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To my family

“Nothing in life is to be feared, it is only to be understood. Now is the time to understand
more, so that we may fear less.”

Marie Curie






Abstract

Barbosa, EJL 2012. Prediction Models and Pharmacogenomics in Adult Growth Hormone Deficiency,
Department of Internal Medicine, Sahlgrenska Academy at the University of Gothenburg, Sweden.
ISBN 978-91-628-8546-5

The overall aim of this thesis was to study clinical and genetic factors that influence response to
growth hormone replacement therapy (GHRT) in GH deficient (GHD) adults. The patients were part
of a cohort of adults with hypopituitarism and severe GHD who were studied before and after 12
months of GHRT. The dose regimen was individualized in order to attain normal IGF-I levels.
Logistic regression (LR) analysis was used to identify good and poor responders to GHRT. The
candidate gene approach was used to study single nucleotide polymorphisms (SNPs) in the GH
receptor (GHR) gene, in genes related to GH signaling pathways, lipid metabolism and renal tubular
function. Changes in IGF-I levels, body composition (BC), lipid profile and extracellular water (ECW)
were analyzed as the GHRT outcomes. We identified gender and insulin levels at baseline as
predictors for changes in IGF-1 levels, and gender, height and lean body mass (LBM) at baseline as
predictors for changes in BC. The accuracy of the equations obtained by LR to predict whether a
patient will be a GR or PR was 70% for IGF-1 and 80% for BC responses. The d3 allele polymorphism
in the GHR gene did not influence IGF-I levels and BF at baseline and their changes after GHRT. At
baseline, distinct SNPs of the cholesteryl ester transfer protein (CETP) gene were associated with
higher total cholesterol (TC), HDL-C and LDL-C, those of the apolipoprotein E (APOE) gene with
lower TC and LDL-C, APOB gene with higher serum HDL-C, and those of the peroxisome
proliferator-activated receptor gamma (PPARG) gene with lower LDL-C and the APOE/C1/C4/C2
cluster with lower tryglicerides (TG). After GHRT, greater reductions in TC and LDL-C were
associated with SNPs in the APOB and PPARG, explaining 5% of the variation. SNPs in the signal
transducer and activator of transcription 5B (STAT5B), in the phosphoinositide-3-kinase, catalytic,
beta polypeptide (PIK3CB) and in the sodium/potassium/chloride transporter member 1 (SLC12A1)
genes were associated with differences in ECW in GHD patients. We conclude that gender, body
height, LBM and insulin levels were the best predictors of IGF-I and BC responses to GHRT in GHD
adults. The presence of the d3-GHR allele did not influence responses to GHRT, but we found that
some SNPs in genes related to lipid metabolism, GH signaling pathways and water balance impact the
baseline characteristics of GHD and their response to GHRT.

KEYWORDS: growth hormone deficiency, hypopituitarism, growth hormone replacement therapy,
prediction models, candidate gene approach, polymorphisms, body composition, growth hormone
receptor, lipid metabolism, extracellular water, pharmacogenomics
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Summary in English

Introduction: There is considerable individual variation in the clinical response to growth hormone
(GH) replacement therapy (GHRT). Useful predictors of treatment response are lacking, particularly in
GH deficient (GHD) adults.

Aims: The overall aim of this thesis was to identify clinical and genetic factors that influence the
response to GHRT in GHD adults.

Hypothesis: The more specific research questions were: can we develop prediction models for serum
IGF-1 and body composition (BC) responses to GHRT in GHD adults? Does the GH receptor
polymorphism (d3-GHR) influence the response to GHRT in terms of IGF-I levels and body fat (BF)
in GHD adults? Do single nucleotide polymorphisms (SNPs) in genes related to lipid metabolism
influence serum lipid concentrations in GHD adults and their changes with GHRT? Can SNPs in
genes related to renal sodium and water balance and SNPs in genes related to the GH signaling
pathway predict extracellular water (ECW) volumes in GHD adults and their changes with GHRT?
Methods: The patients in this thesis were part of a longitudinal cohort of adults with hypopituitarism
and severe GHD who received GHRT in a titrated dose regimen to attain normal IGF-I levels. Adult
GHD patients were studied before and after 12 months of GHRT. To develop prediction models for
GHRT response, 167 patients (103 men; median age 49.8 yrs) were studied. Serum IGF-I levels and
BC using dual-energy x-ray absorptiometry (DXA) were assessed. The GHD patients were classified
as “Good Responders” (GR) or “Poor Responders” (PR) when the response to GHRT was greater than
the 60th or lower than the 40th percentile, respectively. Logistic regression (LR) was used to identify
GR or PR. The candidate gene approach was used in the genetic studies and genomic DNA was
extracted from whole blood. The influence of the d3 allele of the GHR gene on the IGF-I and BF
responses to GHRT was studied in 124 GHD adults (79 men; median age 50.1 yrs). BF was assessed
by the 4-compartment model, and multiplex PCR with fragment detection by gel electrophoresis was
used for determining the genotype in the GHR exon 3 locus. The impact of 9 genes related to lipid
metabolism on lipid response to GHRT was studied in 318 GHD adults (184 men; median age 51 yrs).
Twenty SNPs were selected because they had already been shown to have a significant association
with serum lipid concentrations and cardiovascular conditions in other populations. Total cholesterol
(TC), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C) and
triglycerides (TG) were assessed in serum samples. The association of 5 genes related to GH signaling
pathways and 9 genes in renal tubular function on ECW volume was investigated in 311 GHD adults
(181 men; median 51 yrs). These genes were selected because of their well-established role in the GH
signaling pathways or their influence on the renal tubular function and renal sodium and water balance
regulation. A total of 41 SNPs were genotyped using TagMan or the Sequenom platform. ECW
measurements were estimated using bioelectrical impedance analysis (BIA) at a frequency of 50kHz
(BIA-50kHz).

Results: For IGF-I response, the clinical predictors were gender and insulin levels at baseline. Men
were 5.6 times more likely to be GR than women. Mean baseline insulin levels were similar in GR and
PR, but patients with higher insulin levels were more likely to be GR. For BC changes [body fat (BF)
and lean body mass (LBM)], the best predictors were gender, height and LBM at baseline. Men, taller
patients and those with lower LBM were more likely to be GR. The accuracy of the equations obtained
by LR to predict whether a patient will be a GR or PR was 70% for IGF-1 and 80% for BC responses.
In the analysis of the GHR polymorphism, 58% of the GHD patients had two wild-type alleles (fl/fl-
GHR; Group 1), while 42% had at least one d3-GHR allele (Group 2), comprising 32% with one d3-
GHR allele (d3/fl-GHR) and 10% with two GHR-alleles (d3/d3-GHR). No significant difference was
found between patients from Group 1 and Group 2 in terms of IGF-I and BF changes after 12 months
of GHRT. Our investigation of SNPs related to serum lipid concentrations in GHD adults showed that
serum TC concentrations were associated with the cholesteryl ester transfer protein (CETP) gene
SNPs rs708272 and rs1800775 and with apolipoprotein E (APOE) gene SNP rs7412. Moreover, serum
HDL-C concentrations were associated with CETP SNPs rs708272, rs1800775 and rs3764261 and the
apolipoprotein B (APOB) gene SNP rs693. Serum LDL-C concentrations were associated with APOE
SNP rs7412, peroxisome proliferator-activated receptor gamma (PPARG) gene SNP rs10865710 and
CETP SNP rs1800775. Triglyceride (TG) concentrations were associated with APOE/C1/C4/C2 SNP
rs35136575. After treatment, the APOB SNP rs676210 GG genotype was associated with larger
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decreases in TC and LDL-C, and the PPARG SNP rs10865710 CC genotype with greater decreases in
TC. These two SNPs explained 5% of the lipid profile variation in response to GHRT. All associations
remained significant when adjusted for age, sex and BMI. Three SNPs were associated with ECW
volume in GHD patients: the signal transducer and activator of transcription 5B (STAT5B) SNP
rs6503691; the phosphoinositide-3-kinase, catalytic, beta polypeptide (PIK3CB) SNP rs361072; and
the solute carrier family 12 (sodium/potassium/chloride transporters), member 1 (SLC12A1) SNP
rs2291340. After 12 months of GHRT, no SNP was found to have influenced changes in ECW in
response to GHRT.

Conclusions: mathematical models to predict GH responsiveness in GHD adults were developed
using gender and serum insulin levels as the major clinical predictors for IGF-1 response, and gender,
body height and baseline LBM for BC response. The presence of the d3-GHR allele did not influence
the IGF-I and BF responses to GHRT in GHD adults. Multiple SNPs in genes related to lipid
metabolism contributed to individual differences in the serum lipid concentrations of GHD adults.
Moreover, polymorphisms in the APOB and PPARG had a small but significant influence on the
changes in the serum lipid profile after GHRT. The STAT5B, PIK3CB and SLC12A1 polymorphisms
contributed to the interindividual variability in the ECW volume in untreated GHD adults.
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Summary in Swedish/Sammanfattning pa svenska

Bakgrund: Det finns en stor individuell variation i kliniskt svar pa erséttningbehandling med
tillvaxthormon (GH). Anvandbara prediktorer for behandlingssvar saknas, sarskilt hos vuxna med brist
pa GH.

Syfte: Det 6vergripande syftet med denna avhandling var att identifiera kliniska och genetiska faktorer
som paverkar svar pa GH ersattningsbehandling hos vuxna individer med GH-brist.

Hypotes: De mer specifika forskningsfragorna var: kan prediktionsmodeller for férandring i serum
IGF-1 och kroppssammansattning som foljd av GH ersattningsbehandling hos vuxna individer med
GH-brist utvecklas? Paverkar en polymorfism i GH receptorn (d3-GHR) svaret pa GH
ersattningsbehandling vad galler IGF-1 nivaer och kroppsfett hos vuxna individer med GH-brist?
Paverkar enkla basparssubstitutioner, s.k. SNPs, i gener relaterade till lipidmetabolism serum
lipidnivaer hos wvuxna individer med GH-brist och forandring i lipidnivaer under GH
ersattningsbehandling? Kan SNPs i gener relaterade till njurens natrium- och vattenbalans eller GH
signaleringskaskad prediktera volym av extracellularvatten (ECW) samt férandring av ECW volym
under GH erséattningsbehandling hos vuxna individer med GH-brist?

