UNIL | Université de Lausanne

Unicentre
CH-1015 Lausanne
http://serval.unil.ch

Year : 2016

PHARMACOGENETIC STUDY ON METABOLIC DISORDERS
INDUCED BY PSYCHOTROPIC AND IMMUNOSUPPRESSANT
DRUGS

Saigi-Morgui Nuria

Saigi-Morgui Nuria, 2016, PHARMACOGENETIC STUDY ON METABOLIC DISORDERS
INDUCED BY PSYCHOTROPIC AND IMMUNOSUPPRESSANT DRUGS

Originally published at : Thesis, University of Lausanne

Posted at the University of Lausanne Open Archive http://serval.unil.ch
Document URN : urn:nbn:ch:serval-BIB_D73435EB482D2

Droits d’auteur

L'Université de Lausanne attire expressément l'attention des utilisateurs sur le fait que tous les
documents publiés dans I'Archive SERVAL sont protégés par le droit d'auteur, conformément a la
loi fédérale sur le droit d'auteur et les droits voisins (LDA). A ce titre, il est indispensable d'obtenir
le consentement préalable de l'auteur et/ou de I'éditeur avant toute utilisation d'une oeuvre ou
d'une partie d'une oeuvre ne relevant pas d'une utilisation a des fins personnelles au sens de la
LDA (art. 19, al. 1 lettre a). A défaut, tout contrevenant s'expose aux sanctions prévues par cette
loi. Nous déclinons toute responsabilité en la matiére.

Copyright

The University of Lausanne expressly draws the attention of users to the fact that all documents
published in the SERVAL Archive are protected by copyright in accordance with federal law on
copyright and similar rights (LDA). Accordingly it is indispensable to obtain prior consent from the
author and/or publisher before any use of a work or part of a work for purposes other than
personal use within the meaning of LDA (art. 19, para. 1 letter a). Failure to do so will expose
offenders to the sanctions laid down by this law. We accept no liability in this respect.


http://serval.unil.ch/

UNIL | Université de Lausanne

Faculté de biologie
et de médecine

Département de Psychiatrie (DP-CHUYV)

PHARMACOGENETIC STUDY ON METABOLIC
DISORDERS INDUCED BY PSYCHOTROPIC AND
IMMUNOSUPPRESSANT DRUGS

Theése de doctorat ¢s sciences de la vie (PhD)

présentée a la

Faculté de biologie et de médecine
de 'Université de Lausanne

par
Nuria SAIGI-MORGUI

Diplomée en Pharmacie, Ecole de Pharmacie, Université de Barcelone, Barcelone
Diplomée en Santé Publique, Ecole de Sciences de la Vie, Université Pompeu Fabra, Barcelone

Jury

Prof. Pierre-Alexandre Bart, Président
Prof. Chin-Bin Eap, Directeur de thése
Prof. Sébastien Jacquemont, Expert
Dr. Margalida Rotger-Cerda, Expert

Prilly-Lausanne 2016






Uik

UNIL | Université de Lausanne

, ‘ , Ecole Doctorale
Faculté de biologie

et de médecine

Imprimatur

Vu le rapport présenté par le jury d'examen, composé de

Président Monsieur Prof. Pierre- Bart
Directeur de thése Monsieur Prof. Chin Bin Eap
Experts Madame Dre Margalida Rotger

Monsieur Dr Sébastien Jacquemont

le Conseil de Faculté autorise I'impression de la these de

Madame Nuria Saigi Morgui

Master in Public Health de I'Université de Barcelone, Espagne

intitulée
Pharmacogenetic Study

on Metabolic Disorders Induced by Psychotropic
and Immunosuppressant Drugs

Lausanne, le 4 juillet 2016

pour Le Doyen
de la Faculté de Biologie et de Médecine

Prof. Pierre-Alexandre Bart

ﬁ







Table of contents

Table of contents

ACKNOWICAZEIMEIIES. ...ttt bbb bbb bbb i
List of Actonyms and ADDIEVIAHONS. ....c.vcuricirieeirieirieeirieirietreeeireee sttt seae e seae et esesseseseeaessesessesesseacs i
SUIMMIALY .. bbb bbb bbbt il
RESUMIE ..o v
RéESUME 1a1GE PUDBLIGUE ...t st Y
INTRODUCTION ...ttt sss s s s a s sa s a s s 1
1. Generalities Of ODESIEY.....oviuiiiieeiieecieeii ettt naees 3
1.1 Epidemiolo@ICal fACLOLS .....c.cuveiueeiieciiiiicieeeeiee ettt 3
1.2 Obesity and the regulation of energy balance ... 3
2. Factors Influencing ODESItY......cciviiiiiiiiiiiiii s 6
2.1 Environmental fACLOLS ......ciuiiiiiiiiiiii s 6
2.2 GENEHC FACLOLS ..ttt 7
2.3 Gene-environment INEEIACHONS ...veviveriierireieireiie e a bbb s 8
3. Obesity and metabolic disorders in Psychiatric POPUIAtiONS ........c.veeueeeirierrieiricirieiricireereeeeeiseeeseeeneeaes 10
3.1 Psychotropic drugs and metabolic diSOLAELS ......c.vcuicuiciriciriciricireircree e seeaes 11
311 ANPSYCROUC AIUZS..ccvieiiiieiiceicice ettt s 11
312 MOOM SEADILSELS w.cueveiiririiiiie it 13
3.2 Genetic, psychiatric disorders and metabolic diSturbances. .......cccvciviviviciniiniirieciceeisieeeeenns 14
4. Obesity and Diabetes in Solid Organ Transplant populations.........cceieiviieiinniniieeeeeens 17
4.1 GENELALLIES ..oveeee e s 17
42 Risk factors contributing to metabolic dISOLAELS .....vcuiecrriciriciriciricirctecireeree et seeaes 17
4.3 Immunosuppressive treatment and Metabolic TISK ......c.ovcuicuriciriciricircirecreereree et 20
4.4 Genetics of metabolic disorders in Solid Organ Transplant populations ..........ceeeeeeereuemneverreeenrenenn. 20
5. The challenge of personalized MEAICINE .......ccuviuiurieimriiiriiiriii s 22
ATIMS oo R R AR R 25
METHODS ...ttt s bbbt 31
1. The psYChiatric CONOILS....ccuiuiieiiciicicc e 33
1.1 The Suivi MetabOlQUE CONOLT ....vuvieiiiiiiieeeete ettt saees 33
1.2 The AmMbBUIAtOIre CONOLT....cviiiiiiiiii s 33
2. The Transplanted POPUIALIONS.......c.ovcuecrrieiireecirieieieieeeieecie ettt ssaessaessans 34

3. The General POPULALION ...ttt bbb 35



Table of contents

4. GenOotyPING MELHOM ..cecvieiiecieecirieciiciee et ettt ettt a e s e seaestaees 35
RESULTS ... bbb bbb bbb bbb 37
1. PrOJECt Lt s 39
2 ProOject I .o 51
3 Project Il it 64
4. PrOJECt IV ..o s 92
5 PLOJECE Ve 117
6. PrOJECt V.o 119
DISCUSSION AND FUTURE PERSPECTIVES......ccocoiiiiiiiie et 121
1. ENvIronNmental ASPECS......cviiiiiiiiiiiiiiisiisiiis s 123
1.1 The psychiatric POPUIALIONS .....euvuveeieieiieriecieeieeste e seeas 123
1.2 The transplanted POPUIALIONS ......cuvuiveiireeiiriiieiieiee e 124
2. GEIEHIC ASPECLS..cuuviiiiiiiiisitci iR 125
3. Strengths and LIMItAtIOMNS . ...cceviueeiueeiireeiecciecie et ese s e ese s cas st ca s senan 127
4. FULULE PEISPECTIVES...uuiuviitiititiiiie sttt 128
5. FINAl CONCIUSIONS ...eeiiiiiiiiiie ettt 130
REFERENCES. ..ottt s 131
APPENDIX L.ttt 145
Supplementary files. PLOJECE L ..c.viuiiiiiiriiiiciecirceci et naes 147
Supplementary files. PLOJECt IL......c.oviuiiiriiiiiiicieieecieceie et seeees 153
Supplementary files. PLOJECt LLL ..ottt ea s seeaes 169

Supplementary files. PLOJECT IV ..ot eae 179



Acknowledgements i

Acknowledgements

“Twenty years from now you will be more disappointed by the things that you didn’t do than by the ones you did do, so
throw off the bowlines, sail away from safe barbor, catch the trade winds in your sails. Explore, Dream, Discover.” —

Mark Twain

Four and a half years ago I throw off the bowlines, sail away from safe harbor and I arrived in Switzerland.
All the people encountered along this way contributed certainly to the completion of this professional and
also personal project. I am deeply grateful to all of them.

First of all, I would like to express my gratitude to my supervisor Prof. Chin Eap for welcoming me in his
team, for being most of the time available, for all the discussions that we had helping me to grow as a young
scientist. I would like to thank also Dr. Margalida Rotger, Prof. Sébastien Jacquemont and Prof. Pierre
Bart for having accepted to be part of my thesis committee members. Their suggestions and questions have
helped to improve the quality of research presented in this thesis.

A big thanks to all the members of the UPPC team; they definitely contribute to the nice ambience and they
made me feel really comfortable in the lab. Special thoughts to Dr. Lina Quteineh for her support and
willingness to teach and discuss about research with me (especially at the beginning of the thesis); as well as to
Guibet, with whom I shared the office and discussions at the end of my thesis and to my PhD colleagues
Aurélie, Fred (recently became Dr. Vandenberghe!), Anais, Etienne; with them I could share many
moments in and outside the PhD life. Thanks to the psychiatric medical (and non medical) staff who
contributed somehow to this project and who made it possible, notably Prof. Philippe Conus and Prof.
Armin von Gunten for supporting the project from the very beginning.

My gratefulness goes to Dr Mehdi Golamreazzee and Prof. Zoltan Kutalik for their assessment in the
analysis and statistical methodologies used in the present work, for taking the time to provide me with
support when I needed it. They made me enjoy statistics and grown my curiosity towards this field.

People not necessarily related to the scientific world deserve my gratitude. My thoughts are firstly with the
Renens Catholic Community, they are my Swiss family. We have shared music, funny moments with a lot
of positive energy and continuously good mood. Secondly, a big thanks to all my friends with whom I have
shared mountains, nice discussions and adventures. My special thoughts for Justyna; for all the interesting
and long lasting discussions that we had.

Finally, my family who encourage me from the very beginning with this project, both from the professional
and personal point of view, they have always been by my side. A very special thanks to Jordi who always

looks at the bright side of life and who encourages me to Explore, Dream and Discover.



List of Acronyms and Abbreviations

ii

List of Acronyms and Abbreviations

SHT(R)
AgRP
ARC
BBB
BMI
CART
CG
CNI
CNS
CNV
CoLaus
CRTC1
CVD
DNA
DP-CHUV
FGA
FKBP5
FTO
GABA
GIANT
GWAS
HDL-C
HLA
LD
LDL-C
LEP (R)
MCH
MCR
NODAT
NPY
PCK1
POMC
SEP
SES
SGA
SNP
SOT
STCS
T2DM
TDM
TRH
UCP
w-GRS
o-MSH

Serotonin (Receptor)

Agouti-Related Peptide

Arcuate Nucleus

Blood Brain Barrier

Body Mass Index

Cocaine and Amphetamine Related Transcript
Candidate Gene

Calcineurin Inhibitor

Central Nervous System

Copy Number Variation

Cohorte Lausannoise

CREB-regulated transcription coactivator 1
Cardiovascular Disease

Desoxirribonucleic Acid

Department of Psychiatry — Centre Hospitalier Universitaire 1 andois

First Generation Antipsychotics
FK506 Binding Protein 5

Fat mass and Obesity-associated gene
Gamma Aminobutyric Acid

Genetic Investigation of Anthropometric Traits consortium

Genome Wide Association Studies
High Density Lipoprotein Cholesterol
Human leukocyte antigen

Linkage Disequilibrium

Low Density Lipoprotein Cholesterol
Leptine (Receptor)

Melanin Concentrating Hormone
Melanocortin Receptor

New Onset Diabetes After Transplant
Neuropeptide Y

Phosphoenol Piruvate Carboxikinase 1
Pro-Opiomelanocortin

Socio Economic Position
Socioeconomic factors

Second Generation Antipsychotics
Single Nucleotide Polymorphism
Solid Organ Transplant

Swiss Transplant Cohort Study

Type 2 Diabetes Mellitus

Therapeutic Drug Monitoring
Thyrotropin Releasing Hormone
Uncoupling Protein

Weighted Genetic Risk Scores

Alpha Melanocyte Stimulating Hormone



Summary iii

Summary

Obesity has become a worldwide epidemic with negative impact on health leading to serious consequences
such as metabolic and cardiovascular disease, type 2 diabetes, musculoskeletal disorders and some cancers.
Psychiatric and transplanted populations are at risk of metabolic disorders with a significant reduction in life
expectancy when compared to general populations. Several factors such as the pharmacological treatment, the
illness itself or socioeconomic (SES) factors as well as genetic factors influence the development of common
obesity. Weight gain is the first step leading to obesity and metabolic disorders. The aim of the present thesis
work is to study and describe the factors (notably genetic and SES factors) related to weight gain and
metabolic outcomes in two high risk collectives (psychiatric and transplanted populations). To do so,
psychiatric and transplanted populations under psychotropic and immunosuppressant treatments,
respectively, were followed over time.

Several genetic factors were associated with metabolic outcomes in both studied populations. More
specifically, in psychiatric populations, carriers of the PCK7 .44 genotype had lower BMI units when
compared to non-carriers. Additionally, this polymorphism was significantly associated with BMI, waist
circumference and lipid levels, particularly among women younger than 45 years. An analysis combining both
polymorphisms of PCK7 and CRTCT7 (an upstream gene of the PCK7 previously associated with weight gain
in our psychiatric populations), showed that carriers of the PCK7 .4A genotype and CRTCT G-allele had lower
BMI units during psychotropic treatment when compared to non carriers. The combined analysis of several
variants into genetic risk scores (GRS) showed an association with BMI in three psychiatric samples.
Extremes of the GRS (i.e. p5 vs p95) showed 1.89 kg/m? of BMI difference when combining all studied
psychiatric samples. When stratifying by gender, stronger associations were found in men, whereas no
association was found in women. In the transplanted samples, GRS showed associations with BMI and with
New Onset Diabetes After Transplant (NODAT). Moreover, some of the variants predicted an increase of
10% or more of weight and NODAT one year after transplantation.

Regarding SES factors, an exploratory analysis showed that living alone and occupational status (including
people with disability pension) were associated with BMI and weight change in psychiatric populations.
Additionally, a Swiss socioeconomic position index (integrating income, education, occupation and housing
conditions) was inversely correlated with BMI.

The results found in this project explore further the risk factors for metabolic disorders within at risk
populations, improving the understanding of interindividual variability in weight gain and metabolic

syndrome, and contributing towards personalized medicine.
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Résumé

L’obésité est devenue une épidémie mondiale avec un impact négatif sur la santé, menant a des troubles
métaboliques et cardiovasculaires, a des diabétes du type 2, a4 des troubles musculo-squelettiques et/ou a
certains cancers. Les populations psychiatriques et transplantées sont a risque de développer ces troubles
métaboliques avec une réduction de 'espérance de vie. Plusieurs facteurs dont le traitement pharmacologique,
la maladie ou le niveau socio-économique (NSE) ainsi que des facteurs génétiques ont été décrits comme
impliqués dans le développement de 'obésité. Le but de ce travail de thése est d’étudier et de décrire les
facteurs (notamment génétiques et NSE) liés a la prise de poids et a d’autres symptomes métaboliques dans
deux populations (psychiatrique et transplantée). C’est pour cela que nous avons instauré un suivi de
populations psychiatriques prenant des psychotropes, ainsi qu’un suivi de populations transplantées sous
traitement immunosuppresseur.

Plusieurs facteurs génétiques ont été associés a des parametres métaboliques dans les deux populations. Plus
spécifiquement, dans la population psychiatrique, les porteurs du génotype .44 du PCK7 ont montré un
Indice de Masse Corporelle (IMC) plus faible. En outre, ce polymorphisme a montré des associations
significatives avec 'IMC, le tour de taille et les niveaux lipidiques, en particulier chez les femmes de moins de
45 ans. Une analyse combinant deux polymorphismes du PCK7 et du CRTCT7 (gene en amont de PCK7 déja
associé a la prise de poids dans notre population psychiatrique) montre que les porteurs du génotype 44 du
PCK7 et de Ialléle G du CRTCT, ont un IMC plus faible au cours du traitement par rapport aux non-porteurs.
La combinaison de différents polymorphismes dans des scores de risque génétique (GRS) a montré une
association significative avec 'IMC dans plusieurs cohortes psychiatriques. La différence d’IMC entre les
extrémes (p5 vs p95) du GRS est de 1.89 kg/m? dans les trois cohortes psychiatriques étudiées. Des effets
plus forts ont été trouvés chez les hommes tandis qu’aucune association n’est constatée chez les femmes.
Dans la population transplantée, plusieurs GRS ont montré des associations avec 'IMC et avec le
développement du diabete post-transplantation (NODAT). Par ailleurs, ces facteurs génétiques intégrés dans
un modele clinique, améliorent la prédiction d’une prise de poids de 10% ou plus et de la survenue d’un
diabéte une année aprés transplantation.

Concernant les facteurs NSE, une analyse exploratoire montre que le fait de vivre seul ainsi que la catégorie
professionnelle sont associés a 'IMC et a la prise pondérale dans la population psychiatrique. En outre, un
indice socio-économique Suisse (intégrant le revenu, la formation, le métier et les conditions de logement) a
été inversement corrélé avec 'IMC et d’autres parametres métaboliques.

Les résultats présentés dans ce projet permettent d’expliquer et de comprendre, en partie, la variabilité
interindividuelle dans la prise de poids et 'apparition de symptomes métaboliques dans deux populations a

risque, pouvant ainsi contribuer a une médecine personnalisée.
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Résumé large publique

L’obésité est devenue une épidémie mondiale avec un impact négatif sur la santé, menant a des maladies
cardiovasculaires et/ou a la survenue d’un diabéte. Les populations psychiatriques et transplantées sont a
risque de développer ce type de problémes avec une réduction de Pespérance de vie. Plusieurs facteurs dont le
traitement pharmacologique, la maladie ou le niveau socioéconomique (NSE) ainsi que des facteurs
génétiques ont été décrits dans le développement de I'obésité. Le but de ce travail de thése est d’identifier les
facteurs (notamment génétiques et NSE) liés a la prise de poids, a la survenue d’un diabéte ou a P'altération du
cholestérol sanguin dans deux populations (psychiatrique et transplantée) a risque élevé de développer ces
maladies. C’est pour cela qu’un suivi des populations psychiatriques et transplantées sous médication pouvant
induire une forte prise de poids a été instauré dans la routine clinique. Dans le cadre de cette these, nous
avons montré que plusieurs facteurs génétiques sont associés a la prise de poids. Plus spécifiquement, dans la
population psychiatrique, nous avons observé que les individus ayant une variation sur un geéne régulant la
production de glucose ont montré un Indice de Masse Corporelle (IMC) plus faible. En outre, cette variation
génétique est significativement associée au tour de taille et aux niveaux de lipides sanguins, en particulier chez
les femmes de moins de 45 ans. Dans une deuxiéme partie, nous avons étudié¢ la combinaison de différentes
variations génétiques intégrées dans un score de risque génétique. Ce score a montré une association
significative avec 'IMC dans plusieurs cohortes psychiatriques. Dans les trois cohortes étudiées, nous avons
calculé la différence d’IMC entre les individus situés aux extrémes du score (les 5% plus bas ; risque faible et
les 5% plus haut ; risque élevé), avec une différence de 1.89 kg/m2 Des effets plus importants ont été trouvés
chez les hommes tandis qu’aucune association n’est constatée chez les femmes. Dans la population
transplantée, plusieurs scores génétiques testés ont montré des associations avec 'IMC et avec le
développement du diabete apres transplantation. Par ailleurs, ces facteurs génétiques intégrés dans un modele
clinique, am¢éliorent la prédiction pour une prise de poids égale ou supéricure a 10% et pour la survenue d’un
diabéte une année aprés transplantation.

Concernant les facteurs socio-économiques, une analyse exploratoire montre que le fait de vivre seul ainsi que
la catégorie professionnelle sont associés a 'IMC et a la prise pondérale dans une population psychiatrique.
En outre, nous avons constaté que les individus ayant un indice de position socio-économique élevé (indice
intégrant le revenu, le niveau de formation, le métier et les conditions de logement) ont des valeurs plus
faibles ’IMC que ceux ayant un index faible.

Les résultats présentés dans cette these permettent d’expliquer et de comprendre, en partie, la variabilité de la
sensibilité de chaque patient envers les probléemes métaboliques, ce qui peut contribuer a une médecine

personnalisée.
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1. Generalities of obesity

1.1 Epidemiological factors

Overweight and obesity are defined as abnormal or excessive fat accumulation that presents a risk to health
(1). The Body Mass Index (BMI) remains among the most commonly used assessment of weight in obesity
studies and has been correlated to body fat content. Obesity can lead to a number of chronic diseases,
including type 2 diabetes mellitus (T2DM), cardiovascular disease (CVD), musculoskeletal disorders and some
cancers being the fifth most common risk factor for death in the general population (2, 3). According to
World Health Organization (WHO), over the last decades, obesity has more than doubled all over the world.
Thirty nine percent of adults aged 18 years and over were overweight (25 kg/m?< BMI <30 kg/m?) in 2014,
and 13% were obese (BMI =30 kg/m?) (1). The epidemic of obesity is not limited to developed countties but
has been rising in most countries, becoming a global phenomenon. Between 1980 and 2008, the number of
overweight and obese adults in developing countries has more than tripled to reach 900 million of adult cases
(4). The economic impact of obesity should not be underestimated including direct costs (i.e. medical,
preventive, diagnostic and treatment services directly related to obesity) and indirect ones (i.e. obesity related
co-morbidities as well as premature mortality and disability) (5). A recent published review concluded that
obesity absorbs a huge amount of health-care resources, however it is difficult to estimate the total costs,

especially the indirect ones (6).

1.2 Obesity and the regulation of energy balance

Since obesity is preventable (1) a better understanding of the disease is crucial. The capacity of storing fat is a
trait that has been selected during many years of human evolution. The #rifty gene hypothesis supports the
idea that humans evolved efficiently to store excess of energy in order to deal with famine periods (7). Part of
this energy is stored in the adipose cells which were thought to be a passive storage organ. However, over the

past decades, the metabolic role of adipocytes on endocrine regulation and energy balance (i.e. the balance
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between energy intake and expenditure) has been well described, as well as its connection with the Central
Nervous System (CNS). Energy balance is controlled centrally by the CNS through neuroendocrine pathways
regulation. From a molecular point of view, the regulation of energy intake is divided in short- and long- term
regulation systems. A short-term regulation refers to appetite and satiety signals such as Glucagon-like
peptide-1, which can induce reduction in food intake or Ghrelin, which stimulates food intake by acting in
the hypothalamus (8). The long term-regulation mechanisms are related to adiposity signals (leptin and insulin
among others) reflecting the status of energy storages. Not surprisingly, the short- and long- term systems are

interrelated (9).

The best characterized and clinically relevant pathway in energy balance regulation is the leptin-melanocortin
pathway (Figure 1), where seven proteins of this pathway have been related to weight regulation and obesity.
Energy balance is regulated through brain factors mainly located in the hypothalamic arcuate nucleus (ARC).
This includes agouti-related peptide (AgRP) and neuropeptide Y (NPY), which are produced by neurons with
orexigenic (feeding-inducing) properties. Near to the orexigenic neurons, there are pro-opiomelanocortin
(POMC) and cocaine and amphetamine related transcript (CART), expressed by neurons with anorexigenic
properties (10). The hormone leptin (LEP) secreted in the adipocytes crosses the Blood Brain Batrier (BBB)
and through OBRD receptors acts on the orexigenic and anorexigenic neurons. LEP stimulates (+) the alpha
melanocyte stimulating hormone (x-MSH) production, an agonist of the melanocortin-4 receptor (MCA4R)
and inhibits (-) the AgRP, an antagonist of MC4R. Activation of MC4R by «-MSH reduces food intake
whereas suppression of MC4R by AgRP increases feeding and diminishes the hypophagic response to LEP
(11). MC4R expressing neurons receive the leptin-regulated signals and other signals such as NPY. MC4R
neurons include the thyrotropin-releasing hormone (TRH, thyroid regulation), the melanin-concentrating
hormone (MCH, feeding regulation) and gamma-aminobutyric acid (GABAergic) neurons acting on other
neurons also implicated in energy balance. As a result, these mechanisms have implications at endocrine,

behavioral and autonomic levels related to growth, feeding and energy expenditure regulation (12) .
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Figure 1. The leptin-melanocortin pathway regulating energy homeostasis. Adapted from (12)
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2. Factors influencing obesity

The onset of obesity and metabolic disorders is the result of the combination of several factors, including

environmental and genetic factors as well as gene-environment interactions (Figure 2).

Figure 2: Gene, environment and gene-environment interactions influencing obesity (13)

! in utero
Social Status environmen

Gut |
Microbiota (( €\9
Food
Abundance \.\_,

Technological
Progress

Medical
Treatment

2.1 Environmental factors

Part of the environmental factors influencing energy balance refers to energy expenditure (i.e. physical
activity) and energy intake (i.e. metabolic rate and food intake). These factors may be highly variable between
individuals (14). In addition, measuring these covariates might be quite difficult in an experimental setting.
Body mass composition differs as well between genders with women having more body fat and men more
central distribution of fat. In both genders, weight gain has been described until 60-65 years, being the largest
increase between the ages of 20 to 40 years (14-16). Also, a critical role of environmental factors in the
development of obesity is highlighted in several societies (17). In general population, socioeconomic factors

(SES) have been described as moderators of obesity. A pattern of inverse relationship between SES and
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obesity has been reported in women from developed societies, whereas among men this pattern is less clear
(18, 19). In contrast, in developing societies higher SES has been associated with higher obesity prevalence
(20). Finally, studies conducted in children found a higher prevalence of obese children among parents with

lower SES and educational level status (21).

In addition, recent research has revealed a new insight into obesity risk factor, suggesting that gut microbiota
is implicated in weight gain, regulating fat metabolism, energy harvest, storage, and expenditure (22, 23). The
gut microbiota composition differs between lean and obese individuals (24) and the dietary variation and
caloric intake may induce changes in gut microbiome composition (25, 26). Therefore, how the microbiota
influences health and disease is a new research area that needs to be further explored. This promising field of

research may lead to new therapeutic ideas for prevention of obesity and its complications (23).

2.2 Genetic factors

The present work focuses on common obesity described as a polygenic disease (27). Environmental factors
may certainly contribute to gain weight, however, genetic factors should also be considered. Genetic
predisposition to obesity (BMI) is estimated to be around 50% to 80% (28). Genetic factors are known to
influence obesity for some decades. For instance, a study examining more than 500 adopted Danish subjects
found a strong relationship between the weight of adopted children and the BMI of their biological parents.
Interestingly, no association was observed between the weight of adopted children and the BMI of adoptive

parents (29).

Several gene association studies are currently used to identify disease-causing variants. Candidate Gene (CG)
approaches are based on known biological, physiological or functional pathways relevant to the disease, being
hypothesis-driven. Some of the most studied and replicated genes atre related to food intake and energy
homeostasis especially from the previously described leptin-melanocortin pathways (.e. LEP, leptine receptor

(LEPK), MC4R, POMC). Others refer to peripheral regulation of energy expenditure (i.e. #ncoupling proteins 2
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(UCP2) and 3 (UCP3)). In general these genes are implicated in a wide variety of biological functions such as
regulation of food intake, energy expenditure, lipid and glucose metabolism or adipose tissue development.

Further details are reviewed elsewhere (30).

With the increasing use of Genome Wide Association Studies (GWAS) hundreds of thousands of individuals
are being tested, reporting many other variants associated with BMI and other metabolic phenotypes. Unlike
CG approaches, GWAS use hypothesis-free methodologies and are based on genotyped Single Nucleotide
Polymorphisms (SNPs) showing an association with the trait (i.e. BMI) that will be in Linkage Disequilibrium
(LD) with the causal variant. However, because they identify common variants with small size effect, large
cohorts are needed in order to have enough power to detect the effect. Therefore, replication of the results is
one of the major challenges. To date, at least 97 loci associated with BMI have been elucidated in European
populations (31). These loci integrated in genetic risk scores (GRS) explained altogether only 2.7% of BMI
variability. The best replicated SNPs lie in MC4R and fat mass and obesity associated (F10O) gene regions which
have been involved in food intake, energy homeostasis and energy expenditure (32). These results have been
replicated in adults and children from European and Asian populations (33-35). However, the low BMI
variability explained by all these polymorphisms leads to the question of the missing heritability of obesity,
which could be attributed to factors such as the complex, polygenic nature of obesity, as well as to other

mechanisms and variants (e.g. copy number variation (CNV), rare mutations, epigenetics) (30).

2.3 Gene-environment interactions

Neither genetic factors nor environmental factors alone appear to be the only regulating components of
obesity. Complex traits are highly dependent on gene-environment interactions, thus the complexity in
humans lies in the fact that alleles influence common diseases in different genetic backgrounds eventually
influenced by different environmental factors. A number of studies examined whether specific gene-

environment interactions influenced weight gain. Studies focusing on genetic variants and physical activity
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showed an interaction between the FTO 79939609 SNP and physical activity in Danish participants. Those
physically inactive subjects had significant differences in BMI according to the .44 or TT genotypic groups
(37). Another study reported that the LEPR genetic variants were associated with weight loss in women who
were prescribed a low-calorie diet (38). A gene-diet interaction was found between Melanocortin-3 receptor
(MC3R) C17A and G241.A variants and low-calorie diet on weight loss in childhood obesity (39). However,
quite often, the importance of gene-environment interactions is not properly appreciated leading to non-

replicated results (40).
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3. Obesity and metabolic disorders in Psychiatric Populations

It is well described that psychiatric populations have an increased risk of obesity and cardio metabolic
disorders compared to the general population. The illness itself, lifestyle (e.g. unhealthy diet, physical
inactivity, smoking habits) and also the psychotropic drug treatment, with an independent dose effect,
contribute to that risk (41). Evidence shows a 2-3 fold increased mortality rate attributed to natural causes
such as cardiovascular diseases compared to healthy populations which corresponds to a reduction of 10-25
years in life expectancy (42). Some of the modifiable risk factors contributing to cardiovascular diseases
include obesity, smoking, diabetes, hypertension, dyslipidaemia and metabolic syndrome. Relative risks for
these factors are twice or three times higher compared to the general populations in both schizophrenic and
bipolar populations (43), as shown in Table 1. Finally, besides of these physical comorbidities, these
populations have a poorer access to a good health system which efficiently takes care of the metabolic

diseases.

Table 1. Relative risks of metabolic side effects in schizophrenia and bipolar disorders compared to general population

43)

Estimated prevalence. %o (RR)

Modifiable risk factors Schizophrenia Bipolar disorder

Obesity 43-33(1.3-2) 21-49(1-2)
Smoking 50-801(2-3) 34-68(2-3)
Diabetes 10-15(2) 8-17(1.3-2)
Hypertension 19-58 (2-3) 35-61(2-1)
Dryslipidaemia 25-60(=5) 23-38 (=)
Metabolic syndrome 37-63(2-3) 30-40(1.5-2




Introduction 11

3.1 Psychotropic drugs and metabolic disorders

In the present research work, we focus particularly on psychotropic drugs including antipsychotic and mood
stabilizers which are mainly used in the treatment of schizophrenia and bipolar disorders (44). Schizophrenia
is characterized by a combination of positive (e.g. delusions, hallucinations, disorganized behavior, agitation)
(44) and negative symptoms (e.g. social withdrawal, lack of empathy and self-care, anhedonia), affecting also
cognitive and affective functions (45). The negative symptoms of the disease respond pootly to drug
treatment in many patients as do cognitive symptoms, which are among the major factors in determining the
opportunity to return to society for these individuals. Bipolar disorders refer to individuals experiencing at
different time or simultaneously maniac phases (euphoria, abnormally elevated or irritable mood) and

depression combined with euthymia (normal mood) periods (44).

3.1.1  Antipsychotic drugs

The key pharmacological mechanism of antipsychotic drugs, both for typical and atypical, is the blockage of
dopamine-2 receptors which confers the antipsychotic properties (46). This action, however, is also
responsible for most of their undesirable side-effects, such as metabolic ones. Concerning first generation
antipsychotics (FGA) they have been mostly related to extrapyramidal symptoms, tardive dyskinesia,
hyperprolactinemia and exacerbation of negative symptoms. Second generation antipsychotics (SGA) or
atypical antipsychotics have replaced FGA in the treatment of schizophrenia and bipolar disorders. SGA can
be defined as serotonin (5HT) and dopamine antagonists, dopamine antagonists with rapid dissociation,
partial dopamine agonists or serotonin partial agonists at SHT1A receptors (44). Due to their affinity to
serotonin receptors (SHTR), they have less extrapyramidal symptoms and they are somehow better for
treating negative symptoms compared to FGA. SGA may interact with a large variety of receptors such as
serotonine, dopamine, histamine, muscarinic and adrenergic receptors which confer the pharmacological
properties of these molecules as well as their side effects (47). Table 2 summarizes different side effects

depending on the receptor interaction.
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Table 2. Target receptors of antipsychotic drugs and its metabolic side effects (48).

Receptor Side effect Mechanism
Serotonin 5-HT 2C Diabetes Antagonists disrupt sympathetic regulation of peripheral glucose metabolism; also inhibit skeletal
muscle and hepatic glucose uptake
Weight gain Antagonists disinhibit hypothalamic NPY neurons (resulting in elevated NPY) and inhibit POMC
neurons (resulting in decreased a-MSH); may also play a role in leptin resistance
Serotonin 5-HT 1A Diabetes Antagonists inhibit skeletal muscle and hepatic glucose uptake and downregulate pancreatic f-cell
sensitivity to glucose
Weight gain Agonists increase food intake; partial agonists may mitigate 5-HT2C antagonism; partial agonists
may also decrease carbohydrate craving
Histamine H1 Weight gain Antagonists cause increased hypothalamic AMPK activity, mimicking depletion of cellular energy
stores and causing increased appetite
Diabetes Antagonists disrupt sympathetic regulation of adipose tissue
Sedation Antagonists inhibit cholinergic neurons of basal forebrain and serotonergic neurons of dorsal raphe
Dopamine D2 Weight gain Antagonists cause overall decrease in limbic dopaminergic activity, possibly leading to increased

Muscarinic M1

Muscarinic M3

Extrapyramidal side effects
Endocrine effects

Anticholinergic effects

Diabetes

engagement reward-seeking behaviors such as food intake; agonists (psychostimulants, cocaine)
are appetite suppressants

Antagonists disinhibit indirect descending motor pathway in basal ganglia

Antagonists disinhibit prolactin release from posterior hypothalamus, also contributing to weight
gain

Antagonists cause dry mouth, urinary retention, cognitive dysfunction, urinary retention, and
constipation

Antagonists cause impaired glucose tolerance and reduced insulin secretion from pancreatic B cells

a-MSH, a-melanocyte-stimul ating hormone; AMPK, AMP-related kinase; NPY, neuropeptide Y; POMC, pro-opiomelanocortin,

In addition, the type of antipsychotic drug determines the incidence of metabolic side effects due to different

mechanisms of action and binding profiles. Thus, olanzapine and clozapine are associated with the highest

weight gain whereas amisulpride or aripiprazole are at low or moderate risk (49, 50). A meta-analysis

conducted in schizophrenic patients integrated the available evidence in order to create hierarchies of efficacy,

non-compliance and major side effects (e.g. weight gain) of typical and atypical antipsychotics compared to

placebo (50). Figure 3 shows the risk of weight gain according to different typical and atypical antipsychotics.

Figure 3: Forest plot for weight gain of antipsychotic drugs compared with placebo. (adapted from (50))
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B Weight gain SMD (95% Crl)

Haloperidol 0-09 (-0-00 to 0-17)
Ziprasidone 0-10 (-0-02 to 0-22)
Lurasidone 0-10 (-0-02 to 0-21)
Aripiprazole 0-17 (0-05 to 0-28)
Amisulpride 0-20 (0-05 to 0-35)
Asenapine 0-23 (0-07 to 0-39)
Paliperidone 0-38 (0-27 to 0-48)
Risperidone 0-42 (0-33 to 0-50)
Quetiapine 0-43 (0-34to 0.53)
Sertindole 0.53 (0-38 to 0-68)
Chlopromazine 0-55 (0-34 to 0-76)
lloperidone 0-62 (0-49 to 0-74)
Clozapine 0-65 (0-31to 0-99)
Zotepine 0-71 (0-47 to 0-96)
Olanzapine 0-74 (0-67 to 0-81)

[
-0-5
4+

More weight gain with placebo

T
0 0.5 1
—>
More weight gain with active drug

SMD=standardised mean difference. CrI=credible interval.

3.1.2 Mood stabilisers

Lithium and valproate are mood stabilizers that can treat both phases of bipolar disorders, reducing

symptoms of mania and of bipolar depression, and also preventing relapse. Lithium is the classic mood

stabilizer and it has been used for more than 50 years. Its mechanism of action might involve signal

transduction (e.g. via inositol monophosphatase), modulation of G-proteins or interaction at various sites of

downstream signal transduction cascades (44). For valproate, an anticonvulsivant used as mood stabilizer,

several hypotheses are proposed for its mechanism of action. Some of them include inhibition of voltage-

sensitive sodium channels and/or boosting the actions of GABA neurotransmitter, among others (44).

Although the mechanisms of these molecules are not completely understood, they certainly contribute to

weight gain. A meta-analysis showed that almost 40% of bipolar patients developed metabolic syndrome.
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This prevalence is twice than in general population (51). Studies focusing on treatment showed that patients
under lithium and valproate treatment gain more weight than those receiving placebo (52, 53). Therefore a
good monitoring of side effects is strongly recommended when starting any of these weight gain inducing

treatments in order to mitigate the risk of developing CVD, T2DM or other metabolic side-effects (49).

3.2 Genetic, psychiatric disorders and metabolic disturbances.

The interaction of antipsychotics with leptin-melanocortin pathway correlates with an increase of appetite.
Over time, a high food intake leads to obesity and lipid alteration profile such as hypertriglyceridemia. This
dyslipidemia is followed by insulin resistance to finally lead to T2DM associated with a high risk of
cardiovascular events, thus increasing mortality rate among this population (44). Also, it has been shown that
psychiatric disorders such as major depressive disorder, schizophrenia or bipolar disorder share common
pathways with obesity. Studies in the past decades have demonstrated that obesity is related to increased
inflaimmation, oxidative stress, hypothalamus-pituitary-adrenocortical axis dysregulation, upregulation of
kynurenine pathway which affects neurotransmitter production (e.g. serotonin) (54). Interestingly, high levels
of inflammatory adiponectin and other cytokines are found among first-episode drug naive schizophrenia
patients (55) and upregulation of kynurenine pathway is observed in major depressive disorder, schizophrenia
and bipolar disorder (56). In addition, schizophrenia and bipolar disorders have been related to
neurotransmitters dysregulation (e.g. glutamate, dopamine and/or serotonin) (54, 57). Also, mental disorders
such as schizophrenia, bipolar disorder and major depressive disorder are associated with impairment in
cognitive functioning (executive functioning and attention memory) (58). This deficiency appears over time
and worsens with psychiatric illness duration. This might be explained in part, by the combination of clinical
and treatment variables: Although treatment used may improve some aspects of cognition, the anticholinergic
effect of some of the psychotropic drugs and comedications prescribed may increase the risk of cognitive

impairment (59, 60). Furthermore, weight gain associated with the use of some psychotropic drugs (notably
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atypical antipsychotics) may have negative consequences on cognition (59). Further studies on how

interaction occurs between medication use, weight gain and cognition in this population, are warranted.

Obesity may impair cognitive function in neuropsychiatric disorders by inflammatory processes (61), but the
implicated pathways are only partially elucidated. The neuronal insulin signaling pathway (affecting the
hippocampus) is implicated in cognitive functions and is involved in glucose homeostasis. Hippocampus is a
neuronal-insulin sensitive organ and neuronal-insulin mediates metabolic biological actions and modulates
neurotransmitter concentrations in the central nervous system which are implicated in the physiopathology of
mood disorders, schizophrenia and alzheimer disease (62). Disturbances in this pathway might lead to

cognition worsening and appearance of psychiatric disorders.

From the classical candidate gene approach, the best replicated variants concerning psychotropic-induced
weight gain concern the -759C/T SHTR2C polymorphism, showing that cartiers of the T-a/lele had less weight
gain than C-allele carriers (63). These results have been found in different ethnicities (48, 64). Additionally, the
C-allele has been related with obesity in general population (48, 65). The LEP -2548G/.A showed that GG
genotype was associated with weight gain in Caucasian with multiple antipsychotics (66). Evidence of
antipsychotic drugs and receptors and genes implicated in metabolic disturbances has been described in detail
elsewhere (66, 67). In addition, some polymorphisms have been related to both psychiatric disease and
obesity, such as the A-allele from the FTO 759939609 variant which has been associated with lower risk of
depression and an increased BMI (68). Recently, the CREB-regulated transcription coactivator 1 (CRTCT) gene has
been also associated with BMI and fat mass but only in lifetime depressed individuals. The mechanism of this
gene in depression and psychiatric diseases needs to be further investigated (69). Other genes, such as FKBP5
have shown a positive correlation with insulin levels in adults having suffered from early life stress (70).
Further studies are needed to disentangle the shared pathways between obesity and psychiatric diseases. An
extensive genetic analysis in psychiatric cohorts is presented in a later section of this thesis (see Results

chapter). Recently, a study examining genetic influences on BMI and cognition found that some genetic
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factors overlapped between both traits. This study took into account two large GWAS meta-analyses
assessing cognition and BMI (31, 71). Low BMI was correlated with high cognitive function; thus genes
variants associated with increased cognitive function were associated with lower BMI. Additionally, some
polymorphisms associated with BMI, explained a significant —although small- proportion of cognition
variance and vice-versa. When looking at SNPs individually, seven hits were significant for both traits and
were found in genes of insulin-related functions, among others, thus supporting the link of type 2 diabetes

and/or disturbances in insulin pathway and impaired cognitive function (61).
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4. Obesity and Diabetes in Solid Organ Transplant populations

4.1 Generalities

In 2003, international experts in the field of transplant and diabetes defined the diagnosis and management of
new onset diabetes after transplant (NODAT) based on the World Health Organization and the American
Diabetes Association recommendations (72). The incidence of NODAT ranges widely, depending on the
transplanted organ and/or the study design among other factors. More specifically, it has been desctibed that
NODAT occurs in 4-25% in renal transplant recipients, 2.5-25% in liver transplantation, 4-40% in heart and
30-35% in lung transplant recipients (73-76). Pretransplantation diabetes and NODAT contribute to the risk
of CVD, which remains the most common cause of death after kidney transplantation worldwide (77).
Weight gain leading to obesity has been associated with insulin resistance and post-transplant weight gain
exacerbates this condition leading to NODAT development (78, 79). Post-transplant weight-gain has been
described in patients regardless of their weight prior to transplant. Excessive weight gain in transplanted
individuals can lead to severe consequences such as delayed graft function related to surgical and

post-operative complications (80) and decreased graft survival (81, 82).

