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2. POPIS OZNAKA | KRATICA
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3.1. UVOD

3.1.1. Tireoglobulin (Tg)

Hormoni Stitne zlijezde klju¢ni su za pravilno funkcioniranje, rast i razvoj svih stanica u tijelu.
Tireoglobulin (Tg) je najzastupljeniji protein kojeg proizvodi stitna zlijezda. Ovaj veliki (660 kDa)
glikoprotein sluzi kao skladiSte hormona Stitne Zlijezde budu¢i da se proteolizom Tg oslobadaju
hormoni tiroksin (T4) i trijodtironin (T3) koji se potom otpustaju u krv (1). Tg se sintetizira u
tireocitima te prolazi posttranslacijske modifikacije u hrapavom endoplazmatskom retikulumu i
Golgijevom aparatu prije nego $to se oslobodi u lumen folikula radi jodiranja i proizvodnje hormona
(2, 3). Zreli Tg se zatim vraca u tireocite, gdje se razgraduje kako bi oslobodio hormone §titne Zlijezde
u krvotok (1). Intaktni Tg takoder mozZe uci u krvotok putem transcitoze ili iz osteenih folikula, pri
¢emu koncentracija Tg u plazmi korelira s masom Stitne zlijezde i povecava se kod patologije Stitne
zlijezde (4, 5). Istrazivanje provedeno na blizancima pokazalo je da promjene u koncentraciji

serumskog Tg imaju snaznu geneti¢ku komponentu (6).

U posljednje vrijeme provode se cjelogenomske studije povezanosti (engl. genome-wide association
studies, GWAS) kako bi se utvrdili genetski ¢imbenici koji su povezani s odredenim fenotipom ili
bolestima. Najveca prednost ovog pristupa lezi u tome $to omogucuje istrazivanje bez unaprijed
postavljene hipoteze o povezanosti izmedu specificnog gena i fenotipa, pri ¢emu se istovremeno
testira ¢ak 1 do nekoliko milijuna genetskih polimorfizama (7). Cjelogenomske studije povezanosti
otkrile su mnoge genetske polimorfizme koji leze u osnovi razli¢itih bolesti i kvantitativnih

fenotipova.

Nasa nedavna cjelogenomska studija povezanosti otkrila je 16 polimorfizama jednog nukleotida
(engl. single-nucleotide polymorphism, SNP) unutar gena ST6GALL povezanih s koncentracijom Tg
u plazmi (8). Gen ST6GAL1 kodira enzim beta-galaktozid alfa-2,6-sialiltransferazu 1 koji dodaje
sijalinsku Kiselinu na antenske galaktoze. Ovo je bila prva cjelogenomska studija povezanosti koja je
istrazivala gene povezane s koncentracijom Tgu plazmi. Linearni mjeSoviti model (engl. linear mixed
model, LMM) koristen u naSoj studiji smatra se zlatnim standardom za mapiranje povezanosti na
razini cijelog genoma jer ucinkovito kontrolira na strukturu populacije 1 srodnost medu pojedincima.
Medutim, LMM, kao i druge frekvencionisticke metode, testiraju samo jedan polimorfizam
istovremeno. S druge strane, metode koje povezuju fenotipske varijacije s viSestrukim genetickim
varijantama istovremeno, mogle bi dodatno povecati mo¢ otkrivanja uzrocnih varijanti. ViSestruki
SNP modeli, proSirenja standardnog LMM, predloZeni su iz Bayesovske perspektive, uzimajuci u

obzir alternativne apriorne distribucije na efekte polimorfizama. U prilozenoj studiji (Rad 1), ukljucili
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smo novih 1 096 ispitanika s izmjerenom koncentracijom Tg u plazmi kako bismo replicirali nasa
prethodna otkri¢a i dodatno istrazili geneticku pozadinu Tg. Proveli smo cjelogenomsku analizu
povezanosti koriste¢i frekvencionisticke i Bayesovske pristupe, kao i procjenu nasljednosti i
genomsku predikciju koncentracije Tg koriste¢i Bayesovske pristupe. Naposljetku, meta-analizom
smo objedinili rezultate naSe nove cjelogenomske analize s prethodno objavljenim cjelogenomskim

rezultatima u zdruzenom skupu podataka od 2 190 ispitanika.

3.1.2. Metabolicki sindrom (MetS)

U klinickoj praksi, neaktivna $titna zlijezda Cesto se opaza zajedno s metabolickim sindromom
(MetS). MetS je definiran kao skup kardiometabolickih abnormalnosti koje ukljucuju pretilost,
hipertenziju, hiperglikemiju i dislipidemiju. Zbog svoje visoke prevalencije i slozenosti, MetS je
razli¢ito definiran od strane razli¢itih organizacija. Tri najceS¢e koristene definicije dolaze od
Svjetske zdravstvene organizacije (1998.) (9), Ameri¢kog Nacionalnog programa obrazovanja o
kolesterolu - Panel lije¢enja odraslih III (engl. National Cholesterol Education Program Adult
Treatment Panel 111, NCEP-ATP I11, 2001.) (10) te Zajednicke privremene objave (engl. Joint Interim
Statement, JIS, 2009.). Definicija JIS rezultat je suradnje Sest vodecih organizacija u ovom podrucju,
kroz koju je zaklju¢eno da ne postoji jedinstveni kriterij za definiranje metabolickog sindroma, te da
opseg struka i dalje ostaje glavni alat za njegovo otkrivanje (11). U nasem radu (Rad 2) fokusirali
smo se na definiciju JIS, koriStenu u najvecoj cjelogenomskoj studiji povezanosti MetS kao binarne
varijable u UK Biobanci (12). Nedavno je meta-analiza globalnih podataka od 28 milijuna osoba
procijenila globalnu prevalenciju MetS izmedu 12,5% i 31,4%, ovisno o koriStenim definicijama (13).
MetS pogada preko milijardu ljudi Sirom svijeta i povezan je sa znacajno povecanim rizikom od
dijabetesa tipa Il, kardiovaskularnih bolesti i smrtnosti, §to ga ¢ini jednim od najvaznijih globalnih
zdravstvenih izazova danas. Nekoliko studija sugeriralo je povezanost izmedu disfunkcije Stitne
zlijezde i MetS ili njegovih komponenti, ali uzro¢nost i smjer tih povezanosti jo$ uvijek nisu dokazani
(14, 15). Presjecne studije pokazale su da je preklapanje izmedu dijagnoze disfunkcije $titne Zlijezde
i dijagnoze MetS uobicajeno, potvrdujuci njihovu povezanost, ali i postavljaju¢i pitanje smjera
povezanosti. Pozornost se sada usmjerava na obrnuti uzroc¢ni put, odnosno pretpostavku da
disfunkcija stitne zlijezde moze proizaéi iz u¢inaka MetS, a ne samo da je MetS posljedica disfunkcije
Stitne Zlijezde. Pozitivna povezanost izmedu tireotropina (engl. thyroid-stimulating hormone, TSH) i
dijagnoze MetS zabiljezena je u velikom broju studija (15). Ova povezanost se odrzala ¢ak i kod
eutiroidnih osoba s koncentracijom TSH unutar referentnog raspona (16, 17). S druge strane, veza
izmedu slobodnog tiroksina (engl. free thyroxine, fT4) i dijagnoze MetS nije bila tako jednoznacna,

buduci da su je neke studije zabiljezavale kao pozitivnu (18), a druge kao negativnu (19, 20). Ova
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kontradikcija moZe biti posljedica uobicajenih nedostataka presje¢nih epidemioloskih studija, kao §to
su utjecaj zbunjujucih varijabli i obrnuta uzro¢nost. Prije implementacije ovih rezultata u klinickoj
praksi, nuzno je provesti dodatna istrazivanja o uzrocnim vezama koje stoje iza tih povezanosti.
Mendelova randomizacija (engl. Mendelian randomization, MR) pruza jedinstvenu metodu za
identifikaciju uzro¢ne prirode okoli$nih faktora rizika (21). MR analiza temelji se na ¢injenici da se
geneticka varijanta povezana s tretmanom tj. faktorom izlozenosti moze koristiti kao instrumentalna
varijabla za procjenu uzro¢nog ucinka tretmana na ishod od interesa (22). MR studije istrazile su
uzro¢nu ulogu funkcije $titne zlijezde na neke komponente MetS, poput lipida u krvi (23, 24), omjera
struka s bokovima (engl. waist-to-hip ratio, WHR) ili indeksa tjelesne mase (engl. body mass index,
BMI) kao pokazatelja pretilosti (23, 25, 26), te krvnog tlaka (23). Medutim, do objave naSe studije
(Rad 2), dvosmjerna uzro¢na povezanost izmedu funkcije Stitne Zlijezde i MetS kao binarnog ishoda

nije testirana koriste¢i MR pristup.