Metoder: Patienterna i denna studie ingick i en longitudinell studie pa patienter med hypofyssvikt och
grav. GH-brist som fatt GH ersattningsbehandling i en titrerad dosregim i syftet att erhalla
normaliserade IGF-I varden. Vuxna individer med GH-brist studerades fore och efter 12 manader med
GH ersattningsbehandling. For att utveckla prediktionsmodeller fér GH ersattningsbehandlingssvar
studerades 167 patienter (79 man; median alder 49,8 ar). Serum IGF-1 nivaer och
kroppssammanséttning métt med dual-energy x-ray absorptiometry (DEXA) undersoktes. Patienter
med GH-brist klassificerades som ”good responders” (GR) eller ”poor responders” (PR) nér responsen
pa GH ersattningsbehandling var 6ver den 60e eller under den 40e percentilen, respektive. Logistisk
regression (LR) anvéndes for att identifiera GR och PR. En kandidatgensapproach anvéndes i de
genetiska studierna och genomiskt DNA isolerades fran helblod. Paverkan av d3-GHR pa IGF-I och
kroppsfett under/efter GH ersattningsbehandling studerades hos 124 vuxna individer med GH-brist (79
man; median alder 50,1 ar). Kroppsfett bestamdes med en s.k. 4-compartment modell och multiplex
PCR med fragmentdetektion via gelelektrofores anvandes for att bestdmma genotyp for d3-GHR.
Effekten av nio gener involverade i lipidmetabolism pa lipidrespons under GH ersattningsbehandling
studerades hos 318 vuxna individer med GH-brist (184 man; median alder 51 ar). 20 SNPs valdes ut
baserat pa att de tidigare visats ha en signifikant koppling till serum lipidkoncentrationer och/eller
kardiovaskulér funktion i andra populationer. Totalkolesterol (TC), low-density lipoprotein kolesterol
(LDL-C), high-density lipoprotein kolesterol (HDL-C) samt triglycerider (TG) maéttes i serumprover.
Paverkan av fem gener inom GH signaleringskaskad och nio gener med effekt pa njurfunktion pa
ECW volym undersoktes hos 311 vuxna individer med GH-brist (181 mén; median alder 51 ar). Dessa
gener valdes ut med anledning av deras valetablerade roll inom GH-signalering eller dess paverkan pa
njurfunktion och reglering av vattenbalans. Totalt genotypades 41 SNPs med TagMan eller Sequenom
plattformarna. ECW maétningar utférdes med s.k. bioimpedisk impedansanalys (BIA) vid en frekvens
av 50 kHz (BIA-50kHz).

Resultat: Prediktorer for IGF-I respons var kon samt insulinnivaer vid behandlingsstart. Mén var 5,6
ganger troligare att vara GR &an kvinnor. Medel insulinnivaer vid start var likvardiga hos GR och PR,
men patienter med hogre insulinnivaer var troligare GR. For forandring i kroppssammansattning
[kroppsfett (BF) och muskelmassa (LBM)] var de basta prediktorerna kon, alder samt LBM vid
behandlingsstart. Man, langre individer och patienter med lagre LBM var troligare en GR. Sakerheten
for framtagna ekvationer att prediktera huruvida en patient ar en GR eller PR var 70% foér IGF-1 och
80% for kroppssammansattning. Analysen av GHR polymorfismen visade att 58% av de vuxna
individerna med GH-brist bar pa tva vildtypsalleler (fI/fl-GHR; Grupp 1), medan 42% bar pa
atminstone en d3-allel (Grupp 2; dar 32% hade en d3-allel (d3/fl-GHR) och 10% hade tva d3-alleler
(d3/d3-GHRY)). Inga signifikanta skillnader uppmaéttes mellan Grupp 1 och Grupp 2 vad galler
forandring av IGF-1 och kroppsfett efter 12 manader med GH ersattningsbehandling. Var
undersokning av tolv SNPs relaterade till lipidmetabolism hos vuxna individer med GH-brist visade
att serum TC koncentrationer var kopplade till cholesteryl ester transfer protein (CETP) SNPs
rs708272 och rs1800775 samt till apolipoprotein E (APOE) SNP rs7412. Serum HDL-C
koncentrationer var kopplade till CETP SNPs rs708272, rs1800775 och rs3764261 samt till
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apolipoprotein B (APOB) SNP rs693, serum LDL-C koncentrationer var kopplade till APOE SNP
rs7412, peroxisome proliferator-activated receptor gamma (PPARG) SNP rs10865710 samt till CETP
SNP rs1800775. Serum TG koncentrationer var kopplade till APOE/C1/C4/C2 SNP rs35136575. Efter
behandling var APOB SNP rs676210 GG genotyp kopplad till en storre sankning av TC och LDL-C,
och PPARG SNP rs10865710 CC genotyp var kopplad till en storre sankning av TC. Dessa tva SNPs
forklarade 5% av variationen i lipidprofil under GH ersattningsbehandling. Alla associationer kvarstod
som signifikanta efter justeringar for alder, kén samt BMI. Tre SNPs var kopplade till ECW volym
hos individer med GH-brist: signal transducer and activator of transcription 5B (STAT5B) SNP
rs6503691, phosphoinositide-3-kinase, catalytic, beta polypeptide (PIK3CB) SNP rs361072 samt
solute carrier family 12 (sodium/potassium/chloride transporters), member 1 (SLC12A1) SNP
rs2291340. Ingen SNP paverkade forandring i ECW volym efter 12 manader med GH
ersattningsbehandling.

Slutsatser: Specifika matematiska modeller for att prediktera svar pd& GH behandling hos vuxna
individer med GH-brist utvecklades, dar kon och serum insulin nivaer var de viktigaste kliniska
prediktorerna for IGF-I respons och kon, langd och LBM vid behandlingsstart var de viktigaste
prediktorerna for kroppsammansattningsrespons. d3-GHR paverkade inte forandring av IGF-I nivaer
och kroppsfett under GH erséttningsbehandling hos vuxna individer med GH-brist. Flertalet SNPs i
gener relaterade till lipidmetabolism bidrog till individuella skillnader i serum lipid koncentrationer
hos vuxna individer med GH-brist. Polymorfismer i APOB och PPARG generna hade en liten men
signifikant paverkan pa lipidprofil efter GH ersattningsbehandling. Polymorfismer i STAT5B, PIK3CB
och SLC12A1 generna bidrog till den interindividuella variabiliteten i ECW volym hos obehandlade
vuxna med GH-brist.
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Introduction

For over twenty-five years, GHRT has been used to treat GHD in adults. However, the determination
of the most adequate dose for individual patients has proved difficult and response to the treatment
varies greatly from one GHD adult to another. Many possible reasons have been suggested to account
for why individual response to GHRT varies so much. The GH has a wide range of biological actions
in the body and it affects several targets. In particular, the GH acts on the liver, adipose tissue, muscle,
bone, kidney and brain, and these tissues in turn have factors which interfere with the response. This
situation is complicated further still by the fact that some of the GH’s actions are directly or indirectly
mediated by the endocrine and paracrine actions of IGF-1 (1, 2).

The response to GHRT is influenced by clinical parameters and might be impacted by genetic factors.
Clinical factors, such as age, gender and BMI, account for a small part of the variability in the GH
response (3). In children, there have been attempts to develop prediction models for growth response
to GHRT (4). In adults, however, such mathematical models have not been tested to distinguish good
and poor responders to GHRT.

In recent years, genetic factors and their influence on responsiveness to drug therapies have attracted
great deal of interest and opened a myriad of possibilities to enable more individualized treatments.
The potential use of pharmacogenomic approaches could lead to more effective and safer therapies,
tailored to the individual needs of each patient.

There have been many different ways of testing the interactions between genetics, human biology and
pharmacology. A single-nucleotide polymorphism (SNP) is a DNA sequence variation that occurs
when a single nucleotide — A, T, C or G — in the genome (or other shared sequence) differs between
members of a biological species or paired chromosomes in an individual. A single SNP may cause a
Mendelian disorder, while in most diseases SNPs do not function individually, but work in
coordination with other SNPs to produce a certain condition. Thus, an investigation of SNPs could
reveal unexpected physiological and pathological aspects of human diseases. This can be done through
genome-wide association studies (GWAS), which scan the entire genome for common genetic
variations, or by candidate gene analysis, involving the study of pre-specified genes of interest, e.g.,
genes coding for membrane transporters that can affect drug bioavailability, plasma concentration
and/or delivery to the target site. In this study, we have adopted the candidate gene approach to
explore the potential role of various SNPs in the baseline characteristics of patients with
hypopituitarism and severe GHD and their impact on the responsiveness to 12 months of GHRT.

Historical background of GH replacement therapy in adults

The earliest attempts at isolating human GH from the pituitary gland were made in the 1950s by Li
and Papokoff in California (5). Raben, in 1958, reported on the treatment of a pituitary dwarf with
pituitary GH (6). In the 1960s, the therapeutic use of pituitary GH, extracted from human cadavers,
was widely accepted for treating children with severe growth retardation. From 1963 to 1985,
thousands of GHD children in different parts of the world received pituitary GH. However, this
treatment was abruptly terminated when it was discovered that a number of patients developed
Creuzfeldt-Jacob disease, a degenerative neurological prion-mediated disorder (7-8). The link between
pituitary GH and this disease was quickly recognized by regulatory agencies. However, at the same
time, a new development with great clinical potential took place: recombinant DNA-derived human
GH.

The GH gene was cloned for the first time in 1979, and in 1981 the first recombinant human GH was
synthetically produced (9). The process was improved over the next few years and received FDA
approval in 1985. Prior to this, GH therapy was available only to the most severely affected GHD
children. With the development and standardization of the recombinant techniques, the availability of
treatment became a reality both to a wider range of short children with many different disorders and
adults with hypopituitarism. Hence, in the 1990s, the new clinical entity of severe GHD in adults
began to be defined and characterized by increased body fat, decreased muscle mass, reduced
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extracellular fluid volume, reduced bone density and altered lipid profile, reduced exercise capacity
and impaired quality of life (10-13).

One of the first challenges in this new field of adult GH treatment was to define the appropriate dose
of GH. In the early days, the dose was based on the patient’s weight or body surface area, using the
same strategy employed in children. However, despite the effectiveness of the treatment, it often
resulted in a number of side effects related to fluid retention and insulin resistance due to high doses
and individual patient sensitivity to the hormone (14-18). As a consequence, initial GH doses were
progressively reduced with subsequent up-titration doses based on individual response to changes in
IGF-I, body composition, quality of life and metabolic profile, which is the current recommendation
for treatment of adults with GHD. Individualized dose titration had the same beneficial effects, but
with fewer side effects and lower GH maintenance doses (19-20).

Holmes and Shalet (21) made one of the first attempts to identify the factors that influence GH
sensitivity. They observed that older and more obese patients with adult-onset GHD were more
sensitive to GH. Furthermore, other studies showed that the effects of GH on body composition, lipid
profile and markers of bone turnover were more pronounced in men (22-24). It was also observed that
women receiving oral estrogen replacement therapy were more resistant to GH in the serum IGF-I
response (25) and less prone to develop peripheral edema and other fluid-related side effects of GHRT
(26).

GH deficiency in adults

GHD adults exhibit abnormal body composition, characterized by a significant increase in fat mass,
especially visceral fat, and a decrease in lean body mass (11, 27-32), total body water (TBW) and
extracellular fluid volume (12, 33, 34). GHD patients have approximately 7% more fat mass in
comparison to the predicted values adjusted for age, sex and height (35, 16). They often have
diminished strength and exercise capacity (36-37). Their bone mineral density (BMD) is reduced,
especially in young adults with GHD, and bone fractures are more prevalent (31, 38). Adults with
GHD also have an altered serum lipid profile and are more prone to cardiovascular abnormalities (33,
39-46). These patients might that their quality of life (QoL) is poor and that they suffer from social
isolation and decreased energy and vitality (41, 46-48). GHD may also contribute to the reduced life
expectancy secondary to increased cerebro- and cardiovascular disease that has been reported in
several epidemiological studies of patients with hypopituitarism (11, 13, 18, 42-45).

Outcomes of GH replacement therapy

In contrast with GH therapy in children, there are many endpoints to be evaluated in an adult GHD
patient treated with GHRT, including changes in BC, lipid and metabolic profile, bone health and
quality of life. Serum IGF-1 concentrations are used to monitor the GHRT in adults and they are
especially helpful for detecting over-replacement. The serum IGF-I response to the administration of
GH mainly reflects the hepatic effect of GH, as over 70% of the circulating IGF-1 is produced in the
liver (1).