4.2 Risk factors contributing to metabolic disorders

Because obesity and other components of the metabolic syndrome are modifiable factors, early intervention
to prevent these conditions is of major importance. In liver transplanted recipients, factors such as older age
(83), family history of overweight, high BMI prior to the transplantation and/or high donor BMI (83, 84),
hypo-metabolism and physical inactivity (83, 85) are some of the risk factors associated with weight gain,
overweight and obesity. In kidney-transplant recipients, obesity increases NODAT with a relative risk of 1.73
and this risk increases linearly above 45 kg (86). Additionally, NODAT has been associated with low levels of
adiponectin (a marker inversely correlated with adiposity) and higher levels of C-reactive protein; potentially
suggesting an inflammatory process. Regarding NODAT, some of the risk factors (grouped into non-

modifiable, potentially modifiable and modifiable, Figure 4) are family history of diabetes, where the risk is
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increased by 50% (87) or older age (72). Other factors specifically related to the transplanted populations
concern HLA group mismatches, donor-recipient mismatch, acute rejection, graft from a deceased donor,
virus load (i.e. hepatitis C virus —HCV- and cytomegalovirus —CMV-) or immunosuppressant treatment (72).
NODAT incidence depends on HCV status being 25.6% in HCV positive and 14.4% in HCV negative
groups (78). Patients may acquire the virus through blood contamination in hemodialysis units. Although the
mechanism is poorly understood, HCV causes glomerular disease leading to end stage renal disease (88).
Many HCV infected patients will therefore undergo kidney transplantation. CMV has been associated with
impaired insulin release through proinflaimmatory cytokines that cause functional disturbances in the beta-
pancreatic cells. CMV is, however, treated easily in post-transplant recipients compared to HCV. Also, the
risk of NODAT increases with pre-transplant impaired fasting glucose and glucose tolerance. Finally,
proteinuria and hypomagnesaemia and its association with NODAT development need to be further
investigated. Proteinuria might reflect the normal condition just after renal transplantation due to residual
native kidney proteinuria or the high dose of corticosteroids used at the beginning and might resolve
spontaneously several weeks after transplantation. Studies have reported an inverse correlation between
serum magnesium levels and glycemic regulation (72, 88). Additionally, some of the factors contributing to
NODAT and metabolic disorders (e.g. increased weight gain) are shared. Such is the case for a high BMI and

high fasting glucose levels prior to transplant (89).
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Figure 4. Factors influencing NODAT classified by modifiable, potentially modifiable and non-modifiable (72)

Non-modifiable  Potentially modifiable @ Modifiable

« African American, Hispanic
* Age > 4045 yrs
* Recipient male gender
+ Family history of DM

« HLA A30, B27, B42
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Immunosuppressive therapy

* Tacrolimus

* HCV

* CMV

* Pre-tx IFG/IGT

= Cyclosporine
* Corticosteroid
* mTOR inhibitors
* Anti CD25 mAB?"

« Proteinuria?®

« Acute rejection history * HypoMg?®
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* Male donor

Obesity or other component
of the metabolic syndrome

* Polycystic kidneys
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4.3 Immunosuppressive treatment and metabolic risk

Organ rejection is reduced by immunosuppressant treatments and although new immunosuppressive drugs
have improved short-time patient survival, they are not devoid of side effects. CVD together with
malignancies and infections are the main causes of mortality in transplanted patients (90). Focusing on
cardiovascular and metabolic-related events, immunosuppressant treatments are of particular interest.
Immunosuppressive drugs have different impacts on metabolic risk factors. Glucocorticoids, a major
component of immunosuppressant therapy, are associated with body fat accumulation and liquid retention.
They damage the insulin-secreting beta cells of the pancreas (91) and long-term glucocorticoid therapy may
result in clinically significant weight gain through leptin modulation and appetite increase (92). Besides,
corticosteroids would have a dose-dependent diabetogenic effect (93). Therefore, standardized steroid
withdrawal protocols are suggested in order to reduce the risk of NODAT (94). Cyclosporine was the first
calcineurin inhibitor (CNI) approved in 1983 for Solid Organ Transplant (SOT) with the idea of reducing
corticosteroids dose, thus decreasing the incidence of NODAT (95-97). Despite the steroid-dose lowering
effect, cyclosporine later showed a strong negative impact on weight gain, blood pressure and lipids (98, 99).
The CNI second-generation tacrolimus has been associated with an increased risk of NODAT, especially
when combined with glucocorticoids (100, 101). mTOR inhibitors (i.e. Sirolimus and Everolimus) are one of
the major causes of hypetlipidaemia after transplantation and also diabetogenic, especially when combined
with CNI (102, 103). Although induction therapy (i.e. polyclonal and monoclonal antibody preparations) is
not directly associated with weight gain or metabolic alterations, it has been associated with malignancies
which lead to mortality (104). Thus, the optimal immunosuppressive therapy combines different drugs

improving the immunosuppressive potential and decreasing the toxic effects by lowering each single dose.

4.4 Genetics of metabolic disorders in Solid Organ Transplant populations

Some of the genetic factors influencing obesity have already been described in Chapter 2.2. Focusing on

transplant populations, some specific variants have shown an association with obesity and weight gain within
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this population. Candidate gene approaches found two single nucleotide polymorphisms (SNPs) and one
insertion/deletion associated with BMI-related phenotypes. In liver transplant recipients, catriers of the D
allele of the angiotensin-converting enzyme had and carriers of the G-allele of the PNPLA had an increased
risk of weight gain and higher obesity prevalence dependent of diabetes, respectively, compared to non-
carriers. Finally, in kidney transplanted recipients, carriers of the CC genotype in an ATF6 polymorphism had
higher BMI compared to non-carriers. The ATF6 gene is involved in lipogenesis and gluconeogenesis and
would be activated via Tacrolimus during endoplasmatic reticulum stress (105-107). Weight change in kidney
transplant has been associated with the expression of genes involved in T2DM, obesity and neurological
concepts such as dopamine, nicotine, and cognition (108). To date, no weight gain-related GWAS in SOT
have yet been conducted. Since NODAT and T2DM share some mechanisms, some variants associated with
T2DM have also been associated with NODAT. Such is the case of TCF7L.2 or KCNQ7 (109). Recently, a
GWAS of NODAT in kidney transplanted recipients revealed eight significant SNPs (110). In Projects I1I

and IV an extensive analysis of the genetic variants influencing obesity and NODAT in SOT is conducted.
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5. The challenge of personalized medicine

Pharmacogenomics, the study of how genes affect a persons’ response to drugs, is part of personalized
medicine that customizes health care, tailoring treatments to each individual (111). Personalized medicine
concerns treatment tesponse and/or side effects. To date, the FDA approved more than 100 drugs that
include label information on pharmacogenomic biomarkers (111, 112). CYP2D6-related dose
recommendations obtained from pharmacokinetic studies were one of the first steps in developing guidelines
for therapeutic use of antidepressant treatments (113). Another example is the Steven-Johnson side effect of
carbamazepine for the treatment of bipolar disorders or epilepsy. In particular, carriers of the HI.A allele
B*7502 have an increased risk of developing Steven-Johnson syndrome in Asian populations. Therefore, the
Food and Drug Administration (FDA) recommended genotyping all Asians for the allele before starting the
treatment (114). However, the number of pharmacogenetic tests that are used nowadays in the clinic remain
small. This could be explained by several facts: First, there is a need to better understand the mechanism of
action of a drug. Furthermore, many studies are hypothesis-driven and focus on gene candidate approaches,
missing other gene contributions or gene-gene interactions. The polygenic nature of many phenotypes, such
as obesity or diabetes, should be taken into account. On the same line, information is missing on how the
gene-environment interactions affect drug response and side effects. All these factors may reduce the
predictive value of pharmacogenetic testing (115). Finally, the use of pharmacogenetic tests has to overcome
important scientific, economic, commercial, political and educational barriers (116). To date, there are no
reliable biomarkers that can accurately predict the risk of weight gain, making difficult to translate risk

prediction into clinical practice.

Finally, if pharmacogenetic testing is combined with therapeutic drug monitoring (TDM), both tools can
optimally individualize drug therapy in order to maximize the efficacy and the safety of the drug. For instance,
in tacrolimus treated individuals, carriers of CYP3A*7 allele have a greater clearance needing a dose
readjustment. TDM may be helpful at the beginning of tacrolimus treatment in order to determine the

appropriate starting dosage and to avoid serious adverse effects (117). In psychotropic and antidepressant
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drugs, for instance, the combination of TDM and CYP2D6/CYP2C19 genotyping is particulatly useful in
verifying concentration-dependent adverse drug reactions or in interpreting psychotropic drug response in

polypharmacy (116, 118).






AIMS







Aims 27

Obesity has reached epidemic proportions globally, with at least 2.8 million people dying each year as a result
of being overweight or obese (1). Obesity is preventable and is often associated with other diseases leading to
metabolic complications and reducing indirectly life expectancy. The present thesis work focuses on two

particular populations at high risk of metabolic disorders: The psychiatric and the transplanted populations.

The first aim of this work is to study, from a genetic point of view, the association of several polymorphisms
with metabolic disturbances in these two populations (Projects I, II, III and IV). This will improve the
understanding of the molecular pathways associated with the pathogenesis and the onset of metabolic
disorders which worsen health quality and increase mortality rate. In a second step (Project V) we aimed to
explore how SES factors influence weight related parameters (i.e. BMI and weight change) over time in a
psychiatric sample under psychotropic treatment. This work will contribute to better understand

interindividual variability in order to better adapt treatments.

A short summary of the secondary aims is included below.
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Project I: Association of PCK1 with Body Mass Index and Other Metabolic Features in Patients with

Psychotropic Treatments

The aim of this project was to study the influence of Phosphoenolpyruvate carboxykinase 1 (PCK7) on BMI change
over time and other metabolic features in a psychiatric population under psychotropic treatment. This gene
codes for an enzyme which is a key regulator of the gluconeogenesis and it has been described as a

downstream gene of CRTC7 (implicated in weight gain in psychiatric populations).

Project II: Association of Genetic Risk Scores (GRS) with Body Mass Index in Swiss Psychiatric

Cohorts

Since common obesity is influenced by many risk variants, in this project we wanted to study how weighted-
GRS (w-GRS) built from previously BMI-related polymorphisms influence BMI in psychiatric cohorts under
psychotropic treatment. Additionally, w-GRS from previously identified polymorphisms influencing

antipsychotics-induced weight gain in psychiatric populations were tested for association.

Project III: Clinical and Genetic factors influencing Body Mass Index and risk prediction of weight

gain in Solid Organ Transplant populations

Similarly to what it has been done with polygenic risk scores in psychiatric populations, in the present project
we wanted to see how previously BMI related polymorphisms in GWAS based in general population,
influenced BMI in two SOT populations. Additionally, we wanted to assess the ability of these variants to

predict 10% weight gain one year after transplantation.
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Project IV: Genetic and clinic predictors of New Onset Diabetes Mellitus after Transplantation

The present study focuses on multiple variants at risk for T2DM and NODAT, integrated in w-GRS. We
wanted to determine whether these genetic factors influence NODAT and how they contribute in predicting

NODAT one year after transplantation.

Project V:  Socioeconomic and metabolic risk factors in Psychiatric patients

In the present work we wanted to explore how the sociodemographic factors (ie. living status and
professional condition) would influence weight gain and metabolic outcomes over time in psychiatric patients
treated with psychotropic drugs. In a second step, we wanted to study whether a Swiss socioeconomic
position index (SEP) based on income, education, occupation and housing conditions is associated with BMI

and weight change over time.
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1. The psychiatric cohorts

1.1 The Suivi Metabolique cohort

This ongoing study started in the psychiatric department of the Lausanne University Hospital (DP-CHUYV) in
2007. The aim of the Suivi Metaboligne is to follow patients starting a psychotropic treatment (i.e. aripiprazole,
amisulpride, clozapine, olanzapine, quetiapine, risperidone, mirtazapine, lithium and/or valproate) which can
potentially lead to metabolic disturbances. Currently, this follow-up is integrated as a routine basis practice in
the adult DP-CHUV. The follow-up consists of several regular medical checkups where anthropometric
parameters (i.e. weight, height, waist circumference) and blood samples are collected at baseline, 1, 2, 3, 6, 12
months after initiating psychotropic treatment according to guidelines (119). Metabolic parameters, drug
plasma concentration and genetic analysis are obtained for those patients who signed a written informed
consent. As of March 2016, 934 patients who gave a written informed consent to participate in the study have

been recruited.

1.2 The Ambulatoire cohort

Similarly to the Swii Metaboligue cohort, the aim of this cohort is to follow-up individuals who have been
taking a psychotropic treatment (i.e. aripiprazole, amisulpride, clozapine, olanzapine, quetiapine, risperidone,
mirtazapine, lithium and/or valproate) for more than one year in an outpatient setting. Started in 2010,
through yearly medical checkups, data on anthropomettic parameters and blood tests are collected. To date

(ongoing study), we have obtained the informed consent for 250 patients.

Recently, for both Swivi Metaboligne and Awmbulatoire cohorts, patients treated with tricyclic antidepressants,
FGA and/or newly commercialized SGA (i.e. paliperidone, asenapine, lurasidone) have been also recruited,

but not taken into account for the present analyses.
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1.3 The Geneva cohort

Geneva cohort concerns individuals who have been taking olanzapine, clozapine, quetiapine, risperidone,
lithium, and/or valproate for at least 3 months between June 2006 and May 2008. This is a retrospective
study that was conducted in an outpatient setting from Psychiatric Department of Geneva University
Hospital. Questionnaires were filled and blood samples were collected during one of the patient routine
follow-ups. Weight before starting psychotropic treatment was self-reported or extracted from medical files.

Informed consent and blood samples were obtained for 198 patients.

In all samples, patients with previous treatments were included after having switched medication. The latest
introduced psychotropic medication was considered as the main psychotropic treatment. A detailed

description of the three cohorts can be found in a previous publication (120).

2. The Transplanted Populations

2.1 The Swiss Transplant Cohort Study (STCS)

The STCS is an ongoing prospective multicenter study (Basel, Bern, Geneva, Lausanne, St. Gallen and
Zurich) started in May 2008 which enrolls SOT recipients with no particular eligibility or exclusion criteria.
The sample used for the present work (May 2008 - May 2011) included individuals with a functional graft for
at least 12 months after transplantation. A total of 1294 patients were followed up in their respective
transplant centers at baseline and at 6, 12, 24, 36 and 48 months after transplantation. Informed consents and

genetic analysis were obtained for this sample. Further details can be found elsewhere (121, 122).

2.2 The Swiss Immunosuppressant Study Cohort

This transplanted cohort concerned a total of 197 patients who were enrolled between 2003 and 2005 from

the outpatient clinic of the transplant center of the University Hospital of Lausanne, Switzerland. Only
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patients with a functional graft for more than 12 months were eligible to participate in the study. Several
clinical data and blood samples were collected at baseline and during the regular medical check-ups up to five
years after transplant. Informed consents were obtained and genetic analyses were conducted for this sample.

Further details can be found elsewhere (122-124).

3. The General Population

Participants in the Coborte Lausannoise (CoLaus, n = 5338) were recruited between June 2003 and May 2006 in
the Lausanne area as described previously (125). The CoLaus was used to test for replication the positive
results found in the psychiatric samples. Data related to general population lipid traits (n = 100,184),
integrating the Global Lipids Genetics Consortium, was downloaded from Genome Wide Associations Scans
for Total Cholesterol, HDL-C, LDL-C and triglycerides website (126). This data base aimed at testing for
replication the positive findings in the psychiatric cohorts. Finally, the Genetic Investigation of
Anthropometric Traits Consortium (GIANT) performed a meta-analysis of genomewide association study
data with a discovery set of 123,865 individuals of European ancestry from 46 studies for several
anthropometric traits (i.e. height, waist-to-hip ratio, BMI) (34, 127, 128). The GIANT data set was used to
test for replication results from psychiatric samples and to calculate effect sizes (beta-estimates) of the w-GRS

analyses.

4. Genotyping method

The cardiometabochip is the array used for genotyping our samples (i.e. the three Psychiatric cohorts and The
Swiss Immunosuppressant study cohort). This customized chip is designed to test more than 200°000 DNA
variation of SNPs from regions identified by large scale meta-analyses of GWAS for anthropometric,
metabolic and cardiovascular traits. Around 7000 customized SNPs were additionally added in the chip. This
method allows for processing thousands of samples quickly and cost-effectively, with loci-defined content.
The genotyping was conducted at the iGE3 genomics platform of the University of Geneva

(http:/ /www.ige3.unige.ch/genomics-platform.php).
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Summary

The present work illustrates the association of the PCK7 polymorphisms with BMI in a psychiatric population
under psychotropic treatment. The PCK7 is a downstream gene of CRTC7 which is implicated in
hypothalamic control of food intake. The main results of the present gene-candidate study showed that, after
examining several tagging SNPs of the PCK7 gene, a polymorphism was significantly associated with BMI
(with stronger results in women younger than 45 years) and with other metabolic parameters. The association
with BMI was replicated in two other samples. In addition, the same polymorphism was associated with
waist-to-hip ratio in general population cohorts. Finally, when combining CRTC7 and PCK7 genes, catriers of
protective alleles had lower BMI when compared to non-carriers. The present work contributes to the

understanding of metabolic risk pathways, bringing special attention to high risk psychiatric populations.
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Abstract: Weight gain is a major health problem among psychiatric
populations. It implicates several receptors and hormones involved in en-
ergy balance and metabolism. Phosphoenolpyruvate carboxykinase 1 is a
rate-controlling enzyme involved in gluconeogenesis, glyceroneogenesis
and cataplerosis and has been related to obesity and diabetes phenotypes
in animals and humans. The aim of this study was to investigate the
association of phosphoenolpyruvate carboxykinase 1 polymorphisms with
metabolic traits in psychiatric patients treated with psychotropic drugs in-
ducing weight gain and in general population samples. One polymorphism
(rs11552145G > A) significantly associated with body mass index in the
psychiatric discovery sample (n = 478) was replicated in 2 other psychiatric
samples (n; = 168, n, = 188), with 44-genotype carriers having lower body
mass index as compared to G-allele carriers. Stronger associations were
found among women younger than 45 years carrying 44-genotype as com-
pared to G-allele carriers (—2.25 kg/mI. n=151, P=0.009) and in the dis-
covery sample (—2.20 kg/m®, n =423, P = 0.0004). In the discovery sample
for which metabolic parameters were available, 44-genotype showed lower
waist circumference (—6.86 ¢cm, P = 0.008) and triglycerides levels
(—5.58 mg/100 mL, P < 0.002) when compared to G-allele carriers. Finally,
waist-to-hip ratio was associated with 756070157 (proxy of rs11552145,
=099 ina population-based sample (N = 123,865, P = 0.022). Our re-
sults suggest an association of rs/1552145G > A polymorphism with
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metabolic-related traits, especially in psychiatric populations and in women
younger than 45 years.

Key Words: metabolic syndrome, body mass index, psychotropic drugs,
pharmacogenetics

(J Clin Psychopharmacol 2015;35: 544-552)

Weight gain is a known side effect of psychotropic drugs,
such as antipsychotics, mood stabilizers. and antidepres-
sants." Psychotropic-induced weight gain can lead to many meta-
bolic complications (eg, increase in triglycerides [TG], cholesterol
[CHOL], waist circumference [WC]) and is related to comorbi-
dities, such as diabetes, hypertension, and other cardiovascular
diseases.? Psychiatric populations have a 10- to 25-year reduction
in life expectancy due to comorbidities and to the psychiatric
illness itself, corresponding to a 2- to 3-fold increased mortal-
ity rate when compared to healthy populations.® Obesity is attrib-
uted to the psychiatric illness, to behavioral and environmental
factors (ie, diet, exercise, smoking), as well as genetic factors.*
Besides, an interaction between genetic factors and psychotro-
pic drug-inducing weight gain has been described implicating
several receptors (eg, serotonin and dopamine receptors) and
hormones (eg, leptin) involved in energy balance or metabolism
pathways.>

The Phosphoenolpyruvate carboxykinase (PCK) gene codes
for an enzyme involved in the gluconeogenesis’ and is found in
2 forms, PCK1 (cytosolic) and PCK2 (mitochondrial). Both en-
zymes are expressed equally in the liver but their expression may
vary depending on the tissue.”* The PCK catalyzes the conversion
from oxalacetate into phosphoenolpyruvate (a rate-controlling
step of gluconeogenesis) and is also involved in glyceroneo-
genesis and cataplerosis.” Of note, PCK is a downstream gene
of the CREB-regulated transcription coactivator 1 (CRTCI)
which is implicated in hypothalamic control of food intake,>!°
and we recently found in general and psychiatric populations that
carriers of a variant allele of a CRTC! polymorphism appear to be
protected against weight gain especially in women younger than
45 years.!

Rodents who overexpress PCK/ and PCK2 were obese,
hyperglycemic, and insulin-resistant,'>'* whereas mice that un-
derexpress PCK] and PCK2 developed a lipodistrophy type of
metabolic syndrome.'* This is in line with the positive correlation
found between PCK1 mRNA expression levels and body mass in-
dex (BMI). body fat percentage, TG, and CHOL levels in subcu-
taneous adipose tissue of nonmenopausal women.'® In humans,
regions near PCKI locus have been related to obesity or fat
5,'%17 and several positive associations have been reported
between PCKI polymorphisms and type 2 diabetes mellitus
(T2DM)'#2° although these results could not always be repli-
cated.?! Other studies conducted in the general population showed
no significant association between PCK! polymorphisms and
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BMI, WC or physical activity.** A case-control study in a diabe-
tic versus non diabetic population also found that nondiabetic
homozygous for the minor allele of a PCKI polymorphism
(+4824 T > C) had increased levels of high-density lipoProteins
(HDL) and lower TG levels when compared to wild type.** Thus,
growing evidence supports that PCK contributes to obesity and
metabolic syndrome in the general population but, to our knowl-
edge, no studies have yet been conducted in psychiatric popula-
tions which are at high risk for developing obesity and metabolic
syndrome. The aim of the present study was to analyze whether
PCK1 polymorphisms were associated with BMI and other meta-
bolic traits (ie, WC, blood glucose levels [BGL], low-density lipo-
protein [LDL], HDL, CHOL, and TG in 3 independent psychiatric
populations treated with drugs inducing weight gain and in 3 large
general population cohorts. As a secondary aim, we wanted to ex-
plore how PCKI and CRTC! polymorphisms are associated with
BMI in a combined analysis.

MATERIALS AND METHODS

Psychiatric Sample Description

The first psychiatric sample (discovery sample) was recruited
during a longitudinal follow-up study on metabolic syndrome at the
Lausanne Psychiatric University Hospital (started in 2007, ongoing).
Four hundred seventy-eight white patients switching or starting
a treatment with drugs known to potentially induce weight gain
(aripiprazole, amisulpride, clozapine, olanzapine, quetiapine, ris-
peridone, mirtazapine, lithium, and/or valproate) were included.
Weight, height, and other clinical variables were reported at base-
lineand at 1,2, 3, 6,9, and 12 months after starting the treatment
according to published monitoring guidelines of weight and met-
abolic syndrome parameters.>* Most patients had already received
other psychotropic treatment before the current treatment. Fasting
BGL and lipid levels (ie, CHOL, TG, LDL, HDL) were analyzed
on a routine basis on blood samples using a Modular P appara-
tus (Roche Diagnostics, Switzerland). For patients for whom drug
plasma determinations were available, we conducted preliminary
analysis on the influence of compliance on the observed associa-
tions. For this purpose, we defined an arbitrary threshold at 10%
of the minimal therapeutic drug plasma concentration® (ie, 2,
35, 10. 2, 15, 10, 2 ng/mL, 0.05 mmol/L, 5 mg/L for olanzapine,
clozapine, quetiapine, risperidone + hydroxy-risperidone, ari-
piprazole, amisulpride, paliperidone, lithium, and valproate) to
ensure psychotropic drug intake. Similar results to those de-
scribed in the present article were obtained (data not shown).
Thus, to increase the power of the study, the whole cohort was
used for statistical analysis. Two other psychiatric samples were
used as replication samples. A retrospective study (replication
sample 1) was conducted in an outpatient setting in Geneva Uni-
versity Hospital in 2007. One hundred sixty-eight white patients
treated for at least 3 months with olanzapine, clozapine, que-
tiapine, risperidone, lithium, and/or valproate were recruited. An-
other retrospective outpatient study in Lausanne, replication
sample 2 (started in 2010, ongoing) included 188 white patients
mostly treated for more than 1 year with aripiprazole, amisulpride,
clozapine, olanzapine, quetiapine, risperidone, mirtazapine, lith-
ium, and/or valproate. For both replication samples, question-
naires were filled during one of the patient routine follow-ups
and weight, height, WC, and treatment duration were reported
among other clinical variables. Weight before starting psychotro-
pic treatment was self-reported or extracted from medical files. As
shown previously,'" self-reported weight was found to be a reli-
able estimate of the measured weight extracted from medical files.

© 2015 Wolters Kluwer Health, Inc. All rights reserved.

In all samples, patients with previous treatments were in-
cluded after having switched medication. The latest introduced
psychotropic medication was considered as the main psychotropic
treatment. Weight (patients with light clothes and without shoes)
was measured in kilograms to the nearest kg. Height was mea-
sured using a height gauge to the nearest cm. The WC was mea-
sured to the nearest centimeter. The BMI for all individuals was
obtained by dividing weight (in kg) by squared height (in m?).

Written informed consent was provided by all individuals
or by their legal representatives, and the studies were approved
by the ethics committee of the corresponding centers. Further
details of the 3 psychiatric cohorts have already been described
elsewhere.'*® Of note, the present study refers to the same 3 psy-
chiatric populations than in our previous article,'! but with a lar-
ger number of patients included in the discovery cohort and in
the replication sample 2 (inclusions ongoing).

Population-Based Samples

Significant results were tested for replication in 3 population
based samples: participants in CoLaus (n = 5338) were recruited
between June 2003 and May 2006 in the Lausanne area as de-
scribed previously.?” The Genetic Investigation of Anthropo-
metric Traits Consortium (GIANT) performed a meta-analysis
of genomewide association study data with a discovery set of
123,865 individuals of European ancestry from 46 studies for
height,2® BML* and waist-to-hip ratio (WHR).%® Finally, the sec-
ond set of association summary statistics for general populations
(Global Lipids Genetics Consortium) was downloaded from
“Genome Wide Associations Scans for Total Cholesterol,
HDL-C, LDL-C and triglycerides” website*” and contains data
related to lipid traits (n = 100,184). Of note, CoLaus is part of
both GIANT and Global Lipids Genetics Consortium.

SNP Selection and Genotyping

In a first step. the best replicated and studied PCK/ polymor-
phism in the literature (ie, #s207/023) was manually genotyped
using TagMan allelic discrimination assay (ABI PRISM 7000
Sequence Detection System; Applied Biosystems, Rotkreuz,
Switzerland, TagMan SNP genotyping assays ID: C 2508731 1).
Additionally, 3 SNPS which were available in the Cardio-
MetaboChip were also considered for analysis (ie, rs//552145,
15707555, and rs8123020). The CardioMetaboChip is a custom
Illumina iSelect genotyping array designed to test DNA variation
of 200,000 SNPs from regions identified by large scale meta-
analyses of genomewide association studies (GWAS) for metabolic
and cardiovascular traits. Quality control excluded samples from
the analysis if sex was inconsistent with genetic data from
X-linked markers, genotype call rate less than 0.96, Gene Call score
less than 0.15. GenomeStudio Data Analysis Software was used to
export results generated by Illumina CardioMetaboChip. In total,
4 SNPs were considered for analyses with minor allele frequency
(MAF) higher than 0.10 (Supplementary Table S-1, Supplemental
Digital Content 1, http:/links.lww.com/JCP/A313). All of them
were in Hardy Weinberg Equilibrium (Supplementary Table S-2,
Supplemental Digital Content 2, http:/links.Iww.com/JCP/A314).
Finally, looking at HapMap Genome Browser (release 27,
MAF > 0.10, cutoff of 1* set at 0.8).>' we found that several
PCK 1 tagging SNPs were in linkage disequilibrium with our four
selected SNPs (see details in Supplementary Figure S-1, Supple-
mental Digital Content 3, http:/links.lww.com/JCP/A315).

DNA was extracted from blood samples as described by the
manufacturer's protocol using Flexigene DNA kit and QIAamp
DNA Blood Mini QIAcube Kit (Qiagen AG, Switzerland) for 834
Caucasian patients from the three psychiatric cohorts. Genotyping

www.psychopharmacology.com | 545

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.



Results

44

Saigi-Morgui et al

Journal of Clinical Psychopharmacology e Volume 35, Number 5, October 2015

of the 7537462664 > G SNP from CRTCI was performed using
TagMan allelic discrimination assay (ABI PRISM 7000 Sequence
Detection System; Applied Biosystems) and according to the man-
ufacturer's protocol as described elsewhere.!! Genotyping of the
CoLaus subjects was performed using the Affymetrix GeneChip
Human Mapping 500 K array set as previously described.””

Variables of the Study

The main outcome analyzed in the three psychiatric samples
was the BMI (kg/m?) used as a continuous variable. Other out-
comes studied were WC (cm), LDL, HDL, TG, CHOL and BGL
(mg/100 mL). PCK/ genotypes were grouped and analyzed in re-
cessive (forrs/1552145, rs707555 and rs8123020) and dominant
(for rs2071023) models according to their association with BMI
showed in preliminary analyses. Other covariates were extracted
from medical files or during the interview and included demo-
graphic data (ie, sex, age, and ethnicity) as well as history of treat-
ment (type of psychotropic drug and treatment duration). To
preserve homogeneity of the samples, only patients treated up to
24 months were taken into account in combined (ie, discovery
plus replication) psychiatric sample analyses.

Statistical Analysis
Psychiatric Samples

Hardy Weinberg Equilibrium was determined for each po-
lymorphism by a X~ test. Statistical analyses were done using
STATA 12.1 (StataCorp, College Station TX) and R version
2.11.1 software.>? P values less than 0.05 were considered as sta-
tistically significant, and when necessary, Bonferroni correction
for multiple tests was applied. Eventually, differences in sample
size might be due to missing genotypes and/or covariates. First,
exploratory analyses were conducted to explore differences in
BMI between genetic groups in the 3 psychiatric samples using
Mann-Whitney U nonparametric test. To fit a longitudinal model
on the BMI trend, due to complex and nonlinear BMI evolution in
time and presence of multiple observations per individual which
introduces interdependence among observations, a Generalized
Additive Mixed Model was used to assess the association of
genetic polymorphism with BMI adjusted by sex, age, treatment
and treatment duration. This allowed a smooth trend for the re-
sponse in time based on multiple observations for each patient
(using a thin plate regression spline basis). A random effect at
the subject level was also introduced to take the dependence struc-
ture of observed data into account.** The Generalized Additive
Mixed Models were fitted using the mgcv package of R (settings
were fixed at package defaults). To be more conservative, the un-
certainty of estimated parameters was assessed by 1000 bootstraps
on individuals. For those P values lower than 0.001, 10,000 boot-
straps were performed whenever possible. Multivariate analysis
used the same methodology as previously described for the up-
stream CRTCI gene:'! It was first conducted in the discovery
sample, and the significant results were tested for replication in
the 2 replication samples. In fitted longitudinal models, stratifica-
tion by sex, and in some cases by age, was applied when analyzing
all samples together. Also, analyses on WC and on other meta-
bolic traits (ie, BGL and lipid levels) were conducted in the dis-
covery sample (data available only in this sample) and only for
rs11552145 and rs2071023 polymorphisms. Because of some
missing data and the relatively low number of variant alleles of
rs707555 and rs8123020, analysis could not be conducted for
these polymorphisms. Finally, it should be mentioned that pre-
liminary analysis on PCKI haplotypes and BMI for the 3 SNPs
that formed a haplotype block (ie, rs11552145, rs707555 and
r$8123020) showed no significant results (results not shown).
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Significant results from PCK/ polymorphisms in the dis-
covery sample (ie, 756070157, proxy of rs11552145; r* = 0.99
and rs2071023) were further tested for replication in the three
population samples (CoLaus, GIANT, and Global Lipids Genetics
Consortium).

The associations of PCKI polymorphisms with adiposity
markers, such as BMI, WC, fat mass, and lipid factors, were ana-
lyzed using multiple linear regression with additive model in which
potential confounding factors, such as age, sex, and smoking sta-
tus, were added as covariates in the CoLaus study. For anthropo-
metric traits (BMI, WHR), we performed lookups from the
summary statistics of the GIANT consortium. For lipid traits (ie,
TG, HDL, CHOL), we looked up association results from the
Global Lipid Consortium.*®

RESULTS

Supplementary Table S-3, Supplemental Digital Content 4,
http://links.lww.com/JCP/A316 shows the characteristics of the
3 psychiatric samples. The discovery sample included patients
with the shortest treatment duration (median of 6 months versus
27.4 and 36 months in the replications 1 and 2, respectively,
P = 0.0001), as well as the lowest BMI (current median BMI of
25 versus 28 and 27 kg/m? for replications 1 and 2, respectively,
P=0.0001) and the lowest prevalence of obesity (BMI 2 30 kg/m~)
(18% versus 40% and 27%, respectively, P < 0.001).

Association of PCK1 Polymorphisms With BMI in
Psychiatric Populations

Supplementary Table S-2, Supplemental Digital Content 2,
http:/links.lww.com/JCP/A314 shows PCK! genotype distribu-
tion among the 3 psychiatric samples. No significant associations
were found between PCK/ polymorphisms and baseline BMI when
exploratory analyses were conducted (Supplementary Table S-4,
Supplemental Digital Content 5, http://links.lww.com/JCP/A317).
However, a trend and a significant association were found between
1511552145 and rs2071023 and current BMI (BMI at the last
follow-up assessment) in the discovery (P-corrected 0.08 and
0.018, respectively) and in the combined sample (P-corrected 0.01
and 0.003, respectively). Figure 1 shows the association of PCK1
rs11552145 polymorphism with BMI.

Multivariate analyses were first conducted in the discovery
sample for the 4 SNPs (Table 1). Carriers of rs/1552145-44 ge-
notype had, on average, 2.20 lower BMI units when compared
to carriers of G-allele (P = 0.0004). Similar results were found
for rs2071023-CC genotype which had 1.27 lower BMI units
when compared to G-allele carriers (P = 0.004). Significant re-
sults were replicated for 75771552145 and BMI when combining
the 2 replication samples. A4 carriers had 1.42 lower BMI units
when compared to G-allele carriers (P = 0.009). When combining
the 3 samples, similar results were found for both 1577552145 and
152071023 (estimates, —1.89 and —1.11 kg/m* and P < 0.001 and
P < 0.001, respectively). Explained variances in the combined
sample for 571552145 and rs2071023 were 0.65% and 0.85%,
respectively. For both rs/1552145 and rs2071023, further ana-
lyses stratified by sex and age were conducted in the 3 samples
combined. 52071023 was associated with BMI only in women,
whereas for 7511552145 an association was found in both sexes,
but a stronger association was found among women younger than
45 years, where rs11552145 AA-carriers had 2.25 lower BMI
units when compared to G-allele carriers (P value of 0.009, ex-
plained variance 0.77%). No significant results were found for
the other 2 SNPs 158123020 and rs707555.

© 2015 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 1. BMl in relation to rs17552145 G > A genotypes in the combined sample presented at different time periods of the current
psychotropic treatment. Boxplots show median values of BMI for each time of the treatment duration (solid horizontal line), 25th and 75th
percentile values (box outline), the lowest and upper value within 1.5 interquartile range (whiskers) and outlier values (open circles).

PCK1 Polymorphisms and Metabolic Parameters in
Psychiatric Populations

The association of rs//552145 and rs2071023 with other
metabolic parameters (ie, WC, BGL, CHOL, HDL, LDL, and
TG) was analyzed in the discovery sample (Table 2). In agreement
with results on BMI, both carriers of rs/1552145-44 genotype
and rs2071023-CC genotype had significantly lower WC (—6.86
and —3.45 cm, P values 0of 0.008 and 0.004, respectively). In addi-
tion, rs/1552145-44 genotype carriers had lower TG levels when
compared to G-allele carriers (—27.59 mg/100 mL, P < 0.002).

Association of CRTCT and PCK1 with BMI

Since PCK1 is a downstream gene of CRTC1, we wanted to
further analyze the association of both CRTCI rs37462664 > G
previously associated with BMI'' and PCK1 rs11552145G > 4
with BMI over treatment duration (Fig. 2). In the combined anal-
ysis, CRTCI G-allele and PCK1 AA genotype were pooled to-
gether since carriers of these alleles showed lower BMI units
when compared to others when analyzed individually. Thus, in
the multivariate analysis adjusted by age, sex, treatment, and treat-
ment duration (n = 610), those carriers of 44 genotype for
CRTCI and PCK1 or carriers of G-allele of CRTCI and PCK1
had 0.79 less units of BMI when compared to the reference group
(P =0.009). Similarly, carriers of PCK1 A4 genotype and CRTCI
G-allele had 2.43 less units of BMI compared to the reference
group (P < 0.001).

Functional Relevance of PCK7 Polymorphisms

We explored further the functional relevance of PCK/ poly-
morphisms. For /1552145 and rs707555, the 2 variants in cod-
ing regions, PolyPhen-2** predicted both mutations to be benign.
Further analysis on gene expression platform (GTEX portal®®)
showed significant differences in rs/7552145 expression in sub-
cutaneous adipose tissue with homozygous carriers of the variant

© 2015 Wolters Kluwer Health, Inc. All rights reserved.

allele having lower expression (P = 0.03). No differences were
found for rs707555, rs8123020 or rs2071023.

PCK1 Polymorphisms in Population-Based Samples

The association of rs6070157 (proxy of rs11552145,
P =0.97) and 52071023 with BMI and other metabolic features
was further analyzed for replication in 3 population-based sam-
ples (GIANT, CoLaus, and Global Lipids Genetics Consortium).
Significant associations were found between the 2 PCKI poly-
morphisms and the WHR in the GIANT cohort (N = 123.865)
for women and for both sexes combined. In addition, significant
associations were found for 752077023 with HDL and TGL in
the Global Lipids Genetics Consortium (N = 100,184; P values
of 0.003 and 0.03, respectively) (Table 3).

DISCUSSION

Growing evidence supports that PCK can contribute to
obesity and metabolic syndrome both in animal models and in
the general population.'> %17 The main results from this study
suggest that carriers of PCK/ rs11552145-44 genotype have
lower BMI when compared to G-allele carriers in psychiatric pa-
tients treated with weight gain inducing drugs, this association be-
ing found in the discovery sample and in the replication samples
analyzed together. Moreover, low WC and TG levels were associ-
ated with rs/1552145-A4 in the discovery sample, and low BMI
and WC were found as well for 752071023-CC genotype. To our
knowledge, this is the first study carried out in psychiatric patients
and the first one to find a positive association between PCK/
polymorphisms and BML

In addition, as a proof of concept, a positive association was
found in the general population (GIANT cohort) with WHR and
rs6070157 (proxy of rs11552145, * = 0.99) and rs2071023,
again suggesting an association of the polymorphisms with
obesity traits, although the value was much weaker than in
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TABLE 2. Association of PCKT Polymorphisms With Other Metabolic Phenotypes in the Discovery Sample

rs11552145 n Difference Between AA and G-allele Carriers (95% CI) P* E.var (%)
WC, cm 408 —6.86 (—11.07 to (-)2.59) 0.008 1.04
HDL," mg/100 mL 305 5.85(-1.95t0 14.04) 0.13

TG," mg/100 mL 305 ~27.59(-39.16 to (-)14.24) <0.002 0.90
LDL," mg/100 mL 299 —10.14 (—19.89 to 2.34) 0.12

CHOL," mg/100 mL 307 10.53 (-28.08 to 8.19) 0.28

BGL," mg/100 mL 289 3.6 (—8.28 10 0.36) 0.09

rs2071023 n Difference between CC and G-allele carriers (95% CI) P E.var (%)
WC, cm 409 ~3.45(-5.74t0 —1.18) 0.004 1.14
HDL," mg/100 mL 305 1.95 (-0.39 t0 4.29) 0.12

TG," mg/100 mL 305 —8.01 (-19.58 t0 3.56) 0.64

LDL,” mg/100 mL 299 234 (-10.14t0 5.07) 0.54

CHOL," mg/100 mL 307 -3.12(-11.7 t0 5.07) 0.32

BGL," mg/100 mL 289 2.52(-2.16 t0 5.94) 0.42

*P-corrected value for discovery sample.
"Fasting patients

E. var (%): explained variance by the polymorphism (%) calculated only for significant tests.

Adjusted by: BMI, age, sex, treatment (antipsychotic or mood stabilizer) and treatment duration. Bootstrap at 1000. Values in bold are significant.

psychiatric samples and being of no clinical significance in the
general population. This goes in the same line of what we found
in previous results,'! because psychiatric populations are at high
risk of obesity and/or metabolic syndrome. PCK1 function has
been previously associated in animal models with glucose and

lipid homeostasis and also with weight gain® In humans, the
main investigated polymorphism is the -232C/G (rs2071023)
which is located in the promoter region of PCKI. This polymor-
phism has been previously associated with T2DM and gestatio-
nal diabetes mellitus but with conflicting results in different
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[0 PCK1 AA genotype + CRTC1 AA genotype
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FIGURE 2. Association of PCK1 rs11552145 and CRTCI rs3746266

6<T<12 12<T<24
Time (months)
genotypes with BMI over the time in all samples. * Reference group.