3.1.3. Vitamin D

Meta-analize i mnogobrojne presjecne studije pokazale su da nedostatak vitamina D mozZe biti
¢imbenik rizika za razvoj hipotireoze, autoimunih poremecaja stitne zlijezde i raka Stitne zlijezde (27-
29). Velika longitudinalna studija temeljena na elektroni¢kim zdravstvenim zapisima otkrila je da
suplementacija vitaminom D rezultira smanjenjem koncentracije TSH i nizom stopom otkrivanja
hipotireoze (30). Nedavno randomizirano kontrolirano ispitivanje (engl. randomized controlled trial,
RCT) pokazalo je da suplementacija vitaminom D smanjuje incidenciju hipotireoze kod Zena, ali ne
i kod muskaraca (31). Nadalje, randomizirana kontrolirana ispitivanja koja su ispitivala u¢inak
suplementacije vitaminom D na funkciju Stitne Zlijezde kod oboljelih od autoimunih bolesti Stitne
Zlijezde otkrila su smanjenje protutijela na $titnu zlijezdu nakon suplementacije vitaminom D (29).
Medutim, odnos izmedu vitamina D i funkcije Stitne zlijezde jo$ uvijek nije u potpunosti razjasnjen.
Vitamin D postoji u vise oblika, a dva najvaznija za ljude su vitamin D2 (ergokalciferol) i vitamin
D3 (kolekalciferol). Vec¢ina vitamina D se sintetizira u koZi nakon izlaganja suncevoj svjetlosti
(vitamin D3), dok se samo 5-10% unosi hranom (vitamini D2 i D3) (32). Izlaganje koZe suncevoj
svjetlosti uzrokuje transformaciju 7-dehidrokolesterola u vitamin D3. Vitamin D3 se zatim
transformira u jetri djelovanjem enzima vitamin D 25-hidroksilaze u 25-hidroksivitamin D
(25(OH)D, takoder poznat kao kalcidiol ili kalcifediol). Aktivni oblik vitamina D3, 1a,25-
dihidroksivitamin D (1,25(0OH)2D, takoder poznat kao 1a,25-dihidroksivitamin D3 ili kalcitriol),
proizvodi se iz 25(OH)D u bubrezima djelovanjem enzima 1a-hidroksilaze (33). Status vitamina D
uglavnom se odreduje mjerenjem serumske koncentracije 25(OH)D. Kalcitriol ima nekoliko vaznih

funkcija, poput imunosupresivnih 1 antikancerogenih ucinaka, te je uklju¢en u regulaciju
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koncentracije fosfata i kalcija, mineralizaciju kostiju, neuromuskularne i imunoloske funkcije,
regulaciju rasta stanica i ekspresiju vise od 1000 gena (34, 35). Zbog mnogih nedosljednosti medu
studijama, joS uvijek nije jasno kako vitamin D utjece na hormone §titne Zlijezde, TSH i koncentraciju
protutijela na Stitnu zlijezdu. Prije implementacije ovih rezultata u klini¢koj praksi, nuzno je provesti
dodatna istrazivanja o uzro¢nim vezama koje stoje iza tih povezanosti. Do objave nase studije (Rad
3) samo su dvije studije istrazivale povezanost izmedu vitamina D (uglavnom odredenog
koncentracijom 25(OH)D u serumu) i funkcije Stitne zlijezde koriste¢i MR metodologiju. MR
metodologija koriStena je za istrazivanje povezanosti koncentracije 25(OH)D u serumu s rizikom od
raka Stitne Zlijezde, hipotireoze i hipertireoze (36), te povezanosti koncentracije 25(OH)D u serumu
s koncentracijom protutijela na Stitnu peroksidazu (engl. Thyroid proxidase antibody, TPOAL) (37).
Medutim, do objave naSe studije (Rad 3) nije istraZena povezanost izmedu koncentracije 25(OH)D u
serumu i koncentracije/pozitivnosti TPOALt u populacijama europskog podrijetla. Nadalje, do objave
nase studije (Rad 3), povezanost izmedu koncentracije 25(OH)D u serumu s koncentracijom
slobodnog trijodtironina (engl. free triiodothyronine, fT3) i ukupnog trijodtironina (engl. total

trilodothyronine, TT3) takoder nije istrazena koriste¢i MR metodologiju.



3.1.4. Ciljevi istrazivanja

Iz literature je poznato da okoliSni 1 geneticki Cimbenici igraju kljuénu ulogu u odredivanju
koncentracija hormona Stitne zZlijezde. Smatra se da geneticku podlogu slozenih svojstava, kao sto je
Tg, ¢ini velik broj geneti¢kih polimorfizama. Stoga je glavni cilj prvog istrazivanja bio dodatno
istraziti gotovo nepoznatu geneticku pozadinu Tg. Od posebnog je interesa bilo utvrditi dijelove
genoma Koji su povezani s koncentracijom Tg u plazmi kako bismo dobili sveobuhvatniji uvid u
gensku regulaciju funkcije S$titne Zlijezde. Takoder, buduc¢i da su koncentracije Tg u plazmi
kompleksan fenotip, tj. fenotip reguliran i genetickim i okoli$nih faktorima, cilj ovog istraZivanja je

bio i odrediti udio ukupne fenotipske varijance koji se moze pripisati aditivnoj genetickoj varijanci.

Cilj druge studije bio je ispitati uzro¢nu povezanost parametara Stitne zlijezde (TSH i fT4) s MetS i
njegovim komponentama, koriste¢i MR metododologiju i sumarne statistike velikih cjelogenomskih

studija povezanosti.

Cilj trece studije bio je procijeniti uzro¢ni uc¢inak serumske koncentracije 25(OH)D na sveobuhvatan
skup parametara funkcije stitne Zlijezde (TSH, T4, fT3, TT3, snizen TSH, povisen TSH, autoimuni
hipotireoidizam, autoimuni hipertireoidizam, koncentraciju TPOAt i pozitivnost TPOAt) koristeéi

MR metodologiju i sumarne statistike velikih cjelogenomskih studija povezanosti.

Koriste¢i metode statistiCke genetike, velike baze podataka te kauzalno modeliranje, objedinjena
istrazivanja imaju za cilj produbiti znanstvene spoznaje o genetickoj pozadini parametara Stitne

zlijezde, te utvrditi uzro¢ni utjecaj razli¢itih okoli$nih i serumskih biomarkera na njenu funkciju.



3.2. PREGLED METODOLOGIJE OBJEDINJENIH RADOVA
3.2.1. Cjelogenomska analiza povezanosti

3.2.1.1. Ispitanici

Istrazivanje je provedeno na ispitanicima iz dvije hrvatske kohorte: iz grada Splita (CROATIA_Split)
i s otoka Korcule (CROATIA Kor¢ula), koji su dio projekta ,,10 001 Dalmatinac — Hrvatska
biobanka” (38). Ispitanici su regrutirani s otoka Korcule u tri faze, a podkohorte su nazvane
CROATIA Korcula 1, CROATIA Korcula 2 i CROATIA Korcula 3, pri ¢emu je svaka podkohorta
imala 1.000 sudionika. Za svakog ispitanika bila je dostupna opsezna baza fenotipskih podataka koja
obuhvaca informacije prikupljene putem anketnih upitnika, antropometrijskih i biokemijskih
mjerenja te fizikalnih i klini¢kih pregleda sudionika. U istrazivanje su bili uklju¢eni punoljetni
ispitanici koji su dobrovoljno potpisali informirani pristanak nakon $to su im bili predstavljeni ciljevi
istrazivanja. Ispitanici koji su prema anamnezama i detaljnim biokemijskim nalazima mogli imati
bilo koji oblik bolesti stitnjace, bili su iskljueni iz istrazivanja. Stoga su iskljuceni ispitanici koji su
sami prijavili poremecaj Stitnjace, pojedinci koji uzimaju lijekove za $titnjacu ili su podvrgnuti
operaciji Stitnjace, kao i pojedinci s razinama Tg, TSH, fT3, fT4, protutijela na tiroglobulin (engl.
Thyroglobulin antibody, TgAt) ili protutijela na stitnu preroksidazu (TPOALt) izvan referentnih

vrijednosti za nasu populaciju.

Primarna analiza (8) ukljucivala je 1.094 sudionika iz kohorti CROATIA Spliti CROATIA Korcula
1, a u novoj studiji (Rad 1) ukljucili smo dodatnih 1.096 sudionika iz kohorti CROATIA Korc¢ula 2
i CROATIA Kor¢ula 3. Ukupan broj sudionika u kombiniranom skupu podataka za meta-analizu
iznosio je 2.190. Za provodenje ovog istrazivanja dobiveno je odobrenje EtiCkog povjerenstva
medicinskog fakulteta u Splitu Klasa : 003-08/19-03/0003, uredski broj : 2181-198-03-04-19-0022.
Dobivena je i suglasnost Etickog povjerenstva KBC Split: Klasa :500-03/19-01/26, uredski broj :2
181 -147-01/06/M.S.-19-2.

3.2.1.2. Biokemijska mjerenja
Plazma za analizu dobivena je iz uzorka periferne krvi, a nakon centrifugiranja i odvajanja krvnih

stanica odmah je pohranjena na -80°C. Razine hormona S§titnjace i protutijela u plazmi sudionika
odredene su odredene su kemiluminiscentnom metodom imunoeseja LIAISON (DiaSorin, Saluggia,
Italy). Referentni rasponi za populaciju u ovoj studiji bili su: Tg 0,2-50 ng/mL, TSH 0,3-3,6 mIU/L,
fT3 3,39-6,47 pmol/L, fT4 10,29-21,88 pmol/L, TgAt 5-100 IU/mL i TPOAt 1-16 IU/mL. Sva
biokemijska mjerenja provedena u Laboratoriju za biokemiju zavoda za Nuklearnu medicinu
Klini¢kog bolni¢kog centra Split.
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3.2.1.3. Genotipski podaci
Uzorci ispitanika iz podkohorte CROATIA Korcula 1, kao i uzorci 531 sudionika iz Splita (Split 1),

genotipizirani su koriStenjem platforme HumanCNV370-Duo BeadChip (Illumina, San Diego,
Kalifornija, SAD). Preostalih 481 ispitanika iz Splita (Split 2) genotipizirano je na platformi lllumina
HumanOmniExpress BeadChip (Illumina, San Diego, Kalifornija, SAD). Ovi genotipski podaci

koriSteni su u primarnoj cjelogenomskoj analizi za Tg (8).

U novoj studij (Rad 1), podkohorte CROATIA Kor¢ula 2 i CROATIA Korcula 3 genotipizirane su
zajedno koriStenjem kombinacije Illumina platformi za genotipizaciju CNV370v1, CNV370-Quadv3
i OmniExpressExome-8v1-2_A. Na sve direktno genotipizirane podatke primjenjena je kontrola
kvalitete. Iskljuceni su polimorfizmi s frekvencijom rjedeg alela (engl. minor allele frequency, MAF)
manjom od 1%, oni koji nisu zadovoljavali uvjet Hardy-Weinbergove ravnoteze (p < 1 x 107°) te
polimorfizmi koji nisu bili uspjesno genotipizirani kod barem 98% sudionika. Takoder, iz daljnje
analize su izostavljeni i ispitanici koji nisu bili uspje$no genotipizirani na najmanje 97%

polimorfizama.