Reduced fat mass after GHRT has mostly been described in the visceral fat through anthropometric
measurements and imaging (18, 16, 49). A recent study concerning the effect of GH replacement on
different fat compartments analyzed by whole-body magnetic resonance imaging found that GHRT
may affect both subcutaneous and visceral fat mass compartments (50-51).

GHD patients have lower levels of total body water (TBW) as a result of reduced volumes of ECW
(34). The GHRT increases ECW as a result of the antinatriuretic effects of GH and IGF-1 (16, 18, 52-
55). In most patients, ECW volume is normalized by the same GH dose employed to obtain a normal
serum IGF-I level (56). Alterations in ECW might be a more useful end-point for GHRT monitoring
because these changes are more consistent during therapy (57).

GH regulates lipoprotein metabolism by enhancing clearance of LDL by activating the expression of
hepatic LDL receptors (58-59). Most studies that have evaluated the effects of GHRT on the lipid
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profile of GHD adults have shown a reduction in serum levels of total cholesterol (TC), LDL
cholesterol and apolipoprotein B, and an increase in HDL cholesterol concentrations (59) with little or
no change in triglycerides (59).

GHD in adults is associated with insulin resistance. In the short term, GHRT may worsen insulin
sensitivity due to anti-insulin effects of GH (60, 61). However, in the long-term, GH-induced lipolysis
overcomes its diabetogenic effect and no significant changes have been observed in serum glucose and
insulin level and in the index of insulin sensitivity, such as HOMA-IR (62-64).

QoL has been studied by global and disease-derived questionnaires to measure the response to
treatment. Most of the patients who score badly at baseline find that their QoL has improved after
treatment. On the other hand, no changes have been reported by patients with good QoL at baseline.
Thus, the worse the patient is, the more these scores improve. Once the beneficial psychological
effects have been felt, they are sustained in the long term (66-67).

A progressive increase in bone mineral content (BMC) and bone mineral density (BMD) in GHD
patients can only be detected after at least 18 months of GHRT. The lumbar spine increases by around
9%, with men responding more than women (63, 67). BMC and bone area are increased as a result of
the increase in the amount of bone, and this leads to a less marked effect on BMD (68). This reduced
effect is due to increased endosteal and periosteal bone formation in cortical bone with a less marked
effect on trabecular bone. This is evident in the histomorphometric data of men who had childhood
onset disease and received GH treatment for 5 years (69). In most patients, BMD normalizes (63, 51),
and this is likely to be result in a lower risk of bone fractures.

The effect on muscle strength and muscle function is normally not detectable until approximately 18
months of treatment (24). After two to five years of GHRT, muscle strength can be normalized in a
significant proportion of patients (70).

Clinical predictors of individual responsiveness to GH replacement therapy

As mentioned above, individual responsiveness to GHRT is highly variable, both in children and
adults, depending on a number of documented factors. Mathematical models to predict growth
response in children are mainly based on multivariate analysis of a patient’s characteristics and
treatment modalities, and they have been reported on for children with GHD, girls with Turner
Syndrome and short children born small for gestational age (4, 71-76). These algorithms can explain,
with a low margin of error, a high degree of the observed variability of the response during the first
and subsequent prepubertal treatment years (4) In children, the target for the prediction models are
growth velocity and final adult height, while in GHD adults the targets are multiple and may vary
among patients. Patients may exhibit a good response in one or two outcomes, but not in all. Clinical
factors such as baseline BMI, serum GHBP levels, age and gender, were found to influence the GH
response in adults, although they account for only a part of the variability. The response to GH in BC
has been shown to be poorly correlated with the dose of GH, whereas BMI, age, gender and GHBP
levels are weak prediction factors (3, 19, 76-77). On the other hand, IGF-I response has been found to
be associated with GH dose (78), gender (23) and route of oestrogen replacement (26, 79-83). Patients
with a higher BMI are more likely to have a lower reduction in body fat (BF), while patients with low
baseline GHBP levels are more likely to have the most marked increase in lean body mass. In terms to
gender, GHD men experience a more pronounced increase in serum IGF-I concentrations and TBW
than GHD women (3). But even after adjustments for these clinical factors, individual response to
GHRT remains highly variable.

Compliance is always a question of concern in all patients with apparently suboptimal response to
GHRT. Management is currently based on daily sc injections that patients often find cumbersome and
therefore may affect adherence to treatment. Misperceptions concerning the consequences of missed
GH doses, discomfort with injections, dissatisfaction with treatment results and inadequate contact
with health-care providers (along with other factors) have been strongly associated with approximately
70% of noncompliance (84, 85). To promote continuous GH use, routine education should emphasize
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therapeutic end points and their relationship to compliance with GH therapy in an effort to convince
and empower patients with GH deficiency to use self-care strategies to achieve their treatment goals.

Genetic predictors of individual responsiveness to GH replacement therapy

Genetic background could potentially have an impact on GH responsiveness to GHRT. For instance, a
polymorphism in the GH receptor (GHR) gene leading to the deletion of exon 3 (d3-GHR) has been
linked to the growth response to GH therapy in short children. Dos Santos et al (86) studied the effect
of this polymorphism in a large sample of short children born small for gestational age (SGA) and
children with idiopathic short stature (ISS), who have normal birth size but grow at a decreased rate.
During the first 2 years of GHRT, growth response was greater in children bearing at least one allele
encoding the d3-GHR isoform. Positive associations have been published on children with GHD (87-
88), ISS and SGA (86, 89), whereas others have found no link between the GHR genotype and the
efficacy of GHRT on GHD (90-91) and non-GHD children (92-94).
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Aims of the thesis

The main overall objective of this thesis was to study clinical and genetic factors that could influence
response to GHRT in GHD adults. The more specific primary aims were:

Paper | To identify good and poor responders to GHRT and to develop mathematical models
using clinical factors to predict response to GHRT.

Paper II To assess the influence of the exon 3-deleted (d3-GHR) and full-length (fl-GHR) GH
receptor isoforms on the response in serum IGF-I levels and BF to GHRT.

Paper 111 To evaluate the influence of SNPs in genes related to lipid metabolism on the response
in the serum lipid profile to GHRT.

Paper IV To examine the influence of SNPs in genes related to the GH signaling pathways and
renal tubular function on the response in ECW to GHRT.
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Subjects and Methods

Patients

The patients in this study were part of a large prospective longitudinal cohort of adults with
hypopituitarism and severe GHD treated at the Sahlgrenska University Hospital, Gothenburg, Sweden
from as early as 1993 until 2009 (Table 1). The number of patients included in each study varied due
to exclusion criteria and the willingness of individuals to participate in genetic testing. An insulin
tolerance test (ITT) was used to confirm the diagnosis of GHD in over 75% of the patients. Eligibility
was determined by a maximum peak GH response < 3.0 pg/l during the ITT (blood glucose nadir < 2.2
mmol/l). Patients with contraindications for the ITT were subjected to other tests, such as GHRH-
arginine, GHRH-pyridostigmine or glucagon in order to confirm severe GHD. In the GHRH-arginine
test, the appropriate cutoff points for diagnosing GHD were 11.5 pg/1 for those with a BMI less than
25 kg/m?, 8.0 pg/1 for a BMI of 25-30 kg/m?, and 4.2 pg/l for those with a BMI greater than 30 kg/m?
(95). A cutoff of 10 pg/l for the GHRH-pyridostigmine and between 2.5 and 3 pg/l for glucagon
stimulation tests seems to have the appropriate specificity and sensitivity for the diagnosis of GHD
(96-98).

The most common cause of GHD was non-functional pituitary adenoma and the majority of patients
had adult-onset GHD (AO-GHD). None of the AO-GHD had previously received GH therapy. All
adults with childhood-onset GHD (CO-GHD) had previously received GH therapy but it had been
terminated a considerable amount of time before they were retested prior to GHRT in adulthood, most
of them having gone without treatment for at least four years. The remaining few had not received
treatment for at least 6 months. Furthermore, most patients had multiple pituitary hormonal
deficiencies. When required, patients received adequate and stable replacement therapy with
glucocorticoids, thyroid hormone (levothyroxine), gonadal steroids and desmopressin for at least 6
months before beginning GHRT.

Considerations on patient selection

The patients in this study are mostly patients with hypothalamic pituitary disease and hypopituitarism.
They are all tested and offered GHRT if a deficiency is found. This reduces patient selection bias, but
may have an impact when drawing comparisons with other studies, as other centres in Sweden and
those in other countries have different criteria for testing patients and providing them with treatment.

Ethics

All the studies included in this thesis were approved by the Ethics Committee of the University of
Gothenburg, Sweden and conducted in accordance with the Declaration of Helsinki.

Written informed consent was obtained from all patients after they had received oral and written
information regarding the study.
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Table 1. Characteristics of the adults with GH deficiency included in Papers I-1V.

Variable Paper | Paper 11 Paper 111 Paper IV

No. of patients, (Men/women) 167 124 318 311

(61.7/38.3) (63.7/36.3) (57.9/42.1) (58.2/41.8)

Age, years 49.8 (19-76)  50.1(18-76) 51 (17-77) 51 (17-77)
No. of patients with childhood-onset

19 (11.4) 16 (12.9) 31(9.7) 32 (10.3)
GHD
Known duration of hypopituitarism,

2 (0-42) 2 (0-42) 2 (0-47) 2 (0-47)
years
Causes of pituitary deficiency
Non-secreting pituitary adenoma 75 (44.9) 56 (45.2) 129 (40.6) 131 (42.1)
Prolactinoma 15 (9) 13 (10.5) 24 (7.5) 27 (8.7)
Craniopharyngioma 17 (10.2) 11 (8.9) 24 (7.5) 24 (7.7)
Idiopathic 19 (11.4) 12 (9.7) 28 (8.8) 27 (8.7)
Other 41 (24.6) 32 (25.8) 113 (35.5) 102 (32.8)
Hormone replacement therapy
Glucocorticoid 95 (56.9) 69 (55.6) 163 (51.3) 156 (50.2)
Levothyroxine 135 (80.8) 102 (82.3) 240 (75.5) 231 (74.3)
Sex steroids 121 (72.5) 91(73.3) 198 (62.2) 191 (61.5)
Isolated GHD 21 (12.6) 12 (9.7) 37 (11.6) 35 (11.3)

Data are presented as median (range or percentage).

GH replacement therapy

The patients in all four studies received recombinant human GH, administered s.c. every evening. The
initial median dose was 0.17 mg/day, varying from 0.1 to 1.3. The dose was titrated according to age-
and gender-adjusted serum IGF-1 concentrations after 1 and 4 weeks of GHRT and every 3 months
thereafter to maintain IGF-I levels between the median and the upper limit of the normal reference
range. The individual serum IGF-I levels were transformed into standard deviation scores (SDS)
according to age- and sex-adjusted reference values. The reference population had previously been
described in detail (104) and randomly selected from the same geographical area (Western Sweden) as
the patients in the present study. The following formulae were used to calculate the predicted IGF-I
values (105): [292.7 - 2.1 x age] for men, and [375.7 - 3.7 x age] for women. The calculations of the
IGF-1 SDS were carried out using two other formulae: [observed IGF-I - predicted IGF-1/48] for men,
and [observed IGF-I - predicted IGF-1/54.7] for women.
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Study design

The design was an open uncontrolled open labeled longitudinal study. Clinical and biochemical
evaluation was performed at baseline, 1 and 3 months and then every 3 months during the first year
and thereafter every 6 months. Measures of BC were taken at baseline and after 6 and 12 months.