Boxplots show median values of BMI for each time of the treatment duration (solid horizontal line), 25th and 75th percentile values
(box outline), the lowest and upper value within 1.5 interquartile range (whiskers) and outlier values (open circles).
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TABLE 3. Association of PCK7 Polymorphisms With Metabolic Traits in Population-Based Samples

CoLaus (n = 5338) GIANT (n = 123,865)

Global Lipids Genetics
Consortium (n = 100,184)

rs6070157 (proxy of rs11552145, = 0.99) B (SE) P B (SE) P B (SE) P
Anthropometric traits
BMI, kg/m? —-0.0016 (0.0258)  0.95 0.0025 (0.0053)  0.63 N.A. N.A.
WC, cm -0.0026 (0.0258)  0.92 N.A. N.A. N.A. N.A.
WHR -0.0123 (0.0258)  0.63  —0.0163 (0.0071)  0.02 N.A. N.A.
Men 0.0086 (0.038) 0.82 0.0151 (0.0096)  0.11 N.A. N.A.
Women ~0.0308 (0.035) 0.39 0.0202 (0.0089)  0.02 N.A. N.A.
Lipids
HDL, mg/100 mL 0.38 (0.37) 0.30 N.A. N.A. 0.16 (0.12) 0.20
CHOL, mg/100 mL 0.14 (1.02) 0.89 N.A. N.A. 0.05(0.12) 0.69
TG, mg/100 mL -3.25(2.57) 0.21 N.A. N.A. —0.10 (-0.28) 0.73
LDL, mg/100 mL ~0.41 (0.90) 0.65 N.A. N.A. N.A. N.A.
BGL, mg/100 mL 0.85 (0.55) 0.12 N.A. N.A. —0.06 (-0.08) 0.50
rs2071023 B (SE) P B (SE) P B (SE) P
Anthropometric traits
BMI, kg/m* 0.0196 (0.0198)  0.32 0.0028 (0.0043) 0.2 vN.A. N.A.
WC, cm —0.0087 (0.0198)  0.66 N.A. N.A. N.A. N.A.
WHR 0.0026 (0.0198) 090  —0.0195(0.0057)  0.001 N.A. N.A.
Men 0.0145 (0.029) 0.61 0.0013 (0.0077)  0.87 N.A. N.A.
Women 0.0184 (0.028) 0.50  —0.0154(0.0071)  0.03 N.A. N.A.
Lipids
HDL, mg/100 mL —0.54 (0.28) 0.06 NA. N.A. 0.28 (0.12) 0.003
CHOL, mg/100 mL -0.99 (0.78) 0.20 N.A. N.A. 0.078 (0.12) 0.54
TG, mg/100 mL 1.11 (1.98) 0.57 N.A. N.A. 0.61 (-0.28) 0.03
LDL, mg/100 mL —0.58 (0.69) 0.41 N.A. N.A. N.A. N.A.
BGL, mg/100 mL -0.35(0.42) 041 NA. N.A. —0.09 (-0.07) 0.16

N.A. indicates data not available. Values in bold are significant.

ethnicities. Positive associations were found among South Asian
and Japanese populations®®’ concluding that carriers of the
minor allele (GG) were at risk of developing T2DM, whereas
no significant findings were found in German or Danish Cauca-
sian populations.'®*! Finally, a case series study conducted in 3
Maltese women found that those who developed gestational di-
abetes mellitus carried the homozygous variant allele, but these re-
sults must be replicated in larger cohorts.>® In the present study, no
association was found between rs207/023 and BGL, although the
diabetes phenotype was not assessed. Additionally, and consistent
with our results, another PCK/ polymorphism (rs707555) showed
no significant association with anthropometric traits such as WC,
weight, and fat mass or BML?*°

Analyses were conducted in the combined discovery and rep-
lication samples for treatment duration up to 24 months. Different
effect sizes, detected in the discovery versus the replication sam-
ples, could be explained by lower prevalence of obesity at base-
line and shorter treatment durations in the discovery sample
(Supplementary Table S-3, Supplemental Digital Content 4,
http://links.lww.com/JCP/A316), because both baseline BMI and
treatment duration are moderators of weight gain.*® However, to
exclude a winner's curse event, these results need to be replicated
in other short treatment duration samples.

Of note, in the present study as in previous genetic studies,
genetically explained variances of BMI are quite low, sugges-
ting that BMI and metabolic features are influenced l}y multiple
genetic factors as previously described in the literature.” However,
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in the present study, rs//552145 was strongly associated with
BMI in the subgroup of women younger than 45 years, and the
observed difference in BMI between genotypes is of clinical sig-
nificance. This result is in agreement with our previous study
showing that the association between a polymorphism of CRTC/
(an upstream gene of PCK/) and BMI was higher in women
younger than 45 years as compared to nongender stratified sam-
ple.'" In addition, a positive correlation was found between
PCK1 mRNA expression levels and BMI in a study conducted
with nonmenopausal women.'®> Other pharmacogenetic studies
also highlighted the importance of stratifying by sex.*'**> This
finding could be tentatively explained bg the influence of estro-
gen circulating levels on energy balance.** Thus, a lack of estrogen
in mice was related to obesity, decreasing fasting BGL, activating
adenosine monophosphate protein kinase (AMPK), and reducing
the expression of gliconeogenic genes, such as PCK in the liver.**
However, this hypothesis could not be tested in our samples because
estrogen circulating levels were not measured.

To assess the contribution of PCK/ and CRTCI polymor-
phisms on BMLI, analyses combining both SNPs were conducted.
An additive association with BMI was observed over treatment
duration among carriers of CRTCI rs3746266 G-allele and
PCK1 rs11552145 AA genotype which had lower BMI when
compared to the reference group. As described elsewhere,*® PCK
family genes contain in their promoter region a CREB-regulated
element binding site where CRTCI1 binds, enhancing PCK
expression. In the present study. the strongest associations

© 2015 Wolters Kluwer Health, Inc. All rights reserved.

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.



Results

49

Journal of Clinical Psychopharmacology e Volume 35, Number 5, October 2015

Psychotropic Treatments and PCK1 Polymorphisms

were found among psychiatric population under psychotropic
treatment which could be explained by the additive effect between
PCK1 and CRTCI genes and psychotropic drugs. In particular,
CRTC1 is modulated, among other mechanisms, by AMPK which
is increased by antipsychotics.*” Besides, several polymorphisms
on the AMPK gene, showed an association with weight gain in-
duced by antipsychotics.*® AMPK has also been related to glu-
coneogenesis modulation** Another study conducted in rats
showed that olanzapine increased the mRNA levels of glucose-
6-phosphatase in the liver.*’” Although little is known about
PCK family genes and psychotropic drugs, PCK expression is
inhibited by lithium in isolated hepatocytes from fasted rats.>®
In addition, chronic clozapine administration upregulates PCK
expression in rat liver.”! Therefore, several genes coding for
enzymes implicated in the gluconeogenic pathway have been
associated with antipsychotics.

Finally, in our sample, higher associations were found among
psychiatric patients rather than in general population possibly
explained by the high prevalence of overweight or obesity in psy-
chiatric patients induced by the illness, the lifestyle (diet, physi-
cal activity), in addition to the direct effect of drug inducing
weight gain.

Some limitations of the present study must be mentioned.
First, patients were not drug naive, therefore, we could not assess
whether the association between the polymorphisms and BMI or
other phenotypes was influenced by the psychiatric illness itself
and/or by the psychotropic treatment. Second, although the main
inclusion criteria for patients in the present study was that they
were receiving psychotropic drugs known to induce weight gain
(ie, aripiprazole, amisulpride, clozapine, olanzapine, quetiapine,
risperidone, mirtazapine, lithium, and/or valproate), other drugs
possibly inducing weight (psychotropic and/or somatic drugs)
were prescribed, the influence of which could not be evaluated.
This study was conducted in whites, thus results cannot be extrap-
olated to other ethnicities. Not all tagging SNPs could be tested
due to limited availability of the genotypes. In addition, no signif-
icant associations with BMI were found for the 2 other tested
SNPs (15707555 and rs8123020), either because of a lack of ef-
fect or a lack of power due to the low MAF. Further replications
of this study should increase sample size to test low MAF poly-
morphisms and to increase the coverage of PCK/ gene by includ-
ing other tagging SNPs. Finally, variants obtained through GWAS
should be also considered in further analysis, in particular those
on gluconeogenic pathway. It has thus been recently shown that
PCK 1 expression is regulated by CAMK1D,” a gene previously
related to diabetes in GWAS.>

In conclusion, this is the first study investigating the associ-
ation of PCK/ polymorphisms with BMI and other metabolic
traits in psychiatric populations. Higher associations were found
in psychiatric patients treated with psychotropic drugs over short
periods, and in women younger than 45 years. In addition, the pre-
sent study supports research on pathway related genes, such as
CRTC1 and PCK1, which may have an additive association with
BML. Further studies on the same and other pathways are there-
fore warranted, to increase our knowledge on the multiple genetic
risk factors influencing obesity, lipid disturbances or metabolic
syndrome in psychiatric population. This could ultimately help,
by the determination and the combination of multiple genetic and
clinical risk factors, to better adapt pharmacological treatments
among particular populations at risk.
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Summary

Common obesity is a polygenic disease; therefore studies focusing on polygenic scores are warranted. In this
second project conducted in psychiatric populations, a polygenic risk score or genetic risk scores (GRS)
approach was used to test the association of combined genetic factors with BMI. Several GRS were built
from Candidate Gene (CG) or Genome Wide Association (GWA) studies from psychiatric and general
populations, respectively. When stratifying analysis by sex, stronger associations were found between GRS
and BMI among men while no association was found among women. The present work replicates in different

psychiatric cohorts treated with weight gain inducing drugs the results found in large general populations.
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Original article 1

Association of genetic risk scores with body mass index in

Swiss psychiatric cohorts

Nuria Saigi-Morgui®, Frederik Vandenberghe?® Aurélie Delacrétaz?®,
Lina Quteineh?®, Mehdi Gholamrezaee®, Jean-Michel Aubry®,
Armin von Gunten®, Zoltan Kutalik®", Philippe Conus® and Chin B. Eap®'

Objective Weight gain is associated with psychiatric
disorders and/or with psychotropic drug treatments. We
analyzed in three psychiatric cohorts under psychotropic
treatment the association of weighted genetic risk scores
(w-GRSs) with BMI by integrating BMI-related
polymorphisms from the candidate-gene approach and
Genome-Wide Association Studies (GWAS).

Materials and methods w-GRS of 32 polymorphisms
associated previously with BMI in general population GWAS
and 20 polymorphisms associated with antipsychotics-
induced weight gain were investigated in three independent
psychiatric samples.

Results w-GRS of 32 polymorphisms were significantly
associated with BMI in the psychiatric sample 1 (n=425)
and were replicated in another sample (n =177). Those at
the percentile 95 (p95) of the score had 2.26 and 2.99 kg/m?
higher predicted BMI compared with individuals at the
percentile 5 (p5) in sample 1 and in sample 3 (P=0.009 and
0.04, respectively). When combining all samples together
(n=750), a significant difference of 1.89 kg/m? predicted
BMI was found between p95 and p5 individuals at

12 months of treatment. Stronger associations were found
among men (difference: 2.91 kg/m? of predicted BMI
between p95 and p5, P=0.0002), whereas no association
was found among women. w-GRS of 20 polymorphisms
was not associated with BMI. The w-GRS of 52

Introduction

Obesity has become a major public health concern, its
prevalence increasing considerably over the last decades.
Obesity is a complex disease that results from imbalance
of energy intake and energy expenditure, being highly
influenced by an individual’s lifestyle or environment
(i.e. diet, physical activity) and also by genetic predis-
position [1]. Twin and family studies reported 40-80% of
heritability in obesity [2,3]. Several forms of monogenic
obesity have been described, especially those related to
leptin—melanocortin pathways [4,5]. The most prevalent
form of obesity, however, is the polygenic or common
obesity, which results from the combined effect of

Supplemental digital content is available for this article. Direct URL citations
appear in the printed text and are provided in the HTML and PDF versions of this
article on the journal's website (www.pharmacogeneticsandgenomics.com).
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polymorphisms and the clinical variables (age, sex,
treatment) explained 1.99 and 3.15%, respectively, of BMI
variability.

Conclusion The present study replicated in psychiatric
cohorts previously identified BMI risk variants obtained in
GWAS analyses from population-based samples. Sex-
specific analysis should be considered in further
analysis. Pharmacogenetics and Genomics 00:000-000
Copyright © 2016 Wolters Kluwer Health, Inc. All rights
reserved.
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common genetic variants as well as additional rare var-
lants, copy number variants, and epigenetic changes [6].
Among psychiatric populations, the risk of developing
obesity and related problems is increased compared with
the general population [7]. Several factors have been
attributed to this increased risk of obesity, such as the
illness, the lifestyle, and/or the medication [8,9].

Since their introduction onto the market, second-
generation antipsychotics have been used widely over
first-generation antipsychotics as they clearly show an
advantage in terms of reduced risks of extrapyramidal
side-effects as well as some advantages for the treatment
of negative symptoms. However, most second-generation
antipsychotics can induce strong metabolic disturbances
in particular as a consequence of the dual antagonism on
serotonin and dopamine receptors and its effect on food

DOI: 10.1097/FPC.0000000000000210
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intake regulation [10]. Over the last decade, pharmaco-
genetics of psychotropic-induced weight gain has been
studied widely through hypothesis-driven candidate-
gene (CG) approaches. The most studied and best-
replicated polymorphisms focused on dopamine and
serotonin receptors [11,12]. In addition, other genes
implicated in leptin—-melanocortin pathways (e.g. LEP,
LEPR, MC4R, NPY), endocannabinoids (CNR/), or genes
involved in fatty acids and cholesterol production
(SCARBI1, INSIG2) showed an association with weight
gain among psychiatric cohorts treated
psychotics (see review in Lett & a/l. [13]). Recently,
research carried out in our laboratory showed other CGs
that could potentially induce weight gain among psy-
chiatric populations under psychotropic treatment. These
genes code for enzymes involved in metabolic pathways
(PCK1, 11BHSD1) [14-16] for receptors (MCHR2, IRS2,
and PPARGCI1A) and for transcriptional coactivators
(CRTC1, CRTC2) involved in energy balance, appetite
regulation, and glucose homeostasis [17-21].

with anti-

With the emergence of Genome-Wide Association
Studies (GWAS), thousands of new polymorphisms
associated with obesity and metabolic phenotypes have
been elucidated. In particular, the associations with BMI
and/or obesity in the F70 [22-25], MC4R [26-28], and
TMEM1S [23,24,28,29] genes have been replicated
widely in general populations. The largest BMI meta-
analysis of GWAS carried out to date in general popula-
tions reported 97 polymorphisms [30]. These variants
also included 32 previously reported loci [31] that have
been replicated in other cohorts and different ethnicities
[32-34]. Individually, these variants have shown little
effect on the BMI [31]. As an alternative way of testing
individual  single-nucleotide  polymorphism  (SNP)
effects, genetic risk scores (GRSs) summarize risk-
associated variations across the genome by aggregating
information from multiple-risk SNPs [35], with small
effects increasing the consistency and power to deter-
mine genetic risk in polygenic diseases (i.e. obesity) [36].
To date, GRS methods have been used in diabetes [37],
schizophrenia [38], and obesity [31], among other dis-
eases. Studies on obesity have been carried out in adults
[36,39] or children from the general population [40,41],
and recently, two studies were carried out among
depressed patients [42,43]. The aim of the present study
was to determine whether GRS constructed from pre-
vious BMI and/or weight gain-related variants from
GWAS and CGs were associated with BMI in three
independent psychiatric samples. In addition, we aimed
to analyze whether previous variants related to diabetes
(21 SNPs) and psychiatric disorders (nine SNPs) also
showed an association with BMI as these diseases seem
to share some genetic components with obesity [8,44.,45].

Materials and methods

Samples description

Psychiatric samples

Sample 1 (#=425) consisted of an on-going follow-up
study that started in 2007 in the psychiatric ward from the
Lausanne University Hospital already described else-
where [46]. Briefly, 425 White patients starting psycho-
tropic treatment including atypical antipsychotics,
mood stabilizers, and/or mirtazapine were recruited.
Anthropometric parameters such as weight, height, and
waist circumference were measured. Other demographic
covariates (i.e. sex, age, and ethnicity) as well as history of
treatment (treatment duration, psychotropic treatment)
were obtained from medical files or during the interview.
Medical questionnaires were filled in and blood samples
were collected at baseline and at 1, 2, 3, 6, and 12 months
after initiating psychotropic treatment according to
guidelines [47,48]. Patients switching to one of the stu-
died treatments were also included. BMI (kg/mz), the
outcome in the present study, was used as a continuous
variable and whenever required, stratified into three
categories as normal (BMI<25kg/m?), overweight
(25>BMI <30kg/m?), and obese (BMI>30kg/m?).
Twenty-one percent of patients had the first psychotic
episode and/or were diagnosed within the first year of
study inclusion [first episode and newly diagnosed

(FEND) patients].

Two other psychiatric samples were used as replication.
They consisted of two retrospective studies from out-
patient settings in Geneva and in Lausanne (sample
2=148, sample 3=177, respectively). Both samples
included patients receiving atypical antipsychotics and/or
mood stabilizers (i.e. aripiprazole, amisulpride, clozapine,
olanzapine, quetiapine, risperidone, lithium, and/or
valproate). The Geneva study was conducted in 2007 in
an outpatient Geneva setting and patients recruited had
been under psychotropic treatment for at least 3 months.
In the Lausanne study (sample 3 started in 2010, inclu-
sions ongoing), most of the patients had been treated for
more than 1 year in a Lausanne outpatient setting. For
both studies, blood samples were collected and ques-
tionnaires were filled out during one of the routine
checkups. Weight, height, waist circumference, serum
lipids, and/or glucose were measured and several clinical
variables (e.g. treatment, treatment duration) were
recorded. Baseline weight (before the current psycho-
tropic treatment) was extracted from medical files or self-
reported. Further description of these samples has been
published elsewhere [46].

Psychiatric diagnoses for the three samples were made
according to ICD-10 classification criteria. The main
diagnostic groups were F20.0-F24.9 and F28-F29: psy-
chotic disorders; F25.0-F25.9: schizoaffective disorders;
F30.0-F31.9: bipolar disorders; F32.00-F33.9: depres-
sion. The latest introduced psychotropic medication was
considered the main psychotropic treatment. Written

Copyright © 2016 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.
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informed consent was provided by all individuals or by
their legal representatives and the studies were approved
by the ethics committee of the corresponding centers.

General population-based sample

The Genetic Investigation of Anthropometric Traits
Consortium (GIANT) carried out a meta-analysis of
GWAS data with a discovery set of 123 865 individuals of
European ancestry from 46 studies for height [49], BMI
[31], and waist-to-hip ratio [50]. This general population-
based sample was used to obtain p-coefficients (allele
effect) that assigned weights to each variant when con-
structing the GRSs.

Single-nucleotide polymorphism selection, genotyping,
and construction of genetic risk scores

The initial 32 polymorphisms selected for the present
study had been associated with BMI in a GWAS meta-
analysis carried out in an adult general population [31].
All selected variants reached GWAS significance
(P<5x10~%) (Supplementary Table S1, Supplemental
digital content 1, sup://links.kww.com/F PC/A990). Another
20 SNPs that had been previously related to
antipsychotic-induced weight gain through the CG
approach were also selected [13]. From the reviewed
variants, only SNPs or proxies of SNPs genotyped in our
sample and in GIANT, and only those in the literature
yielding significant results in both sexes were retained for
the analysis. A detailed description of the SNPs con-
sidered can be found in Supplementary Table S2
(Supplemental digital content 1, Azp://links.low.com/F PC/|
A990).

Finally, we considered two meta-analyses of GWAS on
the basis of 21 SNPs associated with type 2 diabetes
(8130 cases and 38987 controls; Supplementary Table
S3, Supplemental digital content 1, zup://links.low.com/
FPC/A990) and another one on the basis of nine SNPs
associated with five major psychiatric disorders (final
dataset: 33 332 cases and 27 888 controls; Supplementary
Table S4, Supplemental digital content 1, Azp.//links.low.
com[FPC[A990) including schizophrenia, bipolar disorder,
major depressive disorder, autism, and attention deficit-
hyperactivity disorder [51,52]. To avoid an indirect cor-
relation between variants [i.e. in high linkage dis-
equilibrium (LD) correlation], which is one of the
problems when constructing GRS [53], and to avoid
overrepresentation of a particular gene, only one SNP per
gene was considered. Selection was made by selecting
the SNP with the lowest P-value. We verified that the
resulting SNPs were not in LD. Note that this approach
is analogous to an LLD-based pruning, but we typically
select less SNPs by ignoring secondary (independent)
SNP contributions from the same gene (allelic hetero-
geneity). The study protocol was approved by the ethics
committees of the recruiting centers and all patients
provided written informed consent for the genetic

Copyright © 2016 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.
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analysis. DNA was extracted from blood samples as
described by the manufacturer’s protocols using the
Flexigene DNA Kit (Qiagen AG, Hombrechtikon,
Switzerland) and the QIAamp DNA Blood Mini
QIAcube Kit (Qiagen AG).

Genotyping of 895 White patients was performed using
the Illumina 200K CardiometaboChip (Illumina, San
Diego, California, USA). Briefly, the CardiometaboChip
is a custom Illumina iSelect genotyping array designed to
test DNA variation of 200000 SNPs from regions iden-
tified by large-scale meta-analyses of GWAS for meta-
bolic and cardiovascular traits [54]. A quality control was
performed for the genotyped SNPs. Polymorphisms or
proxies were chosen on the basis of genotype availability
in the CardiometaboChip and GIANT cohort. In addi-
tion, samples were excluded from the analysis if sex was
inconsistent with genetic data from X-linked markers and
when genotype call rate was less than 0.96, gene call
score less than 0.15, and minor allele frequency less than
0.05. GenomeStudio Data Analysis Software (San Diego,
California, USA) was used to export results generated by
Illumina CardiometaboChip. In addition, the rs7799039
from the LEP gene largely associated with antipsychotic-
induced weight gain [55] and that was not available in
CardiometaboChip was genotyped by the KBioscience
Institute in UK using the novel fluorescence-based
competitive allele-specific PCR  technology (KASP;
details of this technology are available at: /#p:/fwww.
lgcgenomics.com|genotypinglkasp-genotyping-chemistry/).  Out
of the 895 White genotyped individuals, 750 were finally
analyzed (145 patients excluded because of missing data).

Among the several existing methods to build a GRS, it
has been shown in disease risk modeling that weighted
genetic risk score (w-GRS) methods are preferred to the
simple count method when relative risks vary among
SNPs [56]. Supplementary Fig. 1 (Supplemental digital
content 2, Aup:/llinks.lww.com/FPCIA991) represents the
distribution of the weighted genetic score by the number
of risk alleles (unweighted score) calculated for each
individual in the entire cohort showing that weighted and
unweighted scores are not perfectly correlated, thus
highlighting the importance of weighting each risk allele
using w-GRS methods. The w-GRS for selected SNPs
was calculated as described previously [31]. In summary,
genotypes from each SNP were coded as 0, 1, or 2
according to the number of BMI risk alleles. Then, each
polymorphism was weighted by its f-coefficient (allele
effect) on the basis of the assumption that all SNP of
interest have independent effects and contribute in an
additive manner toward BMI. Allele effect on BMI was
assessed by performing lookups from the summary sta-
tistics of an independent population sample (GIANT,
n=123865), thus preserving the homogeneity of
p-coefficient calculations (Supplementary Table S5,
Supplemental digital content 1, A#up://links.lww.com/F PC/
A990) for all SNPs included in the genetic score.
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Statistical analyses

Principal components of ancestry was used to assess
ethnicity and only Whites were considered in the analy-
sis. Hardy—Weinberg equilibrium (HWE) was deter-
mined for each polymorphism using a y*-test. HWE and
genotype frequencies are shown in Supplementary
Tables S1 and S2 (Supplemental digital content 1, 4#p.//
links.lww.com/FPCIA990). P-values equal to or less than
0.05 were considered statistically significant and
Bonferroni’s correction for multiple tests was applied
when necessary. Initially, individual SNP effects on BMI
were calculated for sample 1. Genotypes were analyzed
in an additive model of inheritance, except for one SNP
(HSD11p1 1s3753519C > T), which had too few homo-
zygous for the variant allele (#=7) and a dominant model
was used. Second, a GRS was built and tested in sample 1
and it was further tested for replication in two other
psychiatric samples (samples 2 and 3). Finally, to deter-
mine the general effect of the GRS on BMI, we com-
bined all samples as they were similar overall in terms of
the individual’s origin (Lausanne and Geneva regions),
type of treatment, age, and diagnostic. Because of inter-
dependence between observations (i.e. BMI) made on
the same individual over time, a generalized linear mixed
model (GLMM) was fitted using the MASS library of R
language [57,58] to assess the influence of genetic para-
meters on BMI in a model adjusted by age, sex, main
psychotropic treatment, and treatment duration. The
appropriate link function that we chose for the BMI
variable is the inverse function, which is the canonical
link function for the gamma family. GLMMs combine
both linear mixed models (which incorporate random
effects) and generalized linear models (which deal with
non-normal data using link functions and exponential
family) [59]. The glmmPQL function of the MASS
library uses the penalized quasi-likelihood to estimate
model parameters [60]. Finally, predicted BMI differ-
ences were calculated at baseline, 12, and 24 months of
treatment between the percentile 95 (p95) (the upper
extreme of an unfavorable genetic background) and
percentile 5 (p5) (the lower extreme of an unfavorable
genetic background) of the GRS. To preserve homo-
geneity within samples and to deal with treatment
durations when combining all samples together (i.e.
shorter treatment duration up to 12 months in sample 1),
predicted BMI was obtained at baseline and at 12 months
of treatment. The corresponding 95% confidence inter-
vals (95% Cls) were calculated. Some exploratory ana-
lyses were also carried out to obtain the explained
variance of BMI by genetic and nongenetic covariates in
the psychiatric sample 1 for a subgroup of individuals
aged between 18 and 65 years. A generalized additive
mixed model was used to deal with complex and non-
linear BMI evolution in time and the presence of
multiple observations per individual introducing inter-
dependence among observations. A random effect at the
patient level was also introduced to take the dependence

structure of observed data into account. The generalized
additive mixed models were fitted using the mgev
package of R (settings were fixed at package defaults).
To be more conservative, the uncertainty of estimated
parameters was assessed by 10 000 bootstraps on indivi-
duals [57,61,62]. Individuals with missing data or
genotypes were excluded from the analysis (see
Supplementary Methods for further details, Supple-
mental digital content 3, sup://links.lww.com/F PCIA992).

Results

Population description

Table 1 presents the characteristics of sample 1 (7 =425)
and replication samples 2 and 3 (1, =148, #,=177). All
samples together included 750 White individuals, with
50% men and a median age of 45 years (range:
13-97 years). Sample 2 had the highest prevalence of
obesity (BMI > 30 kgjmz) (35% compared with 18% in
samples 1 and 3, P=0.006). Sample 1 had the lowest
olanzapine and clozapine prescription (11 and 8%,
respectively, compared with 16 and 14% in sample 2,
respectively, and 12 and 9% in sample 3, respectively,
P=0.001) as well as the shortest treatment duration
(6 months) compared with samples 2 and 3 (27 and
36 months, respectively). Supplementary Tables S6
(Supplemental digital content 1, Aup://links.lww.com/FPC/
A990) and S7 (Supplemental digital content 1, 4#p://links.
fww.com/FPCIN990) show the characteristics of the com-
bined cohort stratified by sex and by FEND patients,
respectively. Men were younger than women (median:
40 vs. 49 years, respectively, P=0.0001) and had higher
BMI at baseline (24.6 vs. 24.1 kg/mz in men and women,
respectively, £=0.004). Besides, treatment duration was
longer for men than women (9 months compared with
6 months, respectively, P=0.05) (Supplementary Table
S6, Supplemental digital content 1, Azp://links.lww.com/
FPCIA990).

Genetic analysis

Genotype analysis

Supplementary Tables S1 and S2 (Supplemental digital
content 1, sup://links.lww.com/FPCIA990) list the 32 and
20 SNPs from GWAS and CG studies, respectively,
analyzed in the psychiatric samples. All of them were in
HWE after multiple test correction (Pegrrecred <0.001).
Thirty-two previously reported SNPs associated with
BMI in the general population [31] were analyzed in
sample 1. One SNP located in CADM?2 gene showed a
nominal association with BMI over time (P=0.01)
(Table 2). At 12 months of treatment, the rs13078807
polymorphism showed a 1.04 BMI units increase per
additional risk allele. Twenty other SNPs were selected
from CG studies associated with psychotropic-induced
weight gain and two of them (i.e. HSD/1p1 13753519
and CRTC2 rs8450) showed an association with BMI
(difference of predicted BMI of —2.35 units for
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Table 1 Description of demographic and clinical psychiatric White
samples
Combined
Sample 1 Sample 2 Sample 3  sample
Characteristics (n=425) (n=148) (n=177) (n="750)
Male (%) 43 55 62 50
Age [median (range)] 51 42 42 45
(years) (13-97) (19-64) (18-69) (13-97)
Diagnosis (%)
Psychotic disorders 286 245 9.0 31.4
Schizoaffective 7.3 170 121 10.3
disorders
Bipolar disorders 188 34.7 16.8 216
Depression disorders 16.4 170 12.7 16.7
Other diagnosis 28.9 6.8 145 21.2
Initial BMI status (kg/m?)*
BMI [median (range)] 23 25 24 24
(13-44) (15-46) (16-46) (13-486)
25 >initial BMI <30 22 37 31 28
(%)
Initial BMI>30 (%) 13 16 15 14
Current BMI status (kg/m?)®
BMI [median (range)] 25 28 25 26
(15-50) (16-40) (17-43) (15-50)
25 > current 25 38 29 27
BMI <30 (%)
Current BMI > 30 (%) 18 35 18 21
Initial WC (cm)*
WC [median (range)] 87 - - 87
(64-138) (54-138)
High WC > 94 (male), 41 - - 41
> 88 (female) (%)
Current WC (cm)®
WC [median (range)] 93 - 92 90
(57-162) (73-136) (567-162)
High WC > 94 (male), 51 - 53 51
> 88 (female) (%)
Initial lipid status (%)*
High LDL cholesterol® 9 - - 9
High triglycerides® 18 - - 18
Low HDL cholesterol® 23 - - 23
Current lipid status (%)°
High LDL cholesterol® 15 - - 15
High triglycerides® 28 - - 28
Low HDL cholesterol® 26 26 17 26
Smoker (%) 46 59 76 56
Prescribed psychotropic drug (%)
Amisulpride 8 - 11 7
Aripiprazole 8 - 7 6
Clozapine 8 14 9 9
Olanzapine 13 16 12 12
Quetiapine 35 20 24 29
Risperidone 15 17 17 16
Lithium 8 20 12 11
Valproate 5 14 8 8
Treatment duration 6 27 36 12
[median (range)] (1-12) (3-333) (1-390) (1-390)
(months)

WC, waist circumference; —, missing clinical values or obtained in nonfasting
conditions.

“Before the current psychotropic treatment.

For samples 2 and 3: current observation; for sample 1: last observed data.
“High LDL cholesterol: > 4.1 mmol/l.

9High triglycerides: > 2.2 mmol/l.

“Low HDL cholesterol: < 1 mmol/l.

2% of the sample 1 was under paliperidone treatment.

13753519 at 12 months of treatment between patients
homozygous for the variant allele and wild types and 0.69
units of BMI increase per additional risk allele for rs8450
(P=0.00001, 0.04, respectively; Table 2).
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Genetic risk score analysis

On combining all 32 GWAS SNPs in a w-GRS (w-GRS
32), the score was significantly associated with BMI in
sample 1 (£=0.009), in sample 3 (=0.04), and also in
the three combined samples (P =10.002) (see Table 3). In
sample 1, those at the p95 of the GRS (i.e. a high GRS)
had 2.26 units more of predicted BMI when compared
with those individuals at the p5 of the GRS (low GRS) at
12 months of treatment. Results were similar in sample 3
and when all samples were combined together at 24 and
12 months of treatment (difference of predicted BMI
between p95 and p5 of the GRS: 2.99 and 1.89 units,
respectively). A higher effect on BMI was found among
men when analyses were stratified by sex in the com-
bined sample (interaction sex X GRS, P<0.10): indivi-
duals at the p95 score had 2.91 units more of predicted
BMI compared with individuals at the p5 score at
24 months of treatment (P =0.0002). For the subgroup of
FEND patients, a difference of predicted BMI of 3.79
units was observed between individuals at the p95 and
p5 of the GRS (P=10.008) (Table 3). Figure 1 shows the
evolution of BMI (nonadjusted) over time between
extreme percentiles [low genetic risk (p5) vs. high
genetic risk (p95)]. In addition, predicted BMI differ-
ences between pl0 and p90 extremes are presented in
Supplementary Table S8 (Supplemental digital content
1, httpf[links.fow.com/FF PCIA990) and Supplementary Fig.
S2 (Supplemental digital content 2, Aup://links.low.com/
FPCIN991T).

When pooling all samples together, 1 unit increase of the
risk allele at 24 months of treatment in the GRS was
associated with an increase in BMI of 0.19 units
(P=0.011). Among men, this increase in BMI was of 0.30
units (2=0.0001), whereas in women it was of 0.08
(P=0.38).

In contrast to what we found with GWAS SNPs, when
the 20 CG SNPs were combined in a w-GRS (w-GRS
20), no association with BMI was observed in the
entire sample (P=0.46) (Supplementary Table S9,
Supplemental digital content 1, Aup://links.lwow.com/FPC/
N990).

Finally, the 20 CG SNPs were combined with the 32
GWAS SNPs in another w-GRS (w-GRS 52)
(Supplementary Table S10, Supplemental digital content
1, hupflinks.lkow.com/FPCIN990). w-GRS 52 was sig-
nificantly associated with BMI in sample 1 (P=0.01),
sample 3 (P=0.04), and when combining all samples
(P=0.001). Only a trend was observed in samples 2 and 3
when pooled together (2=0.06). Thus, an individual in
the p95 score had 2.08, 2.79, and 1.94 more predicted
units of BMI in sample 1 (12 months of treatment), in
sample 3 (24 months of treatment), and in all samples
combined together (12 months of treatment) compared
with individuals at the p5 of the score, respectively.
When analyses were stratified by sex, a significant effect
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Table 2 Significant results obtained from individual single-nucleotide polymorphism association with body mass index in the psychiatric

sample 1 at baseline and at 12 months of follow-up treatment

Difference of predicted BMI per risk allele increase (95% Cl)

Nearest genes SNP Major/minor allele At baseline At 12 months of treatment P-value
CADM2 rs13078807 A>G 0.93 (0.89-1.97) 1.04 (—0.14-2.22) 0.01*
HSD11p31 rs3763519% C>T —2.11 (~3.22 to —1.00) —2.35 (—3.60 to —1.10) 0.00001
CRTC2 rs8450 G>A 0.62 (0.28-1.62) 0.69 (—0.44-1.83) 0.04*

Bold values: significant at P< 0.05.

Predicted differences of BMI were calculated for polymorphisms that showed significant results (P <0.05).

Cl, confidence interval; SNP, single-nucleotide polymorphism.

%A dominant model was used for this SNP (carriers of the variant allele were compared with the wild type).

*Not significant after Bonferroni's correction.

Table 3 Weighted genetic risk score association with body mass index obtained from 32 Genome-Wide Association Studies single-

nucleotide polymorphisms

BMI difference between GRS p95 and GRS p5 (95% Cl)

n At baseline At 12 months At 24 months P-value
Sample 1* 425 2.01 (0.52-3.51) 2.26 (0.48-4.04) = 0.009
Sample 2° 148 —0.51 (—3.02-2.00) —0.61 (—361-2.40) —0.73 (—4.67-3.22) 0.7
Sample Y 177 2.54 (0.26-4.81) 2.75 (0.23-6.27) 2.99 (—0.01-6.00) 0.04
Samples 2 and 3° 325 1.43 (—0.27-3.13) 1.61 (—0.33-3.56) 1.82 (—059-4.24) 0.1
All samples combined 750 1.68 (0.65-2.72) 1.89 (0.71-3.086) - 0.002
FEND patients® 116 3.29 (0.79-6.78) 3.79 (0.88-6.71) = 0.008
Men 375 2.59 (1.45-3.74) 291 (1.06-4.22) = 0.0002
Women 375 0.76 (—0.55-2.06) 0.84 (—0.63-2.32) . 0.3

Bold values: significant at P < 0.05.

Cl, confidence interval; FEND, first episode and newly diagnosed; GRS, genetic risk score; p5, percentile 5 of GRS; p95, percentile 95 of GRS.

“Follow-up to 12 months of treatment.
YFollow-up to 24 months of treatment.

Fig. 1
50 GRS extremes
& O 5% GRS
0 95% GRS
(12)
404 (15) T
(16); o
& -1 H
£ i of
2 304 ]
s * 1
g (10)]
20 = !
104 0<T<8 8<T7<B 6<T<12 12<T7<24

Time (months)

Evolution of BMI over time between genetic risk score (GRS) extreme
percentiles. Boxplots show the median values of BMI for each time of
the treatment duration (solid horizontal line), 25th and 75th percentile
values (box outline), the lowest and upper value within 1.5 interquartile
range (whiskers), and outlier values (open circles). Values given in
parentheses correspond to number of individuals.

was found among men at the p95 of the score, who
showed 3.09 more units of predicted BMI compared with
men at the p5 (£=0.0001). FEND patients who were at
the top percentile (p95) also had 3.66 more units of

predicted BMI compared with patients at the p5 of the
GRS (P=0.01).

GLMM according to different quartiles showed sig-
nificant differences between individuals within the third
and fourth quartile of the GRS compared with the first
quartile. At 24 months of treatment, those at the third and
fourth quartiles had 1.84 (0.40-3.29) and 1.91 (0.51-3.32)
more units of predicted BMI compared with the first
quartile, respectively (results not shown). Table 4 shows
the characteristics for the four groups stratified by GRS
quartiles. Those at the fourth quartile had higher BMI
before starting and during the current psychotropic
treatment (baseline and current median BMI: 25.1 and
25.9 kg/m?, respectively) compared with the first quartile
(baseline and current median BMI: 23.2 and 24.3 kg/ml,
respectively), which could possibly be explained by the
interaction between genetics, previous psychiatric epi-
sodes, and/or psychotropic treatments. The prevalence of
baseline overweight and obesity increased in higher
quartiles (i.e. 48% in the fourth quartile vs. 30% in the
first quartile, = 0.007). No differences in age, treatment,
treatment duration, high waist circumference prevalence,
diagnostic, and FEND individuals distribution were
observed between the different quartile groups
(Table 4).

Finally, on comparing the distribution of genetic scores
without adjusting by other covariates, no differences

Copyright © 2016 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.
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Table 4 Description of four quartiles of genetic risk score for 32 single-nucleotide polymorphism in the combined sample

GRS (n) 1st quartile (192) 2nd quartile (170) 3rd quartile (186) 4th quartile (202) P-value
Score [mean (SD)] 0.87 (0.06) 0.97 (0.02) 1.05 (0.02) 1.16 (0.07) 0.0001
Men (%) 47 65 44 63 0.1
Age [median (range)] (years) 47 (17-96) 47 (13-90) 48 (14-97) 48 (15-93) 0.9
Initial BMI [median (range)] (kg/mz)‘I 23.2 (13-46) 24.6 (15-39) 25.1 (16-46) 25.1 (14-39) 0.0005
Current BMI [median (range)] (kg/mg)h 24.3 (16-40) 25.2 (15-40) 25.9 (16-50) 25.9 (17-41) 0.04
First episode and newly diagnosed patients (%) 13 15 16 17 0.6
Treatment prescription

Ami, Ari, Li, Quet, Risp 74 70 71 67 0.5

Clo, Olan, Valp 26 30 29 33
Treatment duration [median (range)] (months) 6 (1-23) 3 (1-21) 3 (1-24) 3 (1-24) 0.9
High WC (>94 cm men, 88 cm women) (%) 40 47 49 53 0.2
Diagnostic (%)

Psychotic disorders 42 42 38 46 0.6

Bipolar disorders 21 22 21 21

Depression disorders 17 15 17 14

Bold values: significant at P<0.05.

Ami, amisulpride; Ari, aripiprazole; Clo, clozapine; GRS, genetic risk score; Li, lithium; Olan, olanzapine; Quet, quetiapine; Risp, risperidone; Valp, valproate; WC, waist

circumference.
“Before the current psychotropic treatment.
“Last observed data.

were found between men and women (Supplementary
Table S6, Supplemental digital content 1, Zzp.//links.lww.
com/FPC[A990) or FEND patients (Supplementary Table
S7, Supplemental digital content 1, 4zp://links.lkow.com/
FPCIN990).

Genetic risk scores and Genome-Wide Association
Studies genes for psychiatric diseases and diabetes
The SNPs selected from GWAS associated with psy-
chiatric diseases (i.e. schizophrenia, bipolar disorder,
major depressive disorder, autism, and hyperattention
deficit) and diabetes were combined in two different
w-GRS and tested for association with BMI. No sig-
nificant results were found (results not shown).

Explained variability

We calculated the BMI variability explained by the
clinical and genetic covariates in sample 1 for individuals
ranging in age from 18 to 65 years (#=263). Thus, in our
model, the genetic component considering the w-GRS 32
explained 1.97% of BMI variability, whereas nongenetic
components such as age, sex, and treatment explained
2.23, 0.42, and 0.6%, respectively, out of the total 7.01%
BMI variability explained by the model. Finally, the
BMI-explained variance of the 52 SNPs (32 SNPs added
to the 20 SNPs) was 1.99%, whereas the important clin-
ical variables known to influence weight (age, sex,
treatment) represented altogether 3.15% of the BMI
variability.

Discussion

In the present study, we found that w-GRS built from 32
polymorphisms previously associated with BMI in the
general population GWAS were also significantly asso-
ciated with BMI in our sample 1, being replicated in
another sample. The stronger effects were found among
men and FEND patients. Some studies have replicated
the association of the 32-SNPs GRS with BMI and

Copyright © 2016 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

obesity-related genotypes in different cohorts and eth-
nicities [32-34]. Two cross-sectional studies using a
Mendelian  randomization approach [42] and a
case—control design [43] replicated the association of
w-GRS in depressed patients. However, type of treat-
ment, treatment duration, or BMI variation over time
were not taken into account, whereas BMI at baseline
and treatment duration are known moderators of weight
gain in populations under psychotropic treatment [9].
Moreover, the number of patients treated was not
described in the previous studies. The present study, in
contrast, includes longitudinal data considering long
treatment duration (i.e. analysis has been carried out up
to 24 months), type of treatment, and other diagnostics in
addition to depression. Explained BMI variability by
GRS when including 32-SNPs GWAS GRS in our model
was slightly higher than that reported initially in general
population cohorts in the literature (1.45%) [31] or that
found in French and Chinese general populations (1 and
0.90%, respectively). It is noteworthy that addition of the
20 CG in the model did not improve the explained BMI
variability (1.97 vs. 1.99%). The effect on BMI per risk
allele increase of the 32-SNPs GWAS GRS was similar to
those reported previously (0.11 [32] and 0.13 [34]) when
considering both sexes together. However, higher BMI
increase per risk allele was found among men.