Za faziranje i imputaciju podataka u referentni panel Haplotype Reference Consortium (HRC)
koriSteni su Wellcome Sanger Institute alati SHAPEIT v2.r873 i Positional Burrows-Wheeler
Transform (PBWT) (39). Postupci genotipizacije i imputacije provedeni su na Sveucili§tu u
Edinburghu. Dodatno smo proveli kontrolu kvalitete na imputiranim podacima. Imputirani
polimorfizmi koji nisu bili u Hardy-Weinbergovoj ravnotezi (p < 1 x 10®), s frekvencijom rjedeg
alela (MAF) manjom od 1% ili s informacijskim indeksom < 0,4, iskljuceni su. Spolni kromosomi

nisu analizirani.

Zbog racunalne zahtjevnosti viSestrukog SNP pristupa, za Bayesovske modele i usporedne LMM
analize koristili smo isklju¢ivo polimorfizme s informacijskim indeksom > 0,9. Konacan broj
polimorfizama testiranih za povezanost s razinama Tg bio je 7.289.083 za oba pristupa,
frekvencionisti¢ki i Bayesovski, te 6.554.718 preklapajuéih polimorfizama za meta-analizu. Kohorte
CROATIA Korcula 2 i CROATIA Korcula 3 spojene su s ranije genotipiziranom kohortom
CROATIA Kor¢ula 1, a ovaj spojeni skup podataka koristen je za analize poligenskog rizika.
Konacan broj polimorfizama koristenih za procjenu hiperparametara i analize poligenskog rizika bio
je 7.289.083.

3.2.1.4. Statisticka analiza
Cjelogenomske analize povezanosti za Tg u kohortama CROATIA Split i CROATIA Korc¢ulal

provedene su u nasoj ranije provedenoj GWAS studiji (8). U novoj studiji (Rad 1) proveli smo novu
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cjelogenomsku analizu povezanosti u nezavisnom kombiniranom skupu podataka
CROATIA Korcula2 i CROATIA Korcula3, koji se sastoji od 1,096 sudionika. Za analizu
povezanosti koristili smo dva razli¢ita pristupa: frekvencionisticki LMM 1 Bayesovski BSLMM
(engl. Bayesian sparse linear mixed model), oba implementirana koriste¢i softver GEMMA 0.98.5
(40). Prije provodenja cjelogenomske analize povezanosti, razine Tg prilagodene na utjecaj dobi i
spola koriste¢i visestruki linearni regresijski model u kojem je zavisna varijabla razina Tg, a
nezavisne varijable dob i spol. Reziduali ovog regresijskog modela oslobodeni su utjecaja dobi i spola
te smo ih smatrali novim fenotipom koji smo zatim inverz normalno transformirali na standardnu

normalnu distribuciju kako bismo ispunili pretpostavke linearnog mjeSovitog modela.

3.2.1.4.1. Frekvencionisticki pristup

Za frekvencionisticki pristup analizi koristili smo standardni LMM definiran na sljede¢i naéin:
y=Wa+XB+u+te
u~ MVN,, (0, iz ~1K)
£ ~ MVN,, (0,77 '1,)

gdje je y vektor Tg reziduala prilagodenih za dob i spol za n = 1,096 ispitanika, W je nxc matrica
kovarijata (fiksnih u¢inaka) u nasem slucaju; stupac jedinica, o je c-vektor slobodnih koeficijenta; x
je n-vektor polimorfizama, B je veli¢ina uc¢inka polimorfizma, u je n-vektor slu¢ajnih uéinaka; € je n-
vektor sluc¢ajnih gresaka; A je omjer izmedu dvaju komponenti varijance, K je poznata nxn matrica
srodstva i In je nxn jedini¢na matrica. MV Ny oznac¢ava multivarijatnu normalnu distribuciju. Veli¢ine
ucinka polimorfizama () predstavljaju promjenu u prilagodenim Tg razinama za svaki dodatni

efektni alel u genotipovima ispitanika.

LMM implementiran u GEMMA s prethodno definiranom jednadzbom testira alternativnu hipotezu
Hi: B # 0 u odnosu na nulhipotezu Ho: B = 0 za svaki polimorfizam pojedina¢no. Ovakva vrsta analize
ne moze ukljuciti informaciju o medusobnom odnosu izmedu polimorfizama, budu¢i da se svaki
polimorfizam analizira unutar svog zasebnog linearnog mjeSovitog modela. Kako bismo ukljucili
informaciju o medusobnom odnosu polimorfizama, prije svega informaciju o stupnju neravnoteze
povezanosti (engl. linkage disequilibrium, LD) izmedu parova polimorfizama, koristimo prosirenja
LMM koja zajednicki uzimaju u obzir u¢inke polimorfizama kroz vise lokusa. Ovakvi modeli mogu

pruziti ve¢u mo¢ za otkrivanje uzro¢nih polimorfizama.
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3.2.1.4.2. Bayesovski pristup

Bayesovski linearni mjesoviti modeli mogu zajednicki modelirati sve polimorfizme pretpostavljajuci
razlicite apriorne distribucije u¢inaka polimorfizama. Ovakvi modeli zasnovani su na jednostavnom

linearnom modelu koji povezuje genotipove
y=Lipt+tXptu+te
&£ ~MVN,(0,77,)

gdje je y vektor fenotipova izmjerenih na n pojedinaca, X je n x p matrica genotipova izmjerenih na
tih n pojedinaca za p polimorfizama, B je p-vektor u¢inaka genetickih polimorfizama, Iy je n-vektor
jedinica, p je skalar koji predstavlja prosjek fenotipa, a € je n-vektor slu¢ajnih pogresaka koje imaju
varijancu t1. Nas cilj bio je procijeniti parametar B, tj. u¢inke polimorfizama na razine Tg, ali, buduéi
da je broj genetickih markera p u nasoj studiji (7,289,083) bio znatno ve¢i od broja pojedinaca n
(1,096), morali smo primijeniti odredene pretpostavke na apriornu distribuciju veli¢ine ucinaka f.
Ove razlicite pretpostavke o apriornim distribucijama variraju od infinitezimalnog (tj. poligenskog
modela) koji pretpostavlja da svi polimorfizmi imaju ne-nula u¢inak, do direktne suprotnosti, rijetkog
(engl. sparse) modela koji pretpostavlja da relativno mali dio svih polimorfizama utjece na fenotip.
Ucinkovitost modela ovisi o pravoj genetickoj pozadini proucavanog fenotipa. Medutim, prava
geneticka pozadina kompleksnih fenotipova je uglavnom nepoznata. Najcesc¢e koristen poligenski
model pretpostavlja da svi polimorfizmi utjeCu na fenotip (imaju ne-nula ucinak) s nornalno

distribuiranim veli¢inama udinaka:
B ~N(0,04)

Opcenitija pretpostavka, koja ukljucuje 1 poligenski i rijetki model kao posebne slucajeve, jest da

veli¢ine ucinaka dolaze iz kombinacije dviju normalnih distribucija:
o2 + o} o2
B ~7N <o, a b) +(1—-n)N <0,—b>
pT pT

gdje je m proporcija polimorfizama s velikim ucincima, te stoga model pretpostavlja da svi

2 2
polimorfizmi imaju barem mali efekt, gdje je % varijanca malih ucinaka, a % dodatna varijanca

velikih uc¢inaka. Rezultiraju¢i model naziva se Bayesov rijetki linearni mjesoviti model (BSLMM)
(40). Budu¢i da BSLMM pretpostavlja kombinaciju poligenskih i rijetkih ucinaka za apriornu
distribuciju ucinaka polimorfizama, moZe se prilagoditi razli¢itim genetickim pozadinama
proucavanih fenotipova.
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Cjelogenomska analiza povezanosti s velikim brojem polimorfizama u BSLMM uzima u obzir
srodstvo medu pojedincima i populacijsku stratifikaciju uklju¢ivanjem genomske matrice srodstva
kao slucajnog ucinka. Takoder uzima u obzir neravnotezu povezanosti izmedu polimorfizama tako
Sto procjenjuje veli¢inu ucinka pojedinog polimorfizma istodobno kontroliraju¢i na druge
polimorfizme uklju¢ene u model. BSLMM koristi Monte Carlo algoritam (engl. Markov Chain Monte
Carlo, MCMC) kako bi konstruirao Markovljev lanac za uzorkovanje iz aposteriorne distribucije
ucinaka polimorfizama (40, 41). Za razliku od p-vrijednosti iz LMM, BSLMM za svaki polimorfizam
daje aposteriornu inkluzijsku vjerojatnost (engl. posterior inclusion probability, PIP), koja
predstavlja vjerojatnost povezanosti polimorfizma s fenotipom uvjetno na opazene podatke, ara¢una
se kao proporcija iteracija Markovljevog lanca u kojima taj polimorfizam ima veliki uc¢inak. Za
polimorfizme koji su zaista povezani s fenotipom oc¢ekuje se da ¢e imati velike PIP vrijednosti te su

ovi polimorfizmi najvjerojatniji kandidati za funkcionalne varijante koje utjecu na fenotip.

Proveli smo BSLMM na istom skupu podataka (1,096 pojedinaca i 7,289,083 polimorfizama) kao i
u nasoj primarnoj frekvencionisti¢koj LMM analizi povezanosti kako bismo usporedili jednostavne i
viSestruke pristupe analizi i potencijalno smanjili ucestalost lazno pozitivnih i lazno negativnih
rezultata. BSLMM lanac pokrenuli smo s 1,000,000 koraka uzorkovanja i 100,000 tranzicija lanca
(engl. burn-in period). Koristili smo procijenjene PIP vrijednosti iz BSLMM za dodatno mapiranje
genetskih regija koje su znacajno povezane s razinama Tg. Kako bismo ovo mapiranje vizualizirali,
p-vrijednosti iz LMM prikazali smo usporedno s PIP vrijednostima iz BSLMM analize u Manhattan
grafikonima koristec¢i program R paket "CMplot" (42).