Paper I: To determine whether a patient was a good or poor responder to GHRT, the absolute changes
in BC and IGF-I responses after 12 months of treatment were calculated. Changes in IGF-I levels
(ug/l) from baseline were adjusted according to the cumulative GH dose (cGH, mg) that each patient
received during the whole period of treatment, using the following formula to calculate IGF-1 response
(ug/per mg of GH): [AIGF-I/cGH]. Patients were categorized as good responders (GR) or poor
responders (PR) to GHRT using this ratio. Patients with IGF-I response above the 60th percentile were
categorized as GR and those with a response below the 40th percentile as PR. For BC, patients were
classified as GR when LBM increased and BF decreased above the 60th percentile, while in the PR,
changes in LBM and BF were below the 40th percentile.

Paper I1: Based on genotype, patients were divided into Group 1 (those with two wild-type alleles,
fl/fl-GHR) and Group 2 (those with at least one d3-GHR allele). At baseline, the genotype frequency
was studied, in addition to its relation with clinical and laboratorial characteristics. After 12 months of
GHRT, the genotype was linked to the following outcome variables and their change following
therapy: 1) serum IGF-I concentrations; 2) IGF-1 SDS; 3) BF; and 4) GH dose.

Paper I11: Patients were divided into two groups: 1) those with two major alleles of genes related to
lipid metabolism and 2) those carrying at least one minor allele. Genotypes were linked to variations
in lipid profile before and after 12 months of GHRT in GHD adults.

Paper 1V: Patients were divided into two groups: 1) those patients with two major alleles of genes
related to GH signaling pathways and renal tubular function and 2) those carrying at least one minor
allele. Genotypes were linked to variations in ECW before and after 12 months of GHRT in GHD
adults.

Considerations on study design

In Paper Il, we studied the polymorphism of GHR because GH actions on different tissues are
mediated by interaction with its receptor.

In Paper |11, the candidate genes were selected based on their known physiological influence on lipid
metabolism and in the cardiovascular status in other populations (Table 2).

In Paper 1V, the candidate genes were selected based on their known physiological role in the GH

signaling pathways and their influence on renal tubular function and regulation of the renal sodium
and water balance in other populations (Table 3).
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Table 2. Summary of the genes and single nucleotide polymorphisms analyzed in Paper 11l and their
importance in previous non-GHD studies.

Gene dbSNP ID ?él/f)‘F I\A/Illlr;?er Previous findings (reference)
PPARg3 rs10865710 20.8 G Associated with increased height and plasma LDL-C in a
French population (99). Also associated with colorectal cancer
risk in Chinese population (100).
CETP rs1800775 45 C Associated with HDL-C response to GH replacement and
modified by glucocorticoid treatment in GHD adults (101).
rs708272 47.8 T Associated with higher HDL levels and lower risk of Ml in
healthy women (103).
rs3764261 36.7 T Associated with HDL-C in type Il Diabetes and aging
population (103).
PCSK9 rs11206510 15 C Associated with LDL-C and CAD (103).
LPL rs1801177 1.7 A N-allele associated with Ml in type 2 diabetes (104). Higher
remnant lipoproteins and lower a2 HDL particle levels in
patients with type diabetes and Ml (105).
rs12678919  14.2 G Associated with HDL-C (103).
rs6993414 13.2 G Associated with TG conc (103).
APOB rs676210 19.2 A Located in a domain involved in structural changes of
apolipoprotein B during conversion of VLDL to LDL-C in
general population (106).
rs1042031 20.8 A Located in a region known to regulate binding to the receptor
(106)
rs679899 46.6 A Located in a crucial region for lipidation (106).
APOEE2  rs429358 3.9 TIT ApoE associated with cardiovascular disease in
and rs7412 postmenopausal women (107). Genotyping can be performed
using SNPs rs429358 and rs7412. APOE E2 genotype =
rs429358 (T) + rs7412 (T), APOE E3 =rs429358 (C) + rs7412
(T), APOE E4 = rs429358 (C) + rs7412 (C).
APOE E3 76.7 CIT
APOE E4 19.4 CIC
MR rs5522 11.7 G Association with BMI and LDL-C levels in general population
(NR3C2) (108-109).
LDLR rs1433099 30 A Associations with baseline LDL-C and TG levels and CHD and
CVD in aging population (110).
rs2738466 20.7 G
APOE- rs35136575 25 G Influences plasma Apo E (111) in Caucasian, African and
APOC Mexican Americans and LDL-C levels in type Il diabetes and
cluster aging populations (103).
rs4420638 18.3 G
APOB rs562338 22.5 T SNP associated with LDL-C concentrations (103).

Apolipoprotein B gene, APOB; LDL receptor, LDLR; lipoprotein lipase, LPL; cholesteryl ester transfer protein,
CETP; apolipoprotein E, APOE; apolipoprotein E/C1/C4/C2 gene cluster, APOE/C1/C4/C2; peroxisome
proliferator-activated receptor gamma, PPARG; proprotein convertase subtilisin kexin type 9 PCSK9; and
nuclear receptor subfamily 3, group C, member 2, NR3C2. MAF: minor allele frequency.
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Table 3. Summary of the genes and single nucleotide polymorphisms analyzed in Paper IV and their
importance in previous non-GHD studies.

MAF  Minor . -
Gene dbSNP ID %) Allele Previous findings (reference)

GH-signaling pathway

GHR rs6873545  25.8 C tagSNP for the GHR exon 3 deleted/full-length polymorphism in
GHD adults (112).

PI3KCB rs361072 42.5 G Associated with HOMA IR dependent on BMI, the C-allele
creates a GATA binding site capable of increasing transcription
of PI3KCB in obese children (113). Also associated with IGF-I
levels and longevity in long-lived people (114).

JAK?2 rs7849191 50 c Associated with higher central fat, % central fat and waist
circumference in white female twin subject (115).

rs3780378  47.5 T Associated with higher serum apoA, TC, LDL-C and lower TG
(115).

STATSb rs6503691  10.8 C tagSNP, this SNP together with STAT3 SNP haplotype associated
with breast cancer in German population (116).

SOCSs2 rs11107116 20 T Associated with peak height velocity during puberty in the
northern Finland birth cohort (117).

Renal tubular function

AGT rs699 38.3 C Associated with renal dysfunction and CVD in diabetic women
(118).
STK39 rs6749447  27.5 G Associated with BP in Amish and non-Amish populations (119).
rs3754777  13.3 A
WNK1 rs880054 44.0 G Associations with mean 24-hour SBP and DBP in the general
population (120).
rs765250 34.7 G
rs1159744  25.8 C Contributed to variations of BP response to thiazide in adults with
essential hypertension (121).
SLC12A1  rs2291340 17.5 C Associated with BP (122) in Japanese population; gene
modulated by GH (123).
SLC12A3 rs11643718 15.8 A Associated with primary hypertension (124), renal albumin loss,
and diabetic nephropaty in young women (124).
SCNN1A rs2228576  25.8 A In vitro affected ENaC’s surface expression and has been
associated with hypertension in patients with type Il diabetes with
and without end-stage renal disease (125).
SCNN1G rs5723 27.6 G Predispose to hypertension susceptible to diuretic therapy in
Chinese hamster ovary cells (126).
rs5729 26.8 A
rs13331086 28.3 T Associated with systolic blood pressure (SBP) in healthy
Caucasians (127).
KCNJ1 rs2846679 16 A Associated with mean 24-hour SBP in the general Australian
(ROMK) white population (128).
rs2186832 20 C Associated with mean 24-hour DBP (128, 129).
rs675759 16.1 G Associated with BP and left ventricular mass (128, 129).
CASR rs1965357  15.0 C Associated with urinary calcium excretion in African Americans

(130).

Genes related to GH-signaling pathways: growth hormone receptor gene, GHR; Janus kinase 2, JAK2;
signal transducer and activator of transcription 5B, STATS5B; phosphoinositide-3-kinase, catalytic, beta
polypeptide, PIK3CB, suppressor of cytokine signaling 2, SOCS2;

Genes related to renal tubular function: angiotensinogen, AGT; sodium channel, non-voltage-gated 1
alpha subunit SCNN1A; sodium channel, non-voltage-gated 1 gamma subunit, SCNN1G; solute carrier
family 12 (sodium/potassium/chloride transporters), member 1 SLC12A1/NKCC2; solute carrier
family 12 (sodium/chloride transporters), member 3 (thiazide-sensitive sodium-chloride cotransporter)
SLC12A3; potassium inwardly-rectifying channel, subfamily J, member 1, KCNJ1(ROMK); WNK
lysine deficient protein kinase 1, WNK1,; calcium-sensing receptor, CASR; serine threonine kinase 39
STK39.

24



Anthropometric methods

In all four papers, body weight (BW), body height, waist circumference (WC) and hip girth were
measured in the morning. The BMI was calculated as BW in kilograms divided by height in meters
squared (kg). Systolic blood pressure (SBP) and diastolic BP (DBP) were measured using the
sphygmomanometric cuff method.

Biochemical methods

All laboratorial measurements were taken out at the Department of Clinical Chemistry at the
Sahlgrenska University Hospital. Serum IGF-I levels were determined in serum samples collected
following an overnight fast, using a hydrochloric acid-ethanol extraction RIA with authentic serum
IGF-I1 for labelling (Nichols Institute Diagnostics, San Juan Capistrano, CA, USA). From June 2004 to
September 2006, these levels were determined using an automated chemiluminescent immunoassay
(Advantage) from Nichols. Thereafter, serum IGF-1 was determined using an automated
chemiluminescent assay system (IMMULITE 2500®, Diagnostic Products Corp., Los Angeles, CA,
USA). All assays had a detection limit <20 pg/l and an inter-assay CV < 8.6%. The individual serum
IGF-I levels were transformed into SD scores according to age— and sex—adjusted, population based
reference values (131-132).

Serum insulin was measured using immunometric method with chemiluminescence technology
(ADVIA Centaur; Bayer Diagnostics).

TC and triglyceride (TG) concentrations were determined using enzymatic methods (Roche Molecular
Biochemicals) and expressed as mmol/l. HDL-C levels were determined after the precipitation of
apoB-containing lipoproteins with MgCl, and heparin (133). LDL-C was calculated using
Friedewald’s formula adjusted to SI units (134).

Body composition

Total BF and LBM were assessed at baseline and after 6 and 12 months of GHRT using dual-energy
X-ray absorptiometry (DXA) (Lunar DPX-L, Lunar Corporation, Madison, WI, USA). The precision
errors (1 S.D.) of the scanner were 1.7% for BF and 0.7% for LBM, which were determined by double
examinations of ten healthy subjects (135).

In Paper Il, a four-compartment model (4-C) was used to study body composition (136). This model
was based on the simultaneous determination of total body potassium, total body water and body
weight. Fat-free extracellular solids, body cell mass, extracellular water and BF were calculated from
these measurements. Total body potassium was assessed in a whole-body counter with a CV of 2.2%.
Total body water was determined by the isotope dilution of titrated water with a CV of 3.2%.

ECW measurements were estimated using bioelectrical impedance analysis (BIA) at a frequency of 50
kHz (BIA-50kHz) (137). In a subset of patients, ECW was measured using sodium bromide dilution,
which is the gold-standard method for this measurement.

Genetic methods

Genomic DNA was isolated from whole blood using the FlexiGene DNA kit (QIAGEN, Hilden,
Germany). To determine the genotype in the GHR exon 3 locus, a multiplex polymerase chain
reaction (PCR) with fragment detection by gel electrophoresis was performed using the primers G1,
G2, and G3 (GenBank accession no. AF155912) as previously described (138). A second PCR using
only the primers G1 and G3 was conducted whenever a perfect d3/d3 genotype or a d3/d3 with weak
935-bp amplicon (suspected d3/fl genotype) was detected (139).
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In Papers II, 111 and IV, genomic DNA was isolated from whole blood using the FlexiGene DNA kit
(QIAGEN, Hilden, Germany).