Individual SNP analyses showed few significant effects
in sample 1. Only one GWAS SNP (rs13078807) located
in the CADM?2 gene region was nominally associated with
BMI. CADM?2 has been associated previously with obe-
sity in Whites and other ethnicities [31,63,64]. Among
the CG polymorphisms, two SNPs (HSD/7141 rs3753519
and CRTC?2 rs8450) were associated with BMI in sample
1; however, rs8450 did not survive Bonferroni’s correc-
tion. In addition to weight gain association in psychiatric
samples [16], HSD11f1 has been associated with meta-
bolic syndrome in a general population [14] and CR7C2
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has been associated with type 2 diabetes in Asian
populations [65]. CRTC2 is a coactivator that binds to
CREB and stimulates the expression of PEPCK and
G6Pase and this increases hepatic gluconeogenesis
through dephosphorylation [17,66]. In addition, a dele-
tion of CRTC2 impairs the expression of the gluconeo-
genic genes and the ability of glucagon to stimulate
glucose production in hepatocytes [67]. The HSD11p1
gene codes for a microsomal enzyme-catalyzing tissue
regeneration of active cortisol from the inactive form
cortisone [68]. It is highly expressed in metabolic tissues
such as the liver and adipose tissue. Increased plasma
cortisol levels have been associated with visceral obesity
and metabolic syndrome. An overexpression of this gene
has been associated with hyperphagia and obesity in mice
[69,70].

The stronger effects observed when combining all SNPs
in a w-GRS could be explained by the fact that common
variants individually have little effect on BMI and very
large sample sizes are needed to detect small effects.
Thus, when integrating many small variant effects in a
w-GRS, the consistency and the power to detect these
effects increase, even in smaller sample sizes [35]. In
addition, the BMI explained variability in the entire
model was 7.01%, with 1.97% of it corresponding to the
w-GRS. It is noteworthy that although this is not a high
percentage, it represents 28% of the total BMI variability
explained by the model. The present study is in the same
line as a very recently published study on GWAS meta-
analysis of large population data-sets (>300 000 indivi-
duals) where the genetic component (i.e. w-GRS)
explained up to 2.7% of BMI variability [30].

The w-GRS 32 SNPs could not be replicated in sample 2.
This might be tentatively explained by the fact that BMI
and overweight prevalence at baseline were the highest
among the three samples. Low BMI at baseline has been
described as a risk factor for gaining weight [71]. In the
same line, when analyzing the 20 CG variants previously
associated with antipsychotic-induced weight gain in a
w-GRS, no significant association was observed between
the w-GRS and BMI. SNPs from CG studies that were
selected included very heterogeneous studies, with small
sample sizes and with different ethnicities, treatment,
and treatment durations (see Supplementary Table S2,
Supplemental digital content 1, Zup://links.lww.com/FPC/
A990), which could explain the nonsignificant results in
our psychiatric samples. In addition, some very promising
variants (i.e. 5H 7 receptor) could not be included in our
w-GRS model as the allele effect (f-coefficient) calcula-
tion was not available, but on calculating unweighted
GRS (in which this variant was included), the results did
not change significantly (”=0.22). Finally, an a-priori use
of an additive model for the effect of all variants could
have contributed toward the negative findings.

We also found significant effects for the w-GRS 32
among FEND patients who had lower BMI and obesity
prevalence at baseline and shorter treatment duration
compared with others. This is in agreement with previous
studies showing that low baseline BMI and first-episode
patients are known risk factors for important weight gain
during psychotropic drug treatment [9]. To our knowl-
edge, this is the first study reporting a stronger effect in
men when analyzing the influence of genetic scores on
BMI despite the fact that sex differences in fat storage
and metabolism have already been described [72]. This
emphasizes the need to consider sex when studying
obesity-related phenotypes such as BMI. In the present
study, men were, on average, younger and had longer
treatment duration compared with women, which could
contribute toward the observed sex effect as both young
age and treatment duration are known risk factors for
important weight gain [9]. It is noteworthy that when
calculating GRS and sex interaction, a trend was
observed when all three samples were combined
(P=0.09, n=1750). Because of the exploratory nature of
these findings, further analysis including sex stratification
should be carried out in larger psychiatric cohorts.

Finally, no association was found with BMI of GRS built
from SNPs obtained from psychiatric disorders and dia-
betes GWAS. Although obesity, type 2 diabetes, and
psychiatric disorders are known to share common etio-
logical pathways [8], these results could be considered as
negative controls as we only obtained significant
BMI-GRS association results when we combined pre-
viously BMI-related SNPs.

This study has some limitations that should be men-
tioned: weighted scores were calculated from p-coeffi-
cients obtained from general population samples and the
relative influence of these genes might differ in psy-
chiatric patients. Other factors influencing weight gain,
such as previous treatment history, were not reported.
This study has been carried out in Whites; therefore,
these results cannot be extrapolated to other ethnicities.
Variants included in the genetic score model should be
consistent with their effects (i.e. tested in large sample
sizes and replicated effects). Finally, the 95% CI suggests
that the genetic effect is variable within the groups and
sample size should increase to narrow 95% CI and
improve outcome precision.

In conclusion, the present study replicated in psychiatric
cohorts previously identified BMI risk variants obtained
in GWAS analyses from population-based samples. GRS
can be a useful tool to integrate multiple variants with
low impact, which, when tested individually, do not show
any significant effect. This approach can contribute
toward a better understanding of the genetic variability of
polygenic obesity in psychiatric patients and our results
suggest that particular care should be taken in sex-
specific analyses when working with GRS. Thus, the

Copyright © 2016 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.
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clinical utility of the w-GRS in obesity-related traits
needs to be explored further in prospective studies,
especially among populations at high risk of developing
metabolic disorders.
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Summary

Weight gain is often described in Solid Organ Transplant (SOT) populations. However, genetic studies on
weight gain in transplanted populations are scarce. The present project was conducted in two SOT cohorts
(n4=995, ng=156). The aim of the study was to determine whether genetic variants previously associated with
BMI in general population were also associated with BMI in SOT individuals when combined in Genetic Risk
Scores (GRS). Two GRS were significantly associated with BMI in the first sample, however, only one GRS
showed significant results in the second cohort. In addition, an exploratory analysis of a third GRS was
conducted with polymorphisms coming from genes whose expression is associated with weight change in
renal transplant recipients. Significant results were found only in the second cohort. Finally, we assessed
whether adding these variants in a clinical model improved prediction of 10% weight gain or more 12 months
after transplantation. In general, models containing clinical and genetic predictors performed better than

clinical models alone, highlighting the importance of taking into account genetic effects.
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Weighted genetic risk scores and prediction of weight gain in Solid Organ Transplant

populations

ABSTRACT

BACKGROUND: Polygenic obesity in Solid Organ Transplant (SOT) populations is considered a risk factor
for the development of metabolic abnormalities and graft survival. Few studies to date have studied the

genetics of weight gain in SOT recipients.

AIM: To determine whether weighted genetic risk scores (w-GRS) integrating genetic polymorphisms
from GWAS studies (SNP group#1 and SNP group#2) and from Candidate Gene studies (SNP group#3)
influence BMI in SOT populations and if they predict 210% weight gain (WG) one year after

transplantation.

METHODS: Two samples (n,=995, ng=156) were obtained from naturalistic studies and three w-GRS
were constructed and tested for association with BMI. Prediction of 10% WG at one year after

transplantation was assessed with models containing genetic and clinical factors.

RESULTS: w-GRS were associated with BMI in sample A and B combined (BMl increased by 0.14 and 0.12
units per additional risk allele in SNP group#1 and #2, respectively, p-values<0.008). w-GRS of SNP
group#3 showed an effect of 0.01 kg/m” per additional risk allele when combining sample A and B (p-
value 0.04). Models with genetic factors performed better than models without in predicting 10% WG at

one year after transplantation.
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CONCLUSIONS: This is the first study in SOT evaluating extensively the association of w-GRS with BMI
and the influence of clinical and genetic factors on 10% of WG one year after transplantation, showing
the importance of integrating genetic factors in the final model. Genetics of obesity among SOT
recipients remains an important issue and can contribute to treatment personalization and prediction of

WG after transplantation.
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INTRODUCTION

Obesity has become a worldwide major concern since it has more than doubled in the last decades. In
2014, 39% of adults were overweight (25 kg/m?’< Body Mass Index (BMI)< 30 kg/m?) and 13% were
obese (BMI 2 30 kg/m?) (1). Obesity is a risk factor leading to other co-morbidities such as diabetes,
cardiovascular diseases and certain type of cancers (1). Among solid organ transplant (SOT) recipients,
the rate of overweight and obesity has increased over the past years. By 2011, 34% of liver transplant
candidates were obese, compared to 29% in 2001 (2). Similar results have been found for kidney, heart
and lung transplant recipients (3-5). Although overweight and obesity prevalence are similar to those
measured in general population studies, in SOT recipients the consequences are more serious. Indeed,
obesity in SOT is an important risk factor for the development of New Onset Diabetes after Transplant
(NODAT) (6) which has a deleterious effect on graft survival (7, 8). Moreover, it can be often associated

with delayed graft function related to surgical and post-operative complications (9).

Few longitudinal studies examining weight gain (WG) among transplant recipients have been conducted
to date, most of them focusing on WG during the first year post transplantation. A WG ranging from 3.5
to 10 Kg has been reported in heart, liver and kidney transplant recipients (10-14) and a mean of 10%
WG during the first year after transplantation was described in kidney transplant recipients (15). A
threshold of 10% increase of ideal body weight, defined as the metropolitan relative weight criteria (16),
has been related to a risk of developing cardiovascular disease in general populations followed for more
than 25 years (16, 17). Ethnicity, sex, age in addition to specific factors such as transplanted organ,
glucocorticoids and immunosuppressive treatments are some of the described factors influencing WG
following SOT and NODAT (18), as well as genetic factors. Most studies on transplant populations
focused mainly on the NODAT rather than WG (19, 20). Regarding BMI-related phenotypes, a protocol

for the first systematic literature review has been published. The aim is to condense and compare the
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current state of evidence on WG, overweight and obesity in SOT individuals including genetic and non-
genetic factors (21). Regarding candidate gene approach, two single nucleotide polymorphisms (SNPs)
and one insertion/deletion have previously been associated with BMI-related phenotypes (22-24). These
studies were conducted in three heterogeneous populations with small or moderate sample sizes
(n<270), with different obesity-related outcomes and type of transplanted organ. Furthermore, different
polymorphisms were analyzed. To our knowledge, no Genome Wide Association Studies (GWAS)
investigating BMI variants within SOT recipients have yet been published. Recently, a microarray study
examining gene expression in subcutaneous adipose tissue in kidney transplant recipients found that the
expression of obesity-related genes was correlated with weight change (25). The top 41 ranked genes
were further associated with obesity through a text mining approach (26), including genes related to
diabetes, obesity and neurological concepts such as dopamine, nicotine, and cognition (25).
Interestingly, two of these genes (i.e. MTCH2 and TFAP2B) were also found in the largest BMI GWAS
meta-analysis conducted to date in the general population (27). This meta-analysis was conducted in
more than 300 000 individuals and reported 97 SNPs associated with BMI, also including 32 previously
replicated BMI SNPs (28-31). All 97 polymorphisms explained up to 2.7% of BMI variability within these
individuals (27). Since polygenic or common obesity is influenced by many genetic polymorphisms,
genetic risk scores (GRS) provide a useful tool summarizing risk-associated variations across the genome
by aggregating information from multiple-risk SNPs, and they may improve the consistency and the

power to determine genetic risk in polygenic diseases (32, 33).

In the present study, we aimed to study the association of three weighted GRS, integrating previously
published SNPs, with BMI in two cohorts of Swiss transplanted individuals. In addition, we assessed

whether these genetic polymorphisms could predict a 210% WG during the first year post transplant.
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METHODS

Sample A

The Swiss transplant cohort study (STCS) is an ongoing prospective multicenter study (Basel, Bern,
Geneva, Lausanne, St. Gallen and Zurich) started in May 2008 which enrolls SOT recipients with no
particular eligibility or exclusion criteria. The present study (May 2008- May 2011) included SOT
recipients (i.e. kidney, liver, lung, heart, or multi-organ) with a functional graft for at least 12 months
after transplantation. A total of 1294 patients were followed up in their respective transplant centers at
baseline and at 6, 12, 24, 36 and 48 months after transplantation. Lipid profile, BMI, blood pressure and
patient characteristics were collected at the different time-points of the follow up. Further details have
been published elsewhere (34, 35). Only Caucasians and Recipients of 18 years or older were retained. If
an individual was subjected to more than one transplant, only the first SOT was considered. A total of

995 patients were considered for analysis.

Sample B

A total of 197 SOT recipients (i.e. lung, liver and kidney) were enrolled between 2003 and 2005 from the
outpatient clinic of the transplant center of the University Hospital of Lausanne, Switzerland. Only
patients with a functional graft for more than 12 months were eligible to participate in the study.
Further details can be found elsewhere (35-37). Briefly, data regarding patients’ age, gender, BMI,
ethnicity, immunosuppressive treatments among others were collected retrospectively from the
medical files. Additionally, data concerning weight, at baseline, at 1, 3, 6, 9, 12 and at the yearly follow-
up during the 5 years after transplantation were collected retrospectively from the medical files

between October 2011 and April 2012. Blood samples were collected for further genotyping analysis.
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156 individuals of 18 years or older for whom Caucasian ethnicity was reported and had clinical data

available, were included in the analysis.

All patients gave their written informed consent and the studies were approved by the ethics committee

of the corresponding centers.

Genotype selection and genotyping

SNP selection was done according to large Meta analyses of GWAS published on BMI. SNP group#1
included 32 BMI associated polymorphisms in general adult populations (28). A second group consisted
of 97 SNPs (SNP group#2) recently associated with BMI in general populations and which included the
previous 32 SNPs (or its proxies) (27). Only SNPs significant at GWAS levels (i.e. p-value < 5x10®) were

retained for the analysis. Tables S1 and S2 show a detailed description of the selected SNPs.

Additionally, 41 genes whose expression in subcutaneous adipose tissue has been previously associated
with weight change in kidney transplant recipients (25) were included. A selection of tagging SNPs of
these genes was obtained using HapMap Genome Browser (release 28). In order to avoid over
representation of a particular gene, one tagging SNP per gene was selected based on the number of
SNPs tagged and on the genotype availability in our samples. Six genes were excluded since no tagging
SNPs were found in HapMap. Of note, two genes (i.e. MTCH2, TFAP2B) were also present in the GWAS
mentioned previously (SNP group#1). Finally 19 SNPs, for which genotype was available in both samples
A and B, were retained in the SNP group#3. A detailed description of these genes and polymorphisms

can be found in Table S3.
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For the sample A, genotypes were analyzed with the Human OmniExpress-24  BeadChip Kit as
described by the manufacturer’s protocol (lllumina, San Diego, CA). For the sample B, genotyping was
performed using the Illumina 200K Cardiometabochip (lllumina, San Diego, CA). Briefly, the
CardioMetabochip is a custom Illumina iSelect genotyping array designed to test DNA variation of
200’000 SNPs from regions identified by large scale meta-analyses of genome wide association studies
(GWAS) for metabolic and cardiovascular traits (38). Polymorphisms or proxies were chosen based on
genotype availability. A Quality Control was done for the genotyped SNPs. Samples were excluded from
the analysis if sex was inconsistent with genetic data from X-linked markers, and when genotype call
rate was <0.96 and gene call score <0.15. GenomeStudio Data Analysis Software was used to export

results generated by lllumina CardiometaboChip.

Construction of Genetic Risk Scores

Three GRS were built following a weighted GRS (w-GRS) method as previously described (28) with 32
SNPs (SNP group#1) and 97 SNPs (SNP group#2) both from GWAS, and 19 SNPs (SNP group#3) from
candidate genes. Briefly, genotypes from each SNP were coded as 0, 1 or 2 according to the number of
BMI risk alleles and each polymorphism was then weighted by its B-coefficient (allele effect) based on
the assumption that all SNP of interest have independent effects and contribute in an additive manner
on BMI. Each unit increase in the GRS corresponded approximately to one additional risk allele. Allele
effects on BMI were obtained from those published in the literature for the SNPs group#1 and #2 (27,
28). For the SNP group#3 allele effects were calculated from a large population based sample, GIANT,
which consisted in a meta-analysis of GWAS with a discovery set of 123,865 individuals of European

ancestry from 46 studies for height (39), BMI (28) and waist-to-hip ratio (40).
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Statistical analysis

Descriptive analysis of quantitative data is presented as median and range unless otherwise specified
whereas qualitative data is expressed as percentages. Chi-squared test or rank sum test were used for
association studies within categorical data or non-parametric continuous variables, respectively. Hardy-
Weinberg Equilibrium (HWE) was determined for each polymorphism by a chi-square test. P-value

threshold was set at <0.05 and Bonferroni multiple test correction (0.05/6) was applied when necessary.

For multivariate analysis, a Generalized Additive Mixed Model (GAMM) was used to deal with complex
and non-linear BMI evolution in time and presence of multiple observations per individual introducing
interdependence among observations. A random effect at the subject level was also introduced to take
the dependence structure of observed data into account. The GAMMs were fitted using the mgcv
package of R (settings were fixed at package defaults). To be more conservative, the uncertainty of
estimated parameters was assessed by 1’000 bootstraps on individuals (41). Because sex and age have
been described as factors influencing WG (15), further analyses were conducted stratifying by gender

and the median age when the interactions with w-GRS were significant.

Prediction of 210 % WG one year after transplantation in the sample A and B

A binary logistic regression model at 12 months after transplant was used to determine whether clinical
and genetic factors influence a 210% WG one year after transplantation for those cases where genetic
components were significantly associated with BMI. The ability to discriminate between gainers of 10%
weight versus those who did not gain 10% one year after transplantation was assessed with the Area
Under the Receiver Operating Characteristic Curve (AUROC) for a model containing only clinical

covariates (i.e. age, sex, transplanted organ, BMI at baseline, immunosuppressant treatment) and
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another model integrating clinical and genetic factors. In addition, Sensitivity (percentage of correctly
predicted individuals with 210% WG among all individuals with 210% WG), Specificity (percentage of
correctly predicted individuals with <10% WG among all truly individuals with <10% WG) and Accuracy
(percentage of correctly classified gainers of 210% weight among all subjects) were obtained for each
model using “pROC” R package (42). An AUROC lower than 0.70 indicates low discriminative accuracy
(43). As previously described, (44, 45) in order to assess the added value of selected SNPs in predicting a
>10% WG one year after transplantation (i.e. comparison of genetic and non-genetic models), likelihood
ratio tests (LRT) and Integrated Discrimination Improvement (IDI) estimates with their respective p-
values were calculated. Finally, the number needed to genotype (NNG) (i.e. the average number of
patients who need to be genotyped to detect one case of 10% WG one year after transplantation) was
calculated based on the inverse of the difference between the accuracy of clinical and genetic models

(46).

RESULTS

Population description

The characteristics of sample A are presented Table 1. Sixty-six percent were men, 17.0% were obese
one year after transplantation and 27.1% were diagnosed of NODAT. Similar patterns (p>0.05) were
observed in sample B (60.9%, 18.5% and 28.8%, respectively, Table 2). Twenty three percent of
individuals in sample A gained >10% of weight the first year after transplantation and 35% of individuals
in sample B (p<0.001). The mean of WG one year after transplantation was 3.5% and 6.3% for samples A
and B, respectively. Sample A included also heart and multi-organ transplant, individuals were older
than in sample B (median age: 54 years compared to 48, p<0.001) and there was a high prevalence of

living donors (27.1% and 11.5%, respectively, p<0.001). Tacrolimus (TAC) was more frequently
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prescribed in sample A, whereas cyclosporine (CSA) was more used in sample B (45.1% versus 34.6%,
respectively for TAC and 19.6% versus 65.4%, respectively for CSA; p<0.05). For sample A, individuals
with at least 3 immunosuppressive treatments (i.e. cyclosporine, tacrolimus, glucocorticoids, azatioprine
and/or mycophenolate) gained significantly more weight at one year after transplantation compared to
the others (p=0.01, Figure 1). Of note, 99% of those with at least 3 immunosuppressants had a
glucocorticoid treatment prescribed, possibly explaining this weight gain. No significant results were

found in sample B.

10% WG one year after transplantation

In both samples A and B, those gaining 210% of weight had lower BMI at baseline and higher BMI 12
months after transplantation compared to those gaining <10% (Table 1 and 2). The prevalence of
overweight and obese was lower at baseline and higher at one year after transplantation for >10% when
compared to <10% WG. The transplanted organ differed between >10% and <10% for both A and B
samples. The kidney was the most prevalent transplanted organ in both groups. The second most
prevalent transplanted organ in the 210% WG group was the lung while the heart and the liver were the
third most frequently transplanted organs. In the <10% WG group, the liver and the lung were among
the second and the third most frequently transplanted organs. Additionally, in sample A donors were
younger and individuals had higher cholesterol levels at 12 months in the 210% WG group (median: 50
years and 5.0 cholesterol mmol/L, p 0.04 and p 0.01, respectively). In sample B, significant differences
were found in the prescribed immunosuppressive treatments; CSA was highly prescribed in the 210%

WG when compared to the <10% WG group (73.8% versus 52.7%, respectively; p 0.02).
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Genetic Risk Score analysis

Weighted genetic risk score with GWAS polymorphisms

In samples A and B, w-GRS ranged from 16 to 40 (SNP group#1) and from 63 to 107 (SNP group#2),
respectively. Figure S1 shows the w-GRS distribution percentage in each sample. The association
between w-GRS and BMI over time for sample A is shown on Table 3. w-GRS built from the SNP group#1
was significantly associated with BMI, showing a 0.16 BMI units increase per additional risk allele and an
explained variability of 1.46%. When stratified by the median of age (w-GRS*age p=0.001 and p=0.02 for
SNP group#1 and #2, respectively) individuals older than 54 years old had 0.23 BMI unit increase per
additional risk allele and an explained BMI variability of 2.74% whereas those at 54 years or younger
showed a trend of 0.10 units increase and 0.56% of explained BMI variability after multiple test
correction (p=0.08). For SNP group#2, the effect was slightly lower (0.11 units of BMI per risk allele
increase, explained variability of 2.08%). These results could be partially replicated in sample B (Table 4)
for SNP group#l with an effect of 0.20 BMI units per risk allele increase and explained variability of
2.40%. Analysis stratified by sex (w-GRS*sex, p=0.03 for SNP group#l) showed no significant
associations after multiple test correction (Table 4). Additionally, a significant interaction between w-
GRS and organ (i.e. kidney/non kidney) was found for sample B and SNP group#1 (n=83, p-value 0.04)
showing a slightly higher effect (0.30 units of BMI per risk allele increase) in kidney transplanted
individuals when compared to the overall 0.20 units (results not shown). When combining samples A
and B, BMl increased by 0.14 and 0.12 units per additional risk allele in SNP group#1 and #2, respectively

(p-values<0.001).
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Weighted genetic risk score in Candidate Gene polymorphisms (SNP group#3)

No association of w-GRS from SNP group#3 and BMI was found in sample A whereas an increase of 0.05
units of BMI per additional risk allele was found in sample B (p-value 0.048) with an explained BMI
variability of 1.72% (Table S4). In addition, in sample B, when SNPs group#3 and #1 were combined (49
SNPs excluding repeated SNPs) a significant association with BMI was found with an increase of 0.16
BMI units per additional risk allele and an explained BMI variability of 4.1% (p-value: 0.001) (Table S5).
The w-GRS in the combined A and B sample showed an effect of 0.01 kg/m? per additional risk allele (p-

value 0.04).

Prediction of 10% WG one year after transplantation

For the models in which the w-GRS was significantly associated with BMI, we evaluated the ability of the
model to discriminate between gainers of 210% of weight and those who gained <10% the first year
after transplantation. In sample A, a model adjusted by clinical covariates (i.e. age, sex,
immunosuppressant treatment (tacrolimus and/or cyclosporine), baseline BMI and transplanted organ)
as well as genetic factors (i.e. SNP group#1) performed better than a model adjusted only by clinical
covariates (LRT-p: 0.0004). The predictive value for gaining 10% or more weight when including SNP
group#1 in the model resulted in an AUROC of 0.74, a specificity of 0.61, a sensitivity of 0.77 and an
accuracy of 0.65, whereas the model without genetic components had 0.66, 0.59, 0.66 and 0.61 of
AUROGC, specificity, sensitivity and accuracy, respectively (Table 5). Similarly, the genetic model including
SNP group#2, performed better (LRT-p: 0.008) and had higher AUROC (0.80) than the non genetic model
(AUROC non genetic: 0.66). Similarly, for sample B, the genetic model including clinical covariates and
SNP group#1 was significantly different from the clinical model, (LRT-p: 0.04) had an AUROC of 0.89 and

a specificity, sensitivity and accuracy of 0.78, 0.88 and 0.81, respectively (Table 5). The prediction
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performance of the genetic model compared to the non-genetic one was significantly improved as
shown by the IDI score. An IDI of 0.17 (Sample 1, SNP group#2, Table 5) indicates that the difference in
predicted risks between those who gain at least 10% of weight and those who did not, increased by 17%

in the genetic model.

The lowest NNG in order to detect one misclassified case of 10% weight increase one year after
transplantation (Table 5) was 6 (obtained for sample B, SNP group#1). In sample A, the NNG was 13 for

SNP group#2 and 24 for SNP group#1.

DISCUSSION

To our knowledge, this is the first study examining the association of clinical and genetic risk scores with
WG in SOT patients. Our results showed that, in transplanted populations, previously GWAS-BMI related
SNPs in general populations, were associated with BMI when combined in w-GRS. These results could be

partly replicated in a second sample (i.e. sample B).

The influence of weighted score including SNP group#l on BMI has been extensively replicated in
several general populations from different ethnicities (29-32). This is the first study evaluating the effect
of these polymorphisms on BMI in SOT recipients (kidney, liver, lung, heart, or multi-organ) and WG,
with positive results being found in both samples. SNPs group#2 was recently published (27) and
contained a higher number of SNPs (including those from SNP group# 1 except of 2 SNPs). However,
significant results were found only in sample A. The non replication using SNPs group#2 in sample B
could be attributed either to no effect at all or to the low number of patients in the latter sample and
the large number of polymorphisms in group#2, each one of small effect size, thus necessitating large

sample sizes in order to observe an effect (47).
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In addition, an exploratory analysis of 19 polymorphisms combined in a w-GRS (SNP group#3) showed
an association with BMI in sample B. These variants were selected from a microarray study examining
subcutaneous gene expression which was correlated with weight change in kidney transplant recipients
(25). These findings should be considered as preliminary as they were not further replicated. In sample B
individuals were younger, had lower percentage of living donors and gained more weight after the first
year of transplant compared to sample A. Young age, low BMI at baseline and deceased donors increase
the risk of gaining weight, as previously described in the literature (15, 48). Adding SNP group#3 to SNP
group#l resulted in an increased explained BMI variability of 4.1%. However, when all SNPs were
combined (i.e. SNP group#2 and SNP group#3), no significant results were found, probably due to the

low effect and sample size.

In a second step, we showed that a combination of extensive genetic factors and clinical data predicts
better a 10% WG after the first year of treatment than considering the model with clinical data alone,
increasing AUROC and accuracy. When examining genetic factors in sample A, several polymorphisms
were significantly associated with 10% WG one year post-transplant. Interestingly, when looking at SNPs
individually, only MC4R and SEC16B remained significant in both SNP group#1 and #2 analyses. MC4R is
one of the most common genetic causes of obesity and this gene participates in appetite regulation and
energy balance (49). SEC16B has been associated with obesity-related phenotypes but the mechanism
behind remains unknown. In sample B, 4 SNPs in or near MTIF3, ETV5, GNPDA2 and FAIM2 gene regions
were associated with 10% WG one year post-transplant. Most of these gene functions are not clear yet.
ETV5 modulates circulating glucocorticoids levels (50) and GNPDA2 regulates metabolic pathways
leading to insulin resistance (51). Interestingly, the best group of polymorphisms predicting 10% WG at
12 months post-transplant was SNP group#2 (n=97 SNPs) for sample A and SNP group#1 (n=32 SNPs) for

sample B. This could be tentatively explained by the fact that a higher sample size (i.e. sample A) is
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necessary to demonstrate the association with larger set of SNPs (i.e. SNP group#2). Finally, only the

SNP group#1 was associated with BMI at different time points in both samples A and B.

In samples A and B, the mean of WG after one year post-transplant is 3.5% and 6.3%, respectively, i.e.
much lower than the 10% mean value described in the literature (15). It should be noted that a solid
consensus does not exist yet regarding WG after the first year post-transplantation; a mean of 10% has
been described but a range from 3.5 to 10 kg as well. A WG of 10 kg over the first year following kidney
(12, 13, 52) liver (14) and cardiac (10) transplantation as described in some studies would correspond to
an increase of 14% of weight in our samples (considering a mean baseline weight in sample A and B of

71 kg and 69.5 kg, respectively) which would be much higher than the WG mean in our samples.

Some limitations of the present study should be acknowledged. These results can only be extrapolated
to Caucasians. We could not obtain all genotypes, in particular those from the SNP group#3 and possible
co-medications influencing weight in addition to the immunosuppressant treatment were not reported
and/or considered. Finally, sample B size was small and other replication in larger cohorts should be
tested. However, both Samples were obtained from naturalistic setting studies, which should represent

the real cases in clinical practice.

To conclude, this is the first study evaluating extensively the association of w-GRS with BMI and the
influence of clinical and genetic components on 210% WG over the first year post transplant. The results
obtained in the present study, showed the importance of integrating genetic factors in the final model,
since they contain predictive information on >10% WG. Genetics of obesity among SOT recipients
remains an important issue and will definitely contribute towards treatment personalizing and

prediction improvement of WG in these populations by identifying at risk-individuals.
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Table 1: Characteristics of Sample A (all and by 10% weight gain one year after transplantation)
Characteristic Al wg=10%" we<10%* p-value
n=995 n=204 n=673 #
Recipient age at transplantation (years), median
(range) 54 (18 -79) 51 (18-73) 55 (18-79) 0.0001
Recipient men (%) 66.0 56.8 68.9 0.001
Period of follow up (months), median (range) 12 (0-48) 12 (0-48) 12 (0-48) 0.55
Living donor (%) 27.1 27.9 29.6 0.6
Donor age (years), median (range) 53 (1-86) 50 (1-80) 53 (1-86) 0.04
Transplanted organ (%)
Kidney 62.4 61.3 67.2
Liver 15.9 10.3 14.7
Lung 9.5 14.7 7.8 <0.001
Heart 6.5 11.3 4.6
Multi-organ transplantation 4.1 2.5 4.5
Before transplant
24.6 (13.7 - 23.1(14.9 - 249 (14.3 -
BMI (kg/mz), median (range) 41.2) 37.4) 41.2) 0.0001
Overweight (25 kg/m’ < BMI >30 kg/m?), % 30.7 23.0 325 <0.001
Obese (BMI = 30 kg/mz), % 15.3 9.3 16.8
HDL (mmol/L), median (range) 1.2 (0.01-8) 1.2(0.1-4.1) 1.2 (0.09 - 8) 0.7
LDL (mmol/L), median (range) 2.2(0.06-10.02) 2.2(0.1-7.1) 2.2(0.08-10.0) 0.3
Cholesterol (mmol/L), median (range) 4.2 (0.3-11.7) 4.0(0.3-9.9) 4.2(0.8-11.7) 0.2
At 12 months after transplant
25.2 (15.3 - 27.1(18.8 - 24.7 (15.3 -

BMI (kg/mz), median (range) 44.6) 44.6) 44.3) 0.0001
Overweight (25 kg/m” < BMI >30 kg/m?), % 34.7 39.0 33.0 <0.001
Obese (BMI 2 30 kg/m?), % 17.0 27.0 14.0
HDL (mmol/L), median (range) 3.5 1.3(0.5-4.1) 1.3 (0.2-7.0) 0.08
LDL (mmol/L), median (range) 1.3(0.21-7) 2.6 (0.8-5.8) 2.6 (0.3-8.7) 0.8
Cholesterol (mmol/L), median (range) 2.6 (0.3-8.7) 5.0(2.3-9.2) 4.8 (1.7-12.0) 0.01
Incidence of NODAT (%)$ 27.1 25.9 28.1 0.6
CMV infection (%)
Recipient CMV infection (R+) 57.1 21.8 23.7
Donor CMV infection (D+) 53.0 20.8 20.6 0.9
Recipient and Donor CMV infection (R+D+) 32.6 33.2 331
Calcineurin inhibitors (%)
TAC 45.1 42.2 48.6
CSA 19.6 21.1 19.6 0.3
None 35.2 36.8 31.8

wg: weight gain, CMV: Citomegalovirus, TAC: Tacrolimus, CSA: Cyclosporine, NODAT: New Onset Diabetes After

Transplant

# comparison between wg210% and wg<10%

*at 12 months after transplantation, missing n=118

SNODAT excluded those patients with diabetes previous to transplant
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Table 2: Characteristics of Sample B (all and by 10% weight gain one year after transplantation)
Characteristic Al wez10%" we<10%” p-value
156 42 78 #

Recipient age at transplantation (years), median (range) 48 (22-68) 47 (26-66) 49 (22-68) 0.4

Recipient men (%) 60.9 59.5 61.5 0.8

Period of follow up (months), median (range) 12 (1-60) 12 (1-60) 12 (1-60) 1

Living donor (%) 11.5 11.9 7.7 0.4

Donor age (years), median (range) 43.5 (10-73) 45 (10-65) 43 (11-69) 0.7

Transplanted organ (%)

kidney 65.4 76.2 60.3

Liver 23.7 7.1 26.9 0.03

Lung 10.9 16.7 12.8

Before transplant

BMI (kg/m2), median (range) 23.4 (15.8-37.3) 22.9(18.7-33.5) 24.2(15.8-37.3) 0.06

Overweight (25 kg/m2 <BMI >30 kg/mz), % 24.1 14.3 30.8 0.08

Obese (BMI = 30 kg/m?), % 10.9 9.5 12.8

At 12 months after transplant

BMI (kg/m2), median (range) 25.2 (16.5-39.3) 26.8(20.9-39.3) 24.3 (16.5-35.4) 0.0006

Overweight (25 kg/m” < BMI >30 kg/m?), % 35.1 45.2 28.2 0.004

Obese (BMI > 30 kg/m?), % 18.5 28.6 14.1

Incidence of NODAT (%) 28.8 30.9 35.9 0.6

CMV infection (%)

Recipient CMV infection (R+) 49.3 30.8 36.1

Donor CMV infection (D+) 61.5 23.1 15.3 0.6

Recipient and Donor CMV infection (R+D+) 27.6 30.8 27.8

Calcineurin inhibitors (%)

TAC 34.6 26.2 47.4 0.02

CSA 65.4 73.8 52.7

wg: weight gain, CMV: Citomegalovirus, TAC: Tacrolimus, CSA: Cyclosporine, NODAT: New Onset Diabetes After Transplant.

# comparison between wg>10% and wg<10%
*at 12 months after transplantation
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Table 3: Weighted Genetic Risk Scores from GWAS SNPs and their associations with BMI in Sample A.

n  Effect on BMI per additional risk  p-value*  E. Var (%)
allele [CI 95%]

SNP group#1

All population 881 0.16 [0.11-0.23] p<0.008 1.46
Age [ 18 - 54 ] years 444 0.10[0.01-0.17] 0.08 0.56
Age > 54 years 437 0.23[0.14-0.32] p<0.008 2.74
SNP group#2

All population 854 0.11 [0.07 - 0.15] p<0.008 2.08
Age [ 18 - 54 ] years 452 0.08 [0.03-0.13] p<0.008 1.10
Age > 54 years 426 0.13[0.07 - 0.19] p<0.008 2.90

E. Var: Explained Variability

Cl: Confidence Interval

SNP : Single Nucleotide Polymorphism
BMI: Body Mass Index

* p-value corrected by multiple test
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Table 4: Weighted Genetic Risk Scores from GWAS SNPs and their associations with BMI in Sample B.

n Effect on BMI per additional risk  p-value* E. Var (%)
allele [Cl 95%]

SNP group#1

All population 124 0.20[0.07 - 0.35] 0.02 2.40
Men 73 n.c n.c n.c
Women 61 0.28 [-0.05 - 0.63] 0.3 n.c
SNP group#2

All population 117 0.02 [-0.08 - 0.11] 1.0 n.c
Men 69 -0.03 [-0.18 - 0.07] 1.0 n.c
Women 48 n.c n.c n.c

E. Var: Explained Variability
Cl: Confidence Interval
BMI: Body Mass Index

SNP : Single Nucleotide Polymorphism

n.c: not calculated because of non significant association and/or low sample size

* p-value corrected by multiple test
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Table 5. Comparison of genetic versus non-genetic model for 10% weight gain prediction at one year after transplantation.

AUROC [95% CI] Specificity Sensitivity Accuracy LRT-p IDI [95% CI]* NNG

SNP group#1

f, non ge.enet/c model 0.66 [0.58 - 0.72] 0.59 0.66 0.61 0.0004 0.08 [0.06 - 0.10] 24

< _genetic model 0.74[0.70-0.83] 0.61 0.77 0.65

g SNP group#2

“ non genetic model 0.66 [0.54 - 0.69] 0.65 0.62 0.64 0.008 0.17 [0.14 - 0.20] 13
genetic model 0.80[0.71-0.84] 0.70 0.77 0.72 ' ' ' '

0

%_ SNP group#1

€ non genetic model 0.67 [0.61 —0.88] 0.55 0.76 0.63

© .04 . .28-0.4

Y genetic model 0.89[0.79 - 0.97] 0.78 0.88 0.81 0.0 0.36[0.28 - 0.45] 6

AUROC: Area Under the Receiver Operating Characteristic Curve

IDI : Integrated Discrimination Improvement
NNG: Number Needed to Genotype

LRT: Likelihood Ratio tests

SNP : Single Nucleotide Polymorphism

Cl: Confidence Interval

*p-value < 0.01




Results

Figure 1. Percentage of weight gain in Sample A at one year after transplantation by number of
immunosuppressant treatments (cyclosporine, tacrolimus, glucocorticoids, azatioprine and/or
mycophenolate).
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Genetic and clinic predictors of New Onset Diabetes Mellitus after Transplantation
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Summary

The present work describes how several genetic risk factors are associated with New Onset Diabetes After
Transplantation (NODAT) and how they predict NODAT 12 months after transplantation in two samples of
SOT. Three genetic risk scores (GRS) were constructed with SNPs obtained from GWAS studies and were
tested first in a main sample (Nm.in= 725) and in another sample (Nreplicaion= 156). Two out of the three GRS
were significantly associated with NODAT in the main sample. In addition, a clinical risk score including
several clinical variables was found to be associated with NODAT in the main and replication samples.
Finally, the discrimination parameters showed that adding genetic factors in the clinical model improved the

ability of the model to discriminate NODAT events one year after transplantation.
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Genetic and clinic predictors of New Onset Diabetes Mellitus after
Transplantation

Abstract (words: 241)

New Onset Diabetes after Transplantation (NODAT) is a frequent complication after solid
organ transplantation, with higher incidence during the first year. Several clinical and genetic
factors have been described as risk factors of Type 2 Diabetes that shares some genetic factors
with NODAT. We investigated if three genetic risk scores (w-GRS) and clinical factors were
associated with NODAT and how they predicted NODAT development one year after
transplantation. In both main (n=725) and replication (n=156) samples the clinical risk score
was significantly associated with NODAT (ORmain: 1.60 [1.36-1.90], p=3.72*10® and ORreplication:
2.14 [1.39-3.41], p=0.0008, respectively). Two w-GRS were significantly associated with NODAT
in the main sample (OR,,.grs 2:1.09 [1.04-1.15], p=0.001 and OR,,grs 3:1.14 [1.01-1.29], p=0.03)
and a similar OR,.grs » Was found in the replication sample, although it did not reach
significance probably due to a power issue. Despite the low OR of w-GRS on NODAT compared
to clinical covariates, when integrating w-GRS 2 and w-GRS 3 in the clinical model, the Area
under the Receiver Operating Characteristics curve (AUROC), specificity, sensitivity and
accuracy were 0.69, 0.71, 0.58, 0.68, respectively, with significant Likelihood Ratio test
discrimination index (p-value 0.0004), performing better in NODAT discrimination than the
clinical model alone. Twenty-five patients needed to be genotyped in order to detect one
misclassified case that developed NODAT one year after transplantation if using only clinical
covariates. To our knowledge, this is the first study extensively examining genetic risk scores

contributing to NODAT development.
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INTRODUCTION

In the past decades, diabetes mellitus has become a growing public health problem. New
Onset Diabetes after Transplantation (NODAT) is a frequent complication after Solid Organ
Transplant (SOT) (1). The incidence of NODAT varies from 4% to 25% in kidney, 2.5 to 25% in
liver, 4 to 40% in heart and 30 to 35% in lung transplant recipients (2). A high incidence of
NODAT (i.e. 15% to 30%) occurs the first year after kidney transplant, decreasing by 5 to 6
times thereafter (3). NODAT leads to high risk complications, such as infections and

cardiovascular diseases, reducing patient and graft survival (4, 5).

Risk factors for the development of NODAT include old age, obesity (6), African-American (3, 7)
and Hispanic ethnicities (3), family history of diabetes, presence of hepatitis C and receipt of a
deceased donor transplant (7). In addition, immunosuppressant treatments such as
corticosteroids (8), calcineurin inhibitors (9) and/or sirolimus (10) contribute to the

development of NODAT.

Type 2 Diabetes Mellitus (T2DM) is a polygenic disease. Until now, several genetic factors have
been associated with T2DM. NODAT shares similarities with T2DM, with both diseases
characterized by a combination of insulin resistance and insulin hyposecretion and with some
shared genetic risk factors (11). Therefore, we hypothesized that genetic risk factors that have
recently been associated with T2DM might also influence the risk of NODAT one year after
transplantation. Thus, a large-scale association analysis identified 12 new locis related to
diabetes (12) and some of the results were further replicated (13, 14). In addition, a recent
study aggregating published meta-analyses of Genome Wide Association Studies (GWAS) from

four major ethnic groups found new single nucleotide polymorphisms (SNPs) associated with
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T2DM and replicated results from previous reports (15). Finally, a first exploratory GWAS of

NODAT in kidney transplanted recipients revealed 8 significant SNPs (16).

The aim of the present study was to investigate whether several GRS were associated with
NODAT development and how clinical and genetic factors could predict the development of
NODAT one year after transplantation. We assessed whether adding genetic factors improved
the clinical-based model. Such an integrated model would allow clinicians to identify
individuals at high risk of NODAT before transplantation and, therefore, to provide early

intervention and/or prevention.