3.2.1.4.3. Procjena nasljednosti

Koriste¢ci BSLMM, procijenili smo nasljednost razina Tg u plazmi. Nasljednost h? (engl. narrow-
sense heritability) definira se kao udio udio fenotipske varijance koji se moze pripisati aditivnoj
genetickoj varijanci. Vrijednosti h? kre¢u se od nule do jedan. Vrijednost h? blize nuli sugeriraju da
vecina varijabilnosti u fenotipu medu pojedincima potjece od okolisnih ¢imbenika, uz minimalan
utjecaj genskih razlika. S druge strane, vrijednost h? blize jedinici ukazuje na to da je gotovo cijela

varijabilnost u fenotipu rezultat genskih razlika, uz malen doprinos ¢imbenika okolisa.

3.2.1.4.4. Model poligenskog rizika

Ukoliko je vrijednost h? dostatna, predikcija fenotipova iz genotipova za novopromatrane pojedince
moze uvelike pomoci razvoju personalizirane medicine. Medutim, za to su potrebne statisticke
metode koje mogu tocno modelirati poligensku genetic¢ku pozadinu proucavanog fenotipa. To se

postize konstrukcijom modela poligenskog rizika (engl. polygenic risk score, PRS). Najjednostavniji
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model poligenskog rizika je tezinska suma genotipova poimorfizama koji su statisti¢ki znacajni u
cjelogenomskoj studiji povezanosti, pri ¢emu su tezine upravo procijenjene veli¢ine ucinka (B) (43).
U naSoj analizi, nismo se ograni¢avali samo na statisticki znacajne polimorfizme, ve¢ smo za
konstrukciju modela poligenskog rizika iskoristili sve dostupne polimorfzme (7,289,083
polimorfizama). Sli¢no kao i u cjelogenomskoj analizi povezanosti, razine Tg prilagodili smo na
utjecaj dobi 1 spola koriste¢i visestruki linearni regresijski model u kojem je zavisna varijabla razina
Tg, a nezavisne varijable dob i spol. Reziduali ovog regresijskog modela oslobodeni su utjecaja dobi
i spola te smo ih smatrali novim fenotipom koji smo zatim inverz normalno transformirali na
standardnu normalnu distribuciju. Kohorte CROATIA Kor¢ula 2 i CROATIA Korcula 3 spojene su
s ranije genotipiziranom kohortom CROATIA Korc¢ula 1 te je ovaj kombinrani skup podataka
koriSten za kostrukciju poligenskog rizika. Podaci ispitanika iz kombiniranih kohorti
CROATIA Korcula 2 1 CROATIA Korcula 3 koristeni su kao podaci za treniranje, dok su podaci
ispitanika iz kohorte CROATIA Korcula 1 koriSteni kao podaci za testiranje. Na podacima za
treniranje prilagodili smo BSLMM model, a njegovu prediktivnu uc¢inkovitost procijenili Smo
izraCunavanjem Pearsonovog koeficijenta korelacije izmedu predvidenih i opazenih vrijednosti u
skupu podataka za testiranje. Procjena h? predstavlja teoretsku gornju granicu za to¢nost modela
poligenskog rizika (43). Zbog toga smo ocekivali da to¢nost predikcije najucinkovitijeg modela

poligenskog rizika za razine Tg u plazmi neée premasiti procijenjenu vrijednost nasljednosti h2.

3.2.1.4.5. Meta-analiza

U fazi meta-analize, kombinirali smo sumarnu statistiku nase prethodno provedene i objavljene
cjelogenomske studije povezanosti u kohortama CROATIA_Split i CROATIA_Korculal (8) s nasim
novodobivenim rezultatima u kohortama CROATIA Kor¢ula2 i CROATIA Korc¢ula3 koristeci
metodu inverzne varijance s fiksnim uc¢incima. Kako bismo vizualizirali rezultate meta-analize,
generirali smo Manhattan dijagram te grafikon kvantila dviju numeric¢kih varijabli (Q-Q grafikon)
koriste¢i program R i paket "ggman™ (44). Grafikon povezanosti za genomsku regiju unutar 500 kb

od najvaznijeg otkrivenog signala kreirali Smo koriStenjem softvera Locus Zoom (45).

3.2.1.4.6. Kolokalizacijska analiza

Projekt Genotype-Tissue Expression (GTEX) (46) pruza znanstvenoj zajednici resurs za prou¢avanje
ljudske genske ekspresije i regulacije te njihovog odnosa s genetskim varijacijama. Analizom
ekspresije RNA unutar pojedinih tkiva i tretiranjem razina ekspresije gena kao kvantitativnih osobina,
varijacije u ekspresiji gena koje su visoko korelirane s genetskom varijacijom mogu se identificirati
kao ekspresijski kvantitativni lokusi (engl. expression quantitative trait loci, eQTL). GTExX baza

podataka sadrzi analize razina mRNA u 49 razli¢itih tkiva, ukljucujuci tkivo Stitne Zlijezde dobiveno
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od 574 donora s dostupnim genotipskim podacima. Podaci koriSteni u nasoj kolokalizacijskoj analizi
dobiveni su iz GTEX portala. Kolokalizacijsko testiranje priblizava nas utvrdivanju uzro¢nih odnosa.
Ako je polimorfizam znac¢ajno povezan i s razinama Tg i s ekspresijom gena, tj. taj polimorfizam je
eQTL, to moze ukazivati na regulatornu ulogu polimorfizma na ekspresiju gena u putu koji utjeée na
razine Tg, $to se moze smatrati vertikalnom pleiotropijom. Koristenjem alata LocusFocus (47) ispitali
smo jesu li nasi signali iz meta-analize kolokalizirani s eQTL signalima. Za izvodenje
kolokalizacijske analize, integrirali smo podatke iz nase meta-analize sa eQTL podacima iz tkiva

Stitnjace iz GTEXx projekta v8.
3.2.2. Analiza Mendelove randomizacije

3.2.2.1. Povezanost funkcije Stitne Zlijezde s MetS

Koriste¢i dvosmjernu MR analizu sa sumarnim statistikama, istrazili smo kauzalni u¢inak TSH i fT4
unutar referentnog raspona na MetS i njegove komponente. U obrnutom smjeru MR analize
procijenili smo kauzalni uc¢inak MetS i njegovih komponenti na funkciju stitne Zlijezde, odnosno na
TSH i fT4. Koristili smo najopseznije GWAS sumarne statistike za TSH, fT4, MetS, glukozu, opseg
struka, hipertenziju, trigliceride i kolesterolsku frakciju lipoproteina visoke gusto¢e (HDL kolesterol).
U svakoj kombinaciji izlozenosti i ishoda uzorci su prikupljeni iz dviju neovisnih, ali homogenih
populacija, obje europskog podrijetla. Buduci da su svi podaci preuzeti iz javno dostupnih sumarnih
statistika, nije bilo potrebno eticko odobrenje. Ukupno smo proveli 24 MR analize kako bismo
istrazili dvosmjernu povezanost izmedu funkcije Stitne Zlijezde 1 metabolickog sindroma (Rad 2).

Kratak opis koristenih sumarnih statistika prikazan je u Tablici 1.

Tablica 1. Karakteristike koristenih cjelogenomskih studija povezanosti u prvoj MR studiji

Fenotip Konzorcij Veli¢ina uzorka (n) Populacija Referenca

IzloZenost/Ishod

TSH HUNT & MGI & 119715 Europska Zhou i sur. (48)
ThyroidOmics

fT4 ThyroidOmics 49 269 Europska Teumer i sur. (49)

Ishod/IzloZenost

MetS UK Biobank 291 107 Europska Lind i sur. (12)

Glukoza MAGIC 200 622 Europska Chen i sur. (50)

Opseg struka UK Biobank 462 166 Europska MRC-IEU (51-53)

Hipertenzija UK Biobank 463 010 Europska MRC-IEU (51-53)

Trigliceridi UK Biobank 441 016 Europska MRC-IEU (51-53)

16



HDL kolesterol

UK Biobank

403,943

Europska

MRC-IEU (51-53)

MetS, metaboli¢ki sindrom; fT4, slobodni tiroksin; TSH, tireotropin.

3.2.2.2. Povezanost funkcije stitne Zlijezde s vitaminom D

Proveli smo MR analizu koriste¢i sumarne statistike cjelogenomskih studija kako bismo ispitali

moguce kauzalne ucinke razina vitamina D na funkciju $titne zZlijezde i poremecaje Stitne zlijezde.

Funkciju Stitne zlijezde istrazili smo kroz sljedece fenotipove: TSH unutar referentnog raspona, fT4

unutar referentnog raspona, fT3 unutar referentnog raspona, TT3 unutar referentnog raspona, snizen

TSH, povisen TSH, TPOAt, pozitivnost na TPOAt, autoimuni hipotireoidizam i autoimuni

hipertireoidizam (Tablica 2). Za svaku kauzalnu povezanost koju smo ispitivali koristili smo podatke

iz dviju neovisnih, ali homogenih populacija europskog podrijetla. Nasa studija (Rad 3) obuhvatila je

ukupno 20 MR analiza s ciljem rasvjetljavanja odnosa izmedu koncentracije 25(OH)D u serumu i

funkecije Stitne zlijezde. Eticko odobrenje nije bilo potrebno jer su svi podaci koriSteni u ovoj studiji

preuzeti iz javno dostupnih sumarnih statistika cjelogenomskih studija povezanosti.

Tablica 2. Karakteristike koriStenih cjelogenomskih studija povezanosti u drugoj MR studiji

Fenotip Konzorcij Veli¢ina uzorka (n) Populacija Referenca

Faktor izloZenosti

Koncentracija UK Biobank 443734 Europska Manousaki i sur. (54)
25(0OH)D

Koncentracija UK Biobank 417 580 Europska Revez i sur. (55)
25(0OH)D

Ishod

TSH ThyroidOmics 271 040 Europska Sterenborg i sur. (56)
fT4 ThyroidOmics 119120 Europska Sterenborg i sur. (56)
fT3 ThyroidOmics 59 061 Europska Sterenborg i sur. (56)
TT3 ThyroidOmics 15 829 Europska Sterenborg i sur. (56)
Snizen TSH ThyroidOmics 153 241 Europska Sterenborg i sur. (56)
PoviSen TSH ThyroidOmics 141 549 Europska Sterenborg i sur. (56)
TPOAUt koncentracija ~ ThyroidOmics 12 353 Europska Medici i sur. (57)
TPOAU pozitivnost ThyroidOmics 18 297 Europska Medici i sur. (57)
Autoimuni FinnGen 287 247 Europska Kurki i sur. (58)
hipotireoidizam

Autoimuni FinnGen 257 552 Europska Kurki i sur. (58)

hipertireoidizam
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fT3, slobodni trijodtironin; fT4, slobodni tiroksin; TPOALt, protutijela na Stitnu peroksidazu; TSH, tireotropin; TT3,

ukupni trijodtironin.