Tables 2 and 3 summarize the SNPs analyzed in Papers 11l and IV and their importance in previous
non-GHD studies. APOE gene SNP rs429358, SLC12A3 gene SNP rs11643718, STK39 gene SNP
rs3754777 and GHR gene SNP rs6873545 were genotyped using TagMan SNP genotyping and the
remaining SNPs with the Sequenom platform. The Sequenom genotyping was performed at the
Mutation Analysis facility at Karolinska University Hospital using matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry (Sequenom Inc., San Diego,
CA, USA). iPLEX assays were designed using SpectroDESIGNER software (Sequenom Inc.).

Statistical methods

Paper |

Bivariate analyses (Pearson, chi square and independent samples test) were conducted to test the
significance of the association between each predictor and the outcome variables. Multivariate logistic
regression analyses were used to identify significant predictors of the GH response in each outcome
variable (140). Many variables were tested, of which the most important were gender, age, BMI, total
BF (kg), LBM (kg), insulin levels, peak GH during stimulation test, IGF-I levels, glucocorticoid
replacement dose and GH starting dose. The results were presented as odds ratios (OR) with 95%
confidence intervals. Two methods were used to measure accuracy: the Hosmer-Lemeshow goodness-
of-fit test, which showed that the prediction models for IGF-1 and BC responses were well fitted (P >
0.05); and the classification tables to show how well the models identified the GR and PR by assessing
sensitivity, specificity and predictive value. Using the specified cut-off value of 0.5, the model
categorized a subject as a GR if the estimated probability was 0.5 or more and a PR if the estimated
probability was less than 0.5. All the values presented were two-tailed, and values of < 0.05 were
considered indicative of statistical significance.

Paper 11

Differences between genotype groups (Group 1: fl/fl-GHR vs. Group 2: d3/d3+d3/fl) were assessed
using the Mann-Whitney U Test, chi square or Fisher’s Exact Test, and the correlations were
calculated in accordance with Pearson or Spearman, when appropriate. To determine the influence of
the d3/fl-GHR genotype on the response of IGF-1 and BF to GHRT, further mixed models (141) with
repeat measurements in the same individual were used.

Paper 111

The genetic association of individual SNPs to the lipid concentrations at baseline as well as to their
changes after 12 months was analyzed with a two-sample t-test and ANCOVA, adjusting for
significant covariates of sex, age and baseline BMI. While the lipids were slightly right skewed and
therefore usually log transformed, this transformation was not performed since the ANCOVA had a
better fit with untransformed data, enabling a more straightforward interpretation. Correction for
multiple testing was done by permutation for the 88 tests related to changes in lipid concentrations.

Paper IV

The genetic association of individual SNPs to the ECW volumes at baseline as well as to their changes
after 12 months was analyzed with ANCOVA, adjusting for significant covariates. The covariates that
were analyzed included age, sex, height, weight, BMI, testosterone replacement (142), glucocorticoid,
thyroxine and the dosage of the latter two, use of anti-hypertensive drugs, prior treatment for
Cushing’s disease and acromegaly. P < 0.05 was assumed to represent a significant difference.
Correction for multiple testing was done using the Bonferroni method.
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Methodological considerations

Considerations on body composition

There is no universal consensus as to the best way to measure body composition. DXA was used to
measure BC in Paper | since this was the method that had been most widely used on patients
throughout their treatment. Some researchers have voiced concern over the possibility that DXA could
be affected by fluid changes in the lean soft tissue. This means that there are slight predictive errors in
the calculation of lean soft tissue using DXA, and these can arise in the wake of fluid distribution
changes (143-144). DXA might underestimate BF in patients with a large waist circumference because
its main weakness is that the travel distance of the rays through the body is unknown. As the tissue is
considered homogeneous, the result is not as accurate in areas such as the abdomen, which have
several tissues.

Even though the sodium bromide is the gold standard for measuring ECW, it is invasive, time
consuming and expensive, whereas the BIA is non-invasive, rapid and lower in cost (145). While BIA
methods may not be considered as reliable as the standard, especially for patients such as GHD adults,
who do not have normal ECW/TBW ratios, in our study a comparison was made between the standard
data and the BIA data of the 67 patients whose bromide data were available and both methods proved
to be equally reliable.

Considerations on genetic methods

Two methods were used for the genotyping of the SNPs in Papers Ill and IV: TagMan and Sequenom.
The TagMan genotyping method is excellent for analysing single SNPs. In that context it is fast,
reliable and straightforward. Assays can be ordered pre-designed, and despite the expense, it is now
commonly accessible to most research groups focusing on genetics. In this specific situation however,
when analysing more than 20 SNPs for a single project, TagMan SNP genotyping is not the best
option, particularly due to reagent costs, DNA template use and time consumption (since SNPs are
analysed separately). Therefore, the Sequenom platform is a better choice because it allows
simultaneous analysis of over 20 SNPs, thereby making it more cost effective, faster and requiring less
starting material (DNA). The equipment for this method is highly sensitive and expensive, but core
facilities such as the mutation analysis facility at the Karolinska University Hospital make it accessible
to the public. However, it is worth mentioning that due to the nature of the Sequenom genotyping,
where the primers are designed to fit into a pool and allow for the SNPs to be genotyped based on the
mass of the extended PCR product, sometimes some primer design fails and the corresponding SNP
has to be genotyped using another method or in a separate pool, which is expensive. When the SNPs
were not suitable for Sequenom, they were run separately using TagMan SNP genotyping.

In Paper IV, for the genotyping of the GHR exon 3 deleted/full-length (d3/fl) polymorphism we
decided to use the tagSNP rs6873545, known as a marker thereof (146). The main reason for this is
that the tagSNP allows for genotyping using TagMan SNP genotyping, which is more suitable when
working with larger cohorts. It is also less time-consuming and requires a smaller amount of DNA
than the conventional multiplex PCR with fragment detection by gel electrophoresis (138). A previous
study involving the same population showed that use of the tagSNP is as accurate as the original
genotyping method (112).

Considerations of statistical methods

In Paper Ill, two-sample t tests and ANCOVA were used to analyze the genetic association of
individual SNPs with lipid concentrations at baseline and changes after 12 months. A log
transformation is better in the case of the t test, but for the ANCOVA untransformed data are

preferred. For this reason, the untransformed data were maintained as this type of data is more easily
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interpreted and does not heighten the risk of false positives in the t test as the normal approximation of
the means would serve in any case with a sample of the size under study.

It is also important to point out that it was deemed more statistically reliable to present the
homozygotes and heterozygotes in two genetic groups rather than three due to the small number of
homozygotes for the minor allele in ten of the twenty SNPs. This is acceptable because the dominant,
additive and recessive genetic models all had the same results.

Correction for multiple testing was conducted in both papers, with permutation analysis being used in
Paper 11l and the Bonferroni method being used in Paper IV. In neither case did any SNP remain
significant following adjustment. However, it should be taken into account that these methods are
considered somewhat harsh and findings cannot be summarily invalidated due to a loss of significance
after adjustment in a candidate gene approach.
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Main Results
Prediction models for GHRT response in adult GHD patients (Paper 1)

Definition of GR and PR to GHRT

The 60th and 40th percentile cut-off values were used to define GR and PR, respectively. After 12
months of GHRT, the mean serum IGF-I response was 1.2 ug/l per mg of GH. Fifty-two men and 15
women, with a median age of 49.1 years, were classified as GR in terms of serum IGF-I response. GR
had a serum IGF-I response > 1.33, while that of PR was < 0.98. The PRs were 26 men and 41
women, with a median age of 51.2 years. The mean change in LBM was 2.4 kg, and the cut-off value
for GR was > 2.79 kg, and for PR was < 1.71 kg. For BF, the mean change was a decrease of 2.3 kg,
with a reduction > 2.74 kg characterizing GR and a reduction < 1.34 kg or increase characterizing PR.
For BC, taking into account both LBM and BF, 35 patients (31 men and 4 women, median age 50)
were classified as GR.

Prediction model for serum IGF-I response

At baseline, the height, BW and LBM of GR were higher than those of the PR. At the end of the 12-
month treatment, GR were receiving lower daily GH and cumulative GH doses than PR. However,
these differences were caused by the increased prevalence of men among the GR. The logistic
regression (LR) model found gender and baseline serum insulin levels to be predictors of IGF-I
response (Table 4). Gender was a highly significant factor, as men were 5.6 times more likely to be
GR than women. Moreover, it was more likely for patients with higher insulin levels to be GR than
patients with lower insulin levels, despite the fact that there was no difference between the GR and PR
in terms of mean insulin levels. The logistic regression resulted in the equation shown below, which
can be used to estimate serum IGF-I response to 12 months of GHRT. The accuracy of the model to
predict whether a patient will be a GR or PR was approximately 70%. Using the specified cut-off
value of 0.5, the sensitivity of the prediction model, i.e. the correctly predicted percentage of patients
in the GR category, was 77.6%. The specificity of the prediction, i.e. the correctly predicted
percentage of patients in the PR category, was 59.7%. The result of the LR was the following
aforementioned equation, which can be used to estimate the probability of being GR in serum IGF-I
response to 12 months of GHRT.

1

—(-1.60+1.73.Gender+0.06.insulinleels
1+ (e) )

P(GR_IGF —1)=

Where P (GR_IGF-1) is the predicted probability of being a GR in IGF-I.
Gender: men = 1 and women = 0; Serum insulin levels at baseline (mU/L); “e” is 2.718.
GR if estimated probability P (GR_IGF-I) is > 0.5, and PR if P (GR_IGF-I) < 0.5.
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Table 4. Significant baseline predictors for serum IGF-1, LBM and BF responses
(changes) to 12-month GH replacement therapy using logistic regression analyses.

Predictors Regression coefficient ggod/z Ié?)t lo P value g?gg?:;ts'
IGF-I response

Constant () -1.60 0.674
Gender 1.73 5.62 (2.59, 12.18) < 0.0001

Basal Insulin (mU/L) 0.06 1.06 (1.00, 1.12) 0.049

LBM response

Constant (B) 5.98 0.726
Gender 2.46 11.67 (3.94, 34.55) < 0.0001

Basal BMI (kg/m?) —0.44 0.65 (0.52,0.80) < 0.0001

Basal BF (kg) 0.15 1.17 (1.05, 1.29) 0.003

BF response

Constant () -6.08 0.738
Height (cm) 0.04 1.04 (1.00, 1.07) 0.05

Body composition response (LBM + BF)

Constant () —28.08 0.702
Gender 2.37 10.72 (1.36, 84.18) 0.024

Height (cm) 0.21 1.23 (1.09, 1.40) 0.001

Basal LBM (kg) -0.20 0.82 (0.73, 0.92) 0.001

An odds ratio >1 indicates an increased probability of being GR. Cl, confidence
interval. The Goodness—of-fit test (Hosmer & Lemeshow) showed that the
prediction models for IGF-land Body composition (LBM + BF) responses were
well fitted (P > 0.05).