METHODS

Main Sample

The Swiss Transplant Cohort Study (STCS) is an ongoing prospective multicenter study (Basel,
Bern, Geneva, Lausanne, St. Gallen and Zurich) started in May 2008 which enrolls SOT
recipients with no particular eligibility or exclusion criteria. The present study included
individuals with a functional graft for at least 12 months after transplantation (transplantation
between May 2008- May 2011). A total of 1294 patients were followed up in their respective
transplant centers at baseline and at 6, 12, 24, 36 and 48 months after transplantation. Lipid
profile, BMI, blood pressure and patient characteristics were collected at the different time-
points of the follow up. NODAT was diagnosed if patients were taking an antidiabetic
treatment after transplantation or if diabetes was reported in their case report forms. Patients
with diabetes or prediabetes previous to transplant were excluded from analysis, as well as
those with multi-organ transplants. Further details have been published elsewhere (17, 18).

Only Caucasians and recipients of 18 years or older were retained. If an individual was subject
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to more than one transplant, only the first SOT was considered. A total of 725 Caucasian

patients for whom NODAT status was assessed were considered for analysis.

Replication Sample

One hundred and ninety-seven patients were enrolled between 2003 and 2005 from the
outpatient clinic of the transplant center of the University Hospital of Lausanne, Switzerland.
Only patients with a functional graft for more than 12 months were eligible to participate in
the study. Further details can be found elsewhere (17, 19, 20). Briefly, data such as patient’s
age, gender, BMI, ethnicity, and immunosuppressive treatments were collected retrospectively
from the medical files. Additionally, weight, fasting blood glucose levels, glycated hemoglobin,
2 hours oral glucose tolerance test, insulin and oral anti-diabetic treatment at baseline, at 1, 3,
6, 9, 12 and at the yearly follow-up during the 5 years after transplantation were collected
retrospectively from the medical files between October 2011 and April 2012. All patients gave
their written informed consent. Blood samples were collected for further genotyping analysis.
Altogether, 156 Caucasians of 18 years or older from whom clinical and genetic data were

available were included in the analysis.

Selection of genetic polymorphisms and genotyping

Fourteen and 30 GWAS significant SNPs (p<5*10%) were selected from two GWAS Meta
analysis associated with T2DM in Caucasian (12) and four multi-ethnic general populations
(15). In addition, 8 SNPs were retained from a GWAS of NODAT conducted in patients with
kidney transplantation (16). For the main sample, genotypes were obtained from the Human
OmniExpress-24 BeadChip Kit as described by the manufacturers’ protocol (lllumina, San

Diego, CA). For the replication sample, genotyping was performed using the lllumina 200K
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Cardiometabochip (lllumina, San Diego, CA) at the iGE3 genomics platform of the University of
Geneva (http://www.ige3.unige.ch/genomics-platform.php). Briefly, the CardioMetabochip is
a custom lllumina iSelect genotyping array designed to test DNA variation of 200°000 SNPs
from regions identified by large scale meta-analyses of Genome Wide Association Studies
(GWAS) for metabolic and cardiovascular traits (32). Polymorphisms or proxies were chosen
based on genotype availability. A quality control was done for the genotyped SNPs. Samples
were excluded from the analysis if sex was inconsistent with genetic data from X-linked
markers, and when genotype call rate was <0.96 and gene call score <0.15. GenomeStudio
Data Analysis Software was used to export results generated by lllumina CardiometaboChip.
Tables S1-S3 show a detailed description of the polymorphisms. Of note, most of the
genotypes from the NODAT GWAS (16) could not be obtained for the replication sample;

therefore these SNPs could not be tested for replication.

Construction of Clinical and Genetic Risk Scores

Clinical Risk Score

Construction of clinical risk score was done according to risk factors previously described (1,
21) and one point was assigned to each of the following covariates: male gender, age above
the mean (53 vyears) BMI > 30 kg/m? glucocorticoid treatment, tacrolimus
immunosuppressant treatment, deceased donor status, antibodies Hepatitis C Virus positive
(antiHCV+). In the main sample, the score ranged from 0 to 7 and was grouped as low risk
score (0-1), intermediate risk score (2-3) and high risk score (4-7). The clinic risk score was also

tested in the replication sample.

Genetic Risk Score
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Three weighted genetic risk scores (GRS) were calculated based on the 3 previously mentioned
GWAS studies (12, 15, 16). A score was assigned to each individual based on the number (0, 1

or 2) of risk alleles carried, weighted by the risk coefficient reported as Odds Ratios (OR) (22).

Statistical analysis

Descriptive analysis presented quantitative data as median and range unless otherwise
specified whereas qualitative data is expressed as percentages. Chi-squared tests or rank sum
tests were used to compare categorical or non-parametric continuous variables, respectively,
in people who developed NODAT and those who did not. Significant threshold of p-value was
set at 0.05 and multiple test correction was applied when necessary. Two SNPs were excluded
from the main and replication samples since they were not in Hardy-Weinberg Equilibrium
(HWE) (further description in Table S1 and S2). We first assessed the association of individual
covariates with NODAT development. For both samples, GRS and significant covariates with p-
values<0.10 were then included in a multivariate logistic model and the corresponding OR with

its 95% Confidence Interval (Cl) were calculated.

In a second step, for those GRS significantly associated with NODAT in the main sample, we
assessed the ability of the genetic model to discriminate between patients with and without
NODAT one year after transplantation. Genetic factors were integrated in the model as w-GRS.
A clinical risk score as described above was also tested. Area under the Receiver Operating
Characteristic Curve (AUROC) was calculated for a model containing only clinical covariates and
another integrating clinical and genetic factors. An AUROC lower than 0.70 indicates low
discriminative accuracy (23). In addition, sensitivity (percentage of correctly predicted
individuals with NODAT among all NODAT individuals), specificity (percentage of correctly

predicted individuals without NODAT among all truly individuals without NODAT) and accuracy
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(percentage of correctly classified NODAT among all subjects) were obtained for each model
using “pROC” R package (24). As previously described in the literature, (25, 26) and in order to
compare the genetic and non-genetic model, Likelihood Ratio Tests (LRT) and Integrated
Discrimination Improvement (IDI) estimates with their respective p-values were calculated. We
used the Net Reclassification Index (NRI) to assess to which extent adding genetic factors in the
non-genetic model resulted in classifications of individuals into risk categories which better
reflect their actual outcome. Finally, the number needed to genotype (NNG) (i.e. the average
number of patients who need to be genotyped to detect one misclassified case of NODAT if
using only clinical covariates) was calculated based on the inverse of the difference between

the accuracy of clinical and genetic models (27).

RESULTS

Population description

Sixty-five percent were men in the main sample (Table 1) and the median age was 53 years,
which was significantly higher than in the replication sample (48 years, p<0.001, Table 2).
Higher percentages of living donors and elderly donors were found in the main sample when
compared to the replication sample (32% versus 12%, respectively and 52 years versus 44
years, Tables 1 and 2, respectively). Tacrolimus was more prescribed in the main sample (67%
vs 35%). Median of baseline BMI and BMI at 12 months after transplantation were similar in

both samples.

NODAT individuals were generally older, had higher baseline and 12-months BMI after
transplantation and higher percentage of obesity when compared to non-NODAT individuals,

both in the main and in the replication samples (Tables 1 and 2).
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Clinical factors and Clinical risk score

In the main sample, when conducting multivariate analysis (Table 3), induction treatment and
baseline BMI were significantly associated with NODAT at one year after transplantation, with
induction treatment protecting against NODAT development. In the replication sample (Table
4), baseline BMI and tacrolimus treatment were significantly associated with NODAT. A clinical
risk score was constructed combining several clinical covariates which have been described in
the literature as risk factors of NODAT. The score ranged from low risk to high risk; 0 to 7 in
the main sample and from 1 to 6 in the replication sample. Table S4 shows associations of
clinical risk scores with NODAT development, which was significant for both main and
replication samples. Figure 1 shows the NODAT incidence according to the clinic risk score in
the main sample. Sixty-six percent of NODAT had a high clinic risk score compared to 43% of

non-NODAT (p=2.5*10").

Genetic risk scores

Three w-GRS were tested in the main sample (Table 3). Significant associations were found for
w-GRS 2 and 3 with NODAT development (OR,.ggs 2:1.09 [1.04-1.15], p=0.001 and OR,,.grs 3:1.14
[1.01-1.29], p=0.03). Finally, when combining all SNPs in a w-GRS, the odds of developing
NODAT increased by 8% per one unit increase of the w-GRS (OR: 1.08 [1.03-1.12], p=0.0005).
When testing the association of w-GRS with NODAT in the replication sample (N=156), similar
OR was found for w-GRS 2, although it did not reach statistical significance (Table 4, w-GRS 3
not available, see Material and Methods). A power analysis showed that the minimum sample
size needed in order to observe an effect in cohorts with proportion of NODAT ranging from
0.27 to 0.29 is N=320 and N=335, respectively, with a confidence level of 95% and a width of Cl

setat0.1.
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Additional analysis concerning the distribution of genotypes frequencies among NODAT and
non-NODAT individuals in the main sample differed significantly for the rs2020902, a SNP
previously associated with NODAT in a GWAS study (16) and located in the CASP9 gene (p-
value: 0.04, not significant after multiple test correction). This gene is implicated in several

processes such as hyperglycemia or lipotoxicity via induction of B-cell apoptosis (28, 29).

NODAT discrimination assessment, Number Needed to Genotype (NNG)

The ability of a model integrating clinical and genetic factors to discriminate NODAT versus
non-NODAT one year after transplantation was assessed in the main sample. Adding genetic
components to the clinical model improved the final model, with LRT-p values being significant
for w-GRS 2 (p=0.001) and when combining w-GRS 2 and w-GRS 3 (p=0.0004) (Table 5). The
final model (i.e. including SNPs from both w-GRS 2 and w-GRS 3) showed an IDI of 0.02,
meaning that the difference in predicted risks of developing NODAT after one year increased
by 2% in the genetic model (p=0.004). In addition, the correctly reclassified individuals
increased by 24% in the final model (NRI: 0.24 [0.05-0.43], p=0.01), with AUROC, specificity,

sensitivity and accuracy values being 0.69, 0.71, 0.58 and 0.68, respectively.

Additionally, the ability to discriminate between NODAT and non-NODAT at one year after
transplantation was assessed for a model keeping the same genetic factors than previously
described (i.e. w-GRS 2 and w-GRS 3) but integrating clinical predictors in a clinical risk score
(Table S5). Several discrimination parameters became significant when comparing clinical risk
score model versus clinical plus genetic risk scores model (i.e. LRT, IDI, NRI). Such is the case
for the IDI which shows the difference of predicted risks between p50 of NODAT and non-
NODAT in both clinical and clinical plus genetic models, with a better discrimination in the later

model. However the AUROC did not exceed the 0.70 value generally considered as indicator of
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for clinical significance and the accuracy did not improve when adding GRS in the clinical risk
score. On the other hand, the clinical relevance of the combined model was also estimated by
calculating the NNG, in order to detect a misclassified case of NODAT one year after
transplantation using only clinical covariates. The global percentage of correctly classified
patients (i.e. accuracy) within the model integrating clinical and genetic factors (w-GRS 2 and
w-GRS 3 combined) was 68%. With an accuracy of the clinical model alone being 64% (Table 5),
the NNG was 25. Since the models integrating w-GRS 2 and w-GRS 3 alone did not improve in

accuracy, the NNG could not be calculated.

DISCUSSION

To our knowledge, this is the first study extensively examining the influence of w-GRS on
NODAT development. Our results showed that two out of three w-GRS tested were
significantly associated with NODAT in the main sample. The fact that the two significant w-
GRS were calculated from T2DM GWAS studies supports the hypothesis that T2DM and
NODAT share some common genetic risk factors (11). These results were found in the main
sample and similar results were found in the replication sample, although they did not reach
significance threshold. As shown by the sample size calculation, in the replication sample the
minimum sample size needed to observe an effect is not reached, suggesting that the
replication sample is underpowered to detect the small effect size of each genetic risk score. In
addition, patients in the main sample were older than in the replication sample (53 years
versus 48 years), with a higher proportion of individuals in the main sample treated with TAC
(67% versus 35%). Both TAC treatment and an elderly age have been described as risk factors

of NODAT (6, 30). As expected, the clinical risk score was significantly associated with NODAT
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in both main and replication samples, with a higher score being associated with higher NODAT

incidence.

Although the clinical risk score had higher impact on NODAT, adding genetic factors as a w-GRS
in the clinical model improved NODAT discrimination one year after transplantation although
accuracy and AUROC of the model were lower than 0.70 considered as the threshold for low
discriminative accuracy (23). The low AUROC found could be explained by the few number of
SNPs included in the GRS since the highest AUROC was found for w-GRS 2 (N=30 SNPs).
Nevertheless, the AUROC parameter has been criticized because it does not show risk
prediction, (31, 32). Thus, when looking at other parameters evaluating the discrimination of
the genetic versus clinical model, risk prediction and reclassification (i.e. LRT, IDI and NRI) they
consistently suggest that genetics improve the clinical model. Despite the small contribution of
genetics in improving the model, the combined genetic and clinical model allows to obtain a

NNG of 25.

Genetic variants tested in the present study came from different sources. Those
polymorphisms associated with T2DM in a Caucasian population (i.e. w-GRS 1) were not
significantly associated with NODAT when combined in a w-GRS in our sample. Often the non
replication of results is attributed to limited sample size and/or other missing variants
contributing to the outcome. The polymorphisms which were associated with NODAT in our
cohort came from a large T2DM GWAS multiethnic meta-analysis (26,488 cases and 83,964
controls) (i.e w-GRS 2) (15). Also, significant results were found with polymorphisms from the
first NODAT GWAS conducted within kidney transplanted recipients (57 cases and 370
controls) (i.e w-GRS 3) but these results need to be tested for replication in another sample

(16).
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Some limitations of the present study should be acknowledged. The size of the replication
sample should be increased. Indeed, since NODAT outcome is mainly affected by numerous
genetic variants of small effects, replication samples should be large enough in order to avoid
being underpowered. In addition, a replication sample including patients with similar age and
TAC prescription is needed. Also, due to the moderate accuracies, the NNG could only be
calculated when integrating a larger number of SNPs in a GRS. For the clinical risk score, history
of diabetes was not available in our samples. This factor should be included in the clinical risk
score construction despite the conflicting literature on the influence of family history of
diabetes (33). In addition, some of the genotypes published in the GWAS studies (12, 15, 16)
could not be obtained in the present study. Finally, our findings cannot be extrapolated to

other ethnicities.

To date, little research has been conducted on genetic factors and NODAT development.
Although the number of SNPs should be increased in order to tentatively improve model
prediction, this study found two GRS significantly associated with NODAT, thus providing a first
approach integrating genetic and clinical factors. The present results must be replicated in
future studies integrating other additional genetic variants, with such studies possibly allowing
researchers to translate a risk assessment using clinical and genetic variables into clinical

practice.
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Table 1. Main sample characteristics
Main Sample NODAT non-NODAT
Characteristic p-value #
n=725 n=198 n=527
Recipient age at transplantation, median (range) 53 (18-79) 55 (19-73) 51 (18-79) 0.002
Recipient males, % 65 70 63 0.06
Period of follow up (months), median (range) 12 (0-48) 12 (0-48) 12 (0-48) 0.3
Living donor, % 32 27 34 0.07
Donor age (years), median (range) 52 (1-86) 53 (14-86) 52 (1-85) 0.8
Transplanted organ, %
Kidney 68 63 69
Liver 15 17 15
Lung 10 0.4
Heart
Multi-organ transplantation
Before transplantation
BMI, median (range) 24.4 (13.7 - 41.2) 25.6 (15.2-41.2) 24 (13.7-39.1) 0.0005
Overweight (25 kg/m’ < BMI >30 kg/m°), % 29 32 28 <0.001
Obese (BMI = 30 kg/m?), % 13 23 10
HDL (mmol/L) 1.16 (0.01 - 8) 1.14 (0.01 - 8) 1.18 (0.1-7.6) 0.5
LDL (mmol/L) 2.4 (0.08 - 10.0) 2.4(0.1-6.3) 2.3(0.1-10.0) 0.9
Cholesterol (mmol/L) 4.2 (0.6-11.7) 4.2 (0.6-9.2) 4.2 (0.8-11.7) 0.4
At 12 months after transplantation
BMI, median (range) 25.1(15.4-44.4) 26.1(17.2-44.3) 24.7 (15.4-44.4) 0.003
Overweight (25 kg/m” < BMI >30 kg/m?), % 36 37 35 0.003
Obese (BMI > 30 kg/m?), % 15 22 13
HDL (mmol/L) 1.4 (0.21-7) 1.2 (0.21-3.0) 1.3 (0.5-7.0) 0.01
LDL (mmol/L) 2.7 (0.4-7.0) 2.5(0.4-7.0) 2.7 (0.7-5.8) 0.07
Cholesterol (mmol/L) 4.9 (2.3-12.0) 4.7 (2.3-12.0) 5(2.6-10.3) 0.05
Hypolipemiant treatment*, % 33 41 31 0.032
Percentage of 10% weight gain, % 23 22 24 0.6
Weight gain (mean), % 3.7 3.5 3.7 0.7
CMV infection, %
Recipient CMV infection (R+) 26 28 25
Donor CMV infection (D+) 20 20 20 0.5
Recipient and Donor CMV infection (R+D+) 32 33 32
Calcineurin inhibitors, %
TAC 67 76 63
CSA 26 16 30 0.001
None 7 8 7
Incidence of NODAT, % 27 - -

CMV: Citomegalovirus, TAC: Tacrolimus, CSA: Cyclosporine, NODAT: New Onset Diabetes After Transplant.
* Patients considered had neither diabetes nor hypercholesterolemia before trasplantation. Patients were treated with statins.

# comparison between NODAT and non-NODAT
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Table 2. Replication sample characteristics
Replication Sample NODAT non-NODAT
Characteristic p-value #
n=156 n=45 n=111
Recipient age at transplantation, median (range) 48 (22-68) 53 (28-68) 46 (22-68) 0.002
Recipient males (%) 61 73 56 0.048
Period of follow up (months), median (range) 60 (1-60) - -
Living donor (%) 12 11 12 0.9
Donor age (years), median (range) 44 (10-73) 48 (13-69) 41 (10-73) 0.04
Transplanted organ, %
Kidney 65 27 74
Liver 24 30 70 0.46
Lung 11 41 59
Before transplant
BMI, median (range) 23.4 (15.8-37.3) 26.4 (18.8-37.3)  22.3(15.8-36.2) 0.0003
Overweight (25 kg/m” < BMI >30 kg/m?), % 24.1 37.8 17.4 <0.001
Obese (BMI = 30 kg/m?), % 10.9 20 6.5
At 12 months after transplant
BMI, median (range) 25.2 (16.5-39.3) 26.8 (20.3-39.3)  24.7 (16.5-37.5) 0.003
Overweight (25 kg/m” < BMI >30 kg/m?), % 35.1 37.8 33.9 0.012
Obese (BMI > 30 kg/m?), % 18.5 31.1 13.2
Hypolipemiant treatment*, % 28.8 39.4 24.7 0.08
Percentage of 10% weight gain, % 35 32 37 0.6
Weight gain (mean), % 6.3 3.2 6.6 0.3
CMV infection, %
Recipient CMV infection (R+) 493 42.2 52.5 0.2
Donor CMV infection (D+) 61.5 66.7 59.2 0.4
Recipient and Donor CMV infection (R+D+) 27.6 28.9 27 0.8
Calcineurin inhibitors, %
TAC 35 56 26 <0.001
CSA 65 44 74
Incidence of NODAT, % 29 - -

CMV: Citomegalovirus, TAC: Tacrolimus, CSA: Cyclosporine, NODAT: New Onset Diabetes After Transplant.

# comparison between NODAT and non-NODAT

* Patients considered had neither diabetes nor hypercholesterolemia before trasplantation. Patients were treated with statins.
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Table 3. Odds Ratio of NODAT development in the main sample for a model integrating clinical and genetic factors
Non-genetic model w-GRS 1 w-GRS 2 w-GRS 3 w-GRS All SNPs
Covariate OR 95% ClI p-value OR 95% ClI p-value OR 95% ClI p-value OR 95% ClI p-value OR 95% ClI p-value
Clinical
Age 1.01 1.00-1.03 0.08 1.01 1.00-1.03 0.09 1.01 1.00-1.03 0.08 1.01 1.00-1.03 0.07 1.01 1.00-1.03 0.07
Women 0.77 0.52-1.14 0.2 0.78 0.52-1.15 0.22 0.84 0.56-1.25 0.4 0.78 0.52-1.15 0.21 0.83 0.55-1.23 0.36
Kidney
transplanted 0.67 0.44-1.04 0.07 0.67 0.43-1.03 0.07 0.65 0.42-1.01 0.06 0.67 0.43-1.03 0.07 0.63 0.40-0.98 0.04
Baseline BMI 1.05 1.01-1.10 0.01 1.06 1.01-1.10 0.01 1.07 1.02-1.11 0.004 1.06 1.01-1.10 0.01 1.06 1.02-1.11 0.008
Living donor 0.76  0.49-1.17 0.22 0.78 0.49-1.20 0.26 0.85 0.54-1.32 0.46 0.78 0.50-1.20 0.27 0.85 0.54-1.34 0.49
Induction
treatment 0.62 0.41-0.94 0.02 0.62 0.41-0.95 0.02 0.62 0.40-0.95 0.03 0.6 0.39-0.92 0.02 0.62 0.40-0.96 0.03
Treatment
CSA 0.65 0.31-1.41 0.26 0.59 0.28-1.29 0.17 0.66 0.31-1.49 0.3 0.69 0.32-1.51 0.33 0.68 0.31-1.53 0.33
TAC 1.72 0.87-3.59 0.13 1.62 0.81-3.39 0.18 1.65 0.81-3.54 0.18 1.71 0.86-3.61 0.14 1.73 0.85-3.73 0.14
Antihepatitis C 1.22 0.63-2.31 0.54 1.23 0.63-2.33 0.53 1.28 0.65-2.45 0.46 1.18 0.60-2.23 0.62 1.27 0.65-2.43 0.48
Genetic
w-GRS 1.01 0.94-1.10 0.67 1.09 1.04-1.15 0.001 1.14 1.01-1.29 0.03 1.08 1.03-1.12 0.0005

OR: Odds Ratio. Cl: Confidence Interval. w-GRS: Weighted Genetic Risk Score. CSA: Cyclosporine, TAC: Tacrolimus

w-GRS 1: Voight et al., Nat Genet. 2010;42(7):579-89 ; w-GRS 2 : Mahajan et al., Nat Genet. 2014,46(3):234-44 ; w-GRS 3 : McCaughan et al., ] Am Soc Nephrol.

2014;25(5):1037-49
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Table 4. Odds Ratio of NODAT development in the replication sample for a model integrating clinical and genetic factors

Non-genetic model w-GRS 1 w-GRS 2 w-GRS 3 w-GRS All SNPs*
Covariate p-
OR 95% ClI p-value OR 95% Cl p-value OR 95% Cl p-value OR 95%Cl value OR 95% CI p-value
Clinical
Age 1.04 1.00-1.10 0.04 1.04 1.00-1.09 0.04 1.04 0.99-1.09 0.08 1.04 0.99-1.09 0.07
Women 0.43 0.17-1.05 0.07 0.43 0.17-1.05 0.07 0.38 0.14-1.00 0.06 0.39 0.14-1.02 0.06
Baseline BMI 1.13 1.03-1.25 0.02 1.13 1.03-1.25 0.02 1.17 1.05-1.31 0.004 1.18 1.06-1.32 0.003
TAC (vs CSA) 3.13 1.31-7.78 0.01 3.2 1.32-8.04 0.01 289 1.14-7.6 0.03 2,97 1.17-7.8 0.02
Kidney
transplanted 0.84 0.33-2.22 0.73 0.85 0.33-2.25 0.75 0.71 0.25-1.99 0.51 0.73 0.26-2.04 0.54
Genetic
w-GRS 0.97 0.81-1.15 0.73 1.06 0.94-1.21 0.32 1.02 0.93-1.14 0.58

OR: Odds Ratio, Cl: Confidence Interval, w-GRS: Weighted Genetic Risk Score. CSA: Cyclosporine, TAC: Tacrolimus

*includes w-GRS 1 and w-GRS 2

w-GRS 1: Voight et al., Nat Genet. 2010;42(7):579-89 ; w-GRS 2 : Mahajan et al., Nat Genet. 2014,;46(3):234-44 ; w-GRS 3 : McCaughan et al., ] Am Soc Nephrol.

2014;25(5):1037-49
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Table 5. Discrimination parameters of clinical and genetic (i.e. w-GRS 2, w-GRS 3) models for NODAT prediction at one year in the main sample
NODAT: 140 ige s e o : o,
non-NODAT: 498 AUROC Specificity Sensitivity Accuracy LRT-p IDI [95% ClI] NRI (continuous) [95% ClI] NNG
p_
Model value Net correctly reclassified  p-value
Clinical model 0.65 0.74 0.53 0.69
Clinical and 0.001  0.01[0.004-0.03]  0.008 0.38[0.20 - 0.57] 0.00004 n.c
genetic*risk score 0.69 0.60 0.74 0.63
model
Model
Clinical model 0.66 0.73 0.55 0.69
Clinical and 0.10  0.004[-0.001-0.009] 0.18 0.13 [-0.06 - 0.31] 017  nc
genetic** risk 0.67 0.64 0.66 0.64
score model
Model
Clinical model 0.66 0.64 0.63 0.64
Clinical and - 0.0004 0.02[0.006-0.03]  0.004 0.24 [0.05 - 0.43] 0.01 25
genetic*** risk 0.69 0.71 0.58 0.68

score model

w-GRS: weighted Genetic Risk Score, Cl: Confidence Interval, AUROC: Area Under the Receiver Operating Characteristics curve, LRT: Likelihood Ratio Test, IDI: Integrated
Discrimination Improvement, NRI: Net Reclassification Improvement, NNG: Number Needed to Genotype
*integrates w-GRS 2 (Mahajan et al., Nat Genet. 2014,46(3):234-44)
** integrates w-GRS 3 (McCaughan et al., ] Am Soc Nephrol. 2014,25(5):1037-49)
***integrates w-GRS 2 + 3
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Figure 1. Association of the clinic score with NODAT in the main sample
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5. ProjectV

Association of socioeconomic factors with metabolic parameters in psychiatric patients under

psychotropic treatment

Background: Weight gain and metabolic abnormalities are a well known problem in the psychiatric
population. This effect has been attributed to the psychotropic treatment, to the illness itself, but also to
lifestyle. It is therefore important to explore also social factors in metabolic studies with psychiatric patients.
In the general population, socioeconomic status (SES) has been described as well as a moderator of obesity,
with clear patterns in women but contradictory results in men. As a way of integrating socioeconomic factors,
the Swiss Socioeconomic Position (SEP) index was developed by a group of researchers in the Institute of
Social and Preventive Medicine of the University of Bern integrating the socioeconomic position by
neighborhood based on income, education, occupation and housing conditions. To our knowledge, no
longitudinal studies have yet evaluated the impact of SES on metabolic parameters in psychiatric population

under psychotropic treatment.

Aim and Methods: In the present study we wanted to determine how SES, as well as the Swiss SEP index
are associated with metabolic outcomes in psychiatric patients. 491 individuals from 18 to 65 years old who
gave their informed consent and started or switched to a psychotropic treatment (i.e. aripiprazole,
amisulpride, clozapine, olanzapine, quetiapine, risperidone, lithium and/or valproate) were followed up for 12
months. Clinical (i.e. age, sex, treatment, treatment duration) and socioeconomic covariates (i.e. occupational
status and living alone or not) were obtained from medical or administrative files. Metabolic-related outcomes
(i.e. BMI, weight, height, waist circumference (WC), lipid profile) were obtained for each individual during the
routine medical check-ups. From personal postal address, the address was geocoded and a SEP index was

assigned to each individual.
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Results: Preliminary analysis showed an influence of occupational status, with disability pension and living
alone being associated with stronger weight gain. Multivariate analysis integrating clinical (i.e. age, sex,
treatment, time of treatment) and socioeconomic covariates (i.e. occupational status, living alone, SEP index)
showed that socioeconomic covatiates wete associated with weight gain, BMI and/or WC over time. Patients
who were employed had lower BMI (-1.72 [-2.60 - (-)0.91]kg/m?) and WC (-4.56 [-6.88 - (-)2.20]cm) when
compared to individuals receiving disability pension (p-value <0.001). In turn, weight gain was higher in those
employed individuals (1.18%) compared to individuals receiving disability pension. Employed individuals had
lower baseline BMI (22.2 kg/m?) compared to the disability pension group (24.5 kg/m?); a known risk factor
for strong drug induced weight gain during psychotropic treatment. On the same line, the SEP index was
inversely correlated with BMI and WC (a 10% increase in the SEP index corresponded to 0.4 kg/m?2 and 1
cm decrease, respectively). SES is a critical factor in psychiatric populations at high risk of weight gain and

should be considered when planning interventions to moderate metabolic effects in such populations.

Manuscript in preparation
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6. Project VI

Risk factors for increasing weight and BMI after solid organ transplantation — a secondary data

analysis of the Swiss Transplant Cohort Study

This is an ongoing collaboration with the Institute of Nursing Science, University of Basel, Switzerland (§.

Beckmann, SM. De Geesi) which integrates the Swiss Transplant Cohort Study Psychosocial Interest Group.

The aim of the present work is to describe the evolution of weight and BMI and to determine the biomedical
(l.e. treatment), biological (i.e. age, gender, pre-transplantation BMI), genetic (i.e. genetic risk scores),
behavioral (i.e. smoking status), socioeconomic (i.e. level of education, marital and working status), and
psychological (i.e. mental health quality of life) risk factors for post-transplanted weight and BMI gain in liver,
kidney, heart and lung transplant recipients. The contribution in the present work will focus on providing

genetic risk scores (GRS), interpreting and discussing the obtained results concerning GRS.

Ongoing collaboration
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In the present thesis work, we wanted to study the factors influencing weight gain and other metabolic side-
effects in high risk treated psychiatric and transplanted populations. The first part of the work (Projects I-
IV) focused on genetic determinants and the second part (Project V) explored the SES factors. The main
results of this work can be summarized as follows: We showed the effect of a PCK7 gene polymorphism on
BMI, waist circumference and other metabolic-related outcomes (Project I). The PCK7 is a downstream gene
of the CRTCT; a gene previously studied in our laboratory and which was associated with BMI in psychiatric
populations. A pathway analysis combining CRTC7 and PCK7 variants confirmed that carriers of protective
alleles had lower BMI over time compared to non-carriers. Projects II, IIT and IV, show how several
polymorphisms combined into genetic risk scores were associated with BMI and NODAT in psychiatric and
transplanted cohorts. These polymorphisms were initially obtained from GWAS and CG studies conducted in
large general and diabetic populations. In addition, in transplanted populations, genetic factors improved the
ability to predict 10% of weight gain and NODAT development one year after transplantation. Finally, in the
Project V we showed, over time, how SES factors (i.e. living alone, occupational status and SEP index) are
related to weight change, BMI and other obesity-related outcomes in a psychiatric sample under psychotropic
treatment. An ongoing study (Project VI) will also study how SES, clinical, psychosocial as well as genetic

factors influence the evolution of BMI and weight in a SOT cohort.

1. Environmental aspects

1.1 The psychiatric populations

The psychiatric populations studied here showed, as described previously, (120, 129) the susceptibility of
metabolic-related side effects compared to the general population. In general, in the present work, the studied
metabolic traits had weaker or no significant effects in general population when compared to psychiatric
samples (i.e. see Project I), suggesting that psychiatric populations are at high risk of obesity and/or
metabolic side-effects. Among the three psychiatric groups significant differences were observed concerning

obesity prevalence (detailed results presented in the descriptive tables of the manuscripts; see Project I and
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IT). Overall, the Geneva outpatient setting had the highest prevalence of obesity probably due to specific
psychotropic drug effect, since they had the highest prescription of olanzapine and clozapine, both molecules
being stronger inducers of weight gain among psychotropic drugs (50). Different effect sizes, detected in the
Suivi Metaboligne versus the outpatient setting cohorts (l.e. Geneva and Awmbulatoire), could be explained by a
lower prevalence of obesity at baseline and a shorter treatment duration in the Swii Metabolique, because both
baseline BMI and treatment duration are moderators of weight gain (130). However, to exclude a winnet's
curse event, these results need to be replicated in other short treatment duration samples. Interestingly, in the
Suivi Metaboligue, some socio-economic factors were also related to metabolic outcomes. More specifically,
individuals with disability pension (occupational status) had higher BMI than those who work or those
unemployed. Similar results were found in a cross-sectional study conducted in schizophrenia patients where
individuals in a sheltered employment had higher prevalence of obesity than patients with no earned income
(131). Altogether, these results show higher BMI in individuals receiving social assistance. On the other hand,
weight gain was lower among individuals under psychotropic treatment with disability pension. This could be
explained by the previously reported stronger weight gain in patients with low baseline BMI (130). In
addition, living alone was positively associated with weight gain. This finding is in line with a previous study
in general population showing that living alone predicts weight gain among women (132). Finally, when
analyzing the SEP index (which integrates the socioeconomic position by neighborhood based on income,
education, occupation and housing conditions) an inverse correlation was found with BMI during treatment.
These results are in agreement with a previous study which found positive associations between a low SEP

index and some causes of death (133).

1.2 The transplanted populations

Two transplanted populations are described in the present thesis work and although the prevalence of
NODAT one year after transplantation is similar between both samples, some differences have been
observed. The immunosuppressant cohort had higher percentage of weight gain recipients which could be

explained by the fact that individuals were younger and had higher percentage of deceased donors when
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compared to STCS. Also, high percentage of cyclosporine prescription was found in the Immunosuppressant
cohort. As described in the Introduction chapter, young age, deceased donors and cyclosporine treatment
have a negative impact on BMI, increasing the risk of gaining weight.

Concerning the organ, kidney was the first transplanted organ in both samples followed by liver and lung.
Although associated with a deleterious effect on graft survival and graft function, weight gain after
transplantation has also been described as a positive event. This is the case of lung transplanted recipients
where recipients gaining more weight in the first year (11%-84% proportion of baseline weight) had a better
survival compared to those with less weight gain (-32%-10%) (134). Due to our sample sizes, we could only

conduct stratified analysis by kidney / non kidney recipients.

Altogether these findings show that environmental factors play a role on metabolic outcomes and factors
such as treatment, treatment duration, transplanted organ and/otr socioeconomic determinants should be

considered in future studies.

2. Genetic aspects

Concerning the genetic factors, several approaches have been used in the present work: Firstly, a candidate
gene approach (monogenic analysis) and secondly, a genetic risk score approach (polygenic analysis).
Common obesity and diabetes are polygenic diseases. Thus, a combination of several genes which can better
represent the genetic profile is warranted. However, a monogenic and candidate gene analysis is also of
interest if the aim of the study is to focus precisely on that gene or pathway and its association with the
outcome. The motivation of the monogenic analysis (in Project I) was the fact that PCK7 is a downstream
gene of CRTCT; a gene playing a role on weight regulation in mice (135) and a gene associated with BMI in
psychiatric populations (120). In addition, PCK1 is a key enzyme of the gluconeogenesis regulation. In this
manuscript, we integrated both CRTCT and PCK7 protective alleles finding lower effects on the BMI

compared to the PCKT protective alleles alone.
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The Projects II, III and IV, focused on BMI-related and diabetes-related polymorphisms/genes integrated
in w-GRS. Most of the genes were obtained from GWAS studies (31, 34, 110, 136, 137), but also from CG
approaches (i.e. antipsychotic-induced weight gain-related polymorphisms (60)) and from gene expression
analysis (108). One of the major issues of GWAS is to elucidate the biological pathways behind the variants
associated with the phenotype, since they are hypothesis free. Regarding BMI, when exploring further the role
of the genes in or nearby the region of polymorphisms, the implicated genes are related to glutamate signaling
(CADM?2, GRID1, NEGRT) (138, 139) which integrates pathways responding to changes in feeding and
fasting (140), or genes causing monogenic obesity syndromes (MC4R, POMC) (141) or eventually genes
related to insulin secretion, energy metabolism and/or adipogenesis (I'CF7L.2, GIPR, IRS7) (31). Finally,
these genes are mostly expressed in the hypothalamus; one of the key-regulation sites of body mass (31).
Genes whose expression was associated with weight change in kidney transplant recipients (108) were related
to diabetes, obesity and neurological concepts such as dopamine, nicotine, and cognition (108).

Concerning polymorphisms related to diabetes, most of them have been associated with indices of beta-cell
function (i.e. TCF7L2, KCNQT) and insulin sensitivity (i.e. KLLF74). FTO has been also associated with
reduced insulin sensitivity; an action that would be driven by obesity (136). Regarding the GWAS NODAT-
related variants presented in Project IV, they would be mainly related to beta-cell dysfunction and more
specifically to beta-cell apoptosis. Insulin resistance may contribute to NODAT but this has not been

conclusively proven (142).

All these results taken together confirm that genetic factors contribute significantly to the complex nature of
the studied metabolic outcomes. The fact that the BMI explained variability remains low suggests the
contribution of other factors potentially influencing the BMI (discussed further in limitations and
strengths, Future perspectives). Finally, the w-GRS which was significantly associated with BMI in the
psychiatric samples was also significantly associated with BMI in the transplanted population, validating this

score in other specific populations.
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3. Strengths and Limitations

All the research conducted in the present work is based on observational studies, resembling more real life
situations. Also, many factors (genetic and environmental) influenced the studied outcomes but we could not
control all of them. Thus, measuring exact food and nutrient intake and individuals’ physical activity in order
to assess energy expenditure is a difficult issue in an observational setting.

The follow-up design increases power and allows establishing causality. More longitudinal studies are needed;
although they are expensive and there is a high risk of drop out.

Working with gene candidates implies several issues which must be considered. Although hypothesis-driven,
studying only one gene at a time may lead to non-replication of the results since this may not be
representative enough of the variability and of the effect of a complex phenotype. GWAS, on the contrary,
uses a hypothesis-free approach and allows for identification of several novel variants. However, results
interpretation of GWAS can be a complicated issue, since no a priori biological approach is considered. In the
present work, the best replicated GRS was obtained from a GWAS (i.e. GRS in Project II, Project III) with
the BMI association results replicated in both psychiatric and transplanted populations.

Since allele frequencies can greatly vary among ethnicities, the genetic results in the present work are only
valid for Caucasian subjects. Nevertheless, it is worth mentioning that the results obtained in the present
work with T2DM Caucasians came from variants tested in a large trans-ethnic meta-analysis (137).

Replication of the results remains one of the main issues in pharmacogenetic research contributing to the
challenging translation into clinical practice. GRS have the advantage of including a wider spectrum of genetic
variants, with results remaining valid for various populations. This is the case of the 32 BMI-related
polymorphisms which have been replicated in several populations including different ethnicities (143-145) in

addition to the specific transplanted and psychiatric populations presented here.
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4. Future perspectives

Several attempts to further explore the biological impact of different genes have been conducted in our
laboratory, for instance the influence of polymorphisms on gene expression in human peripheral blood
mononuclear cells or in fibroblasts. However, this is laborious work and only a limited number of samples
could be analyzed. In addition, some positive results could not be replicated (data not shown). The non-
replication or the negative results could be attributed to small sample size or the non-adequacy of tissue
tested. Nowadays, powerful platforms concerning genotype specific-tissue expression, such as the GTEx
project, are easily accessible and can save a lot of laborious work, while offering, at the same time, results on a
large number of samples (146). GTEx project aims to collect and analyze multiple human tissues from
general population donors who are extensively genotyped. This helps to identify genes whose expression is
affected by genetic variation and/or to provide a better understanding of the gene regulation. Recently, other
projects such as the Encyclopedia of DNA Elements (ENCODE) identify all functional regions in the human
genome. The data generated from this project is accessible through public databases (147, 148). It is described
that 90% of the SNPs linked to diseases and detected through GWAS are found outside of protein-coding
region (i.e. non-coding DNA) (148). Nowadays, it is well-known that much of this functional non-coding
DNA participates in the regulation of the expression of coding genes (149). Thus, with the availability of such
databases, molecular genetic studies will better characterize the role of enhancers, amplifiers, regulators.

The significant results concerning GRS methodology referred to well established polymorphisms found in
large meta-analysis of GWAS. From a biological point of view, many of these genes functions are unknown.
The analysis of a whole metabolic pathway (integrating the genes in a polygenic score) and its association with
metabolic parameters would be another way of exploring genetic influences on specific phenotypes. A study
based on genetic architecture of circulating lipid levels showed that pathway analysis based on the best
predictive polygenic score was more informative than the pathway analysis based on the genome-wide
significant findings (150). Interestingly, another study about folate levels and negative symptoms severity in
schizophrenia based part of the analysis on genetic risk scores constructed with polymorphisms implicated in

the folate metabolic pathway (151). In addition, a GRS association analysis of gene variants implicated in
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oxidative stress and inflammation pathways (potentially linked to BMI, obesity and psychiatric illness, see
Introduction) needs to be further explored. From a methodological point of view, the fact of including all
polymorphisms of the pathway in a polygenic score will enrich the GRS for positive associations; however,
the GRS will certainly also include false-positive associations. Therefore, a pre-selection of the SNPs to
include in the final GRS needs to be done in an independent discovery sample; large enough to have power to
detect such association.

Finally, many questions must be answered before genetic information can be appropriately translated into
clinical practice for preventing complex metabolic disorders. From the genetic point of view, only little BMI
variability is explained by genetic polymorphisms. This missing variability could be potentially explained by
other variants than SNPs such as CNV or rare alleles, which are typically not included in the gene-candidate
associations or GWAS. Data obtained by next generation sequencing techniques would allow taking into
account other variants. Epigenetic can also contribute to explaining the genetic variance. In addition, gene-
gene (or SNP-SNP) and gene-environment interaction effects represent potential sources of variance that
need to be explored. To date, several gene polymorphisms have been associated with the variation on how
people respond to environment (i.e. physical activity, hunger and intake of high-calorie meals) (152),
emphasizing the fact that genetic factors should be considered together with environmental and clinical
factors in order to better characterize the target population. Finally, before implementing genetic tests into
clinical practice, a cost-benefit analysis is warranted in order to provide recommendations for policy and
decision-making strategies. Figure 5, shows an integrative view of the key elements contributing towards

personalized treatment.
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Figure 5: An integrative view of personalized treatment (adapted from: (153))
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5. Final conclusions

Many aspects of genetics of obesity and of other metabolic outcomes still remain uncovered. Presently,
genetic knowledge cannot yet be translated from bench to bedside given that more understanding is needed
on their implication in energy balance regulation.