Dvije velike cjelogenomske studije povezanosti za koncentraciju 25(OH)D u serumu objavljene su
2020. godine, s razmakom od mjesec dana. Oba istrazivanja koristila su podatke iz UK Biobank, §to
jerezultiralo s 417,580 ispitanika u analizi Revez i sur. (55) te 443,734 ispitanika u analizi Manousaki
i sur. (54), buduéi da je u potonju studiju ukljucena i dodatna kohorta sudionika europskog podrijetla.
Kako bismo iskljucili pristranost povezanu s izborom cjelogenomske studije povezanosti, proveli smo
svoje analize koriste¢i oba skupa podataka. Obje studije koristile su linearni mjeSoviti model za
analizu povezanosti, no kovarijate i koristene transformacije znacajno su se razlikovale izmedu
studija. Kako bismo procijenili stupanj podudarnosti izmedu rezultata dvaju cjelogenomskih studija
povezanosti, izdvojili smo zajedniCke instrumentalne polimorfizme i izracunali koeficijente
korelacije za procjene uc¢inaka (B) i p-vrijednosti. Buduci da su u sumarnim statistikama iz obje studije
nedostajali jedinstveni indetifikatori polimorfizama (rsID), imputirali smo ove informacije koristeci

program SumStatsRehab (59).

3.2.2.3. Statisticka analiza

Kako bi MR analize pruZzile pouzdane kauzalne procjene, genetski instrumenti moraju zadovoljiti tri
klju¢ne pretpostavke instrumentalnih varijabli: 1) Relevantnost, §to znaci da instrumenti moraju biti
snazno povezani s faktorom izloZenosti; 2) Razmjenjivost, pri kojoj instrumenti nisu povezani ni s
jednim zbunjuju¢im ¢imbenikom koji moZe utjecati i na izloZenost i na ishod; te 3) Iskljucivost, $to
znaci da instrumenti utjecu na ishod isklju¢ivo putem faktora izlozenosti (22). Kako bismo provijerili
zadovoljava li naSa analiza pretpostavku relevantnosti, izraCunali smo udio u varijanci faktora
izloZenosti koji je objasnjen instrumentima (R?) koriste¢i formulu: R2 = (2% x MAF x (1 - MAF)) /
(2% x MAF x (1 - MAF) + 2 N x MAF x (1-MAF) x SE?), gdje je MAF frekvencija alela s u¢inkom,
B procjena ucinka polimorfizma (instrumenta) u cjelogenomskoj analizi faktora izloZenosti, SE
standardna pogreska, te N veli¢ina uzorka (60). Nadalje, procijenili smo snagu instrumenta koristeci
F-statistiku, gdje je F = (R2 x (N - 2)) / (1 — R2), kako bismo testirali znacajnost povezanosti
instrumenta s faktorom izlozenosti. Osim toga, za svaki par izlozenost-ishod koristili smo Q-statistiku
kako bismo provjerili postoji li heterogenost u procjenama specificnim za svaki polimorfizam.
Skupovi podataka o izloZenosti 1 ishodu harmonizirani su kako bi se osiguralo da je ucinak
identificiranih polimorfizama na ishod i izloZenost relativan u odnosu na isti alel s u¢inkom. Za svaki
par izlozenost-ishod koristili smo alat MR-PRESSO (engl. Mendelian Randomization Pleiotropy
RESidual Sum and Outlier) (61) kako bismo korigirali za nekoreliranu horizontalnu pleiotropiju

isklju¢ivanjem polimorfizama koji su bili horizontalne pleiotropne ekstremne vrijednosti (engl.
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outliers) u nasoj analizi, uzimajuci u obzir da horizontalna pleiotropija moze poremetiti rezultate MR
testova, Sto moze dovesti do netocnih uzro¢nih procjena, gubitka statisticke snage i potencijalno lazno
pozitivnih uzro¢nih povezanosti. Identificirani polimorfizmi su uklonjeni te su uzro¢ne povezanosti

izmedu izlozenosti 1 ishoda ponovno procijenjene.

Proveli smo MR analizu koriste¢i metodu inverzne varijance s multiplikativnim slu¢ajnim uc¢incima
(IVW) kao primarnu metodu (62). Ova metoda objedinjuje u¢inke izlozenosti na ishod za vise
genetskih polimorfizama. Ukljucuje parametar prekomjerne disperzije u varijancu IVW procjene, §to
omogucuje povecanje varijance u sluc¢aju heterogenosti. Metoda IVW s multiplikativnim slu¢ajnim
ucincima daje iste procjene uéinka kao i metoda VW s fiksnim ucincima, ali takoder uzima u obzir
i heterogenost medu procjenama za razlicite polimorfizme (63). Uz primarnu IVW metodu, rezultate
smo potvrdili i MR analizom koriste¢i nekoliko alternativnih metoda, od kojih svaka ima razlicite
pretpostavke modela: 1) metoda medijana, 2) modalna metoda i 3) MR-Egger metoda. Metoda
medijana daje dosljednu procjenu ako barem 50% tezinskih vrijednosti dolazi od valjanih
instrumenata, §to je ¢ini otpornom na instrumentalne ekstremne vrijednosti (64). Modalna metoda
pretpostavlja da najucestalija procjena povezanosti nije pod utjecajem pleiotropije, §to znacéi da

odgovara pravom uzro¢nom uc¢inku (65).

Dodatno, koristili smo i metodu CAUSE (engl. Causal Analysis using Summary Effect Estimates)
(66), koja predstavlja Bayesovski pristup MR analizi. CAUSE u¢inkovito kontrolira i na nekoreliranu
horizontalnu pleiotropiju (kada polimorfizam neovisno utjece i na ishod i na izlozenost) i koreliranu
horizontalnu pleiotropiju (kada polimorfizam utjeCe na izloZzenost i ishod putem zajednickog
nasljednog cCimbenika). Ova metoda omoguéuje svim polimorfizmima da imaju nekorelirane
pleiotropne ucinke te pretpostavlja da odredeni udio varijanti, oznacen kao q, pokazuje koreliranu
horizontalnu pleiotropiju, $to je uklju¢eno u model kroz apriornu distribuciju za g. CAUSE generira
aposteriorne distribucije procjena prema dva modela: modelu dijeljenja i kauzalnom modelu, te
procjenjuje pristaju li podaci bolje uz kauzalni model ili uz model dijeljenja. Drugim rije¢ima,
procjenjuje je li vjerojatnije da je promatrana povezanost izmedu izloZenosti 1 ishoda posljedica
uzroc¢nosti ili posljedica korelirane horizontalne pleiotropije. Za razliku od drugih MR metoda,
CAUSE istovremeno koristi informaciju o svim polimorfizmima prisutnima u sumarnim statistikama

(uz filtiranje na neravnotezu povezanosti s 1> < 0,01 i p <1 x 1073), §to povecava snagu MR analize.

U obrnutom smjeru MR analize za MetS, dodatno smo proveli i multivarijatnu MR analizu, metodu
koja omogucuje povezivanje polimorfizama s viSe koreliranih faktora izlozenosti, omogucujuci
procjenu izravnog ucinka svakog faktora izlozenosti na ishod. Naposljetku, izradili smo dijagrame

rasipanja (engl. scatter plot) kako bismo prikazali uc¢inke polimorfizama na faktor izloZenosti u
19



odnosu na njihove ucinke na ishod za svaki par izlozenost-ishod, koriste¢i paket "TwoSampleMR' u
programu R (67). Takoder, za svaki par izloZzenost-ishod proveli smo MR Steigerov test smjera kako
bismo provjerili je li udio varijance objasnjen polimorfizmima za ishod manji nego udio varijance

objasnjen polimorfizmima za izloZenost, kako bismo osigurali pouzdanu analizu smjera (51).
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3.3. PREGLED REZULTATA OBJEDINJENIH RADOVA

3.3.1. Cjelogenomska analiza povezanosti za koncentraciju Tg u plazmi

Nakon primjene kriterija iskljucenja, ukupan broj ispitanika za novu cjelogenomsku analizu
povezanosti iznosio je 1,098 (kohorte Korcula 2 i Kor¢ula 3). Dvoje ispitanika nije imalo podatak za
spol pa su iskljuceni iz daljnje analize, $to je dalo finalan broj od 1,096 ispitanika. U fazi meta-analize,
ukljucili smo i 1,094 ispitanika iz ranije cjelogenomske studije te je ukupan broj ispitanika u
zdruzenom skupu podataka za meta-analizu bio 2,190.

Tablica 1. Karakteristike ispitanika uklju¢enih u studiju

Split Korc¢ula 1 Kor¢ula 2 Korc¢ula 3
Broj ispitanika 605 489 593 505
ukljucenih u analizu
Zene, n (%) 321 (53%) 297 (61%) 328 (55,3%) 294 (58,2%)
Dob, medijan (qu, qu) 51 (39,61) 56 (46,67) 54 (40,65) 54 (39, 65)
Tg (ng/mL), medijan ~ 9.20 (4.80, 14.50)  10.20 (6.40, 10.1 (5.6,16.4) 10.6 (7.5, 16.1)
(9L, qu) 15.70)

du, donji kvartil; qu, gornji kvartil.
3.3.1.1. Mapiranje geneti¢ke pozadine razina Tg u plazmi

U LMM analizi, ukupno 18 polimorfizama postiglo je znacajnost na razini cijelog genoma. Od
polimorfizama koji su bili znacajno povezani s razinom Tg, 15 ih je smjesteno unutar gena ST6GALL
na kromosomu 3, a 3 unutar gena PDPN na kromosomu 1 (Tablica 2). Od 15 polimorfizama unutar
gena ST6GAL1 koji su postigli znacajnost na razini cijelog genoma, 11 su replikacije nasih prethodno
objavljenih rezultata.