Prediction model for BC response

Gender was also a highly significant factor that impacted changes in BC. Out of 16 women, 4 were
GR and 12 were PR, while out of 49 men, 31 were GR and 18 were PR. At baseline, the GR were
taller, their BMI was lower and their insulin levels were lower than that of PR. Furthermore, at the end
of the study, the GR were taking a higher cumulative dose of GH than the PR. Nevertheless, the daily
GH dose after 12 months was similar. Logistic regression showed that gender, body height and LBM
at baseline contributed significantly to the variations in BC (Table 4). Men, taller patients and those
with lower LBM were much more likely to be GR. The logistic regression resulted in the equation
shown below, which can be used to predict whether a patient will be a GR to GHRT in terms of BC.
The model is approximately 80% accurate. Using the specified cut-off value of 0.5, the sensitivity of
the prediction was 88.6% and the specificity was 70%. The result of the LR was the following
equation, which can be used to estimate BF response to 12 months of GHRT.
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1

—(—28.08+0.21.Height—-0.20.basalLBM+2.37.Gender
1+ (e)™ g )

P(GR_BC)=

Where P (GR_BC) is the predicted probability of being a GR in BC;
Gender: men = 1 and women = 0; height (cm); LBM at baseline (kg); “e” is 2.718.
GR if estimated probability P (GR_BC) > 0.5, and PR if P (GR_BC) <0.5.

Genetic studies in adult GHD patients before and after 12 months of GHRT

Influence of the exon 3-deleted/full-length GH receptor polymorphism (Paper I1)

Approximately 57% of the originally assigned d3/d3 homozygotes proved to be d3/fl heterozygotes
after the second PCR was conducted, demonstrating that this second PCR was indeed necessary.

Of the 124 GHD patients, 72 (58%) had two wild-type alleles (fl/fl-GHR; Group 1) and 52 (42%) had
at least one d3-GHR allele (Group 2). In this group, 40 (32%) patients had one d3-GHR allele (d3/fl-
GHR) and 12 (10%) had two GHR-alleles (d3/d3-GHR). Prior to treatment, there were no significant
differences in the clinical characteristics of the two groups. Men and women were analyzed separately,
and no gender difference was found in the prevalence of GHR genotypes. After 12 months, the men in
Group 1 were on a lower daily dose of GH than those in Group 2 (median dose 0.3 (range 0.1, 0.7) vs.
0.4 (0.3, 0.8), respectively, p = 0.03), but with no difference in GH cumulative dose. No significant
difference was found between the two groups in terms of changes in IGF-I levels and body fat after 12
months, indicating no influence of GHR polymorphisms in the variability of GHRT response.

Influence of SNPs in genes related to lipid metabolism on serum lipid profile (Paper 111)

Genotyping for Paper Il and IV was conducted simultaneously. Every genotyping assay had a success
rate > 94.9%. Furthermore, the re-genotyping of 27% of the study samples resulted in 99.9%
concordance following the Sequenom run. No Mendelian errors were detected in the 14 HapMap
families and concordance analyses with the HapMap data showed concordance rates of 100% for
almost all of the analysed SNPs available in HapMap, although the concordance rate of those that did
not fully comply was at least 90%. Minor allele frequencies (MAF), genotype distributions and
concordance with the Hardy-Weinberg equilibrium (HWE) of the 20 SNPs are shown in Table 5.
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TABLE 5. Summary of the allele frequencies, genotype distributions and Hardy-Weinberg
equilibrium (HWE) of single nucleotide polymorphisms (SNPs) in genes related to lipid metabolism

Gene SNP Major (M) Minor (m) MAF(m) MM Mm mm missing HWEp d

APOB rs693 C T 0.465 92 149 70 7 0.808 0.35
APOB rs562338 C T 0.147 219 91 0 8 0.010 0.35
APOB rs676210 G A 0.214 198 101 17 2 0.688  0.33
APOB rs679899 G A 0.477 86 152 72 8 0.954 0.36
APOB rs1042031 G A 0.204 201 95 16 6 0.562  0.33
LDLR rs1433099 G A 0.267 174 114 27 3 0.415 0.32
LDLR rs2738466 A G 0.240 180 114 18 6 1.000 0.32
LPL rs1801177 G A 0.018 299 11 0 8 0.951 0.86
LPL rs6993414 A G 0.113 251 62 5 0 0.875  0.39
LPL rs12678919 A G 0.096 255 52 4 7 0.772 041
CETP rs708272° G A 0.401 119 142 56 1 0.488  0.33
CETP rs1800775* C A 0.441 105 143 68 2 0.342 0.34
CETP rs3764261 G T 0.307 160 121 37 0 0.173  0.32
APOE rs7412° C T 0.068 270 36 3 9 0.369 048
APOE rs429358° T C 0.169 213 99 4 2 0.129 0.34
APOE/C* rs4420638 A G 0.199 200 106 10 2 0.666  0.33
APOE/C*  rs35136575 C G 0.260 175 110 26 7 0.353  0.32
PPARG rs10865710 C G 0.235 177 122 12 7 0.269 0.32
PCSK9 rs11206510 T C 0.165 219 83 10 6 0.827 0.35
NR3C2 rs5522 A G 0.120 244 70 3 1 0.710  0.37

MAF, minor allele frequence. MM, homozygote for the common (major) allele (two major alleles).
Mm, heterozygote (one major allele, and one minor allele). mm, homozygote for the rare (minor)
allele (two minor alleles). 'd, the standardized difference detectable with 80% power at the 5%
significance level for each SNP. “The former abbreviations for CETP SNP rs708272 is TaqIB
polymorphism and for CETP SNP rs1800775 is -629A/C. *The polymorphisms, rs429358 and rs7412,
in the APOE gene together define the APOE &2, £3 and &4 alleles. *APOE/C is an abbreviation for
APQE/C1/C4/C2 gene cluster.
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Genotype and baseline lipid profile

Table 6 summarizes the SNPs significantly associated with serum lipid concentrations at baseline. All
associations between SNPs and baseline lipid concentrations remained significant when adjusted for
sex, age and BMI and the use of glucocorticoid and levothyroxine replacement.

TABLE 6. Single nucleotide polymorphisms (SNPs) found to be associated with lipid concentrations
at baseline in GHD adults carriers of two major alleles (MM) vs. carriers of at least one minor allele
(Mm and mm)

SNPs Study MM (n) Mm & mm (n) P§ P adj*

parameters
CETP (rs708272) GG (119) GA and AA (198)

Basal TC 5.48+1.12 5.86+1.28 0.009 0.006

Basal HDL-C  1.19+0.40 1.31+0.41 0.01 0.005
CETP (rs1800775) CC (105) CAand AA (211)

Basal TC 5.45+1.13 5.84+1.26 0.008 0.005

Basal HDL-C  1.19+0.40 1.31+0.41 0.01 0.01

Basal LDL-C 3.51+1.07 3.79+£1.14 0.04 0.03
CETP (rs3764261) GG (160) GTand TT (158)

Basal HDL-C  1.18+0.38 1.35+0.43 0.0004  0.0004
APOB (rs693) CC (92) CTand TT (219)

Basal HDL-C  1.18+0.35 1.30+0.43 0.03 0.02
APOE (rs7412) CC (270) CT and TT (39)

Basal TC 5.82+1.22 5.00+1.02 0.0001 0.0002

Basal LDL-C  3.78+1.12 3.08+0.88 0.0003  0.0004
PPARG (rs10865710) CC (177) CG and GG (134)

Basal LDL-C 3.81+1.13 3.51+1.06 0.02 0.02
APOE/C (rs35136575) CC (175) CG and GG (136)

Basal TG 1.88+1.29 1.58+0.79 0.02 0.007

Lipid concentrations are presented as mean + SD. TC, total cholesterol (mmol/l). LDL-C, low-density
lipoprotein cholesterol (mmol/l). TG, triglycerides (mmol/l). HDL, high-density lipoprotein
cholesterol (mmol/l). APOE/C, APOE/C1/C4/C2 gene cluster. P-value for an independent t-test
between the genotype groups. *P-value indicating association in ANCOVA.
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Genotype and GH-induced changes on serum lipid concentrations

Table 7 summarizes the SNPs that showed a statistically significant association with changes in
plasma lipid concentrations in response to GHRT. All associations remained significant when adjusted
for age, sex and BMI and the use of glucocorticoid and levothyroxine replacement. Additional
analyses excluding patients with lipid-lowering drugs (n = 28), patients with previous Cushing’s
disease (n = 20) and acromegaly (n = 12) did not alter these results.

TABLE 7. Single nucleotide polymorphisms (SNPs) found to be associated with changes in plasma
lipid concentrations in response to 1-year GH therapy in GHD adults carriers of two major alleles
(MM) vs. carriers of at least one minor allele (Mm and mm)

SNPs Response MM Mm & mm p D P *Peorr
APOB rs676210 GG GA & AA

ATC -0.34 £0.89 -0.06 £0.72 0.003 0.36  0.004 0.24

ALDL-C -0.40£0.75 -0.19 £ 0.66 0.016 0.19 0.024 0.78
PPARG rs10865710 cC CG &GG

ATC -0.33£0.87 -0.01£0.81 0.02 0.32 0.010 0.49

Changes in lipid concentrations are presented as mean + SD. TC, total cholesterol (mmol/l).
LDL-C, low-density lipoprotein cholesterol (mmol/l). HDL, high-density lipoprotein
cholesterol (mmol/l). *P-value for an independent t-test between the genotype groups.
2Estimated difference between genotype groups in ANCOVA.

*P-value indicating association in ANCOVA.

*P-value for ANCOVA corrected for 88 tests by permutation.

After GHRT, there was a greater reduction in TC concentrations in homozygous G-allele carriers of
the APOB SNP rs676210 and homozygous C-allele carriers of PPARG SNP rs10865710. The
reduction in LDL-C concentrations was greater in homozygous G-allele carriers of the APOB SNP
rs676210 (Figure 1 A, B, C). Together, SNPs rs676210 in the APOB gene and rs10865710 in the
PPARG gene explained 5% of the variance in the TC concentrations after 1 year of GHRT. These
associations were not significant when corrected for multiple testing.
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Figure 1. Individual changes in total cholesterol (TC) and low-density lipoprotein cholesterol
(LDL-C) in response to GH replacement according to SNP rs676210 in the APOB gene (A,
*P=0.003 and B, *P=0.016) and changes in TC according to SNP rs10865710 in the PPARG gene
(C, *P=0.02).

34




Influence of SNPs in genes related to the GH signaling pathways and renal tubular
function on ECW (Paper 1V)

Comparison between ECW measurements using bioelectrical impedance analysis and
sodium bromide dilution methods

We compared the ECW volumes of 64 GHD adults calculated using BIA-50 kHz with the ECW
volumes obtained using sodium bromide dilution, which is the gold-standard method for this
measurement. The BIA-50kHz method proved to be as accurate as the sodium bromide dilution in

this case. The correlation coefficient was 0.9 (p < 0.0001) (unpublished data).

Genotype and variation of ECW volume in adults with GH deficiency

The minor allele frequencies (MAF), genotype distributions and concordance with the Hardy-
Weinberg equilibrium (HWE) of 6 SNPs in genes related to the GH signaling pathways and 15 in

genes related to renal tubular function in 311 patients are shown in Table 8.