In order to curb the obesity epidemic, a population-based multisectorial (i.e. by improving health policies,
health services and preventive actions such as dietary advice) multi-disciplinary (e.g. from physicians, nurses,
dieticians to biologists, bioinformatics or pharmacologists) and also culturally (e.g. developed versus
developing world, westernized versus oriental cultures) approach is warranted. The present work suggests

some clues for next steps towards personalized medicine in high risk populations.
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Supplementary files. Project I: Association of PCK7with Body Mass Index and other metabolic
features in patients with psychotropic treatments
eTable 1. Description of demographic and clinical psychiatric Caucasian samples.
Discovery Replication Replication Combined
Sample Sample 1 Sample 2 sample
Characteristics n =478 n =168 n =188 n=834
Male, % 44 53 62 50
Age, median (range), years 50 (12-96) 42 (19-64) 42 (19-69) 45 (12-96)
Diagnosis
Psychotic disorders,% 333 27.5 43.4 34.5
Schizo-affective disorders,% 6.5 15.6 12.1 10
Bipolar disorders,% 19.9 32.9 17 22.2
Depression disorders,% 204 16.8 13.7 17.9
Others diagnosis,% 19.9 7.2 13.7 15.4
Initial BMI status
BMI, median (range), kg/m2 24 (13-44) 25 (15-46) 25 (16-46) 24 (13-46)
Overweight (252 Initial BMI<30), % 23 36 32 28
Obese (Initial BMI> 30), % 14 15 15 14
Current BMI status *
BMI, median (range), kg/m2 25 (15-50) 28 (16-42) 27 (17-44) 25 (15-50)
Overweight (252 Current BMI<30), % 26 30 34 27
Obese (Current BMI> 30), % 18 40 27 24
Initial waist circumference’
WC, median (range), cm 90 (54-138) -- -- 87 (54-138)
High WC > 94cm (male), 88cm (female), % 43 (n=315) - - 43 (n=315)
Current waist circumference *
W(C, median (range), cm 93 (48 - 162) - 98 (51-148) 95 (48-162)
High WC > 94 (male), 88 (female), % 54 (n=592) -- 64 (n=182) 57 (n=774)
Initial Lipid status*
High LDL, % (n)® 9 (n=224) - - 9 (n=224)
High TG, % (n)° 19 (n=234) . - 19 (n=234)
Low HDL, % (n)° 25 (n=222) - - 25 (n=222)
Current Lipid status”
High LDL, % (n)® 14 (n=383) - - 15 (n=363)
High TG, % (n)° 28 (n=402) . - 28 (n=402)
Low HDL, % (n)° 27 (n=359) 28 (n=164) 19 (n=160) 26 (n=665)
Smoker, % 41 60 75 50
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Discovery Replication Replication Combined
Sample Sample 1 Sample 2 sample
n =478 n =168 n =188 n= 834
Prescribed psychotropic drug
Amisulpride, % 8 - 10
Aripirazole, % 10 -
Clozapine, % 8 14
Olanzapine, % 10 16 12 11
Quetiapine, % 31 18 23 28
Risperidone, % 16 17 16 16
Lithium, % 20 12 10
Valproate, % 14 8 6
Treatment duration, median (range),
months 6 (1-12) 27.4 (3-333) 36 (1-390) 9 (1-390)

¥ Before the current psychotropic treatment

# For sample 1,3 : current observation ; for sample 2 : last follow-up

-- Missing clinical values or obtained in non fasting conditions

a. High LDL cholesterol : equal or higher than 4.1 mmol/L

b. High triglycerides : equal or higher than 2.2 mmol/L

c. Low HDL cholesterol : lower than 1 mmol/L

BMI: body mass index, WC: waist circumference, LDL: low density lipoprotein, TG: triglycerides, HDL:

high density lipoprotein
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eTable 2. HWE and PCK1 genotypes distribution among three psychiatric cohorts.

rs11552145 Discovery sample Replication 1 Replication 2 Combined Sample

GG 478 141 173 792

GA 197 49 72 318

AA 30 8 11 49

HWE (p®-value) 0.40 0.68 1.00 0.08
rs707555 Discovery sample Replication 1 Replication 2 Combined Sample

cC 547 166 190 903

CG 142 29 61 232

GG 16 3 6 25

HWE (p*-value) 0.28 0.80 1.00 0.12
rs8123020 Discovery sample Replication 1 Replication 2 Combined Sample

cc 546 140 193 879

cT 149 55 62 266

TT 11 3 2 16

HWE (p*-value) 1.00 1.00 0.84 1.00
rs2071023 Discovery sample Replication 1 Replication 2 Combined Sample

cC 217 52 69 338

CG 333 103 122 558

GG 153 41 53 247

HWE (p*-value) 0.96 1.00 1.00 1.00

s‘p-corrected value
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eTable 3. Marginal analysis of the influence of PCK1 polymorphisms on BMI in the three psychiatric samples.
Discovery Sample“ Replication 1 Replication 2 Combined Sample*
rs11552145 AA G-allele p-values AA G-allele p-value AA G-allele p-value AA G-allele p-value
n 22 354 8 131 10 169 40 654
BMI [kg/m?] (SE)  22.4(0.7)  24.3(0.3) 0.36 24.3(1.4)  25.5(0.4) 0.49 23.8(0.7) 25 (0.4) 0.46 23.1(0.5) 24.7 (0.2) 0.05
rs707555 GG C-allele p-values
n 10 366
BMI [kg/m?] (SE) 23.6(6.7) 24.2(5.1) 1.00
rs8123020 T C-allele p-value$
~ | n 10 366
§ BMI [kg/m?] (SE) 23.4(3.1) 24.2(5.2) 1.00
_g rs2071023 cc G-allele p-value$ cc G-allele p-value cc G-allele p-value cc G-allele p-value
S, 122 277 33 106 46 130 194 496
D | B (kg/m?] (5E)  236(05) 244(03) O 248(06) 256(05) °°° 245(07) 250(05 °°8 240(04)  248(02) 0%
Discovery Sample“ Replication 1 Replication 2 Combined Sample*
rs11552145 AA G-allele p-value$ AA G-allele p-value AA G-allele p-value AA G-allele p-value
n 12 421 8 160 11 170 30 742
BMI [kg/m?] (SE)  22.8(2.9)  25.4(5.4) 0.08 27.1(1.3) 28.2(0.4) 0.57 26.9 (1.6) 27.3(0.4) 0.80 233(0.6) 25.7(0.2) 0.01
rs707555 cc G-allele p-value$
n 12 421 1.00
BMI [kg/m?] (SE) 25.1(6.1)  25.3(5.4)
rs8123020 ™ C-allele p-value®
—|n 10 423
§ BMI [kg/m?] (SE)  25.8(2.6)  25.3(5.4) 1.00
e | rs2071023 cc G-allele p-values cc G-allele p-value cc G-allele p-value cc G-allele p-value
2, 143 333 39 128 49 132 287 722
3 BMI [kg/m?] (SE)  24.5(0.5)  25.7(0.3) 0.018 27.5(0.7) 28.3(0.5) 0.41 26.9(0.7) 27.3(0.5) 0.88 25.3(0.3) 26.4(0.2) 0.003

# For current BMI, only significant findings in the discovery sample were further tested for replication. The same SNPs were also tested for replication at the baseline BMI.
*Only patients treated for up to 24 months.

p-corrected value for the discovery sample.
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eTable 4. Selected polymorphisms description and Minor Allele Frequencies (MAF).

] . . major / MAF in combined MAF in
variant position in gene type of variation . .. .
minor allele psychiatric sample Caucasians
rs11552145 chr 20:56138648 missense Glu>Lys G/A 0.17 0.16
rs707555 chr 20:56137895 missense Leu>Val G/C 0.12 0.14
rs8123020 chr 20:56137061  intron variant C/T 0.12 0.12
rs2071023 chr 20:56135934  5' near gene C/G 0.46 0.48
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eFigure 1: Pairwise linkage disequilibrium (LD) in CEU HapMap samples for PCK1
polmorphisms. LD expressed as r2.
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* SNPs tested in the present study, including SNPs in LD with one of the four analyzed SNPs. rs2071023 (not present in the figure)

is in LD with rs1062600 (r’=1), rs1062601 (r’=0.81) and rs1042523 (r*=0.82). rs11552145 is in LD with rs6070157 (r’=0.97).
rs8123020 is in LD with rs8192708 (r*=0.94).
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Supplementary files. Project II: Association of Genetic Risk Scores (GRS) with Body Mass Index in
Swiss Psychiatric Cohorts

S1 Table. SNP description and HWE analysis of 32 SNPs previously associated
with BMI in a Genome Wide Association Study [1].

. . HWE in the HWE in all
nearest Major/minor .. MAF L
gene SNP allele Chr position (Caucasian) Sample 1 psychiatric samples
(p-value*) (p-value*)
CADM2  rs13078807 A/G 3:85884150 0.20 0.34 0.08
FTO rs1558902 T/C 16:53800954 0.44 0.88 0.45
GPRC5B  rs12444979 c/T 16:19933600 0.12 0.99 0.55
LRP1B rs2890652 T/C 2:142959931 0.16 0.63 0.88
BDNF rs10767664 C/A 11:27728539 0.24 0.19 0.28
TFAP2B rs987237 A/G 6:50803050 0.20 0.02 0.08
NRXN3  rs10150332 T/C 14:79936964 0.22 0.09 0.01
MC4R rs571312 C/A 18:57839769 0.23 0.19 0.05
MAP2K5 rs2241423 G/A 15:68086838 0.23 0.21 0.12
PRKD1 rs11847697 c/T 14:30501885 0.05 0.06 0.13
TNNI3K rs1514175 G/A 1:74991644 0.44 0.86 0.91
SEC16B rs543874 A/G 1:177889480 0.20 0.79 0.99
SLC39A8 rs13107325 c/T 4:103188709 0.08 0.42 0.16
NUDT3 rs206936 A/G 6:34302869 0.20 0.07 0.35
ZNF608  rs4836133 G/A 5:124330522 0.47 0.36 0.07
MTIF3 rs4771122 A/G 13:28020180 0.26 0.91 0.87
MTCH2 rs3817334 c/T 11:47650993 0.42 0.53 0.67
FLJI35779  rs2112347 T/G 5:75015242 0.38 0.08 0.04
TMEM18 rs2867125 c/T 2:622827 0.18 0.10 0.23
TMEM160 rs3810291 A/G 19:47569003 0.34 0.82 0.01
RBJ/POMC rs713586 T/C 2:25158008 0.46 0.33 0.14
NEGR1 rs2815752 A/G 1:72812440 0.37 0.35 0.58
KCTD15 rs29941 G/A 19:34309532 0.32 0.58 0.30
PTBP2 rs1555543 C/A 1:96944797 0.42 0.40 0.14
ETV5 rs9816226 c/T 3:185834290 0.22 0.10 0.98
GNPDA2 rs10938397 A/G 4:45182527 0.42 0.66 0.32
RPL27A rs4929949 T/C 11:8605739 0.50 0.78 0.89
FAIM2 rs7138803 G/A 12:50247468 0.34 0.22 0.38
FANCL rs887912 c/T 2:59302877 0.31 0.14 0.14
QPCTL rs2287019 c/T 19:46202172 0.19 0.23 0.10
LRRN6C  rs10968576 A/G 9:28414339 0.31 0.13 0.31
SH2B1 rs7359397 c/T 16:28885659 0.34 0.89 0.41

HWE: Hardy-Weinberg Equilibrium. MAF: Minor Allele Frequency.*p-value corrected threshold < 0.001
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S2 Table. SNP description and HWE analyses of 20 Candidate Gene SNPs associated with antipsychotic induced

weight gain.
HWE in HWE in all animal / in vitro
nearest gene SNP Major/Minor MAF. the psychiatric mutation type effect Effect on BMI stUt.jles related to- c||n|.ca|
Allele (Caucasian)  Sample 1 samples allele obesity or metabolic studies
(p-value*)  (p-value*) parameters
CRTC1 rs6510997 T 0.17 0.16 0.23 Intron variant ~ T-allele decreased weight [2] [3]
HSD1181 rs3753519 T 0.10 0.56 0.86 Intron variant  T-allele decreased weight [4] [5]
MCHR2 rs6925272 C>T 0.37 0.13 0.20 Intron variant ~ T-allele decreased weight [6] [7]
PCK1 rs11552145 G>A 0.16 0.10 002  Missensevariant decreased weight 8] 9]
(Glu -> Lys)
3 prime UTR . .
CRTC2 rs8450 G>A 0.30 0.71 0.03 variant AA increased weight [10] [11]
IRS2 rs1411766 G>A 0.36 0.06 0.11 'n\f::ien:'c A-allele increased weight [12] [13]
Mi .
PPARGCIA 158192678 T 0.36 0.52 0.20 'TsGelcsi ‘ézrr')a”t T-allele  decreased weight [14] [15]
Missense variant More frequent in patients
FAAH rs324420 C>A 0.21 0.60 0.75 (Pro > Thr) Aallele Lo weight gain [16] [17]
Intergenic .
INSIG2 rs17587100 A>C 0.10 0.68 0.47 variant C-allele change in BMI [18] [19]
PPARG rs1801282 G>A 0.12 0.15 024  Missensevariant e weight loss [20] (21, 22]
(Pro -> Ala)
PRKAA1 rs10074991 G>A 0.29 0.09 0.08 Intron variant ~ A-allele change in weight [23] [24]
SCARBI  rs4765623 c>T 0.32 0.78 0.50 Intron variant  T-allele weight gain in the [25] [26]
olanzapine-treated group
TNF rs1800629 G>A 0.14 0.04 0.07 Upsv:;;“ntgene GG weight gain [27] (28]
ADRA2A  rs1800544 G 0.26 0.52 0.63 UpSt\:aefi;"ntge”e C-allele weight gain [29] (30, 31]
CNR1 rs806378 T 0.27 0.31 0.65 Intron variant T-allele weight gain [32] [33, 34]
DRD2 rs1800497 G>A 0.18 0.12 0.32 Intron variant  C-allele weight gain [35] [36]
Synonymous
HTR2A rs6313 G>A 0.44 0.32 0.32 variant (Ser->  A-allele weight gain [37] [38, 39]
Ser)
Missense variant . .
LEPR rs1137101 A>G 0.49 0.12 0.11 (GIn -> Arg) G allele weight gain [40] [41]
ADIPOQ  rs17300539 G>A 0.07 0.63 0.64 UpStVraefi?ntge”e G-allele  decreased risk of obesity (37] (24, 42]
LEP rs7799039 G>A 0.46 0.18 0.24 U”Stvrsfi;“ntge”e A-allele weight gain [37] [37]

HWE: Hardy-Weinberg Equilibrium. MAF: Minor Allele Frequency.*p-value corrected threshold < 0.001
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S3 Table. Description of SNPs previously associated with Diabetes in GWAS [43].

Major/Minor MAF in

Chr position SNP Alleles Caucasians Gene Position
10:114758349 rs7903146 T 0.17 TCF7L2 intron-variant
11:72433098 rs1552224 A>C 0.07 ARAP1 utr-variant-5-prime
2:227020653 rs7578326 A>G 0.30 IRS1 intron-variant
10:94465559 rs5015480 T>C 0.42 - intergenic
2:60584819 rs243021 A>G 0.48 - intergenic
11:92673828 rs1387153 T 0.41 - intergenic
11:2691471 rs231362 G>A 0.25 KCNQ1 intron-variant
5:76424949 rs4457053 A>G 0.12 ZBED3 intron-variant
9:22133284 rs10965250 G>A 0.23 - intergenic
X:152899922 rs5945326 A>G 0.25 - intergenic
10:104844872 rs7092200 T>C 0.38 - intergenic
6:152790573 rs9371601 >G 0.37 SYNE1 intron-variant
8:95960511 rs896854 T 0.46 TP53INP1 intron-variant
3:185529080 rs1470579 A>C 0.46 IGF2BP2 intron-variant
7:28196222 rs849134 A>G 0.30 JAZF1 intron-variant
12:66174894 rs1531343 G>C 0.22 HMGA2 intron-variant
8:118185025 rs3802177 G>A 0.29 SLC30A8 utr-variant-3-prime
16:53845487 rs11642841 C>A 0.17 FTO intron-variant
17:36098040 rs4430796 A>G 0.46 HNF1B intron-variant
12:71634794 rs4760790 G>A 0.24 - intergenic
6:20686996 rs9368222 C>A 0.30 CDKAL1 intron-variant
7:130438214 rs13234407 G>A 0.34 - intergenic
9:107669073 rs13284054 T>C 0.12 ABCA1 intron-variant
4:6293350 rs10012946 C>T 0.19 WFS1 intron-variant

Chr: Chromosome. MAF: Minor Allele Frequency
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S4 Table. Description of SNPs previously associated with Psychiatric disease in GWAS [44].

Major/Minor MAF in

chr: position SNP Alleles Caucasians Genes Position
11:125550049 rs556884 A>G 0.12 ACRV1 intron-variant
3:52818579 rs2239551 G>A 0.41 ITIH1 intron-variant
10:104844872 rs7092200 T>C 0.38 - intergenic
6:152790573 rs9371601 T>G 0.37 SYNE1 intron-variant
8:4188511 rs10866968 T 0.41 CSMD1 intron-variant
10:62181128 rs10994338 G>A 0.13 ANK3 intron-variant
10:104660004  rs11191454 A>G 0.12 AS3MT intron-variant
10:104906211 rs11191580 T>C 0.14 NT5C2 intron-variant
8:89574375 rs13263450 G>T 0.13 - intergenic

Chr: Chromosome. MAF: Minor Allele Frequency
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S5 Table. Allele effects (B-coefficients) calculated from the general population for

the 52 SNPs.
Gene SNP Allele Effect I;;_rc?)!‘:;i; frf\::; p-value
BDNF rs10767664 A 0.048 1.2E-19
CADM2 rs13078807 G 0.033 5.4E-10
ETV5 rs9816226 T 0.048 4.7E-18
FAIM?2 rs7138803 A 0.035 5.2E-16
FANCL rs887912 T 0.026 2.4E-08
FLJ35779 rs2112347 T 0.028 1.6E-10
FTO rs1558902 A 0.080 2.9E-75
GNPDA2 rs10938397 G 0.042 5.4E-21
GPRC5B rs12444979 C 0.050 2.7E-15
KCTD15 rs29941 G 0.032 2.6E-12
LRP1B rs2890652 C 0.036 2.0E-10
LRRN6C rs10968576 G 0.029 3.8E-10
MAP2K5 rs2241423 G 0.037 5.4E-13
MC4R rs571312 A 0.056 2.0E-28
MTCH2 rs3817334 T 0.030 2.0E-12
MTIF3 rs4771122 G 0.029 1.3E-08
NEGR1 rs2815752 A 0.038 1.7E-18
NRXN3 rs10150332 C 0.031 1.4E-09
NUDT3 rs206936 G 0.022 2.2E-05
PRKD1 rs11847697 T 0.070 1.0E-09
PTBP2 rs1555543 C 0.024 1.5E-08
QPCTL rs2287019 C 0.037 2.0E-09
RBJ POMC rs713586 C 0.026 6.9E-10
RPL27A rs4929949 C 0.024 3.2E-08
SEC16B rs543874 G 0.044 2.4E-16
SH2B1 rs7359397 T 0.028 1.5E-10
SLC39A8 rs13107325 T 0.055 2.9E-08
TFAP2B rs987237 G 0.049 3.9E-19
TMEM160 rs3810291 A 0.029 2.8E-09
TMEM18 rs2867125 C 0.060 2.2E-26
TNNI3K rs1514175 A 0.030 4.9E-12
ZNF608 rs4836133 A 0.023 3.0E-07
CRTC1 rs3746266" T 0.015 2.2E-02
HSD rs3753519 C 0.003 6.5E-01
PCK1 rs6070157" T 0.003 6.3E-01
CRTC2 rs8450 C 0.004 3.7E-01
IRS2 rs1411766 A 0.001 8.9E-01
PPARGCIA  rs8192678 T 0.0001 9.9E-01
PRKAA1 rs10074991 A 0.006 2.3E-01
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Per allele effect

Gene SNP Allele Effect (B-coefficient*) p-value
LEPR rs1137101 A -0.006 0.14
INSIG2 rs17587100 A -0.006 0.42
DRD2 rs1800497 A 0.014 0.01
TNF rs1800629 A 0.003 0.60
PPARG rs2197423" A 0.015 0.02
FAAH rs324420 A 0.002 0.68
ADRA2A rs1800544 A 0.003 0.51
HTR2A rs6313 A -0.006 0.14
SCARB1 rs7954697" A 0.006 0.18
CNR1 rs806378 T -0.014 0.00
MCHR2 rs7749425" T 0.003 0.47
ADIPOQ  rs17300539 A 0.013 0.18
LEP rs7799039 A -0.003 0.56

* B-coefficients are obtained from GIANT consortia * rs3746266 is a proxy of rs6510997 (r’=0.70),
rs6070157 is a proxy of rs11552145 (r’=1), rs2197423 is a proxy of rs1801282 (r’=1), rs7954697 is a

proxy of rs4765623 (r’=0.62), rs7749425 is a proxy of rs6925272 (r’=0.93)
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S6 Table. Detailed characteristics of the combined sample stratified by gender.
Men Women p-value
375 375

Score, mean (SD) 1.02 (0.13) 1.02 (0.13) 0.8

1st quartile of GRS, % 24 26

2nd quartile of GRS, % 26 20

3th quartile of GRS, % 22 28

4th quartile of GRS, % 29 26 0.1
Newly diagnosed and first episode, (%)** 23 30 0.1
Age, median (range), years 40 (13-97) 49 (15-96) 0.0001
Baseline BMI (kg/m?) * 24.6 (16-44) 24.1 (13-46) 0.004
Current BMI (kg/m?) * 25.5 (17-50) 24.2 (15-47) 0.1
Treatment prescription

Ami, Ari, Li, Quet, Risp 70 70
Clo, Olan, Valp 30 30 0.9

Treatment duration, median (range), months 9 (1-24) 6 (1-23) 0.05
High waist circumference (WC 294 cm men, 88
cm women); % 50 53 0.5
Diagnostic, %

Psychotic disorders 49 34

Bipolar disorders 22 21 <0.001

Depression 11 21

Ami: amisulpride, Ari: aripiprazole, Li: lithium, Quet: quetiapine, Risp: risperidone, Clo: clozapine, Olan:

olanzapine, Valp: valproate. WC: waist circumference
* Before the current psychotropic treatment

** Only for Sample 1

# Last observed data
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S7 Table. Detailed characteristics of the combined sample by first episode and

newly diagnhosed (FEND) patients.

FEND Others o-value
116 309

Score, mean (SD) 1.02 (0.12) 1.01 (0.13) 0.2

1st quartile of GRS, % 21 26

2nd quartile of GRS, % 22 22

3th quartile of GRS, % 26 25

4th quartile of GRS, % 30 26 0.4
Men, % 37 46 0.10
Age, median (range), years 58 (14-96) 51 (13-97) 0.4
Baseline BMI (kg/m?) * 22.3(13.4-38.2) 24.2 (14.3-44.5) 0.09
Current BMI (kg/m?) * 23.4 (16.5-37.7) 26.0 (14.7-50.2) 0.01
Treatment prescription

Ami, Ari, Li, Quet, Risp 79 73
Clo, Olan, Valp 20 27 0.2

Treatment duration, median (range), months 3(1-12) 4 (1-23.8) 0.002
High waist circumference (WC 294 cm men,
88 cm women); % 41 50 0.2
Diagnostic, %

Psychotic disorders 32 40

Bipolar disorders 8 22 <0.001

Depression 20 16

Ami: amisulpride, Ari: aripiprazole, Li: lithium, Quet: quetiapine, Risp: risperidone, Clo: clozapine, Olan:

olanzapine, Valp: valproate.WC: waist circumference
* Before the current psychotropic treatment
# Last observed data
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S8 Table. Weighted GRS association with BMI obtained from 32 SNPs of Genome Wide Association Studies.

BMI difference between GRS (p90) and GRS (p10) [95% Cl]

at baseline

at 12 months

Sample 1*

Sample 2 **

Sample 3 **

Samples 2 and 3 **
All samples combined
FEND patients*

Men

Women

425
148
177
325
750
116
375
375

1.38[0.21-2.57]
-0.42 [-2.75-1.91]
2.02 [-0.002 — 4.04]
1.14 [-0.38 - 2.68]
1.31[0.39-2.24]
2.52[0.31—-4.73]
2.05 [1.04 — 3.05]
0.59 [-0.53 - 1.71]

1.55[0.21 -2.88]
-0.49 [-3.29 - 2.29]
2.19[-0.06 — 4.44]
1.29[-0.47 —3.06]
1.47 [0.42 - 2.52]
2.91[0.32-5.50]
2.29[1.15-3.45]
0.65[-0.62 - 1.93]

p-value

at 24 months
0.01
-0.59 [-4.3 -3.11] 0.8
2.38[-0.35-5.13] 0.04
1.46 [-0.76 — 3.69] 0.06
0.001
0.01
0.0001
0.3

GRS: Genetic Risk Score, p90: percentile 90 of GRS, p10: percentile 10 of GRS.
*follow-up to 12 months of treatment. **follow-up to 24 months of treatment.
FEND: First Episode and Newly Diagnosed Patients
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S9 Table. Weighted GRS association with BMI obtained from 20 Candidate Genes SNPs.

BMI difference between GRS (p95) and GRS (p5) [95% Cl]

n p-value
at baseline at 12 months at 24 months
Sample 1* 425 -0.03[-1.39-1.32] -0.03[-1.55-1.48] 0.96
Sample 2 ** 143 1.66[-1.22-4.55] 1.97[-1.48—5.43] 2.37[-2.10 - 6.85] 0.28
Sample 3 ** 175 1.26[-1.03 —3.54] 1.36[-1.17 — 3.89] 1.48 [-1.53 — 4.48] 0.31
Samples 2 and 3 ** 318 1.19[-0.59-2.97] 1.33[-0.71-3.38] 1.51 [-1.00 — 4.04] 0.21
All samples combined 743 0.53[-0.90-1.99] 0.42[-0.65-1.51] 0.46
FEND patients* 116 -1.53[-4.00—0.94] -1.75[-4.62-1.11] 0.22
Men 374 1.16[-0.05-2.38] 1.30[-0.08 —2.69] 0.11
Women 369 -0.37[-1.76 -1.02] -0.41[-1.97-1.15] 0.66

GRS: Genetic Risk Score, p95: percentile 95 of GRS, p5: percentile 5 of GRS.
*follow-up to 12 months of treatment. **follow-up to 24 months of treatment.
FEND: First Episode and Newly Diagnosed Patients
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S10 Table. Weighted GRS association with BMI obtained from 20 SNPs of Candidate gene approach and 32 SNPs
of Genome Wide Association Studies (52 SNPs).

BMI difference between GRS (p95) and GRS (p5) [95% Cl]

n p-value
at baseline at 12 months at 24 months
Sample 1* 425 1.87[0.49-3.26] 2.08 [0.53 - 3.63] 0.01
Sample 2 ** 143 -0.20[-2.79-2.39] -0.24[-3.35-2.87] -0.29 [-4.36 - 3.79] 0.8
Sample 3 ** 175 2.37[0.13-4.61] 2.57 [0.08-5.06] 2.79 [-0.19-5.78] 0.04
Samples 2 and 3 ** 318 1.71[-0.03-3.45] 1.92 [-0.07 —3.92] 2.18 [-0.29 — 4.66] 0.06
All samples combined 743 1.74 [0.68-2.80] 1.94 [0.75-3.14] 0.001
FEND patients* 116 3.19[0.54-5.84] 3.66 [0.58-6.73] 0.01
Men 374 2.75[1.57-3.93] 3.09 [1.74-4.45] 0.0001
Women 369 0.85[-0.49-2.21] 0.94[-0.57-2.47] 0.3

GRS: Genetic Risk Score, p95: percentile 95 of GRS, p5: percentile 5 of GRS.
*follow-up to 12 months of treatment. **follow-up to 24 months of treatment.
FEND: First Episode and Newly Diagnosed Patients
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S1 Fig. Relationship between weighted genetic risk score and number of alleles
(unweighted genetic risk score)
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S2 Fig. Evolution of Body Mass Index between Genetic Risk Score extreme
percentiles (10% and 90%):
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Boxplots show median values of BMI for each time of the treatment duration (solid horizontal line), 25t
and 75w percentile values (box outline), the lowest and upper value within 1.5 Interquartile range
(whiskers) and outlier values (open circles). (n) corresponds to individuals.
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Supplementary files. Project III: Clinical and Genetic factors influencing Body Mass Index and risk
prediction of weight gain in Solid Organ Transplant populations

Table S1. SNP group#1 description (1)

Sample A Proxy Sample B Proxy Effect
NP Allel E  Pval
S Gene(s) (LD, ) (LD, r’) eles allele B S value
rs13078807 CADM2 A/G G 01 002 3.94E-11
rs1558902  FTO rs1421085 (1) rs1421085 (1) T/A A 039 002 48E-120
rs12444979 GPRC5B /T C 017 003 291E-21
rs2890652  LRp1g  notfoundin rs17834293 (0.7) T/C C 009 003 1.35E-10
Sample A
rs10767664 BDNF  rs7103411 (1) rs2030323 (1) A/T A 019 003 4.69E-26
rs987237  TFAP2B A/G G 013 003 2.9E20
rs10150332 NRXN3  rs17109256 (1)  rs17109256 (1) T/C C 013 003 2.75E-11
rs571312  MC4R C/A A 023 003 6.43E-42
(s2241423  MAP2K5 G/A G 013 002 1.19E-18
111847697 PRkp1  motfoundin 16134820 (0.74) /T T 017 005 5.76E-11
Sample A
rs1514175  TNNI3K G/A A 007 002 8.16E-14
rs543874  SEC16B A/G G 022 003 3.56E-23
rs13107325 SLC39A8 /T T 019 004 1.5E-13
rs206936  NUDT3 A/G G 006 002 3.02E08
rs4836133 ZNF608  rs6864049 (1) rs6864049 (1) C/A A 007 002 1.97E-09
(4771122  MTIF3 r53318276)99 rs1006353 (0.74) A/G G 009 003 9.48E-10
rs3817334 MTCH2  rs7124681 (1) /T T 006 002 1.59E-12
rs2112347 FLJ35779  rs10057967 (1) /G T 01 002 217E-13
rs2867125 TMEMI8 /T C 031 003 2.77E-49
rs3810291 TMEM160 A/G A 009 002 1.64E-12
rs713586 PROBI(ﬂ/C rs713587 (0.97)  rs10182181 (1) T/C C 014 002 6.17E-22
rs2815752  NEGRI A/G A 013 002 1.61E-22
(29941  KCTD15  rs29942 (1) G/A G 006 002 3.01E-09
rs1555543  PTBP2  rs10489741(1)  rs11165643 (1) C/A C 006 002 3.68E-10
rs9816226  ETV5 not found in rs7647305 (0.71) T/A T 014 003 1.69E-18
Sample A
rs10938397 GNPDA2 A/G G 018 002 3.78E-31
(s4929949  RPL27A rsl(lOO;L;;)% rs7127684 (0.93) /T C 006 002 2.8E-09
rs7138803  FAIM2 G/A A 012 002 1.82E-17
rs887912  FANCL  rs1016287 (1) /T T 01 002 1.79E-12
(52287019  QPCTL /T C 015 003 1.88E-16
rs10968576 LRRN6C A/G G 011 002 2.65E-13
rs7359397  SH2B1 rs3888190 /T T 015 002 1.88E-20

(0.97)
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Table S2. SNP group#2 description (2)
snp Genels) ProcvSampleA  ProwSampleB  pietes 5 st pvalue
rs17024393 GNAT2; AMPD2 c/T T 0.066 0.009  7.03E-14
rs11847697 PRKD1 not found in Sample A rs10134820 (0.74)  T/C C 0.049 0.008  3.99E-09
rs7899106 GRID1 rs11201714 (1) G/A A 0.04 0007 2.96x10°
rs16851483 RASA2 rs2035935 (0.91)  T/G G 0.048 0.008 3.55x10"°
rs13107325 SLC39A8 T/C C 0.048 0.007  1.83E-12
rs11191560 NT5C2; CYP17A1; SFXN2 c/T T 0.031 0.005 8.45x107°
rs12429545 OLFM4 A/G G 0.033  0.005  1.09E-12
rs13201877 IFNGR1; OLIG3 not found in Sample A G/A A 0.024 0.004 4.29x10°
rs2121279 LRP1B T/C C 0.025 0.004  2.31E-08
rs17001654 NUP54; SCARB2 rs17001561 (1) rs17001561 (1) G/C C 0.031 0.005 7.76x10°
rs2207139 TFAP2B rs943005 (1) rs734597 (0.90)  G/A A 0.045 0.004  4.13E-29
rs1460676 FIGN rs10192119 (1) c/T T 0.021 0.004 4.98x107°
rs2245368 PMS2L11 not found in Sample A badqgu?ii\t/ype /T T 0.032 0.006 3.19x10°
rs543874 SEC16B G/A A 0.048 0.004  2.62E-35
rs17203016 CREB1; KLF7 G/A A 0.021 0.004 3.41x10°
rs13078960 CADM?2 rs9852127 (0.95) rs7622475(0.95)  G/T T 0.03  0.004 1.74E-14
rs12016871 MTIF3; GTF3A rs1885988 (0.82)  T/C C 0.03  0.005  2.29E-10
rs17094222 HIFIAN rs17113301 (0.90) c/T T 0.025 0.004 594x10"
rs9914578 SMG6; N29617 rs8082647 (1) G/C C 0.02 0.004 207x10°
rs6567160 MC4R c/T T 0.056  0.004  3.93E-53
rs2176598 HSD17B12 T/C C 0.02 0.004 297x10°
rs758747 NLRC3 T/C C 0.023 0.004 7.47x10"°
rs205262 C60rf106; SNRPC G/A A 0.022 0.004  1.75E-10
rs11126666 KCNK3 A/G G 0.021  0.003 1.33x107
rs1016287 LINC01122 T/C C 0.023  0.003  2.25E-11
rs2033529 TDRG1; LRFN2 G/A A 0.019 0.003 1.39x10°
rs2650492 SBK1; APOBR not found in Sample A A/G G 0.021 0.004 1.92x107
rs6465468 ASB4 rs2375019 (0.80) T/G G 0.025 0.005 4.98x10°
rs10968576 LINGO2 G/A A 0.025 0.003  6.61E-14
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rs1000940 RABEP1 rs3026101 (1) G/A A 0.019 0.003 1.28x10°
rs12401738 FUBP1; USP33 rs17381664 (0.83) A/G G 0.021 0.003  1.15E-10
rs3849570 GBE1 rs3772883 (1) rs6792696 (0.70)  A/C C 0.019 0.003 2.60x107°
rs6477694 EPB4114B; C9orf4 not found in Sample A c/T T 0.017 0.003 2.67x10°
rs2176040 LOC646736; IRS1 rs2943641 (0.96) rs2972143 (0.96)  A/G G 0.024  0.004 9.99x107°
rs7138803 BCDIN3D; FAIM2 A/G G 0.032 0.003  8.15E-24
rs7239883 LOC284260; RIT2 G/A A 0.023 0.004 151x10°
rs657452 AGBL4 A/G G 0.023 0.003 5.48x10"
rs11583200 ELAVL4 c/T T 0.018 0.003 1.48x10°
rs3888190 ATXN2L; SBK1; SULTIA2; TUFM A/C C 0.031 0.003  3.14E-23
rs977747 TAL1 T/G G 0.017 0.003 2.18x10°
rs3817334 MTCH2; C1QTNF4; SPI1; CELF1 rs7124681 (1) T/C C 0.026 0.003  5.15E-17
rs2080454 CBLN1 C/A A 0.017 0.003 8.60x10°
rs1558902 FTO rs1421085 (1) rs1421085 (1) A/T T 0.082 0.003 7.51E-153
rs7715256 GALNT10 rs7719067 (1) G/T T 0.017 0.003 8.85x10°
rs492400 PLCD4; CYP27A1; USP37; TTLL4;STK36; ZNF142; RQCD1 c/T T 0.024 0.004 6.78x10°
rs9641123 CALCR; hsa-miR-653 rs10488551 (0.93)  rs5014937 (0.70)  C/G G 0.029 0.005 2.08x10 "
rs10938397 GNPDA2; GABRG1 G/A A 0.04  0.003  3.21E-38
rs12566985 FPGT-TNNI3K rs6604872 (1) rs1514175(0.97)  G/A A 0.024 0.003  3.28E-15
rs9540493 MIR548X2; PCDH9 A/G G 0.021 0.004 4.97x10°
rs3736485 SCG3; DMXL2 A/G G 0.018 0.003 7.41x107°
rs10182181 ADCY3; POMC; NCOA1;SH2B1; APOBR rs713587 (1) G/A A 0.031 0.003 8.78E-24
rs10733682 LMX1B A/G G 0.017 0.003 1.83x10°
rs4787491  MAPK3; KCTD13; INOSOE; TAOK2; YPEL3; DOC2A; FAMS578 G/A G 0.022 0.004 2.70x10°
rs12286929 CADM!1 G/A G 0.022 0.003 1.31x107"
rs11688816 EHBP1 rs360791 (0.90) G/A G 0.017 0.003 1.89x10°
rs7141420 NRXN3 T/C T 0.024 0.003  1.23E-14
rs1808579 NPC1; C180rf8 rs11663558 (1) c/T T 0.017 0.003  4.17E-08
rs4740619 C90rf93 T/C C 0.018 0.003 4.56x10°
rs1928295 TLR4 T/C C 0.019 0.003 7.91x10"°
rs1167827 HIP1; PMS2L3; PMS2P5; WBSCR16 G/A A 0.02 0003 6.33x107"
rs2820292 NAV1 rs1032524 (1) C/A A 0.02 0.003 1.83x107"
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rs12940622 RPTOR G/A A 0.018 0.003  2.49E-09
rs6804842 RARB G/A A 0.019 0.003 2.48x10°
rs2365389 FHIT rs815710 (0.96) /T T 0.02 0003 1.63x107"
rs11165643 PTBP2 rs10489741 (1) T/C C 0.022 0.003  2.07E-12
rs2836754 ETS2 c/T T 0.017 0.003 1.61x10°
rs3101336 NEGR1 /T T 0.033 0.003  2.66E-26
rs1441264 MIR548A2 A/G G 0.017 0.003 2.96x10°
rs9925964 KAT8;ZNF646; VKORC1; ZNF668; STX1B;FBXL19 rs1978487 (0.98) A/G G 0.019 0.003 8.11x107"°
rs2112347 POC5; HMGCR; COL4A3BP rs10057967 (1) T/G G 0.026 0.003  6.19E-17
rs1528435 UBE2E3 rs6727573 (1) T/C C 0.018 0.003 1.20x10°
rs12885454 PRKD1 rs11625899 (1) C/A A 0.021 0.003 1.94x10"°
rs4256980 TRIMG66; TUB rs4929927 (1) rs7113874 (1) G/C C 0.021  0.003  2.90E-11
rs3810291 ZC3H4 A/G G 0.028 0.004  4.81E-15
rs29941 KCTD15 rs29942 (1) G/A A 0.018 0.003  2.41E-08
rs7164727 LOC100287559; BBS4 rs9460 (0.84) T/C C 0.019 0.003 3.92x107°
rs10132280 STXBP6 C/A A 0.023 0.003 1.14x10"
rs9400239 FOX03; HSS00296402 not found in Sample A /T T 0.019 0.003 1.61x10°
rs17405819 HNF4G rs12679314 (1) T/C C 0.022 0.003  2.07E-11
rs7903146 TCF7L2 c/T T 0.023 0.003 1.11x10"
rs6091540 ZFP64 rs6096969 (1) /T T 003 0004 2.15x10™"
rs7599312 ERBB4 G/A A 0.022 0.003 1.17x107"°
rs9374842 LOC285762; rs1329530 (1) T/C C 0.023 0.004 2.67x10°
rs17724992 GDF15; PGPEP1 A/G G 0.019 0.004 3.42x10°
rs2033732 RALYL /T T 0.019 0.004 4.89x10°
rs16951275 M4P2K5; LBXCOR1 rs4776982 (1) rs2241420 (1) T/C C 0.031 0.004  1.91E-17
rs11030104 BDNF rs7103411(0.91)  A/G G 0.041 0.004  5.56E-28
rs2287019 QPCTL; GIPR c/T T 0.036 0.004  4.59E-18
rs7243357 GRP T/G G 0.022 0.004 3.86x10°
rs13021737 TMEM18 not found in Sample A G/A A 0.06  0.004 1.11E-50
rs2075650 TOMM40; APOE; APOC1 A/G G 0.026  0.005  1.25E-08
rs12446632 GPRC5B; 1QCK rs12444979 (0.88) G/A A 0.04  0.005  1.48E-18
rs1516725 E7V5 rs10513801 (1) rs4234589 (1) c/T T 0.045 0.005  1.89E-22
rs13191362 PARK2 rs13202339 (1) A/G G 0.028 0.005 7.34x10°
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rs11057405 CLIP1 G/A 0.031 0.006 2.02x10°
rs11727676 HHIP T/C 0.036 0.006 2.55x107°
rs16907751 ZBTB10 not found in Sample A c/T 0.047 0.009 3.89x10°

SE: Standard Error
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Table S3. SNP group#3 description (3)
Major/minor Effect Proxy Sample A Proxy Sample B # SNPs
Gene SNP Position allele allele B-coefficients * (LD, ) (LD, ) tagged

MSRA rs2001338  intron-variant(dbSNP) A/G A -0.0108 rs13254942 (0.89) 9
NMUR?2 rs982716 utr-variant-3-prime(dbSNP) C/T T -0.0033 rs17113291 (0.82) 5
FSD2 rs12592976 intron-variant(dbSNP) T/C T -0.0046 rs17158366 (0.80) 1
REPIN1 rs1051760  utr-variant-3-prime(dbSNP) A/G A 0.0119 rs17173681 (1) 2
ANGPTL2  rs999092 intron-variant(dbSNP) A/G A 0.0096 rs11789486 (1) rs2789507 (0.78) 5
LEP rs4236625  intron-variant(dbSNP) A/T A -0.0133 rs7795794 (0.88) rs4731427 (0.80) 3
GLIS3 rs7870193  intron-variant(dbSNP) C/T T 0.0016 rs2791757 (0.86) rs605571 (1) 4
GRB14 rs13000232 intron-variant(dbSNP) G/C C 0.0022 rs4130269 (0.95) rs6754749 (0.90) 7
TAS2R38 rs1726866  missense(GVS) A/G A 0.0013 rs713598 (0.73) 2
PTRF rs12948909 intron-variant(dbSNP) A/C A -0.005 rs7223784 (1) rs7223784 (1) 1
BCMO1 rs11865869 intron-variant(dbSNP) A/G A -0.0032 1
CRP rs1205 utr-variant-3-prime(dbSNP) C/T T 0.0077 0
CPE rs1438114  intron-variant(dbSNP) T/G T -0.0048 3
EXT2 rs2067787  intron-variant(dbSNP) T/C T -0.0046 0
MTCH2 rs3817334 intron-variant(dbSNP) T/C C 0.026 rs7124681 (1) 2
SERPINA12 rs4905211  intron-variant(dbSNP) G/A A -0.0027 0
H6PD rs732950 intron-variant(dbSNP) G/T T -0.0037 rs2268175 (0.93) 2
TFAP2B rs987237 intron-variant(dbSNP) A/G G 0.045 0
HRASLS2 rs9943597  intron-variant(dbSNP) A/C A 0.0032 2

* B-coefficients are obtained from GIANT consortia
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Table S4: Weighted Genetic Risk Scores from candidate gene SNPs (SNP group#3) and their associations
with BMI.

