our results and the analysis of Keni ¢z /. may
be caused by methodological differences, because Keni ez a/. did not perform a meta-analysis
of the data and included only some of the studies included in our study #. The interaction
between the pharmacogenetic effect with age can be explained by the relatively high GH res-
ponsiveness at a young age, which may overrule the subtle difference in responsiveness between
the two genotypes. Since age and GH dose are independent predictors of the growth response
to GHY it is uncertain what the relative effect of the GHR variant is in a prediction model
including multiple parameters. We believe, however, that the small size of the effect estimated
in the univariate analysis makes it unlikely that the assessment of GHR polymorphism will be a
clinically useful predictor. In addition, in a large study in children with severe GHD no effect
of the GHR polymorphism on height gain and final height was demonstrated®. Future studies
should confirm this finding.

Interestingly, in 2 studies differences in growth parameters associated with the
d3GHR genotypes were not reflected by different increases in IGF-I levels'®?%. The opposite
discrepancy was reported by Marchisotti e a/., who were unable to demonstrate an effect of
the GHR ;, genotype on the growth response to thGH in pre-pubertal GHD children, but did

demonstrate an effect on IGF-I levels'?. Therefore, one may speculate that IGF-I independent



effects of rhGH dose at the epiphyseal growth plates could also be involved in the pharmacoge-
netics of thGH?. Alternatively, serum IGF-I levels may not be a good marker of the total IGF-I
mediated effects at the epiphyseal growth plates, as autocrine and paracrine effects of locally
secreted IGF-I (which are also influenced by thGH therapy) are not reflected by circulating
IGF-I concentrations™.

The GHR , genotype is not expected to be associated with physiological variations in
human growth or to be a primary cause of short-stature in humans, since potential variations in
GH sensitivity due to genotypic differences in GHR activity can be compensated by alterations
in endogenous pituitary GH secretion, which might mask the effect of the GHR polymor-
phism on spontaneous growth. In addition, the distribution of the dJ3GHR genotypes is in
accordance to Hardy Weinberg equilibrium in all clinical conditions studied. Nonetheless, we
hypothesized that in patients with GHD this compensatory effect within the GH-IGF-I axis
does not function properly and, therefore, the GHR ;, genotype may be associated in GHD
patients with increased baseline height. Individual studies in pre-pubertal GHD children did
not report a stimulatory effect of this polymorphism on baseline height, but in this meta-ana-
lysis we were able to demonstrate a small effect, even when adjusted for age. As expected, this
genotypic effect was not demonstrated on baseline height in non-GHD children. This finding
is supported by observations of Lettre e# 4/. who were unable to detect a role for common ge-
netic variation in eight candidate genes of the GH/IGF-I axis in stature variation in the general
population”.

A possible limitation of this meta-analysis is the relatively small number of large stu-
dies on the effect of the d3GHR polymorphism on baseline or stimulated growth. In addition,
in the various studies there were considerable differences in the degree of GH deficiency, which
also may have influenced our findings. Despite the fact that both positive and negative results
on the stimulatory effect on growth of the d3GHR polymorphism have been published, we can
not exclude the presence of a publication bias in this field. However, this meta-analysis of 15
studies including a total of 1680 patient from the presently available peer-reviewed literature is
useful to put available results into perspective.

In conclusion, this meta-analysis shows that the d3GHR genotype is significantly as-
sociated with a ~0.5cm/year higher growth response to 1 year of rhGH therapy in prepubertal
children with short stature due to GHD and other causes (non-GHD). This pharmacogenetic

effect is one of the many factors contributing to the growth response to thGH therapy and
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might be considered to be included in future prediction models™. These pharmacogenetic
effects of GHR , on the growth response to thGH treatment were stronger with lower thGH
dose and higher age. In addition, a d3GHR dependent effect was demonstrated on baseline
height in GHD, but not in non-GHD children. Additional studies are required to establish to

which extent these pharmacogenetic effects of the GHR , genotype on thGH treatment trans-

late into ultimate adult height gain.
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