Table 8. Minor allele frequencies, genotype distributions and concordance with Hardy-Weinberg
equilibrium of the 21 SNPs

Gene SNP Major(A) Minor(B) MAF(B) AA AB BB missing HWEp d

GHR rs6873545 T C 0.24 180 107 20 4 0.75 0.33
JAK2 rs3780378 T C 0.48 73 169 61 8 0.12 0.38
JAK2 rs7849191 C T 0.37 122 140 42 7 0.98 0.33
STAT5B  rs6503691 C T 0.12 241 63 7 0 0.51 0.38
PIK3CB  rs361072 A G 0.40 107 156 47 1 0.72 0.34
SOCS2 rs11107116 G T 0.27 167 118 23 3 0.94 0.32
AGT rs699 A G 0.44 101 144 64 2 0.63 0.34
SCNN1A  rs2228576 C T 0.37 120 144 41 6 0.98 0.33
SCNN1G  rs5723 Cc G 0.21 193 104 12 2 0.91 0.33
SCNN1G  rs5729 T A 0.21 193 105 13 0 0.96 0.33
SCNN1G  rs13331086 T G 0.22 185 105 13 8 0.93 0.33
SLC12A1  rs2291340 T C 0.19 205 93 13 0 0.84 0.34
SLC12A3  rs11643718 G A 0.09 256 51 2 2 0.95 0.42
KCNJ1 rs675759 G C 0.17 220 79 12 0 0.36 0.35
KCNJ1 rs2186832 C G 0.19 207 86 17 1 0.15 0.34
STK39 rs3754777 C T 0.15 221 82 5 3 0.70 0.36
STK39 rs6749447 T G 0.24 168 124 12 7 0.17 0.32
WNK1 rs880054 T C 0.38 124 137 48 2 0.61 0.33
WNK1 rs765250 T C 0.24 179 112 20 0 0.91 0.32
WNK1 rs1159744 G C 0.18 205 86 13 7 0.59 0.34
CASR rs1965357 T C 0.12 235 65 5 6 0.98 0.38

MAF, minor allele frequency. MM, homozygote for the common (major) allele (two major alleles).
Mm, heterozygote (one major allele, and one minor allele). mm, homozygote for the rare (minor)
allele (two minor alleles). HWEp, p-value for Hardy-Weinberg equilibrium. d, the standardized
difference detectable with each SNP needed to have 80% power at the 5% significance level.
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Table 9 summarizes the SNPs that were significantly associated with ECW volumes at baseline. After
adjustment for the significant covariates, sex and BMI, PIK3CB SNP rs361072, STAT5B SNP
rs6503691 and SLC12A1 SNP rs2291340 were associated with ECW volume at baseline.

The ECW volume of the minor allele carriers of the SNPs in PIK3CB and STAT5B genes was 0.6 liters
higher than that of the major allele homozygotes.

The ECW volume of the major allele homozygotes of SNP rs2291340 in the SLC12A1 gene was 0.5
liters higher than that of the major allele carriers.

No association remained significant when corrected for multiple testing (Bonferroni correction).

After 12 months of GHRT, the significant covariates were sex, BMI and GH dose. No single SNP
influenced the ECW changes observed after GHRT.

TABLE 9. Single nucleotide polymorphisms (SNPs) found to be associated with extracellular
water (ECW) volumes at baseline in 311 growth hormone deficient (GHD) adults carriers of
two major alleles (MM) vs. carriers of at least one minor allele (Mm and mm)

Gene SNPs MM (n) Mm & mm (n) Adjusted estimate Adjusted *P-value
PIK3CB rs361072  AA (107) AG and GG (203)
17.27+4.06 18.00+4.31 0.604 0.02

STAT5B  rs6503691 CC (241)  CTand TT (70)
17.64+421 18.07 +4.30 0.610 0.04

SLC12A1 rs2291340 TT (205) TC and CC (106)
18.01+4.42 17.22 +3.80 -0.546 0.039

Mean values and SD of ECW volumes expressed in liters. The adjusted estimate is the
estimated difference between genotype groups in ANCOVA, after adjustment for sex and BMI.
*P-value indicating association in ANCOVA, after adjustment for sex and BMI.
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Discussion

We studied a large cohort of well-characterized adults with severe GHD who were treated with GH for
12 months at a single center. Mathematical models to predict GH responsiveness to GHRT in GHD
adults were developed using gender and serum insulin levels as the major clinical predictors for good
response in serum IGF-I, and gender, body height, and baseline LBM, for good response in BC. The
presence of the d3-GHR allele did not influence the IGF-I and BF responses to GHRT in GHD adults.
Multiple SNPs in genes related to lipid metabolism were associated with individual differences in the
serum lipid concentrations of untreated GHD adults. Moreover, polymorphisms in the APOB and
PPARG had a slight, but significant, influence on the changes in serum lipid profile after GHRT. The
STATS5B, PIK3CB and SLC12A1 polymorphisms were associated with the interindividual variability in
the ECW volume of untreated GHD adults.

The concept that genetic variation contributes to variability in disease phenotypes and drug responses
is widely accepted. The response to GHRT is clearly multifactorial. In fact, the present study is a
guantitative genetic study of a trait (the response to GHRT). Therefore, the analysis should take into
account the risk of false negativity. There are a number of features in adult patients with
hypopituitarism and severe GHD before and after GHRT that could increase the risk of false
negativity. First, adult GHD is somewhat heterogeneous in terms of etiology, age of onset, other
anterior pituitary hormone deficits and severity. Second, the improvement achieved in the adult GHD
abnormalities under GHRT s partly influenced by GH dose, injection frequency and the duration of
therapy. The plasma pattern of GH, including pulse frequency and basal and total integrated levels, is
also influenced by several factors, such as gender, age and adiposity (147-148). Therefore, the pattern
of GH delivery and exposure may have an impact on the biological effects of the treatment. The
importance of the mode of GH administration is supported by a number of animal studies
demonstrating that the pattern of GH exposure has different effects on growth and metabolism (148).
Third, current management is based on daily sc injections before bedtime that do not reproduce the
physiological pattern of GH secretion and, furthermore, is often felt by the patient to be cumbersome,
and may therefore affect adherence to treatment. Taken together, all these factors only add to the
difficulties involved in finding associations with specific genotypes and contribute to any false
negativity. On the other hand, false positive findings are more likely to occur with small sample sizes,
and phenotypic variations tend to be overestimated in quantitative trait studies (149). However, large-
scale studies in well established conditions and with homogeneity of phenotypes are not easily
accomplished in patients with hypopituitarism. Despite these problems, the strength of our study lies
in the fact that the investigation was performed in a well-characterized cohort of adult GHD patients
who were monitored in a single medical center with a uniform therapeutic approach using GH dose
titration and the likelihood that those with poor compliance would be excluded from the study group.
We assumed in all our models that the patients had homogenous drug exposure and that we should
search for tissue related factors that might explain the variability in therapeutic response.

Our research project was initiated with the aim of developing mathematical models to predict GR and
PR to GHRT based on clinical factors responsible for individual variability in response to therapy. For
clinical purposes, prediction models can be helpful by selecting patients who benefit most from any
given therapy. GHRT is a long-term, fairly expensive treatment, with daily sc injections. The approach
adopted for the treatment of GHD adults varies from country to country for a number of reasons.
There are also many different outcomes to be examined in GHD adults and, for an individual patient,
the decision to initiate GHRT should take into account a wide spectrum of variables (150).

Although no single parameter can clearly distinguish GR from PR and any definition to this end is
arbitrary, we decided to adopt IGF-I and BF as the investigational endpoints because they were
considered the best biomarkers to reflect a direct GH effect. In our patients, response to GHRT
followed a Gaussian curve. We did not use the median response as the cut-off to distinguish GR and
PR because the results around the median were very similar. The best mathematical models were those
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with cut-offs at the 60™ and 40" percentiles, leaving a good size sample with significant statistical
power.

Using IGF-I and BC as the final endpoints, we confirmed the findings of previous studies in the
literature that demonstrate the importance of gender in the response to GHRT (23, 18, 82, 83, 151).
Both in vivo and in vitro models have shown that hepatic gene expression after GH administration is
sexually dimorphic (152). There is a sex-related difference in the metabolic responses to pulsatile GH
exposure. Men have a higher lipolytic rate in response to the pulsatile GH injection than women,
which is confirmed by a more significant reduction in intra-abdominal fat in GHD men in response to
GHRT (23, 153, 154). In addition, male patients exhibit the most marked increase in LBM in response
to GHRT (151, 155). The mechanism underlying the greater GH responsiveness in men is the
synergistic effect of testosterone on GH actions, enhancing the lipolytic action of GH (156) and the
effect of GH on serum IGF-1 (157). We also found serum insulin levels at baseline to be a predictor for
IGF-1 response. It was more likely for patients with higher insulin levels to be GR than patients with
lower insulin levels. One possible explanation for this finding is the effect of insulin up-regulating the
surface availability of the GHR in human liver cells (158). In our study, the logistic regression model
revealed that men and taller GHD patients with lower LBM at baseline were more likely to be GR in
BC changes. Although height and LBM contributed significantly to this prediction model, it is
possible that gender had an influence on the selection of these variables as predictors since the
proportion of men was twice as high as the proportion of women in the GR group (159-161)

The predicted accuracy of the mathematical models we developed to distinguish between GR and PR
to GHRT based on gender, insulin levels, height and lean body mass (LBM) at baseline was 70% for
IGF-I and 80% for BC. Further prospective, multicenter studies, involving a large number of GHD
adult patients, would be desirable in order to confirm the utility of our prediction models.

In addition to clinical parameters, our research project continued to search for genetic factors that
might also impact the response to GHRT. The d3 allele of the GHR gene was the first candidate to be
studied due to its key role in GH actions. The d3GHR polymorphism has been linked to increased
receptor activity as a result of enhanced signal transduction (86) and has been shown to influence
growth velocity in GHD children (87-88) as well as in other groups of short children (86, 89, 162,
163). Van der Klaauw et al. (164) conducted a similar study using serum IGF-1 response and lipid
profile as end-points in a Dutch cohort of 99 adult GHD patients. They found a higher increase in
serum IGF-1 levels in patients bearing at least one d3-GHR allele after 12 months of GHRT, although
this effect was not maintained after 5 years. In contrast, we did not find any association between the
GHR genotypes and the IGF-I response. Of three additional studies conducted in different European
countries, two did not succeed in demonstrating an association between GHR polymorphisms and
IGF-I response (165-166) and one showed a significant relationship of the d3/d3 on IGF-I response to
GHRT (167). Other end-points have been investigated, such as body composition, lipid profile, quality
of life and GH dose (165-168) (Table 10). Adetunji et al. (165) and Giavoli et al. (166) also included
BF as an end-point, showing that the d3-GHR allele did not contribute to the variability of response to
GHRT, which is in agreement with our results. In our study, male carriers of the d3-GHR allele
required a higher daily dose of GH than men with fl/fl to attain the same IGF-I level. Adetunji et al
(165) found that the polymorphism had no influence on the GH dose, although Meyer et al. (168)
found that d3-GHR carriers require approximately 25% less GH than fl carriers.
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Table 10. Overview of publications on the pharmacogenetic effects of GH in relation to d3GHR genotype on
the different clinical endpoints in response to GH treatment in adults with growth hormone deficiency (GHD)

van der Barbosa et al., Adetunji et Meyer etal.,, Giavolietal., Moyes et al.,
Klaauw et al., 2009 al., 2009 2009 2010 2010
2008
No. of patients 99 (1ynr)/ 124 131 133 100 (1yr)/ 194
53 (5yrs) 50 (5yrs)
Gender 43 (43.4%) 79 (63.7%) 71 (54%) 66 (49.6%) 62 (62%) 81 (41.8%)
Males (%)
Mean age (yrs) 51 50 50 45.4 46
Follow-up after 1yr/5yrs lyr lyr lyr 1yr/5yrs 6 mo/l yr
GHRT
fl/fl 55 (56%) 72 (58%) 72 (55%) 48 (48%) 101 (52%)
fl/d3 38 (38%) 40 (32%) 51 (39%) 45 (45%) 75 (38.7%)
d3/d3 6 (6%) 12 (10%) 8 (6%) 7 (7%) 18 (9.3%)
Significant effect of d3GHR polymorphism on the End Points
IGF1 levels 1 IGF1 (1yr) No effect No effect No effect No effect TAIGF1(1 yr),
homozygous d3
Lipid profile |TC, |LDL-C, NA NA 1+ HDL-C No effect
1 HDL-C (1yr) (1yn), but | TC,
JLDL-C (5yrs)
Anthropometric No effect NA NA NA NA
parameters
Bone mineral density No effect NA NA NA NA
Body fat (BF) NA No effect No effect No effect NA
Quality of life NA NA No effect NA No effect
GH dose NA NA No effect Lower GH NA NA
dose
BMI NA NA NA No effect NA
Glucose homeostasis NA NA NA Tfasting NA
glucose (1yr/
5yrs)
WHR NA NA NA NA No effect

NA: not applicable.
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In our second genetic study, we used the candidate gene approach to investigate the influence of 20
SNPs located in 9 genes on the serum lipid profile of GHD adults and their changes after GHRT.
These SNPs were selected based on their role in lipid metabolism and their previous associations with
serum lipids in other large cohorts of individuals (99, 103-104, 106-108, 110-111).