Effect on BMI per

n additional risk allele p-value* E. Var (%)
[CI 95%]
Sample A 938 0.01 [-0.01 - 0.03] 1.0 n.c
Sample B 118 0.05[0.01 -0.10] 0.048 1.72

E. Var: Explained Variability

Cl: Confidence Interval

BMI: Body Mass Index

n.c: not calculated because of non significant association
* multiple test correction p-value
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Table S5. Weighted genetic risk scores association with BMI in Sample B when combining GWAS with
candidate gene SNPs.

effect on BMI per

n additional risk allele p-value E. Var (%)
[Cl 95%]
SNP group#1 + SNP group#3 115 0.16 [0.08 - 0.24] 0.001 4.1
SNP group#2 + SNP group#3 108 0.04 [-0.04 - 0.11] 0.11 n.c

E. Var: Explained Variability

Cl: Confidence Interval

BMI: Body Mass Index

SNP: Single Nucleotide Polymorphism

n.c: not calculated because of non significant association

Figure S1. Distribution of w-GRS within Samples A and B using SNP group#1 and #2
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Supplementary files. Project IV: Genetic and clinic predictors of New Onset Diabetes Mellitus after Transplantation
Table S1. SNPs description according to the study of Mahajan et al. (1)
proxy Main proxy Replication Major>Minor OR 95% Cl
Gene SNP-Risk Allele Sample LD (r2) Sample LD (r2) allele MAF position
UBE2E2 rs7612463-C no proxy found C>A 20.8 intron-variant(dbSNP) 1.1 [1.04-1.16]
TCF7L2 rs7903146-T C>T 17.5 intron-variant(dbSNP) 1.40 [1.35-1.46]
CDKAL1 rs7756992-G A>G 45.5 intron-variant(dbSNP) 1.20 [1.16-1.25]
HHEX - EXOC6 rs1111875-C rs10882099 0.97 (o) 42.9 intergenic(GVS) 1.15 [1.11-1.19]
utr-variant-3-
SLC30A8 rs3802177-G G>A 29.1 prime(dbSNP) 1.16 [1.11-1.22]
IGF2BP2 rs4402960-T G>T 34.7 intron-variant(dbSNP) 1.13 [1.09-1.17]
KCNQ1 rs163184-G T>G 34.7  intron-variant(dbSNP) 1.09 [1.04-1.13]
HMG20A rs7178572-G rs1022172 0.96 G>A 49.8 intron-variant(dbSNP) 1.08  1.04-1.13
KCNJ11 rs5215-C T>C 27.2 missense(dbSNP) 1.08 [1.04-1.12]
ZMIZ1 rs12571751-A rs703980 1 A>G 46.7 intron-variant(dbSNP) 1.09 1.06-1.13
JAZF1 rs849135-G rs849142 0.97 G>A 22.5 intron-variant(dbSNP) 1.12 [1.08-1.17]
CDC123 - CAMK1D rs11257655-T T 37.4 intergenic(GVS) 1.06 [1.01-1.11]
FAF1 rs17106184-G rs1278516 1 G>A 11 intron-variant(dbSNP) 11 1.07-1.14
BCL6 - LPP-AS2 rs6808574-C CT 11.3 intergenic(GVS) 1.07 1.04-1.09
ARL15 rs702634-A A>G 21.8 intron-variant(dbSNP) 1.06  1.04-1.09
NYAP2 - MIR5702 rs2943640-C rs2943641 0.96 C>A 14.9 intergenic(GVS) 1.09 1.05-1.13
ADCY5 rs11717195-T rs2877716 0.9 T>C 9.2  intron-variant(dbSNP) 1.09 [1.05-1.14]
KRT18P24 -
CHCHD2P9 rs17791513-A A>G 6 intergenic(GVS) 1.06 [1.04-1.08]
RPSAP52 rs2261181-T T 10.6 intron-variant(dbSNP) 1.16 [1.10-1.23]
HNF4A rs4812829-A rs2144908 1 G>A 26.4 intron-variant(dbSNP) 1.07 [1.01-1.12]
TMEM154 rs6813195-C  no proxy found C>T 0.41 intergenic(GVS) 1.08 [1.06-1.10]
SSR1 rs9505118-A A>G 40.9 intron-variant(dbSNP) 1.06  1.04-1.08
POUS5F1 rs3130501-G G>A 27.1  intron-variant(dbSNP) 1.07  1.04-1.09
CDKN2A/B rs10811661-T no proxy found T>C 0.18 intergenic(GVS) 1.18 1.13-1.24
WEFS1 rs4458523-G rs10012946 1 G>T 20.1 intron-variant(dbSNP) 1.09 1.06-1.13
HNF1B rs4430796-G rs11651755 0.97 A>G 46.4  intron-variant(dbSNP) 1.13  1.07-1.09
RPS3AP49 - MC4R  rs12970134-A rs11663816 - not 1 G>A 20.9 intergenic(GVS) 1.08 1.03-1.12
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in HWE
MPHOSPH9 rs1727313-C rs1463877 0.9 rs1727294 1 G>C 9.9 near-gene-3(GVS) 1.21 [1.13-1.31]
PPARG rs1801282-C rs17036160 0.9 rs2197423 1 C>G 49 missense(dbSNP) 1.16 1.10-1.23
FTO rs9936385-C rs9923233 0.94 T>C 30.7 intron-variant(dbSNP) 1.13  1.09-1.18

MAF: Minor Allele Frequency, LD: Linkage Disequilibrium, OR: Odds Ratio, Cl: Confidence Interval
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Table S2. SNPs description according to the study of Voight et al. (2)
proxy Main proxy Replication Major>Minor OR 95% Cl
Gene SNP-Risk Allele Sample LD (r2) Sample LD (r2) allele MAF position
KRT18P48 - DUSP9  rs5945326-A not in HWE no proxy found A>G 0.21 intergenic(GVS) 1.27 [1.18-1.37]
intron-
ZBED3-AS1 rs4457053-G rs7708285 0.93 A>G 12.4 variant(dbSNP) 1.08 [1.06-1.11]
TP53INP1; intron-
LOC101927002 rs896854-T rs7845219 0.85 CT 45.7 variant(dbSNP) 1.06 [1.04-1.09]
intron-
KCNQ1;KCNQ10T1 rs231362-G G>A 24.7 variant(dbSNP) 1.08 [1.06-1.10]
utr-variant-5-
ARAP1 rs1552224-A A>C 7.1 prime(dbSNP) 1.14 [1.11-1.17]
ZFANDG - FAH rs11634397-G G>A 33.2 near-gene-3(GVS) 1.06 [1.04-1.08]
intron-
LOC646736 rs7578326-A rs13405357 0.85 A>G 29.8 variant(dbSNP) 1.11 [1.08-1.13]
RPS3AP42 -
MTNR1B rs1387153-T CT 41.2 intergenic(GVS) 1.09 [1.06-1.11]
KLF14 - MIR29A rs972283-G rs13234407 0.97 G>A 27.9 intergenic(GVS) 1.07 [1.05-1.10]
KRT18P24 -
CHCHD2P9 rs13292136-C rs10512085 0.87 rs17791513 0.76 CT 9.3 intergenic(GVS) 1.11 [1.07-1.15]
RNA5SP94 -
MIR4432 rs243021-A rs243083 1 G>A 47.7 intergenic(GVS) 1.08 [1.06-1.10]
intron-
RPSAP52 rs1531343-C rs2612067 1.00 rs2612035 0.82 G>C 22.2 variant(dbSNP) 1.10 [1.07-1.14]
intron-
PRC1;PRC1-AS1 rs8042680-A rs4932182 0.64 C>A 23.5 variant(dbSNP) 1.07 [1.05-1.09]
intron-
OASL rs7957197-T no proxy found rs7965349 0.87 T>A 0.11 variant(dbSNP) 1.07 [1.05-1.10]

MAF: Minor Allele Frequency, LD: Linkage Disequilibrium, OR: Odds Ratio, Cl: Confidence Interval
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Table S3. SNPs description according to the study of McCaughan et al. (3)

proxy Main proxy Replication Major>Minor OR  95%Cl

Gene  SNP-Risk Allele Sample LD (r2) Sample LD (r2) allele MAF position
rs10484821 no proxy found rs10484820 0.78 T>C 0.14 regulatory region variant 3.5 [2.1-5.8]
DNAJC16 rs7533125-C rs4646092 1.00 no proxy found T>C 0.26 intron-variant(dbSNP) 2.4 [1.5-3.6]
CELA2B  rs2861484-T rs4646092 0.81 no proxy found G>T 0.15 intron-variant(dbSNP) 2.4 [1.5-3.7]
AGMAT rs11580170-T rs4646092 0.81 no proxy found T 0.28 missense(dbSNP) 2.2 [1.4-3.4]
CASP9 rs2020902-G no proxy found A>G 0.09 intron-variant(dbSNP) 2.3 [1.5-3.6]
NOX4 rs1836882-C no proxy found T>C 0.22 intron-variant(dbSNP) 2.7 [1.5-4.8]
none rs198372-A rs5065 0.56 G>A 0.08 upstream-variant-2KB(dbSNP) 2.5 [1.5-4.2]
none rs4394754-T no proxy found C>T 0.2 intergenic(GVS) 2.1 [1.4-3.2]

MAF: Minor Allele Frequency, LD: Linkage Disequilibrium, OR: Odds Ratio, Cl: Confidence Interval
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Table S4. Odds Ratio of NODAT development in the model integrating clinical risk score and genetic risk score

. Main Sample Replication Sample
covariate
OR 95% Cl p-value OR 95% Cl p-value
Clinical risk score* 1.60 1.36-1.90 3.72E-08 2.14 1.39-3.41 0.0008
Genetic risk score * 1.08 1.03-1.12 0.0002 1.06 0.98-1.16 0.17

OR: Odds Ratio, Cl: Confidence Interval, w-GRS: Weighted Genetic Risk Score

* includes age, BMI230 kg/mz, living donor status, glucocorticoid treatment, immunosuppressant treatment and anti Hepatitis C
Virus status

S includes weighted Genetic Risk Score with 45 SNPs in the Main Sample and 40 SNPs in the Replication Sample
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Table S5. Discrimination parameters of clinical risk score and of clinical plus genetic risk scores in the main sample

NODAT: 138

g . . o . o
non-NODAT: 492 AUROC Specificity Sensitivity Accuracy LRT-p IDI [95% ClI] NRI (continuous) [95% ClI] NNG

Models p-value  Net correctly reclassified p-value

clinical risk score

model

clinical and 0.005
genetic risk 0.68 0.54 0.79 0.60

scores* model

0.66 0.73 0.52 0.69
0.01 [0.0007 -

0.02] 0.03 0.27 [0.09 - 0.46] 0.004 n.c

n.c not calculated, LRT: Likelihood Ratio Test, IDI: Integrated Discrimination Improvement, NRI: Net Reclassification Improvement, NNG: Number Needed to Genotype,
AUROC: Area Under the Receiver Operating Characteristics curve
* integrates w-GRS 2 + w-GRS 3
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Impact of HSD11B1 polymorphisms on BMI and components
of the metabolic syndrome in patients receiving psychotropic
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Lina Quteineh®, Frederik Vandenberghe®, Nuria Saigi Morgui®,

Aurélie Delacrétaz®, Eva Choong?, Mehdi Gholam-Rezaee®, Pierre Magistretti®,
Guido Bondolfi, Armin Von Gunten®, Martin Preisigb, Enrique Castelao®,
Peter Vollenweider', Gerard Waeber’, Murielle Bochud®, Zoltan Kutalik®™,

Philippe Conus® and Chin B. Eap®*

Background Metabolic syndrome (MetS) associated with
psychiatric disorders and psychotropic treatments
represents a major health issue. 113-Hydroxysteroid
dehydrogenase type 1 (113-HSD1) is an enzyme that
catalyzes tissue regeneration of active cortisol from
cortisone. Elevated enzymatic activity of 113-HSD1 may
lead to the development of MetS.

Methods We investigated the association between seven
HSD11B1 gene (encoding 11p-HSD1) polymorphisms and
BMI and MetS components in a psychiatric sample treated
with potential weight gain-inducing psychotropic drugs
(n=478). The polymorphisms that survived Bonferroni
correction were analyzed in two independent psychiatric
samples (ngy = 168, ng, = 188) and in several large
population-based samples (n; =5338; n, =123 865;

nz > 100 000).

Results HSD11B1 rs846910-A, rs375319-A, and
rs4844488-G allele carriers were found to be associated
with lower BMI, waist circumference, and diastolic blood
pressure compared with the reference genotype

(P.orrected < 0.05). These associations were exclusively
detected in women (n = 257) with more than 3.1 kg/m?,

75 cm, and 4.2 mmHg lower BMI, waist circumference, and
diastolic blood pressure, respectively, in rs846910-A,
rs375319-A, and rs4844488-G allele carriers compared with
noncarriers (Peonectea < 0.05). Conversely, carriers of the
rs846906-T allele had significantly higher waist
circumference and triglycerides and lower high-density
lipoprotein-cholesterol exclusively in men

(Peorrected = 0.028). The rs846906-T allele was also

Introduction

Weight gain and obesity are major health problems asso-
ciated with psychiatric disorders andfor with psychotropic
drug treatments, and in particular, atypical antipsychotics

(AP) and some mood stabilizers (MS) [1,2]. This may have

Supplemental digital content is available for this article. Direct URL citations
appear in the printed text and are provided in the HTML and PDF versions of this
article on the journal's website (www.pharmacogeneticsandgenomics.com).

1744-6872 Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.

associated with a higher risk of MetS at 3 months of follow-
up (odds ratio: 3.31, 95% confidence interval: 1.53-7.17,
Peomected = 0.014). No association was observed between
HSD11B1 polymorphisms and BMI and MetS components
in the population-based samples.

Conclusions Our results indicate that HSD11B1
polymorphisms may contribute toward the development of
MetS in psychiatric patients treated with potential weight
gain-inducing psychotropic drugs, but do not play a
significant role in the general population. Pharmacogenetics
and Genomics 25:246-258 Copyright © 2015

Wolters Kluwer Health, Inc. All rights reserved.
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major clinical consequences considering that obesity can
lead to the development of other components of the
metabolic syndrome (MetS) such as dyslipidemia, hyper-
tension, and type 2 diabetes [1], which may ultimately lead
to the development of cardiovascular diseases (CVDs),
reducing patients’ quality of life and increasing mortality in
psychiatric populations [3]. Indeed, schizophrenic patients
are reported to have excess risk of mortality and 20%
shorter life span compared with the general population,

DOI: 10.1097/FPC.0000000000000131
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with CVDs being the leading cause of death [4]. Meta-
analyses also showed nearly two times increased risk of
mortality and CVDs in depressive patients [5] and regular
follow-up of all components of the MetS is therefore
strongly recommended in psychiatric patients receiving
psychotropic drug treatments [6].

Heritability has been shown to influence individual sus-
cepubility to overweight or obesity, both in the general
population [7,8] and in psychiatric patients treated with
weight-inducing psychotropic drugs [9-11]. Genome-wide
association studies (GWAS) carried out to date only explain
a small fraction of BMI heritability [8] and more obesity
susceptibility genes remain to be discovered. Whereas
genome-wide association study meta-analyses have been
very useful, other approaches are also needed to further
understand the biology of human obesity.

The 11B-hydroxysteroid dehydrogenase type 1 (11p-
HSD1) has been associated with the MetS in the general
population (reviewed in Wamil and Seckl [12]). This
microsomal enzyme catalyzes tissue regeneration of active
cortisol from the inactive form cortisone and is highly
expressed in metabolic tissues such as liver and adipose
tssue and also in the central nervous system, where it
amplifies the action of endogenous cortisol, which binds
to glucocorticosteroids receptors [13]. Although not all
patients with MetS have increased levels of cortisol [14], it
is well known that increased plasma cortisol levels (as in
Cushing’s syndrome) are associated with visceral obesity
and with other features of the MetS. Thus, increased
enzymatic activity of 11-HSDI1 may also lead to the
development of MetS. Indeed, mice with transgenic
overexpression of 11p-HSD1 in liver or adipose tissue are
hyperphagic, obese, and show other features of the MetS,
especially under a high-fat diet [15,16], whereas inhibition
of 11p-HSD1 ameliorates the features of MetS in obese
mice [17,18]. In obese humans, there is an association
between 11p-HSD1 activity in abdominal subcutancous
fat/adipose tissue and central obesity [19,20].

Human population-based studies suggest that poly-
morphisms within the HSD/1B/ gene, which encodes
11p-HSD1, are associated with MetS and/or its different
components [21-25]. T'wo single nucleotide polymorph-
isms (SNPs), HSD11B1 rs846910G > A in the 5'-flanking
region and 75/20866347T> G in the third intron, were
associated independently with type 2 diabetes [21],
hypertension [22,23], waist circumference (WC) [23], and
the MetS overall [23], but not with BMI [21,22,26-28].
Other SNPs within the HSD/1B17 showed inconsistent
results with the MetS [26,28-30]. Importantly, no phar-
macogenetic studies, to our knowledge, have investi-
gated the association between HSD//B]/ SNPs and
obesity or MetS components in psychiatric samples
treated with psychotropic weight gain-inducing drugs.

We aimed to study the association of seven HSD/1B1 var-
iants (r512565406G> T, r510863782G > A, 13846910G > A,
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153753519G > A, 15120866341 > G, rs48444884 > G, and
73846906C > T) with BMI, MetS, and its different compo-
nents in psychiatric patients taking potential weight gain-
inducing psychotropic drugs, a population known to have
the higher prevalence of obesity, and hence MetS, com-
pared with the general population.

Materials and methods

The association of HSD11B1 variants with BMI, MetS,
and its different components as defined by the National
Cholesterol Education Program’s Adult Treatment Panel
IIT report (A'TP III) [31] including WC, systolic and
diastolic blood pressure (SBP and DBP), fasting glucose,
triglycerides, and high-density lipoprotein-cholesterol
(HDL-C) was investigated in the main study sample. A
full description of this sample has been published else-
where [32]. Briefly, 478 White psychiatric patients with
newly prescribed aripiprazole, amisulpride, clozapine,
olanzapine, quetiapine, risperidone, lithium, valproate,
and/or mirtazapine were recruited prospectively since
2007 from all psychiatric wards of the Lausanne
University Hospital. Sixty-two percent had already
received other psychotropic treatments and were inclu-
ded after having switched medication. No wash-out
period was required. Body weight, WC, blood pressure,
and the other components of the MetS were pro-
spectively recorded at several time points during the first
12 months of psychotropic treatment according to pub-
lished recommended monitoring guidelines (i.e. before
starting the current psychotropic drugs, and then at
months 1, 2, 3, 6, 9, and 12) [6]. The newly introduced
psychotropic drug was considered the main psychotropic
medication and any other potential weight gain-inducing
drugs of interest, including typical and atypical AP and
MS, were classified as comedications possibly causing
weight gain. The study was approved by the Psychiatry
Ethics Committee of Lausanne University hospital and
written informed consent was provided by all participants
or by their legal representatives.

Replication samples

We attempted to replicate the results in two independent
samples of White psychiatric patients [32]. The first repli-
cation sample was from a retrospective study carried out in
outpatient psychiatric centers of Geneva University
Hospital from 2006 to 2008. A total of 168 patients treated
for more than 3 months with clozapine, olanzapine, que-
tiapine, risperidone, lithium, and/or valproate were inclu-
ded. Seventy-two percent had already received other
psvchotropic treatments before the current treatment. The
second replication sample was also recruited from a retro-
spective study carried out since 2010 in two outpatient
psychiatric centers of Lausanne (Lausanne University
Hospital and a private psychiatric center). A total of 188
patients treated with aripiprazole, amisulpride, clozapine,
olanzapine, quetiapine, risperidone, sertindole lithium,
and/or valproate were included. Fifty-two percent of the
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studied sample had already received another psychotropic
drug before the current treatment. For both samples, only
BMI was available at different time-points during treat-
ment; body weight and height were measured in all
patients at inclusion, whereas their baseline weight before
the initiation of the current treatment and/or at different
times during treatment was obtained from the medical file
or was self-reported (baseline weight was self-reported in
76% of the cases). As shown previously in our replication
samples [32], self-reported weight was found to be a very
reliable estimate of measured weight obtained from the
medical files. Both studies consisted of one single visit
performed during the usual clinical psychiatric follow-up.
The medication with the longest treatment duration was
entered in the model as the main psychotropic medication.
Both studies were approved by their respective ethical
committees and written informed consent was provided by
all participants or by their legal representatives.

Population-based samples

Cohorte Lausannoise (ColLaus and PsyCoLaus)
Participants aged 35-75 years in this population-based
study (CoLaus) were recruited between June 2003 and
May 2006 as described previously [33]. The assessment
included cardiovascular risk factors such as the BMI, fat
mass, WC, blood pressure, blood glucose, triglycerides,
and HDL-C. In addition, all Whites (91% of the sample)
underwent a genetic exam (# =5338). All participants of
ColLiaus in the age range of 35-66 years were asked to
also participate in a psychiatric evaluation (PsyCol.aus)
based essentially on a semistructured diagnostic inter-
view [34]. Combined genetic and psychiatric data were
available for 2990 participants. Genotyping for the
CoLaus/PsyCoLaus participants was performed using the
Affymetrix GeneChipR Human Mapping 500K array set.

Genetic Investigation of ANtropometric Traits (GIANT)
consortium

The GIANT consortium carried out a meta-analysis of
GWAS data with a discovery set of 123 865 individuals of
European ancestry from 46 studies for height [35], BMI
[8], and waist-to hip ratio [36].

Genome-wide associations scans for total cholesterol,
high-density lipoprotein-cholesterol, low-density
lipoprotein-cholesterol, and triglycerides

Data on lipid traits have been downloaded from the
‘Genome Wide Associations Scans for Total Cholesterol,
HDL-C, LDL-C and wiglycerides’ website [37,38],
which is a meta-analysis of 46 lipid GWASs. These stu-
dies together comprise around 100000 individuals of
European descent (maximum sample size 100 184 for
total cholesterol, 95454 for LDL-C, 99 900 for HDL-C,
and 96598 for triglycerides), ascertained in the USA,
Europe, or Australia.

Of note, CoLaus is part of both GIANT and ‘Genome
Wide Associations Scans for Total Cholesterol, HDL-C,
LDL-C and triglycerides’.

Selection and genotyping of HSD11B1 polymorphisms
Genomic DNA of psychiatric patients’ was extracted
from whole blood. Selection and genotyping of HSD//B1
SNPs were carried out in two steps: first 75846910G > A,
151208663417 > G polymorphisms, which were investi-
gated previously in the general population, were selected
and genotyped using the TagMan allelic discrimination
assay (ABI PRISM 7000 Sequence Detection System;
Applied Biosystems, Rotkreuz, Switzerland). TaqMan
SNP Genotyping Assays 1D: C___8887157_10 and ID:
C__22275467_10 were used for rs846910G>A and
5120866341 > G SNPs, respectively. All reagents were
obtained from Applied Biosystems, and genotyping was
performed according to the manufacturer’s protocol. In a
second step, sclection of tagging SNPs within the
HSD11BI gene using the hapMap Genome Browser
(release 28) and analyzed by haploview [39] was applied.
Eight tagging SNPs (r512565406G > T, rs10863782G > A,
75846910G > A, 753753519G > A, 75120866347 > G,
rs11119328C> A, 1548444854 > G, and rs846906C > T)
were found by limiting the search to SNPs with a minor
allele frequency more than 5% in the White population
and an 7 cutoff of 0.8, covering 100% of genetic varia-
tions within the ASD/7/B1I gene in the HapMap Genome
Browser and 87% of HSD/1B1 genetic variations in the
1000genome database [40]. Of note, both ns846910G > A
and rs/20866347> G were among the tagging SNPs.
These eight SNPs were customized and added to the
Illumina 200K cardiometabochip [41]. All the SNPs were
tested for Hardy—Weinberg equilibrium and linkage
disequilibrium (D), the latter measured by both D’ and
. It is worth mentioning that genotypes for
758469106 > A and r5120866341"> G performed using the
TagMan method were identical to those genotyped using
the cardiometabochip. For technical reasons, HSD//B1
rsl 11719328 SNP could not be genotyped in the cardio-
metabochip; therefore, seven HSDIIBI SNPs were
finally analyzed (covering 86% of genetic variations
within the HSDI/IBI gene in the HapMap Genome
Browser).

Gene expression analysis

The functional effect of the two promoter SNPs
(75846910G' > A and :3753519G' > A) on HSD1iBI gene
expression was investigated in a peripheral model using
peripheral blood mononuclear cells (details in Supple-
mentary data, Supplemental digital content 1, A#p://links.
lww.com/FPCIASI5).

Statistical analysis
Psychiatric samples
The impact of H§D//B1 SNPs on BMI, MetS, and its

components was investigated in the main psychiatric
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follow-up study, in which multiple observations for each
clinical variable for each patient at different time-points
were measured. Because of the nonlinearity of our
models and the absence of any linear transformation,
these associations were assessed by fitting a Generalized
Additive Mixed Model (GAMM) [42,43] to allow a smooth
trend for the response in time on the basis of multiple
observations for each patient (using a thin plate regression
spline basis) adjusting for age, sex, smoking status, current
psychotropic drug, and comedications possibly causing weight
gain for BMI and WC analyses (lists of these comedications
have been published in Choong e a/. [32]), adjusted for
antihypertensive drug intake for blood pressure analyses,
antidiabetics for glucose analyses, and hypolipidemic drug
intake for triglycerides and HDL-C analyses. A random effect
at the participant level was also introduced to take the
dependence structure of the observed data into account.
GAMMs were fitted using the mgev package of R (settings
were fixed at package defaults). T'o be more conservative, the
uncertainty of estimated parameters was assessed by 1000
bootstraps [44] at the participant level and the results were
similar to those obtained by 10 000 bootstraps. Whenever the
P-value for the 1000 bootstrap was lower than 0.001
(P<0.001), 10000 bootstrap analysis was carried out. If the
P-value for the 10000 bootstrap was lower than 0.0001
(P<0.0001), 100000 bootstrap was applied. The model is
fitted on all observations of patients; thus, model coefficients
provide information on both the direction and the magnitude
of the overall association between BMI and different com-
ponents of the MetS and the genotypes for the specific period
of treatment studied. The psychotropic drugs were classified
according to their therapeutic class (AP vs. MS vs. mirtaza-
pine) [45]. Similar GAMM models were applied to test the
association between HSD//B! SNPs and BMI in the repli-
cation samples and in the combined sample.

Because of the small number of individuals homozygous for
HSD1IB1 variant alleles, the associations were analyzed
using a dominant model. Stratified sex analyses were carried
out systematically when analyzing the effect of HSD/1B1
polymorphisms on BMI or MetS components. The P-values
of these models were adjusted for multiple comparisons
using Bonferroni correction; for each outcome tested in the
main study sample, the P-values were corrected by the
seven studied ASD/7/B1 SNPs. Both the empirical P-values
for the GAMM models and the adjusted P-values are cited
in the Tables and Supplementary Tables (dzp://links.lww.
comlFFPCIASIS, http fllinks.fow.comlF PCIAST Y, hitp:f/links.fww.
comlFPGIAS20, htp fllinks.fww.coml{F PCGIAS2 1, hitp:f/links.fow.
com{FPCIAS22, htp:llinks.fow.com/FPCIAS26).

The y*-test was used to assess the risk of MetS as a whole
between HSDIIBI genotypes at baseline, 3, and
12 months of follow-up. Logistic regression was then
applied adjusting for age and sex.

All the analyses were carried out using Stata 12 (StataCorp,
College Station, Texas, USA) and R version 2.13.0 software
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(htrp/fwww. R-project.org). Haploview 4.2 (Daly Lab at the
Broad Institute, Cambridge, Massachusetts, USA) [39] was
used to define haplotype blocks and LD between different
HSD11R1 SNPs (D' and 7%).

Population-based studies

The associations of HSD//B! SNPs with adiposity traits
(BMLI, weight, WC, and fat mass), blood pressure, and glucose
and lipid traits were analyzed using multivariate linear
regression with allele dosage in which potential confounding
factors such as age, sex, and smoking status were added as
covariates in the Colaus study. In addition, to determine
whether the SNPs of interest were differenually associated
with the components of the MetS in patients with and
without major depressive disorder (MDD), we tested the
two-way interactions between each HSDI/B7 SNP and
MDD in the PsyColaus subsample. BMI, WC, and waist-to
hip rato were the only adiposity traits analyzed by the
GIANT Consortium. Triglycerides and HDL-C were ana-
lyzed in the ‘Genome Wide Associations Scans for Total
Cholesterol, HDL-C, LDL-C and triglycerides’ study. In
both meta-analysis GWAS studies, we determined the asso-
ciation P-values for the four SNPs. For the GIANT study,
sex-specific BMI associations were also available [46]. As the
three population-based samples have large samples sizes and
to measure the influence of each copy of the protective/risk
variant allele, the association between HSD77B7 SNPs and
metabolic traits were tested in an additive model.

Results

Table 1 shows the clinical characteristics of the White
samples of the main study (#=478) and the two repli-
cation studies (#; = 168 and #, =188). The prevalence of
obesity was higher in the replication studies compared
with the main study, which could be explained by the
very long treatment duration in the former studies
(Table 1). MetS was detected in almost 17% of the main
psychiatric sample at baseline, and 27 and 27.5% at 3 and
12 months of the follow-up, respectively.

Table 2 shows the analyzed HSD/1B1 SNPs, their posi-
tions, and minor allele frequencies observed in the main
psychiatric study sample (#=478). None of the SNPs
deviates from Hardy—Weinberg equilibrium and the minor
allele frequencies in the psychiatric sample was comparable
with those reported in HapMap for Whites (Table 2).
Haploview analyses defined two haplotype blocks formed
from rs12565406-r510563782 and  rs846910-r53753519
SNPs (Supplementary Fig. 1, Supplemental digital con-
tent 2, aitp:fllinks.fow.com/FPCA816). Only rs10863782 and
753753519 SNPs were in considerable LD (##=0.58)
(Supplementary Fig. 1b, Supplemental digital content 2,
htipfflinks.kow.com/FFPCIAS16).

Genotype frequencies in the main psychiatric sample,
the replication samples, and the combined sample are
shown in Supplementary Table 1 (Supplemental digital
content 3, Attpfllinks.few.com/FPCIASIT).
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Table 1 Characteristics of the three psychiatric study samples:
main study and replication studies

Second
Psychiatric First replication replication
study sample sample sample
Characteristics (n=478) (n=168) (n=188)
Men (%) 43.7 529 62.2
Age [median (range)] 50 (12-97) 42,2 (195-64) 42.3 (19-69)
years
Diagnosis (%)
Psychotic disorders 28.7 274 420
Mood disorders 354 494 29.8
Schizoaffective 6.5 155 1.7
disorder
Other diagnosis 19.2 7.1 13.3
Unknown diagnosis 10.2 0.6 3.2
BMI
Initial BMI [median 235 25.2 24.4
(range)] (kg/m?)* (13.3-44.5) (15.4-45.5) (16.5-46.2)
25 >initial BMI < 30 22.7 36.7 31.7
()"
Initial BMI > 30 (%0)* 18.7 16.1 15
Current BMI [median 24.2 28.0 26.5
(range)] (kg/m?) (15.2-50.2) (16.2-42.3) (16.8-43.9)
25 > current BMI <30 25.6 29.8 335
(%)
Current BMI>30 (%) 18.7 39.9 27.6
Smoker (%) 42.0 59.5 76.4
Prescribed psychotropic drug
Amisulpride (%) 8.2 o] 10.7
Aripirazole (%) 8.8 o] 75
Clozapine (%) 7.3 14.3 9.1
Olanzapine (%) 10.5 16.1 12.3
Quetiapine (%) 32.2 18.4 224
Risperidone (%) 16.9 17.3 17.6
Lithium (%) 6.9 20.2 11.8
Valproate (%) 4.8 13.7 86
Mirtazapine (%) 5.4 4] 0
Treatment duration, 6.0 (1.0-12.0) 27.4 35.7
[median (range)] (2.9-332.6) (1.0-390.3)
(months)
Comedication possibly 483 29.2 26.1
causing weight gain
(%)

“Before the current psychotropic treatment.

Table 2 Genomic positions, minor allele frequencies, and deviation
from Hardy-Weinberg equilibrium of HSD7781 single nucleotide
polymorphisms in the main psychiatric study

HSD11B1 SNP  Alleles W/m Position MAF  HWE MAF HapMap

rs12565406 GIT 209861086 0.088 0.33 0.085
rs10863782 G/A 209872590 0.176 0.65 0.164
rs846910 G/A 200875254 0.058 0.23 0.077
rs3753519 G/A 209875515 0.110 0.56 0.097
rs12086634 TG 209880259 0.178 0.73 0.206
rs4844488 AIG 209885509 0.040 0.77 0.075
15846906 CT 209887718 0.151 0.76 0.136

HWE, Hardy-Weinberg equilibrium; MAF, minor allele frequencies.

HSD11B1 polymorphisms in the main psychiatric study
sample

Only complete observations and data on the tested vari-
ables were included in the GAMM model (different
sample sizes were obtained for each clinical variable).
Carriers of the variant 75846910-A, rs375319-A, and
r54844488-G alleles showed 2.3, 2.3, and 2.2 kg,/mZ lower
BMI values, respectively, compared with patients with
the wild-type genotypes [#=450, Bonferroni-corrected

P-values  (Peomecied) =0.0014,  <0.00007, and 0.007,
respectively] (Table 3). This association was exclusively
detected in women (#=257), with more than 3.1 kg/'m2
lower BMI in HSD11B1 rs846910-A, rs375319-A, and
754844488-G  carriers  compared  with  noncarriers
(Peorrected < 0.00007, < 0.00007, and 0.04, respectively,
explaining 3.6, 4.8, and 1.5% of BMI variance in women),
whereas no association was observed among men
(1 =193, Peomected > 0.05) (Table 3). No significant asso-
ciation was observed between HSD/1B1 rs12086634T >
G, rs10863782G' > A, rs12565406G > 1, and 158469060 > T
SNPs and BMI, also when analyzing men and women
separately (Peomected > 0.05).

Because of sex differences of WC, the GAMM was
applied for each sex separately. Similar to the findings for
BMI, women (7=255) had 8.2 cm (Peorrecied = 0.00007),
8.1 cm (Peosrecred < 0.00007), and 7.5 em (Peorrecred = 0-028)
lower WC among carriers of the HSDI/IBI rs§46910-A,
75375319-A, and rs4844488-G alleles, respectively, com-
pared with noncarriers, explaining 2.8, 5.1, and 1.7% of
the variance in WC (Table 4). No association was
observed between these three SNPs and WC in men.
Interestingly, for the /5846906C > 1" SNP, only men car-
rying the 7-allele showed 4.7 cm higher WC compared
with noncarriers (7 =204, P rectea =0.014), explaining
2.3% of the variance in WC. No significant association
was observed between HSDIIBI 5120866347 > G,
rs10863782G > A and r512565406G > 1" and WC in both
sexes (Peorrected > 0.05).

No significant association was observed between HSD/1B1
SNPs and SBP in the main psychiatric group (#=2386,
Peorectea> 0.05) or on analyzing the men and women sub-
groups (Supplementary Table 2, Supplemental digital content
4, fepfflinks.fow.com{FPGIASLS). However, n846910G> A,
15375319G> A, and r54844488A> G were associated  sig-
nificantly with DBP. Among women (z=219), carriers of the
13846910-A, 13375319-A, and 754844488-G  alleles  had
4.7 mmHg (Pomecea=0.028), 4.2mmHg (Peomeciea = 0.004),
and 7.0 mmHg (P, opecea =0.001) lower DBP compared with
noncarriers, explaining 1.3, 1.9, and 2.2% of the variance in
DBP for each SNP, respectively (Supplementary Table 3,
Supplemental digital content 5, A#p:fflinks.low.com{FPCIAS19).

No significant association was observed between
HSD11B1 SNPs and fasting blood glucose in the main
psychiatric group (7 =294, P.omectea > 0.05) or on analyz-
ing subgroups of men and women (Supplementary
Table 4, Supplemental digital content 6, Azp.fflinks.fow.
com/I'PC/A820). However, lipid analyses showed a sig-
nificant association between r846906C'> T and trigly-
cerides in the entire sample, with 7T-allele carriers having
0.29 mmol/l higher triglyceride levels compared with
noncarriers (7 =312, P rrected =0.007, explained vari-
ance = 1.9%). 'This association was exclusively observed
in men, among whom carriers of the 7-allele had
0.53 mmol/l higher triglyceride levels compared with
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Table 5 Associations between HSD171B1 single nucleotide polymorphisms in a dominant model and body mass index during follow-up in the three combined psychiatric study samples

Men Women

Combined psychiatric samples

E. var.

P-value

$ (95% CI)

E. var.

P-value

$ (95% CI)

E. var.

P-value

P (95% Cl)

BMI

406

396

802

rs846910

Reference
—2.45 (—3.66 to —1.33)

Reference
—0.25 (—1.19 to 0.65)

Reference
—1.42 (—2.22 to —0.56)

GG

1.49

<0.0001%

0.36

0.59

0.001

GA/AA
rs3753519

406

396

802

Reference
—2.57 (—3.32 to —1.63)

Reference
—1.13 (—1.91 to —0.50)

Reference
—1.87 (—2.46 to —1.15)

GG

3.00

<0.0001°%

0.85

0.002

1.89

<0.0001%

GA/AA
rs4844488

406

396

802

Reference
—0.78 (—2.25 to 0.82)

Reference
—0.97 (—2.15 to —0.05)

Reference
—0.87 (—1.89 to 0.29)

AA

0.25

0.34

0.02

0.08

AG/GG

Results were obtained by fitting Generalized Additive Mixed Models for patients, controlling for age, sex (whenever appropriate), smoking status, current psychotropic drug, and comedications possibly causing weight gain.

Significant P-values are presented in bold.

Cl, confidence interval; E. Var., explained variance by the polymorphism (%), only calculated for significant tests.

510 000 bootstraps were used for this analysis. 1000 bootstraps were performed for the rest of the analyses.
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noncarriers (7 =128, Poreced = 0.028), explaining 5.4% of
variance in triglycerides (Supplementary Table 5,
Supplemental digital content 7, A#p.f/links.tww.com/FPC/
A821). No significant association was observed between
the other HSD//BI SNPs and triglycerides, either for
women or for men (Peogeced > 0.05). Because of differ-
ences in HDL-C levels between men and women, the
GAMM model was used for each sex separately
(Supplementary Table 6, Supplemental digital content 8,
http:fllinks.tww.com/FPCIAS22). Interestingly, men carry-
ing the 7-allele of 7846906C'>T showed (.14 mmol/l
lower HDL-C levels compared with noncarriers (# =126,
Peorectea =0.006), explaining 3.4% of the variance in
HDL-C. No significant association was observed between
the other HSD/1B17 SNPs and HDL-C (Peyrected > 0.05).

HSD11B1 polymorphisms in the psychiatric replication
studies

Only BMI data were available for the two psychiatric
replication samples. The three HSD//BI SNPs
15846910G > A, 1s3753519G > A, and rs4844488A > G that
survived Bonferroni correction for BMI were analyzed in
the replication samples (Supplementary Table 7,
Supplemental digital content 9, Anp.//links.tww.com/FPC/]
A823). For the 1s3753519G > A, a significant association
was only found in the second replication sample
(n=184), in which carriers of the A-allele had 1.3 ls:g/m2
lower BMI compared with noncarriers (95% confidence
interval: —2.28 to —0.31, P=0.01) (Supplementary
Table 7, Supplemental digital content 9, A#p.//links.low.
com[IFPCGIAS23).

No association was observed between HSD11B17
r5846910G > A or rs4844488A > G SNPs and BMI in the
two replication samples. The lower frequency of female
participants in both replication samples (Table 1) did not
explain the lack of association between these two SNPs
and BMI, given that there was also no such association
among women in these samples.

On combining the three psychiatric samples, a significant
association was observed between HSD1IBI r5846910G > A
and BMI in the entire sample (# =802, P=0.001) and in
women (# =406, P<0.0001) (Table 5). Significant associa-
tons were also found for rs37535/9G>A in the entire
sample, as well as in men and women, whereas
7398444884 > G was no longer associated with BMI after
adding the replication samples to the main study sample
(Table 5).

We further studied the effect of H§D/7787 SNPs on BMI
between different psychotropic drugs. HSD1/B1 SNPs
were mostly associated with BMI in the subgroup of
patients treated with olanzapine/clozapine or with
risperidone/quetiapine. No influence of H§D/77/B1 SNPs
was found in the subgroup of patients treated with MS
(more details in Supplementary Table 8, Supplemental
digital content 10, Azep:f/links.lww.com/FPCIAS24).
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HSD11B1 haplotype blocks and combinations

A haplotype block was created from HSD11B1 rs846910
and 753753579. A small increase in the effect was
observed in patients carrying the variant alleles of the two
SNPs compared with the other genotypes and also
compared with the carriers of the variant allele of each
SNP separately. More details in Supplementary Table 9,
Supplemental digital content 11 (tip://links.fww.com/
FPCIAS25).

HSD11B1 single nucleotide polymorphisms in newly
diagnosed patients

The effect of HSD17/B1 SNPs on BMI or MetS compo-
nents (mainly WC and DBP) was more pronounced in a
subgroup of patients from the main psychiatric study
sample who were newly diagnosed with a psychiatric dis-
order. Details in Supplementary Tables 10, Supplemental
digital content 12 (Astp/llinks.fow.com/lFPCIAS26) and 11,
Supplemental digital content 12 (Aupfilinks.low.com/FPC/
A826).