Tablica 2. Popis polimorfizama koji prelaze prag znacajnosti na razini cijelog genoma (5 x 1078) i
prag aposteriorne inkluzijske vjerojatnosti (PIP) (0,016) u LMM i BSLMM u zdruzenim kohortama
CROATIA_Korcula2 i CROATIA_Korcula3.

SNP Chr Pozicija Gen Ref. Efektni EAF LMM BSLMM
alel alel

B p B PIP

rs10937280 3 186738033 ST6GAL1 G A 035 -0.31 9.09 -029 0.21
x 10

rs5001409 3 186735690 ST6GAL1 A C 035 -0.31 9.44 -0.295 0.07
x 10

rs9863411 3 186737820 ST6GAL1 C T 035 -0.31 1.06 -0.283 0.2
x 10

rs7634389 3 186738421 ST6GAL1 T C 035 -0.31 112 -0.292 0.08
x 10
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rs967367 3 186734466 ST6GAL1 G A 035 -0.31 1.15 -0.29 0.12
rs17776120 3 186732679 ST6GAL1 C A 035 -0.31 >1<.21(>)< -0.278 0.18
-11
rs3821819 3 186732725 ST6GAL1 G A 035 -0.31 1.031 -0.292 0.06
% 10"
rs4686838 3 186743053 ST6GAL1 A G 045 -0.3 2.3:;0 -0.27 0.08
% 10"
rs10212190 3 186731157 ST6GAL1 A T 0.34 -0.29 1.7:;0 -0.28 0.003
rs4012172 3 186741511 ST6GAL1 C T 0.36 -0.29 Z.lto -0.27 0.0003
% 10"
rs3872724 3 186741221 ST6GAL1 C T 0.37 -0.28 2.3]%0 -0.27 0.001
rs3872723 3 186741131 ST6GAL1 C T 0.36 -0.28 1)’:.41(1 0 0
-10
rs28674898 3 186744563 ST6GAL1 G A 0.39 0.28 2981 -0.28 0.003
rs4686844 3 186765135 ST6GAL1 G A 056 -0.25 2.8?30 -0.15 0.0007
% 108
rs78946539 1 13921500 PDPN A G 0.04 -0.63 Z.iox -0.51 0.03
-8
rs143154928 1 13921447 PDPN G A 0.04 -0.63 ;?32 -0.5 0.03
x 108
rs12566684 1 13922117 PDPN A G 0.04 -0.64 246 -05 0.02
x 108
rs257104 3 186775807 ST6GAL1 G A 0.4 0.24 3.33 0.17 0.002
x 108
rs35862113 14 103857229 MARKS3 G T 0.36 0.14 1.7 x 0.13 0.03
-3
rs10283166 8 129010909 PVT1 C T 0.19 -0.17 ;03 x -0.15 0.04
-3
rs9787057 1 190885619 / C T 011 0.21 ;04 x 0.18 0.03
-3
rs61972442 14 23109649 OR6J1 G A 062 -0.14 ;05 x -0.12 0.02
-3
rs11202702 10 90054268 RNLS G A 042 0.13 ;09 x 011 0.02
-3
rs1631354 3 25619920 RARB G C 0.42 0.13 3'101 x 0.12 0.02
103

BSLMM, Bayesovski rijetki linearni mjeSoviti model; Chr, kromosom; SNP, polimorfizam jednog nukleotida; LMM,

linearni mjesoviti model; Ref. Alel, referentni alel, EAF, frekvencija efektnog alela (alela s u¢inkom).

U BSLMM analizi, otkrili smo 16 polimorfizama koji su imali znacajan rijetki u¢inak na razinu Tg u
plazmi, a procijenjeno je da su ovi polimorfizmi imali rijetki u¢inak u > 1,6% BSLMM iteracija lanca
(tj. PIP > 0,016). Nadalje, Cetiri najistaknutija polimorfizma identificirana su kao varijante s rijetkim
uc¢inkom na razinu Tg u vise od 10% iteracija lanca (PIP > 0,1), a svi su bili smjeSteni unutar gena
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ST6GALL. Analiza je pokazala potpuno preklapanje izmedu znaéajnih rezultata LMM analize i
BSLMM analize za polimorfizme smjestene unutar gena ST6GALL na tre¢em kromosomu i gena
PDPN na prvom kromosomu (Tablica 2). BSLMM analiza otkrila je dodatne signale povezanosti na
osmom kromosomu (rs10283166 - intronska varijanta gena PVTL1), cCetrnaestom kromosomu
(rs35862113 — intronska varijanta gena MARKS, rs61972442 - intronska varijanta gena OR6J1),
treCem kromosomu (rs1631354 - intronska varijanta gena RARB) i desetom kromosomu (rs11202702
- intronska varijanta gena RNLS). Rezultati LMM analize i BSLMM analize prikazani su usporedno
na Manhattan dijagramu na Slici 1.
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Slika 1. (A) Manhattan dijagram LMM analize. Na x-osi je prikazana kromosomska pozicija polimorfizama,
dok y-os predstavlja njihove -log(p-vrijednost) dobivene LMM analizom. Buduéi da najsnaznije asocijacije
imaju najmanje p-vrijednosti, njihovi negativni logaritmi bit ¢e najveci. Crvena horizontalna linija oznacava
prag znaCajnosti na razini cijelog genoma (p = 5 x 10°®), dok plava horizontalna linija oznaava prag sugestivne
znacajnosti (p = 5 x 10®). (B) Manhattan dijagram BSLMM analize. Na x-osi je prikazana kromosomska
pozicija polimorfizama, a y-0s predstavlja njihove aposteriorne inkluzijske vjerojatnosti (PIP) dobivene
BSLMM analizom. Svaka to¢ka na Manhattan dijagramu oznacava jedan polimorfizam.
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3.3.1.2. Procjena nasljednosti

U nasem prethodnom istrazivanju (8), procijenjeno je da najznacajniji polimorfizam rs4012172
objasnjava 3,19% varijance u razini Tg. U trenutnoj studiji procijenili smo h?, odnosno nasljednost.
Procjena h? iz BSLMM analize s 7.289.083 polimorfizama pokazala je da je 17% varijacije u razini
Tg u plazmi objasnjeno svim dostupnim genotipovima, dok je 52% te varijacije bilo posljedica 16
polimorfizama s relativno velikim (rijetkim) fenotipskim uéincima. Ovi rezultati opisuju geneticku
pozadinu razine Tg u plazmi i upuéuju na to da ta pozadina nije u potpunosti poligenska, ve¢ se vise
priklanja pretpostavci rijetkih varijanti s ve¢im ucincima.

3.3.1.3. Model poligenskog rizika za razine Tg

Kako bismo procijenili to¢nost modela poligenskog rizika, izracunali smo Pearsonov koeficijent
korelacije izmedu predvidenih i opazenih vrijednosti razine Tg u testnom skupu podataka. Imajuci na
umu da je BSLMM procijenio nasljednost na 17%, ovo smo smatrali teoretskom gornjom granicom
za to¢nost prediktivnog modela. Pearsonov koeficijent korelacije iznosio je -0,05 (p = 0,052).

3.3.1.4. Meta-analiza

U fazi meta-analize, 83 polimorfizma unutar gena ST6GALL na treCem kromosomu postigla su
znacajnost na razini cijelog genoma (Slika 2). Najznacajniji polimorfizam bio je rs5001409 (p = 1,85
x 1072°), Detaljan prikaz regije za podruc¢je gena ST6GALL prikazan je na Slici 3. Rjedi, C alel (MAF
= 0,38) polimorfizma rs5001409 bio je povezan s nizom razinom Tg (B =-0,297, SE = 0,03).
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Slika 2. Manhattan dijagram i Q-Q grafikon rezultata meta-analize za razinu Tg. (A) Manhattan dijagram za
razinu Tg. Na x-osi prikazana je kromosomska pozicija polimorfizama, a y-o0s predstavlja njihove -log(p-
vrijednost) dobivene meta-analizom. Svaka tocka na Manhattan dijagramu oznaéava jedan polimorfizam.
Crvena horizontalna linija oznafava prag zna¢ajnosti na razini cijelog genoma (p = 5 x 10®), dok plava
horizontalna linija oznacava prag sugestivne znacajnosti (p = 5 x 10®). (B) Na Q-Q grafikonu vidimo snazno
odstupanje od nul-distribucije (distribucija p-vrijednosti pod nulhipotezom o nepostojanju povezanosti,
prikazana crvenom linijom).
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Slika 3. Detaljan prikaz regije na trecem kromosomu i gena ST6GAL1 u kojem se nalazi genetski polimorfizam
rs5001409 (prikazan ljubi¢astom bojom) koji je dosegnuo cjelogenomsku razinu znaéajnosti u meta-analizi.
Boje krugova ozna¢avaju njihove korelacije (LD r?) s vode¢im polimorfizmom.