GHD adults exhibit an abnormal lipid profile characterized by increased TC and LDL-C, increased
apolipoprotein B and, according to some reports, increased TG and reduced HDL-C concentrations
(60). The GH/IGF-I interacts with the LDL receptor and hepatic enzymes involved in lipoprotein
metabolism. In hypophysectomized rats and animal models, the cholesterol metabolism in the liver is
reduced, as well as the LDL mRNA and LDL receptor number. The GH has been shown to have an
important role in the regulation of hepatic LDL receptor expression and plasma lipoprotein levels (58,
59). The GH increases lipolysis in adipose tissue and stimulates the synthesis and secretion of VLDL
triglycerides by the liver (169, 170, 171). It also stimulates the pos-transcriptional editing of apo B
MRNA in rat liver (172), a regulatory action that will enrich the TG-rich VLDL with the truncated
form of apoB, apoB48, and hence drive these lipoproteins into a more rapid catabolic pathway (173).
GHRT in GHD adults has been associated with reduced TC and LDL-C. However, as observed with
other end-points of GHRT, there is considerable individual variability in the treatment response . A
meta-analysis of placebo-controlled studies showed that GHRT was associated with a mean reduction
of -0.3 £ 0.3 mmol/L in TC and -0.5 £ 0.3 mmol/L in LDL-C (60). Conversely, HDL-C concentrations
have been reported to have increased (60), remain unchanged (174) or decrease (175) following
GHRT.

We found that GHD adult carriers of G allele of the PPARG gene had lower serum LDL-C levels. In a
French population-based study, carriers of the G allele were taller and had increased plasma LDL-C
concentrations (99), which were explained by the modulation of the PPARG3 gene transcription by the
STATS5B pathway. The PPARG gene regulates adipocyte differentiation and insulin sensitization and
influences lipid metabolism by its activation through the STAT5B pathway. An in vitro study (99)
demonstrated that the GH/STATS5B pathway could activate the promoter of the PPARG3 variant in
3T3-L1 cells, whereas the PPARG SNP rs10865710 prevented this activation by abolishing the
binding of STAT5B to this promoter. These findings might explain that in a state of GHD, such as in
our patients, G-allele carriers presented lower levels of LDL-C.

After GHRT, our G-allele carrier patients showed a lower reduction in TC and LDL-C levels in
comparison with homozygous C carriers. Natural or synthetic PPARG ligands have been shown to
inhibit STAT activity in a PPARG-dependent manner (176-177). It is possible that the polymorphism
in the PPARG gene modulates STAT signaling and potentially interferes with GH effects.

In our study, homozygous G carriers of SNP rs676210 in the APOB gene were found to have the
greatest reductions in TC and LDL-C concentrations in response to GHRT. Although the reasons for
this finding are not completely understood, we speculated that this polymorphism may promote
structural changes in apolipoprotein B, affecting the conversion of VLDL to LDL (178 - 180). This
alteration would result in a reduction in the number of VLDL particles and/or affect VLDL surface
properties. Another possibility is increased LDL clearance by the LDL-receptor (106) in patients with
this genotype

Seven SNPs located in five genes, the CETP, APOE, APOB, APOE/C1/C4/C2 cluster and PPARG,
turned out to have an effect on lipid concentrations in GHD adults following a similar pattern as that
described in other reports (103, 106, 111, 181-183,). In our study, all the carriers of the minor alleles
of the three SNPs in the CETP gene (rs1800775, rs708272 and rs3764261) had higher serum HDL-C
concentrations, in agreement with studies in other populations (102, 105, 181-182). Moreover, higher
TC levels were associated with minor alleles of SNPs rs1800775 and rs708272 and higher LDL-C
levels with SNP rs1800775. The CETP gene, encoding the cholesteryl ester transfer protein, enables
the transfer of cholesteryl ester in plasma from HDL towards TG-rich lipoproteins (116). In general,
the genetic deficiency of the CETP protein is associated with very high HDL-C levels and SNP
rs1800775 in the CETP gene has been shown to regulate CETP transcriptional activity in vitro (184).
SNP rs708272 and SNP rs1800775 have also been associated with decreased TG concentrations and a
negligible impact on LDL-C and apolipoprotein B (185), while SNP rs3764261 was also found to be
associated with LDL-C levels (182). In a population of GHD adults, Dullart et al. (101) observed that
SNP 1800775 was associated with HDL-C response to GHRT only in patients treated with
glucocorticoids, while in our study this gene had no impact on lipid changes after therapy.
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The apolipoprotein E (APOE) gene is composed of three alleles (€2, €3 and €4) that are responsible for
the synthesis of apolipoprotein E (apoE) (107). The apoE protein affects the metabolism of TC and
TG by binding to receptors in the liver, mediating the clearance of chylomicron remnants and VLDL
from the circulation. Allelic variation in the APOE has consistently been associated with plasma
concentrations of TC, LDL-C and apolipoprotein B (107). We observed that GHD adults carrying the
T allele of APOE SNP rs7412 have lower TC and LDL-C levels at baseline, which is in agreement
with a previous study in a population of patients with dementia (186).

The APOE/C1/C4/C2 gene cluster SNP rs35136575 influences hepatic control region 2, which
regulates the hepatic expression and transcription of all four apolipoprotein genes in the cluster. The
present study found that homozygous carriers of the C-allele had higher serum TG concentrations at
baseline than G-allele carriers. This is in agreement with a previous study that demonstrates an
association between this SNP and TG concentrations in the general population (111).

We have also examined the association of polymorphisms in genes related to the GH signaling
pathway and renal tubular function with the ECW volume before and after GHRT in GHD adults.
First, the methodology for measuring ECW was validated by comparing the ECW volumes calculated
by BIA-50 kHz with those measured by the sodium bromide dilution, which is considered the gold-
standard. Our results demonstrated that the estimates by the BIA-50kHz method correlated very well
with the estimates made by sodium bromide dilution, allowing the use of the former in our study
population.

Out of the 21 SNPs included in our candidate gene approach, three were found to be associated with
the ECW volume in untreated GHD patients and none with ECW changes after GHRT. The ECW
volume measured in the carriers of the minor allele of SNP rs361072 in the PIK3CB gene and of SNP
rs6503691 in the STAT5B gene was 0.6 liters higher than that of major allele homozygotes. The
protein encoded by the STAT5B gene is a member of the STAT family of transcription factors. This
protein mediates the signal transduction triggered by various cell ligands, including GH. SNP
rs6503691 is located within the region of 17g21 that includes the entire STAT5A gene, the 5" end of
STATS5B and 3’end of the STAT3 genes. It might create variations in the activity of the STAT 5b
protein, which would influence the variation of the ECW volumes in a GHD state. There have been no
other studies relating this polymorphism with ECW, but an association has been shown between this
SNP and serum cholesterol levels in children with GHD before and after GHRT (187).

The PIK3CB gene encodes an isoform of phosphoinositide 3-kinase (P13K) that is important in the GH
signaling pathway. We studied rs361072 in the PIK3CB gene because it is very common in people of
European ancestry, is located within the p/705 gene promoter (10) and has been associated with
plasma IGF-1 levels. Healthy people carrying TT and TC genotypes have lower free IGF-I plasma
levels in comparison CC genotypes (114). It is not known how this SNP interferes with the control
mechanisms of ECW volume, but one possibility is that genetic variation in the PIK3CB gene would
create variable activity of PI3-kinase heterodimers, influencing ECW volumes.

Homozygotes of the major allele of SNP rs2291340 in the SLC12A1 gene showed 0.5 liters higher
ECW volume than that of the minor allele carriers. This gene
plays a key role in concentrating urine and accounts for most NaCl resorption. Na-K-Cl cotransporter
activity is affected by a large variety of hormonal stimuli, including GH (33, 123). GH acutely
increases renal electrolyte and water reabsorption by modulating the Na-K-Cl co-transporter in distal
tubular segments. The renal effects of chronic GH exposure seem to be the result of an initial phase of
sodium and water retention, the balance of which is subsequently restored. We selected SNP
rs2291340 because of its contribution to blood pressure variation previously reported in the literature
(19).
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Conclusions

1) Mathematical models were developed for GHD adults to enable the prediction of good and poor
responders to GHRT based on gender and baseline serum insulin levels for changes in serum IGF-I
levels, and gender, body height and baseline LBM for changes in BC.

2) The presence of the d3-GHR allele in GHD adults did not influence their clinical and laboratorial
findings and had no impact on serum IGF-I and total BF changes after GHRT.

3) Serum lipid concentrations in GHD adults were affected by polymorphisms in the CETP, APOE,
APOB, APOE/C1/C4/C2 cluster and PPARG genes, while polymorphisms in the APOB and PPARG
genes were associated with changes in TC and LDL-C levels during GHRT.

4) ECW volume in GHD adults was affected by polymorphisms in two genes related to the GH
signaling pathways (PI3KCB and STAT5B) and in one gene related to renal sodium and water balance
(SLC12A1).

Future Aspects

Prediction models

The model as it now stands is already very useful. It facilitates the definition of a good or poor
responder, allowing physicians to set the adequate dose for each patient more rapidly and efficiently,
enabling more effective treatment in a shorter time. As patients can normalize their condition more
quickly on a lower dose of GH, the cost of the treatment is lowered. As cost is an important factor, this
will allow more patients to receive treatment. A suggestion for future studies might be to produce
separate prediction models for men and women. This would especially require a much larger number
of women, as they tend to respond more poorly to treatment. It would also be interesting to increase
the number of predictors in order to improve the result of treatment, making it more cost feasible, safer
and more effective. It is also necessary for the model to be tested on other cohorts and populations in a
variety of centres around the world.

Genetic studies

Now that genome wide searches and the mapping of haplotypes have become a reality, a number of
possibilities for future research have been revealed. A genome wide search can help to identify other
candidate genes and pertinent SNPs and see how their influence could be applied to future prediction
models for response to growth hormone treatment. The findings of numerous studies can be applied to
a database with those of other populations and this would be of great help for the purposes of
validation, with findings being confirmed or refuted. Databases can be linked in order to make
available larger homogeneous and heterogeneous samples.
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