HSD11B1 polymorphisms and the risk of metabolic
syndrome

The risk of Mets as a whole was assessed between dif-
ferent HSDI1/B1 genotypes at three time-points: at
baseline, and at 3 and 12 months of follow-up (Table 6).
75846906C > T was associated with a higher risk of MetS
at 3 months of follow-up (21 and 43% for 75846906-CC
and 7-allele carriers, respectively, odds ratio: 3.31, 95%
confidence interval: 1.53-7.17, Peyrreciea=0.014). The
same association was observed for this SNP and MetS at
12 months of follow-up, but did not survive Bonferroni
correction (Table 6). None of the other H8D77/B1 SNPs
were associated with the MetS. The same results were
also obtained applying the criteria of the International
Diabetes Federation consensus [47] (data not shown).

HSD11B1 polymorphisms in the population-based
samples

No significant associations were observed between
HS8D11B! SNPs that survived Bonferroni corrections
(rs840910G > A, r$s3753519G > A, 1548444884 > G, and
75846906C > T) and BMI or MetS components in the
ColL.aus sample, including sex analyses (Supplementary
Table 12 Supplemental digital content 13, Awp:/flinks.
low.com{FPCIAS27). Moreover, in PsyCol.aus, there
were no two-way interactions between HSDI/BI SNPs
and MDD for the risk of the MetS or its components, that
is there was no evidence for differential associations
between these SNPs and MetS components according to
the patients’ depression status. HSD/11B 7 SNPs were not
associated with obesity traits in the GIANT study sample
or with lipid traits in the ‘Genome Wide Associations
Scans for Total Cholesterol, HDL-C, LDL-C and tri-
glycerides’ study. Moreover, GIAN'T"s sex-specific meta-
analyses (Npen =60 586 and Nyomen =73 137) [46] do not

show significant associations between the four H§D//B1

SNPs and BMI (Supplementary Table 13, Supplemental
digital content 14, Z#p:/ilinks.fww.com/FPC/AS2S). Interest-
ingly, even if the results were not significant, the direction
of the association was similar to the psychiatric samples in
most of the population-based analyses.

Gene expression analyses and HSD1781 polymorphism
No influence of 7s846910G > A and 7s3753519G > A was
observed on HSD11B1 gene expression. Details includ-
ing discussion are available in Supplementary data and
Supplementary Figs 2—4 (Supplemental digital content 1,
hetpfllinks.tww.com{FPCIAS15).

Discussion

Several conflicting results have been found between
HSD1IB1 SNPs and MetS in the general population.
However, these studies were carried out in relatively small
samples with different ethnicities. T'he present study aimed
to test whether common SNPs within the HSD7/B1 gene
are associated with BMI and the MetS in a sample of psy-
chiatric patients receiving potential weight gain-inducing
psychotropic drugs, which has, to our knowledge, never
been investigated. In additon, we extended our analyses to
several large community samples to elucidate the real
impact of HSD/IBI SNPs in nonclinical individuals.
Carriers of the vanant alleles of three HSDI//BI SNPs
(rs846910-A, 153753519-A, and rs4844488-G) showed lower
BMI, WC, and DBP compared with the wild-type geno-
types in the main psychiatric study sample. These associa-
tions were exclusively observed in women. A small increase
in the effect on BMI and/or MetS components was also
observed by combining two SNPs, r5846910G >4, and
133753519G > A. In addition, men carrying the variant allele
of r3846906C > T" showed higher WC, higher triglycerides,
and lower HDL-C blood levels compared with wild-type
genotype. HSD/1B1 SNPs were investigated previously in
population-based samples and related to the MetS, but with
contradictory results. In American Indians, the variant
15846910-A allele was associated with diabetes mellitus
(n="706) [21] and higher blood pressure (#=918) [22]. In
contrast, in a study in Bosnian patients (#=86), the
75846910-A allele showed a protective effect against high
blood pressure [48]. This SNP also showed a protective
effect in 248 White families ascertained through a proband
with hypertension (7> 800) as it was associated with lower
left ventricular mass, an independent risk factor for cardio-
vascular mortality [25]. In a sample of 600 women, patients
who were heterozygous for 75846910-A and homozygous for
75120866347 had a higher risk of MetS; however, no data
were presented for the influence of 75846910 SNP solely
with the MetS [23]. Finally, this SNP was not associated
with obesity or other metabolic traits in other studies
(n=448, 534, 1880) [27,28,49]. These contradictory results
could be explained by differences in methodology and
tested samples as well as differences in the outcome in each
study. Rs3753579G > A was investigated in only one study
and 753753519-A was associated strongly with obesity in
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Table 6 Association between HSD11B1 genotypes and the metabolic syndrome as defined by the National Cholesterol Education Program'’s

Adult Treatment Panel Il report in the main psychiatric sample

At baseline 3 months 12 months
P-value P-value
n (%) OR (95% CI) (Peorrected) n (%) OR (95% CI) __ P-value (Peorected) n (%) OR (95% Cl) (Peorrected)
1512565406
GG 23/135 (17) Reference 37137 (27) Reference 23/87 (26) Reference
GTTT 4/26 (15) 1.34 (0.39-4.602) 0.64 (>0.05) 7/26 (27) 1.18 (0.44-3.14) 0.75 (>0.05) 7/22 (32) 1.25 (0.44-353) 0.68 (>0.05)

110863782

GG 20/111 (18) Reference 31/116 (27)

Reference

19/75 (25) Reference

GA/AA 7/50 (14) 1.16 (0.42-3.19)  0.78 (>0.05)  13/47 (28) 1.11 (0.50-2.44) 0.79 (>0.05) 11/34 (32) 1.36 (0.55-3.37) 0.51 (>0.05)
rs846910

GG 26/145 (18) Reference 41/147 (28) Reference 27/100 (27) Reference

GA/AA 1/16 (6)  0.46 (0.06-3.88) 0.48 (>0.05) 3/16 (19) 0.69 (0.18-2.66) 0.59 (>0.05) 3/9 (33) 1.32 (0.30-5.74) 0.71 (>0.05)
13753519

GG 24/129 (19) Reference 40/138 (29) Reference 23/84 (27) Reference

GA/AA  3/32(9) 0.61(0.16-2.26) 046 (>0.05)  4/25 (16) 052 (0.16-1.68)  0.28 (>0.05) 7/25 (28) 1.02 (0.37-2.80) 0.96 (>0.05)
1s12086634

TT 16/107 (15) Reference 29/119 (24) Reference 20/72 (28) Reference

TG/GG 11/54 (20) 1.47 (0.61-3.58) 0.39 (>0.05) 15/44 (34) 1.38 (0.63-3.03) 0.42 (>0.05) 10/37 (27) 0.88 (0.35-2.19) 0.78 (>0.05)
rs4844488

AA 27/152 (18) Reference 43/157 (27) Reference 28/102 (27) Reference

AG/GG 0/9 (0) NA 1/6 (17) 0.44 (0.05-4.27) 0.48 (>0.05) 2/7 (29) 0.90 (0.16-5.09) 0.91 (>0.05)
rs846906

CC 18/117 (15) Reference 241117 (21) Reference 17/79 (22) Reference

craT 9/44 (20) 1.59 (0.62-4.09) 0.34 (>0.05) 20/46 (43) 3.31 (1.563-7.18) 0.002 (0.014) 13/30 (43) 3.17 (1.25-8.06) 0.02 (>0.05)

Odds ratios (OR) and P-values were adjusted for age and sex.
P-values that survived Bonferroni correction are presented in bold.

The NCEP ATP Il panel defined metabolic syndrome as the presence of three or more of the following risk determinants: (a) increased waist circumference (>102 cm for
men, > 88 cm for women); (b) increased triglycerides (>150 mg/dl) or treatment with hypolipidemic agents; (c) low HDL cholesterol (<40 mg/dl in men, <50 mg/dl in
women); (d) hypertension (>130/ > 85 mmHg) or treatment with antihypertensive; and (e) impaired fasting glucose (=110 mg/dl) or treatment with antidiabetics.

children (#=534) [28]. The results on obesity are incon-
sistent with our results in which carriers of the 753753579-A
allele showed a protective effect against obesity and was
associated with lower blood pressure. In addition, unlike our
results, other SNPs within the HSD/IBI gene such as
15846910, 154844488, and 15846906 were not associated with
obesity in the former study [28]. This discrepancy could be
explained by the fact that the former study was carried out in
healthy children, whereas ours included mostly adult psy-
chiatric patients treated with potential weight gain-inducing
drugs. HSD11B1 rs4844488 was analyzed in few studies, and
no significant association was found between this SNP and
BMI and/or MetS components [25,28,50]. Finally, in our
study, HSDI1IB1 rs§46906C>T was the only SNP asso-
ciated with increased WC, triglycerides and decreased
HDL-C, and exclusively in men. In additon, the
138469060 > T was associated with an increased risk of MetS
at 3 months of follow-up. Only a few publications have
analyzed this intronic SNP and no association was found
with the tested phenotypes [25,28,51,52].

In the present study, three H§D/7B]1 SNPs were asso-
ciated strongly with BMI and MetS components in the
subgroup of psychiatric women taking psychotropic
drugs. The adipose tissue is a well-known source of
estrogen production through aromatization of androgens
[53,54]. A direct relationship between aromartase activity
and body weight was also proposed [55,56]. In addition, a
dual relationship in the production of estrogen and cor-
tisol in the adipose tissue was suggested [56], in which

estrogen may increase cortisone to cortisol conversion
mediated by 11p-HSDI1 and cortisol may increase aro-
matase activity, producing more estrogen in the tissues
[57]. However, we cannot explain the findings between
rs846906C > T and lipid traits and WC in men.

"T'he association between HSD77/B1 SNPs and BMI was
mainly observed in the main psychiatric study and was
only partially observed in the replication samples. The
main psychiatric sample has a shorter treatment duration,
includes relatively newly treated patients, and has lower
initial BMI compared with the replication samples, which
have a longer treatment duration and a longer history of
psvchiatric  disorder (Table 1). Interestingly, when
investigating specifically the subgroup of newly diag-
nosed patients with psychiatric illness at the same year of
study inclusion and started psychotropic treatment within
the first year following the first psychiatric diagnosis, a
stronger association was observed between HSDIIB7
SNPs and BMI or MetS components during the follow-
up, suggesting a role of H§D/1B! SNPs early in the
psychiatric disorder and/or during the psychotropic
medication. The effect of these SNPs might disappear
after years of psychiatric illness and/or treatment with
psvychotropic drugs, with the majority of patients being
overweight or obese.

In the present paper, we observed a significant association
between the HSD/7/B1 SNPs and BMI or MetS compo-
nents in the clinical, but not in the population-based
samples. Previous data suggest a role of glucocorticoids
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and the hypothalamic—pituitary—adrenal (HPA) axis in the
development of psychosis andfor depression. Animal
studies showed an influence of 118-HSD1 on the reg-
ulation of the HPA axis [58,59]. In humans, 113-HSD1
was found to be expressed in the hypothalamus, sug-
gesting not only a role in the modulation of glucocorti-
coids feedback of the HPA axis but also a possible
regulatory effect on metabolism and appetite [60]. In
addition, HSD1IB1 rsi1119328 SNP was found to be
associated with increased susceptibility to depression and
with increased late-night cortisol levels and in post-
menopausal women with higher androstenedione levels
[52]. Altogether, these data suggest a possible role of the
113-HSD1 in the development of psychiatric disorders.
Given the low proportion of patients with severe psy-
chiatric disorders and psychotropic medication in the
community, the discrepant results according to the
recruitment source suggest that the effect of the
HSDi1B17 gene on BMI and MetS is restricted to severe
psychiatric disorders and/or patients treated with AP or
MS. This hypothesis is in line with our recent study
showing a stronger association between polymorphisms
within the cAMP-regulated transcriptional coactivator 1
(CRTC1) gene and obesity markers (BMI and fat mass) in
psychiatry compared with population-based samples,
even though the former sample size is much smaller than
the latter [32]. The CR7TCI genetic polymorphism
explains up to 9% of BMI variance in young psychiatric
women [32]. Another example is the far mass and obesity
associated (FFT0) gene in which polymorphisms within this
gene showed significant associations with obesity in two
cohorts of depressive patients, but not in healthy controls
[61]. SNPs in the melanocortin 4 receptor (MC4R) gene were
also associated significantly with weight gain in four
independent small psychiatric populations [11] and
showed a small effect in the population-based samples
[8]. Altogether, these data suggest that psychiatric dis-
orders and/or psychotropic treatments seem to unravel the
importance of selected genes involved in obesity and the
effect of these polymorphisms could be observed even in
small psychiatric sample sizes compared with the
population-based samples.

Several limitations of this study need to be acknowl-
edged. Hormonal measurements were not available for
our samples; thus, the interaction between estrogen and
HSD11B1 variants could not be explored. This study was
restricted to patients of White origin and the results
cannot be generalized to other ethnic groups. Finally, our
gene expression analysis did not show a functional
activity of the two SNPs and further studies, in particular,
with adipocytes and/or peripheral blood mononuclear
cells from psychiatric patients, are needed to elucidate
the biochemical mechanisms underlying the associations
observed.

In conclusion, this is the first pharmacogenetic study
relating genetic polymorphisms within HSD//B/ and

BMI and/or MetS and its components in psychiatric
patients. Previous studies failed to associate HSDI/IB1
SNPs with BMI and/or WC in different population-based
samples and showed many conflicting results for the
other MetS traits. In the present psychiatric sample
treated with potential weight gain-inducing psychotropic
drugs, HSD11B1 SNPs were significantly associated with
BMI and metabolic traits, especially in women and in
newly drug-treated patients. In addition, in several very
large population-based samples, we could not show an
impact of HSD7/B7 SNPs on BMI and MetS traits,
showing that these SNPs do not play an important role in
the general population. Further studies are needed to
determine the mechanism by which HSD77B1 SNPs
influence obesity and other metabolic disturbances in
psychiatric patients treated with psychotropic drugs.
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Abstract

Obesity development during psychotropic treatments represents a major health issue in
psychiatry. Melanin-concentrating hormone receptor 2 (MCHR2) is a central receptor
involved in energy homeostasis. MCHR2 shares its promoter region with MCHR2-AST, a
long antisense non-coding RNA. The aim of this study was to determine whether tagging
single nucleotide polymorphisms (tSNPs) of MCHR2 and MCHR2-AS1 are associated with
the body mass index (BMI) in the psychiatric and in the general population. The influence of
MCHR2 and MCHR2-AS T tSNPs on BMI was firstly investigated in a discovery psychiatric
sample (n, = 474). Positive results were tested for replication in two other psychiatric sam-
ples (n, = 164, n3 = 178) and in two population-based samples (Colaus, n, = 5409; GIANT,
ns = 113809). In the discovery sample, TT carriers of rs7754794C>T had 1.08 kg/m? (p =
0.04) lower BMI as compared to C-allele carriers. This observation was replicated in an
independent psychiatric sample (-2.18 kg/m?; p = 0.009). The association of rs7754794C>T
and BMI| seemed stronger in subjects younger than 45 years (median of age). In the popula-
tion-based sample, a moderate association was observed (-0.17 kg/m?; p = 0.02) among
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younger individuals (<45y). Interestingly, this association was totally driven by patients
meeting lifetime criteria for atypical depression, i.e. major depressive episodes character-
ized by symptoms such as an increased appetite. Indeed, patients with atypical depression
carrying rs7754794-TT had 1.17 kg/m? (p = 0.04) lower BMI values as compared to C-allele
carriers, the effect being stronger in younger individuals (-2.50 kg/m?; p = 0.03; interaction
between rs7754794 and age: p-value = 0.08). This study provides new insights on the pos-
sible influence of MCHRZ2 and/or MCHR2-AS1 on obesity in psychiatric patients and on the
pathophysiolegy of atypical depression.

Introduction

Compared to the general population, patients with chronic severe mental disorders have an
estimated shorter life expectancy of 15 to 25 years due to the psychiatric disorder and/or physi-
cal comorbidities (i.e obesity or other metabolic disorders) but also in the use of psychotropic
treatments[1]. Indeed, many antipsychotics, in particular atypical antipsychotics, and some
mood stabilizers and antidepressants are associated with important weight gain[2]. The vari-
ability of weight gain observed in patients sharing similar clinical risk factors (i.e gender, age
and psychotropic treatment)[3], together with the heritability of weight regulation observed in
twin, adoption and family studies[4] support the key role of genetic factors in the development
of obesity. Moreover, recent changes in Western lifestyle (ubiquitous access of industrial/palat-
able food and poor physical activity) strongly increase the influence of genetic risk factors
towards the development of obesity. However, genome-wide association (GWAS) and candi-
date gene studies have only explained a small variance of the body mass index (BMI)[5]. There-
fore, the identification of new genetic predictors for the development of obesity in psychiatric
patients is not only of great interest for a better understanding of the mechanisms underlying
excessive weight increase, but also for the future personalized prescription of psychotropic
drugs.

The regulation of food intake, a major component in energy balance, is achieved in part by
highly specialized hypothalamic neurons that are able to sense and integrate peripheral feeding
cues. The exact mechanisms by which peripheral cues-related signals interact within the hypo-
thalamus to modulate the response are only partially understood. However, in this highly com-
plex system of regulation, some specific pathways have been characterized[6, 7]. The
melanocortin pathway, in the arcuate nucleus of the hypothalamus, is a major axis through
which peripheral peptides and hormones converge and act to modulate the energy balance.
Recent studies have enlightened the involvement of the melanin-concentrating hormone
receptor 2 (MCHR2) in the transduction of central orexigenic signals. More specifically, mela-
nin-concentrating hormone (MCH), the agonist of MCHR2, has been shown to be a critical
hypothalamic regulator involved in energy homeostasis in mammals[8, 9]. Mice lacking MCH
gene have been observed to be lean, having decreased feeding behavior and increased energy
expenditure[10]. Even though MCHR?2 is not expressed in rodents, a recent study showed that
induction of MCHR2 expression in mice protected against diet-induced obesity[11]. In
humans, MCH was shown to be expressed in neurons of the lateral hypothalamus, an area that
coincides with MCH receptors sites of expression[9]. Moreover, in a French general popula-
tion, a linkage with childhood obesity was identified on chromosome 6q16.3-q24.2[12] and
two single nucleotide polymorphisms (SNPs) within MCHR2 were further associated with
childhood obesity[13]. Of note, some atypical antipsychotics have been reported to affect
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neurcpeptide hormone levels involved in energy homeostasis[14-16]. Specifically, the expres-
sion of MCH as well as its receptors may be upregulated during antipsychotic treatments,
which may enhance rewarding aspects of food[17]. Moreover, the first genome scan targeting
obesity as a side effect of antipsychotics has observed an implication of the pro-melanin-con-
centrating hormone (PMCH), the precursor of MCH[18].

Interestingly, during the preparation of the present study, gene region analyses revealed that
the MCHR2 SNP associated with BMI in a Caucasian population-based sample (i.e MCHR2/
MCHR2-AS1 rs6925272)[13], lies not only in the promoter of MCHR2 but also in the promoter
of another gene transcribed in an antisense way, MCHR2-AS1 (MCHR2-antisense RNA).
MCHR2-AS1 is a RNA gene affiliated to the long non-coding RNA (IncRNA) class. Although
this class of genes is still poorly understood, recent studies have linked some IncRNAs with the
development of different diseases[19-21].

Because of the high prevalence of obesity, of metabolic abnormalities and of mortality rate
within the psychiatric population, the probable involvement of MCHR2 in the phenotype of
obesity and the absence of studies examining the possible influence of genetic polymorphisms
of MCHR2 on BMI in psychiatric patients, we examined associations between tagging SNPs of
MCHR2 and of MCHR2-AS1 with BMI in three independent psychiatric samples treated with
psychotropic drugs that were likely to induce weight (i.e clozapine, olanzapine, quetiapine, ris-
peridone, lithium, valproate, mirtazapine, aripiprazole and/or amisulpride). In order to further
investigate whether these above-mentioned associations are valid in the general population as
well or are only specific to psychiatry, we then attempted to replicate the results in two popula-
tion-based samples, one of which had subjects with psychiatric evaluations.

Results

Demographic and clinical characteristics of three psychiatric Caucasian populations are pre-
sented in S1 Table. In the discovery sample, the prevalence of obesity at the end of the follow-
up was lower (17%) than in both replication samples (39% and 28%), which could in part be
explained by the longer treatment duration in the latter samples. The median age of patients in
the discovery sample was higher (50 years) than in both replication samples (43 and 42 years),
the former sample containing geriatric patients, which is not the case for both replication sam-
ples. In each of these three independent psychiatric samples, almost half of patients gained
more than 5% of initial weight during the current psychotropic treatment (41%, 56% and
51%), with a median duration of treatment of 6, 27 and 35 months, respectively.

MCHR2 and MCHR2-AS1 tagging SNPs are presented in 52 Table. rs9403322 and
rs4559096 deviated from Hardy-Weinberg equilibrium in the discovery sample (p-
values<0.05). These two SNPs were therefore not further analyzed. Therefore, a total of twelve
SNPs were analyzed in this study. Minor allele frequencies (MAF) in our combined sample
were comparable to those reported in HapMap (Caucasians).

Associations between MCHR2 and MCHR2-AS1 Tagging
Polymorphisms and BMI in the Psychiatric Sample

In the discovery sample, three tagging SNPs of MCHR2 (i.e. MCHR2 rs4840109, MCHR2
rs2001456 and MCHR?2 rs7754794) were significantly associated with BMI, with carriers of the
G allele (for rs4840109), G allele (for rs2001456) and TT genotype (for rs7754794) having
lower BMI values as compared to others, respectively (more details in 53 Table). Multiple com-
parison tests in the discovery sample using the false discovery rate method correcting for 12
independent tests revealed p-corrected-values of 0.04 for each of these three SNPs. The remain-
ing MCHR2 and MCHR2-AS1 tagging SNPs were not associated with BMI. MCHR2
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rs4840109, MCHR2 rs2001456 and MCHR2 rs7754794 were tested for replication in replica-
tion samples I and 2. P-values of replication analyses were corrected for 3 independent tests
using false discovery rate correction. Both rs4840109 and rs2001456 were not replicated and
were therefore not considered for further analyses. rs7754794 was significantly associated with
BMI in the replication sample 1, for which carriers of TT genotype had 2.18 kglmz lower BMI
as compared to C-allele carriers (Peorreciea = 0.009). A significant association was also observed
within the combined sample, with TT carriers having 0.84 kg/m® lower BMI as compared to
others (Peorrected = 0.02; Table 1). Fig 1 presents the evolution of BMI during psychotropic
treatment in patients of the combined sample according to rs7754794 genotype. In carriers
with the TT genotype, the BMI remained stable over time, whereas the BMI of CC or CT carri-
ers increased along the treatment duration. The difference across genotypes reached the thresh-
old of significance after six months of treatment.

Associations between MCHR2 rs7754794C>T and BMI in Age-Stratified
Subgroups of the Combined Sample

The influence of rs7754794 polymorphism on BMI was assessed in age-stratified psychiatric
subgroups of the combined sample (interaction between rs7754794 and age: p-value = 0.08).
Only patients younger than 45 years (the median of age in the psychiatric sample) appeared to
be concerned with this genetic effect on BMI, with carriers of TT genotype having 1.59 kg,"mz
lower BMI as compared to others (p = 0.003) (Table 2). Of note, in the discovery sample,
rs7754794-TT carriers younger than 45 years had significantly lower waist circumference
(WC) as compared to others (-4.34 cm; p = 0.02; 54 Table).

MCHR2 and MCHR2-AS1 Tagging SNPs Haplotype Analysis

Four haplotype blocks were observed (51 Fig). Combinations formed from the first three hap-
lotype blocks did not show any significant association with BMI in the combined psychiatric
sample (data not shown). Regarding the block 4 (within MCHR2-AS1), by combining SNPs
rs11155243, rs9484646 and rs12214805, four different combinations were formed. Wild-type
carriers for these three SNPs (i.e. GGC, frequency of this combination: 0.5) had 2.02 lower unit
BMI as compared to others (p = 0.04). Age-stratified analyses could not be conducted due to
an insufficient number of observations.

Replication of MCHRZ2 rs7754724C>T Association with BMI in
Population-Based Samples

The association of MCHR?2 rs7754794 with BMI was further investigated for replication in two
population-based samples (CoLaus and GTANT) using rs7749425, a proxy of rs7754794 (r* =
0.97). The rs7754794 association with BMI was not replicated in these samples (Table 3). How-
ever, in Colaus, age-stratified analyses revealed that individuals younger than 45 years and car-
rying rs7754794-TT had a significantly lower BMI and WC than others. Of note, in order to
avoid bias, the same threshold (i.e. 45 years old) was used both in psychiatric and in popula-
tion-based samples. Age-stratified data were not available in GIANT.

In PsyCoLaus, the subset of CoLaus with psychiatric evaluations, stratifications according
to depression subtypes revealed some differences between atypical and non-atypical subgroups.
Women were more prevalent among those with atypical depression (74%) than among the
other depressives (63%; S5 Table). As expected, in the former subgroup, the proportion of sub-
jects with increased appetite, which is one of the 5 diagnostic criteria for this depression sub-
type, was much higher (41%) than in the latter subgroup (5%). Moreover, subjects with
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Table 1. Association of MCHR2 rs7754794C>T with BMI in three independent Caucasian psychiatric samples.

Replication sample 2

Combined sample n = 736

MCHR2 Discovery sample n = 441 Replication sample 1 n =153
rs7754784C>T n=142
B(95%Cl)  p- Ex. B(95%Cl) p- Ex. B(95%Cl)  p- Ex. B(95%Cl)  p- Ex.
(kg/m*  value  var (kg/m?) value  var (kg/m*  value  var (kg/m?) value  var
(%) (%) (%) (%)
CC/CT ref ref ref ref

TT -1.08 0.04 0.46 -2.18 0.009 278 0.79 0.42 -0.84 0.02 028

(-2.11-¢) (-3.87-(-) (-0.81— (-1.62—(-)

0.35) 1.01) 3.01) 0.32)

Results were obtained by fitting Generalized Additive Mixed Models for patients, controlling for age, sex, smoking status, current psychotropic drug and
comedications possibly causing weight-gain. 3: estimate. p-value: corrected for multiple tests.Ex. var (%): explained variance by the polymorphism, only

calculated for significant results. ref: reference

doi:10.1371/journal pone.0139155.001

p=0.24 p=0.07 p=0.02* p=0.003**
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Fig 1. BMI evolution during psychotropic treatment according to protective or risk MCHR2 rs7754794C>T genotype. Caucasian patients carrying
protective (TT) or risk (CC or CT) rs7754794C>T variant. Median, interquartiles and number of observations for each box are indicated.

doi:10.1371/journal.pone.0139155.9001
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Table 2. Age-stratified analysis for MCHR2 rs7754794C>T association with BMI.

MCHR2 rs7754794C>T Combined sample
n B (95% CI) (kg/m?) p-value Ex. var (%)

Age<45 374
CC/CcT ref

TT -1.59 (-2.65—{-)0.46) 0.003 1.1
Age>45 366
CC/CT ref

TT -0.23 {-1.09-0.75) 0.35

Results were obtained by fitting Generalized Additive Mixed Models for patients, controlling for age
{whenever appropriate), sex (whenever appropriate), smoking status, current psychotropic drug and
comedications possibly causing weight-gain. p: estimate. Ex. var (%): explained variance by the
polymorphism, only calculated for significant results. ref: reference.

doi:10.1371/journal pone.0139155.t002

atypical depression were more frequently in a current episode at the moment of the evaluation
than the other subjects with a major depressive disorder (28% versus 13%), which is likely to
explain the higher proportion of antidepressant use (23% versus 13%, respectively). In the Psy-
Colaus sample, there was no association between rs7754794 and BMI (Table 4). However,
there was an interaction (p = 0.04) between the rs7754794-TT genotype and a lifetime major
depressive episode with DSM-IV atypical depression regarding the BMI. Indeed, among sub-
jects with atypical depression features, those carrying rs7754794-TT had a significantly lower
BMI (-1.17 kg/ml) as compared to C-allele carriers (p = 0.04), whereas the BMI of individuals
with no history of an atypical depression was not influenced by this genetic polymorphism.
Age-stratified analyses revealed that this association was also observed in individuals younger
than 45 years with atypical depression (-2.50 kg/m? p = 0.03). Of note, no significant associa-
tion was found between rs7754794 and BMI in subjects without lifetime major depressive epi-
sode (data not shown). Finally, no difference of rs7754794 frequency was observed between
subgroups of diagnosis of PsyCoLaus (56 Table). Subgroups of diagnosis were not available in
the combined sample.

Discussion

The present results suggest a contribution of MCHR2 and/or MCHR2-AS1 in the regulation of
human body weight, which is consistent with the proposed role of MCH and MCHR2 pathway
in the literature[9] and with the only other genetic study on MCHR2 which reported an associ-
ation of MCHR2 genetic polymorphism with obesity in the general population[13]. To our
knowledge, this is the first study performed in psychiatric subjects, i.e. a population with a high
prevalence of obesity or overweight phenotypes. Specifically, this study showed a significant
association of MCHR2/MCHR2-ASI genetic polymorphisms with BMI in the psychiatric popu-
lation as well as in a psychiatric subgroup of a population-based sample. Moreover, a haplotype
combination of three MCHR2-ASI tagging SNPs was also significantly associated with BMI in
the psychiatric population.

Interestingly, the association of MCHR2 rs7754794 with BMI was only observed in patients
younger than 45 years old. Because a first treatment exposure has been previously described as
an important risk factor for important weight gain[22], it could be hypothesized that age
would be a proxy of first-treatment exposure in younger patients. However, most of the young
patients had already received previous psychiatric drug treatment before inclusion and there
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Table 3. Replication ly in Caucasian population-based samples.
rs7749425C>T (proxy of ALL SUBJECTS <45 years subjects
rs7754794C>T)
BMI wC BMI wcC
n B (k p- n  B(em) p- n B (ka/ p- n B p-
m?) value value m?) value (em)  value
GIANT 113809 ref
0.0032 0.47 NA NA NA
ColLaus 5409 ref 5409 ref 1463 ref 1463 ref
-0.0492 0.22 -0.0381 0.34 0.17 0.02 -0.15 0.04

Results were obtained by using robust regression, adjusted for age and sex. BMI: body mass index; WC: waist circumference. ref: reference (i.e carriers
of the C allele at rs7749425 locus). B: estimate. NA: non applicable.

doi:10.1371/journal pone.0139155.1003

was no association between MCHR2 rs7754794 and BMI in a subgroup of the discovery sample
with a newly diagnosed psychiatric disorder (see Supporting information for further details).
Therefore, MCHR2 157754794 seems to be associated with BMI in younger patients indepen-
dently of the psychotropic treatment exposure status. MCHR2 has been described as one of the
components acting in the hypothalamic regulation of food intake[23, 24], a system of regula-
tion involved early in the development of obesity. Additionally, age has been found to affect
appetite regulation with elderly individuals having a less efficient hypothalamic regulation of
food intake|25, 26]. These elements may suggest that genetic risk factors involved in the regula-
tion of food intake in young individuals may be more important than in the elderly. Interest-
ingly, replication analyses in the population-based sample (CoLaus) was in accordance with
this hypothesis, where the association between MCHR2 genetic polymorphism and BMI was
only significant in younger individuals. Moreover, the only reported study that associated
MCHR2 with obesity also observed an age-dependent genetic susceptibility in obesity, with the
younger being more concerned[13]. The association between MCHR2/MCHR2-AS1 with BMI
found in the discovery sample was confirmed in replication sample 1 but not in replication

Table 4. Replication analyses in PsyCoLaus, the subset of CoLaus with psychiatric evaluations.

rs7749425C>T (proxy of ALL SUBJECTS <45 years subjects
rs7754794C>T)
BMI wC BMI wcC
n B (kg/ P n B p- n B (kg/ p- n B p-
m?) value {cm) value m?) value (cm) value
PsyColaus: 3938 ref 3938 ref 907 ref 807 ref
All subjects -0.15 0.42 -0.58 0.26 -0.28 0.38 -1.33 013
PsyColaus: 1580 ref 1580 ref 404 ref 404 ref
Depression -0.21 0.46 -0.52 0.5 -0.35 0.45 -1.73 0.16
PsyColaus: 1127 ref 1127 ref 278 ref 278 ref
Non-atypical depression 0.18 0.56 017 0.85 0.37 0.44 -0.36 0.79
PsyColaus: 453 ref 453 ref 126 ref 126 ref
Atypical depression -1.17 0.04* 0.12 2.5 0.03% -5.59 0.05

Results were obtained by using robust regression, adjusted for age and sex. BMI: body mass index; WC: waist circumference. ref: reference (i.e carriers
of the C allele at rs7749425 locus). B: estimate.
*Interaction between atypical depression and rs7749425 significant (p = 0.04).

doi:10.1371/journal.pone.0139155.1004
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sample 2. In the latter sample, the positive association between rs7754794 and BMI in patients
older than 45 years may have hampered replication when considering the whole replication
sample 2 (see Supporting information for further details). Additionally, the longer treatment
duration in replication sample 2 (median of 35 months) as compared to the two other samples
(6 and 27 months, respectively) may have also contributed to the observed differences.

Interestingly, within the PsyColaus replication sample, MDD (major depressive disorder)
subtypes stratification revealed that individuals with present or past depression with atypical
features were concerned with the protective effect of rs7754794 on BMI, whereas other individ-
uals (i.e those without depression or those with depression with non-atypical features) were
not. Atypical depression has been characterized by an improved mood in response to positive
events, featuring some symptoms such as an increased appetite, weight gain and hypersomnia
[27]. In PsyCoLaus, the atypical subtype of MDD has been described as a strong predictor of
obesity[28]. Of note, several common biological states linking obesity and depression have
been determined, such as the dysregulation of the hypothalamic-pituitary-adrenocortical axis
[29, 30]. Moreover, the MCH pathway has been involved in both body weight and mood status
regulation in rats[31]. In the present study, no difference of rs7754794 frequency was observed
in the atypical depression subgroup of PsyCoLaus, as compared to others (data not shown),
suggesting that MCHR2/MCHR2-ASI variant is not a risk factor for atypical depression but
rather for BMI increase during atypical depression. BMI increase in patients with atypical
depression may result from several factors, including illness symptoms, such as an increased
appetite and/or a sleeping dysregulation. Interestingly, MCH has been associated with the regu-
lation of both atypical depression features in humans[32, 33]. Exploratory association analyses
of MCHRZ2 rs7754794 with appetite conducted in the discovery sample and in the atypical
depression subgroup revealed no significant association (see Supporting information for fur-
ther details). It would be interesting to investigate in the future whether this genetic variant is
associated with sleep regulation. Of note, MCHR2 157754794 effect on BMI was higher in the
psychiatric population than in replication population-based samples. In additien, positive
results found in the general population appear to be totally driven by the subgroup of subjects
with present or past atypical depression. It can however not be excluded that MCHR2
rs7754794 does contribute to BMI regulation in other populations, including non psychiatric
individuals as well.

Interestingly, MCHR2 rs7754794 is not only a tagging SNP of MCHR2, but is also a proxy of
rs6925272 (r2 =0.97),a MCHR2-AS]I tagging SNP lying in the promoter region of both
MCHR2 and MCHR2-AS1. Therefore, our results could be directly linked with a differential
MCHR2 and/or MCHR2-AS1 genotype-dependent expression. Analyses of MCHR2 and
MCHR2-AS1 expression have been conducted in peripheral blood mononuclear cells in a sub-
set of the discovery sample. Unfortunately, these two genes were not expressed in these cells
(data not shown). Even when focusing on patients receiving olanzapine, a medication having
been described as a potent inducer of MCH receptor[17], no expression of these two genes
could be detected in peripheral cells (data not shown). Further expression analyses of MCHR2
and MCHR2-ASI within their functional tissue are of particular interest and will help to under-
stand their implication in the development of obesity. Regarding the possible biclogical func-
tion of long antisense non-coding genes, a recent study observed an epigenetic-conducted
transcription of a gene (i.e APOAI; apolipoprotein A1) by a IncRNA in its antisense direction
(APOA1-AS1)[34]. However, further studies are needed to better characterize the role of long
noncoding antisense RN As in the pathophysiology of obesity.

Several limitations of this study need to be acknowledged. Firstly, this study was restricted
to Caucasian patients and results cannot be extrapolated to other ethnicities. Secondly, we
could not link any MCHR2 and/or MCHR2-AS1 tagging-variants with their expression to
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functionally validate our hypotheses. Thirdly, we were not able to determine whether the poly-
morphism associated with BMI lies in MCHR2, MCHR2-AS1 or in the promoter region of both
genes. On the other hand, the fact that the results were replicated in one independent sample
and in a psychiatric subgroup of a population-based sample, the latter used as a proof of con-
cept of the polymorphism effect, strengthens the validity of our data.

In conclusion, this is the first genetic study linking MCHR2 and/or MCHR2-ASI tagging
polymorphisms and BMI in psychiatric patients under psychotropic treatments. The present
results are in agreement and expand those from the lone study preformed until now, showing a
significant association between MCHR2 and BMI in the general population[13]. Moreover, the
significant interaction found between MCHR2/MCHR2-AS1 and BMI in population-based
subjects with present and/or previous history of atypical depression but not non-atypical
depression provides new clues to the pathophysiology of atypical depression.

Materials and Methods
Psychiatric Samples

Discovery sample (Lausanne follow-up prospective psychiatric study). Since 2007, a
prospective cohort study is ongoing in the Psychiatric University Hospital of Lausanne includ-
ing 474 Caucasian patients with newly prescribed psychotropic drugs (see Supporting Informa-
tion). Clinical variables and body weight were prospectively recorded at several time points
during the first 12 months of treatment, according to published recommended monitoring
guidelines (i.e before starting the psychotropic treatment and at months 1,2,3,6 and 12)[35].

Replication sample 1 (Geneva retrospective psychiatric study). Trom 2006 to 2008, a
study was conducted in out-patient psychiatric centers of Geneva University Hospital. 163
Caucasian patients treated for more than 3 months with psychotropic drugs were included (see
Supporting Information).

Replication sample 2 Lausanne retrospective study). From 2010 to 2011, a study was
conducted in two out-patient psychiatric centers of Lausanne (Lausanne University Hospital
and a private psychiatric center). 178 Caucasian patients treated with psychotropic drugs were
recruited (see Supporting Information).

In the three samples, demographic data, history of treatment and comedications were
obtained from medical files. At inclusion, body weight and height were measured with partici-
pants standing without shoes in light clothes. Body weight was measured in kilograms to the
nearest kg. Height was measured to the nearest cm using a height gauge. Body mass index
(BMI) was defined as maigh‘[.t’height2 (kg;'mz). BMI values between 25-30 l(g}m2 and equal or
higher than 30 kg/m2 were used to define overweight and obese patients, respectively. Psychiat-
ric diagnoses were established by physicians according to the ICD- 10 classification. Most
patients had already received other psychotropic treatments before the current treatment. For
patients in replication samples 1 and 2, clinical variables, body weight and height were mea-
sured during the interview, while their previous weight data (i.e. weight before the beginning of
the current treatment and/or weight at different times during the current treatment) were
either collected from medical files or self-reported. Full description of these samples was pub-
lished elsewhere[36]. Written informed consents were obtained from patients or their legal
representatives for the three psychiatric cohorts and these studies were approved by the Ethics
Committee of Geneva and Lausanne University Hospitals.

Population-Based Samples

Results were replicated in two population-based samples: CoLaus/PsyCoLaus, n = 5 409 [37,
38] and Genetic Investigation of ANtropometric Traits (GIANT, n = 123 865)[5].
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CoLaus/PsyCoLaus. Participants aged from 35 to 75 years were recruited between June
2003 and May 2006, as previously described for CoLaus[37]. The assessment included cardio-
vascular risk factors such as body mass index (BMI), fat mass, waist circumference (WC),
blood pressure, blood glucose, triglycerides and high density lipoprotein cholesterol. In addi-
tion, all Caucasians (91% of the sample) underwent a genetic exam (GWAS; n = 5409). All par-
ticipants of CoLaus in the age range of 35 to 66 years were also asked to participate ina
psychiatric evaluation (PsyCoLaus) based essentially on a semi-structured diagnostic interview
[38]. In PsyCoLaus, we could subtype depressive individuals by atypical features according to
the DSM-1V. Combined genetic and psychiatric data were available for 3938 participants. Gen-
otyping for the CoLaus/PsyCoLaus subjects was performed using the Affymetrix GeneChipR
Human Mapping 500K array set. Demographic and clinical characteristics of PsyCoLaus are
shown in results.

Genetic Investigation of ANtropometric Traits (GIANT) consortinm. The GIANT con-
sortium performed a meta-analysis of GWAS data with a discovery set of 123 865 individuals
of European ancestry from 46 studies for height [39], BMI [5] and waist-to hip ratio [40].

Genotyping and Candidate Gene Polymorphisms

rs6925272 was first selected based on a previous study[13] and genotyped using Taqman allelic
discrimination assay (ABI PRISM 7000 Sequence Detection System; Applied Biosystems, Rotk-
reuz, Switzerland). Tagging SNPs within MCHR2 and MCHR2-AS1 where then selected using
HapMap Genome Browser (release #28, NCBI build 36, dbSNP b126). Ten tagging pelymor-
phisms within MCHR2 and twelve within MHCR2-AS1 were obtained by limiting the search to
SNPs with a minor allele frequency >5% in the Caucasian population and r* cutoff of 0.8.
MCHR2 tagging SNPs were customized and added to the [llumina 200K cardiometabochip
[41], whereas four among twelve MCHR2-AS1 tagging SNPs were added to the cardiometabo-
chip. Due to technical issues, proxies of SNPs were chosen in some cases (57 Table). A good
concordance was observed between genotypes obtained using Tagman and those obtained in
the Cardiometabochip.

Statistical Analysis

Associations between tagging SNPs of MCHR2 and of MCHR2-AS1 and BMI were first tested
in the discovery sample. Only SNPs significantly associated with BMI were tested for replica-
tion in the two replication psychiatric samples and the population based samples. For the
assessment of association between BMI and tagging SNPs in psychiatric samples, a generalized
additive mixed model (GAMM) was fitted, adjusting for age, gender, smoking status, current
psychotropic drug and comedications potentially inducing weight gain (S8 Table), allowing a
smooth trend for the response in time based on multiple observations for each patient.
GAMMs were fitted using the mgcv package of R, in which parameter uncertainties (confi-
dence intervals and p-values) were computed using 1000 bootstrap replicates with replacement,
performed on patient level. Replication analyses in population-based samples were conducted
using robust regression adjusted for age and sex. P-values of these two-sided models < 0.05
were considered as statistically significant. All the analyses were performed using Stata 12 (Sta-
taCorp, College Station TX, USA) and R version 2.13.0 software. Haploview 4.2 [42] was used
to define haplotype blocks and linkage disequilibrium (LD) between different MCHR2 or
MCHR2-AS81 SNPs (D’ and r%). The haplo.stat package of R was used for haplotype analysis. P-
values were defined using asymptotic chi-squared tests of haplo scores.
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