3.3.1.5. Kolokalizacijska analiza

Nasa analiza podrzava snaznu kolokalizaciju GWAS signala s eQTL varijantama gena ST6GAL1 u
tkivu Stitnjace s p-vrijedno$cu od 1 x 1077. Analiza kolokalizacije prikazana je na Slici 4. Prema GTEX
portalu, najznacajniji polimorfizam, rs5001409, takoder je bio snazno povezan s ekspresijom gena
ST6GALL u tkivu stitnja¢e (p = 1,7 x 107'¥). Normalizirana veli¢ina uéinka (NES) definira se kao
koeficijent smjera pravca linearnog regresijskog modela i ra¢una se kao u¢inak alternativnog alela (C
alel) u odnosu na referentni alel (A alel) u ljudskom referentnom genomu (tj. eQTL alel ucinka je
alternativni alel). NES za C alel polimorfizma rs5001409 iznosio je -0,33, dok je medijan
normalizirane ekspresije gena ST6GALL iznosio 0,1952 za genotip AA, -0,0174 za genotip AC i -
0,5219 za genotip CC.
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Slika 4. Analiza kolokalizacije GWAS signala za Tg s eQTL signalima ST6GALL gena u tkivu §titne Zlijezde.
Ispunjeni krugovi predstavljaju GWAS signale za Tg i njihovu —log(p-vrijednost) (lijeva y-0s). Polimorfizam
rs5001409 definiran je kao vodeci polimorfizam i prikazan je ljubi¢astom bojom. LD informacije su sli¢ne
LocusZoom-u i izrac¢unate su odnosu na vodec¢i polimorfizam. Boje krugova oznacavaju njihove korelacije
(LD 12) s vode¢im polimorfizmom. Siva linija predstavlja eQTL signale i prati najnizu p-vrijednost [desna y-
0s, prikazuju¢i —log(p-vrijednost)]. Dijagram je generiran pomoc¢u alata LocusFocus.
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3.3.2. Mendelova randomizacija povezanosti funkcije Stitne Zlijezde s MetS

3.3.2.1. Uzro¢ni u€inak funkcije Stitne Zlijezde na MetS i njegove komponente
3.3.2.1.1. Slobodni tiroksin unutar referentnog raspona kao faktor izloZenosti

Identificirali smo ukupno 24 nezavisna polimorfizma koji su sluzili kao instrumentalne varijable za
MR analizu s fT4 kao faktorom izlozenosti, a koji su zajedno objasnjavali 3,63% fenotipske varijance
(R?) u razinama fT4. Svi odabrani polimorfizmi imali su F-statistiku ve¢u od 10 (medijan 43, raspon
30-455). Nakon harmonizacije, dva polimorfizma iskljuéili smo iz daljnjih analiza zbog palindromske
prirode i ujednacenih frekvencija referentnog i alternativnog alela. Nadalje, uklonili smo
polimorfizme s potencijalnim pleiotropnim ucinkom identificiranim putem MR-PRESSO pristupa.
Nakon isklju¢ivanja pleiotropnih polimorfizama, ostalo je 19, 20, 13, 22, 19 i 16 instrumentalnih
polimorfizama za MR analizu uzro¢ne povezanosti fT4 s MetS, glukozom, opsegom struka,
hipertenzijom, trigliceridima i HDL kolesterolom, redom.

IVW metoda s multiplikativnim slu¢ajnim u¢incima pokazala je da je fT4 unutar referentnog raspona
uzro¢no povezan s MetS (Slika 5). Svako povecanje za jednu standardnu devijaciju (SD) u
koncentraciji fT4 bilo je povezano s smanjenjem rizika od razvoja MetS za 4% (p = 0,04). Nije bilo
dokaza o heterogenosti izmedu procjena za pojedine polimorfizme (Q = 13,39, p = 0,77) niti 0
nekoreliranoj horizontalnoj pleiotropiji (MR-PRESSO globalni test p = 0,82). Smjer uzro¢nih u¢inaka
fT4 na MetS bio je ujednacen u glavnim MR analizama i MR analizama osjetljivosti, iako nije bio
statisti¢ki znacajan u analizama osjetljivosti (Tablica 3). Medutim, uzro¢na povezanost dodatno je
potvrdena CAUSE analizom koja je, koriste¢i sve polimorfizme na razini cijelog genoma, otkrila da
uzro¢ni model bolje odgovara podacima nego model dijeljenja (delta_elpd = -3,20 < 0, p = 0,04).
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Slika 5. Kauzalni u¢inak normalne razine fT4 na MetS. Dijagram rasipanja koji prikazuje odnos ué¢inaka
polimorfizama na fT4 u usporedbi s udincima istih polimorfizama na MetS. MR rezultati dobiveni su
koristenjem VW metode s multiplikativnim slu¢ajnim uéincima (svijetloplava), MR-Egger metodom (tamno
plava), metodom medijana (svijetlozelena) i modalnom metodom (tamnozelena). Nagib svakog pravca
odgovara procijenjenom kauzalnom ucinku fT4 na MetS.

Genetski predviden fT4 unutar referentnog raspona takoder je bio uzro¢no povezan s opsegom struka
u glavnoj analizi. Svako povecanje od 1 SD u koncentraciji fT4 unutar referentnog raspona bilo je
povezano sa smanjenjem opsega struka za 0,03 SD ( = -0,03, p = 0,04) (Tablica 3). Medutim, ovaj
rezultat nije potvrden u analizama osjetljivosti. Smjer u¢inaka nije bio isti izmedu razli¢itih metoda.
Bilo je dokaza o heterogenosti izmedu procjena za pojedine polimorfizme (Q = 25,14, p = 0,01) i
nekoreliranoj horizontalnoj pleiotropiji (MR-PRESSO globalni test p = 0,03). Bayesovska CAUSE
analiza sugerirala je da uzrocni model nije bio bolje prilagoden podacima u odnosu na model
dijeljenja (delta_elpd = 0,74 > 0, p-vrijednost = 0,95).

Glavna MR analiza takoder je pokazala znacajan uzro¢ni u¢inak genetski predvidenog fT4 unutar
referentnog raspona na HDL kolesterol (f = 0,02, p-vrijednost = 0,01) (Tablica 3). Nije bilo dokaza
o heterogenosti izmedu procjena za pojedine polimorfizme (Q = 23,63, p = 0,07) niti o nekoreliranoj
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horizontalnoj pleiotropiji (MR-PRESSO globalni test, p = 0,08). Smjer u¢inaka bio je konzistentan
izmedu razli¢itih metoda i dodatno potvrden negativnom vrijednosti CAUSE analize (delta_elpd = -
0,13), ali razlika u prilagodenosti modela nije bila statisticki znac¢ajna (p = 0,44) (Tablica 3).

Nije bilo znaajnih uzro¢nih ucinaka genetski predvidenog fT4 unutar referentnog raspona na
glukozu (p =-0,01, p = 0,25), hipertenziju (OR = 0,99, p = 0,90) ili trigliceride (p = -0,02, p = 0,15).

Tablica 3. Statisticki znacajni rezultati MR analize povezanosti funkcije Stitne zlijezde s MetS

IzloZenost Ishod MR metoda | Broj OR/B p- CAUSE delta
polimorfizama vrijednost | elpd (p-

vrijednost)
fT4 MetS IVW MRE | 19 0,96 0,037 -3,20 (0,04)
fT4 Opseg struka IVW MRE | 13 -0,03 0,038 0,74 (0,95)
fT4 HDL kolesterol | IVW MRE | 16 0,02 0,008 -0,13 (0,44)
TSH trigliceridi IVWMRE |70 0,01 0,044 -1,10 (0,22)
HDL TSH IVW MRE | 326 -0,03 0,045 0,49 (0,65)
kolesterol

OR, relativni rizik (engl. odds ratio); fT4, slobodno tiroksin; TSH, tireotropin; MetS, metaboli¢ki sindrom; IVW MRE,
metoda inverzne varijance s multiplikativnim slu¢ajnim uéincima.

3.3.2.1.2. Tireotropin unutar referentnog raspona kao faktor izloZenosti

Identificirali smo ukupno 84 neovisna polimorfizma koji su sluzili kao instrumentalne varijable za
MR analizu sa TSH kao faktorom izlozenosti, a koji su zajedno objasnjavali 7,97% fenotipske
varijance (R?) u razinama TSH. Svi odabrani polimorfizmi imali su F-statistiku ve¢u od 10 (medijan
58, raspon 30-997). Od ukupno 84 polimorfizma, jedan nije bio prisutan u sumarnim statistikama za
MetS i hipertenziju, a dva nisu bila prisutna u sumarnim statistikama za trigliceride i HDL kolesterol.
Nakon harmonizacije, jedan polimorfizam iskljucili smo iz daljnjih analiza zbog palindromske
prirode i ujednacenih frekvencija referentnog i alternativnog alela, a dodatno smo iskljucili jo$ jedan
polimorfizam zbog nekompatibilnih alela iz analiza za opseg struka, trigliceride i HDL kolesterol.
Nadalje, uklonili smo polimorfizme s potencijalnom pleiotropijom identificiranom putem MR-
PRESSO pristupa. Nakon isklju¢ivanja polimorfizama s pleiotropijom, ostala su 76, 74, 76, 79, 70 i
71 instrumentalna polimorfizma za MR analizu TSH s MetS, glukozom, opsegom struka,
hipertenzijom, trigliceridima i HDL kolesterolom, redom.

IVW metoda s multiplikativnim slu¢ajnim uc¢incima pokazala je da je genetski predviden TSH unutar
referentnog raspona uzro¢no povezan s trigliceridima (Tablica 3). Svako povecanje od 1 SD u
koncentraciji TSH bilo je povezano s povecanjem koncetracije triglicerida za 0,01 (B = 0,01, p =
0,03). Medutim, ovaj nalaz nije potvrden u analizama osjetljivosti. Postojali su snazni dokazi o
heterogenosti medu procjenama za pojedine polimorfizme (Q = 128,17, p = 2,7 x 107°) te 0
nekoreliranoj horizontalnoj pleiotropiji (MR-PRESSO globalni test p < 5 x 10#). Smjer u¢inaka bio
je uglavnom konzistentan medu razli¢itim metodama. Bayesovska CAUSE analiza sugerirala je da
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uzro¢ni model bolje odgovara podacima nego model dijeljenja (delta_elpd = -1,10 < 0), iako razlika
u prilagodenosti modela nije bila statisticki znacajna (p = 0,22) (Tablica 3).

Nije bilo zna¢ajnih uzro¢nih u¢inaka genetski predvidenog TSH unutar referentnog raspona na MetS
(OR =1,01, p =0,65), glukozu (B =-0,01, p = 0,14), opseg struka ( =-0,01, p = 0,39), hipertenziju
(OR =0,99, p=0,07) i HDL kolesterol ( = -0,002, p = 0,67).

3.3.2.2. Uzro¢ni u¢inak MetS i njegovih komponenti na funkciju $titne Zlijezde

U obrnutom uzro¢nom smjeru, procijenili smo uzro¢ni ucinak genetski predvidenog MetS na
parametre funkcije Stitne Zlijezde, odnosno koncentracije TSH i fT4.

Identificirali smo ukupno 85 neovisnih polimorfizama koji su sluzili kao instrumentalne varijable za
MR analizu sa MetS kao faktorom izlozenosti, a koji su zajedno objasnjavali 2,02% fenotipske
varijance u MetS. Svi odabrani polimorfizmi imali su F-statistiku ve¢u od 10 (medijan 43, raspon 29—
421). Medu ukupno 85 polimorfizama, jedan nije bio prisutan u sumarnim statistikama za TSH, a 7
polimorfizama nije bilo prisutno u sumarnim statistikama za fT4. Nakon harmonizacije, tri
polimorfizma smo iskljucili iz analiza za TSH i fT4 zbog palindromske prirode i ujednacenih
frekvencija referentnog i alternativnog alela. Nadalje, uklonili smo polimorfizme s potencijalnom
pleiotropijom identificiranom putem MR-PRESSO pristupa. Nakon isklju¢ivanja polimorfizama s
pleiotropijom, ostalo je 81 i 71 instrumentalna polimorfizama za MR analizu MetS s TSH i fT4.
Naposljetku, nismo pronasli znacajne uzro¢ne ué¢inke MetS kao binarnog fenotipa na TSH ( = 0,003,
p=0,81)ili fT4 (3 =-0,02, p = 0,31).

U zasebnim analizama obrnutog uzro¢nog smjera za svaku komponentu MetS, nije bilo znaéajnih
uzro¢nih ucinaka genetski predvidene koncentracije glukoze, opsega struka, hipertenzije ili
triglicerida na TSH ili fT4. Medutim, u glavnoj analizi zabiljezen je znacajan uzro¢ni u¢inak genetski
predvidenog HDL kolesterola na razine TSH ( = -0,03, p = 0,045, Tablica 3).

U analizi s HDL kolesterolom kao faktorom izlozenosti identificirali smo ukupno 362 neovisna
polimorfizma koji su sluzili kao instrumentalne varijable, a koji su zajedno obja$njavali 13,58%
fenotipske varijance u razinama HDL kolesterola. Svi odabrani polimorfizmi imali su F-statistiku
veéu od 10 (medijan 54, raspon 29-5569). Medu ukupno 362 polimorfizma, 31 nije bio prisutan u
sumarnim statistikama za TSH. Nakon harmonizacije, 5 polimorfizama iskljuceno je iz analize za
TSH zbog palindromske prirode i i ujednacenih frekvencija referentnog i alternativnog alela. Zbog
velikog broja genetskih instrumenata, nije bilo moguce provesti MR-PRESSO simulacije, pa nismo
mogli iskljuciti potencijalno pleiotropne polimorfizme. Postojali su snazni dokazi o heterogenosti
medu procjenama za pojedine polimorfizme (Q = 731,85, p= 2,16 x 107%) . Smjer ucinaka bio je
konzistentan medu razli¢itim metodama. Bayesovska CAUSE analiza sugerirala je da uzrocni model
nije bolje prilagoden podacima u odnosu model dijeljenja (delta_elpd = 0,49 > 0, p = 0,65, Tablica
3).
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3.3.3. Mendelova randomizacija povezanosti funkcije Stitne Zlijezde s vitaminom D

Kako bismo iskljucili pristranost povezanu s izborom cjelogenomske studije povezanosti, proveli Smo
MR analize koriste¢i sumarne statistike obiju cjelogenosmskih studija povezanosti za vitamin D, tj.
koriste¢i i Manousaki i sur. (54) i Revez i sur. (55) skupove podataka. U prosjeku, MR analize s
vitaminom D kao faktorom izlozenosti iz Manousaki i sur. studije koristile su 19,6 instrumentalnih
polimorfizama manje (raspon od 27 do 89) u odnosu na analize MR analize s vitaminom D kao
faktorom izlozenosti iz Revez i sur. studije (raspon od 38 do 113). Broj zajednickih instrumenata
prisutnih u oba skupa podataka za faktor izlozenosti iznosio je 33. Pearsonov koeficijent korelacije
izmedu procjena ucinaka ovih polimorfizama iznosio je 0,44 (p = 0,01), dok je Kendallov koeficijent
korelacije izmedu p-vrijednosti ovih polimorfizama bio 0,72 (5,58 x 107'"). Zbog razlika u
metodoloskim pristupima i razlika u procjenama uc¢inaka polimorfizama, pretpostavili smo da ¢e MR
analize s ova dva skupa podataka donijeti razliCite rezultate.

3.3.3.1. Koncentracija 25(OH)D u serumu iz Manousaki i sur. kao faktor izloZenosti

Koriste¢i sumarne statistike Manousaki i sur. (54), identificirali smo ukupno 109 neovisnih
polimorfizama koji su sluzili kao instrumentalne varijable za MR analizu s koncentracijom 25(OH)D
kao faktorom izloZenosti, a koji su zajedno objasnjavali 2,68% fenotipske varijacije (R?) u serumskoj
koncentraciji 25(0OH)D. Svi odabrani polimorfizmi imali su F-statistiku ve¢u od 10 (medijan 42,25,
raspon 34,60-64,27). Nakon harmonizacije, dva polimorfizma iskljuéili smo iz svih daljnjih analiza
zbog palindromske prirode i ujednacenih frekvencija referentnog i alternativnog alela, a dodatno smo
iskljucili jo§ jedan polimorfizam iz analiza za TPOAt. Nadalje, uklonili smo polimorfizme s
potencijalnom pleiotropijom identificiranom putem MR-PRESSO pristupa. Preostali brojevi
instrumentalnih polimorfizama za MR analizu koncentracije 25(OH)D u serumu s TSH, fT4, T3,
TT3, niskim TSH, visokim TSH, autoimunim hipotireoidizmom, autoimunim hipertireoidizmom,
koncentracijom TPOALt i TPOALt pozitivnosc¢u bili su redom 83, 83, 86, 86, 93, 89, 87, 89, 371 27.

IVW metoda s multiplikativnim slu¢ajnim uéincima pokazala je da je genetski predvidena
koncentracija 25(OH)D u serumu uzro¢no povezana s hipertircozom (Tablica 4). Medutim, uzro¢na
povezanost nije potvrdena analizama osjetljivosti nitt CAUSE analizom, koja je, koriste¢i sve
polimorfizme na razini cijelog genoma, otkrila da uzro¢ni model nije bolje prilagoden podacima od
modela dijeljenja (delta_elpd = 0,54 >0, p =0,78).

3.3.3.2. Koncentracija 25(OH)D u serumu iz Revez i sur. kao faktor izloZenosti

Koriste¢i sumarne statistike Revez i sur. (55), identificirali smo ukupno 115 nezavisnih
polimorfizama koji su sluZili kao instrumentalne varijable za MR analizu s koncentracijom 25(OH)D
kao faktorom izlozenosti, a koji su zajedno objasnjavali 3,52% fenotipske varijacije (R?) u serumskoj
koncentraciji 25(OH)D. Svi odabrani polimorfizmi imali su F-statistiku ve¢u od 10 (medijan 43,13,
raspon 35,03-70,86). Nakon procesa harmonizacije, dva polimorfizma iskljucili smo iz svih daljnjih
analiza zbog palindromske prirode i ujednacenih frekvencija referentnog i alternativnog alela, a
dodatno smo iskljucili jo§ jedan polimorfizam iz analize za poviSeni TSH, te dva polimorfizma iz
analize za TPOALt. Nadalje, uklonili smo polimorfizme s potencijalnom pleiotropijom identificiranom
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putem MR-PRESSO pristupa. Preostali brojevi instrumentalnih polimorfizama za MR analizu
koncentracije 25(OH)D u serumu s TSH, fT4, fT3, TT3, niskim TSH, visokim TSH, autoimunim
hipotireoidizmom, autoimunim hipertireoidizmom, koncentracijom TPOAt i TPOAt pozitivnoscu
bili su redom 113, 110, 106, 111, 110, 113, 112, 105, 107, 381 38.

IVW metoda s multiplikativnim slu¢ajnim ucincima, kao i MR Egger metoda, pokazale su da je
genetski predvidena koncentracija 25(OH)D u serumu uzro¢no povezana s povisenim TSH (Tablica
4). Svako povecanje od 1 SD u koncentraciji 25(OH)D u serumu bilo je povezano sa smanjenjem
rizika od povisenog TSH za 12% (p = 0,0197) (Tablica 4). Steigerov test smjera potvrdio je uzro¢ni
smjer nase analize. Nije bilo dokaza o heterogenosti medu procjenama za pojedine polimorfizme (Q
= 118,60, p = 0,29) niti o nekoreliranoj horizontalnoj pleiotropiji (MR-PRESSO globalni test, p =
0,307). Smjer uzro¢nih ucinaka koncentracije 25(OH)D na poviseni TSH bio je konzistentan u
glavnim MR analizama i MR analizama osjetljivosti, iako nije bio statisti¢ki znacajan u metodi
medijana i modalnoj metodi. Konacno, smjer uzrocne povezanosti dodatno je potvrden CAUSE
analizom koja je, koriste¢i sve polimorfizme na razini cijelog genoma, otkrila da uzro¢ni model bolje
odgovara podacima nego model dijeljenja (delta_elpd = -0,86 < 0), iako razlika u prilagodenosti
modela nije bila statisticki znacajna (p = 0,31) (Tablica 4).

Tablica 4. Statisticki znacajni rezultati MR analize povezanosti vitamina D i funkcije titne zlijezde

IzloZenost Ishod MR metoda | Broj OR/B p- CAUSE delta

polimorfizama vrijednost | elpd (p-
vrijednost)

25(CH)D hipertireoza IVW MRE | 89 -0,49 0,02 0,54 (0,78)

(Manousaki)

25(0OH)D PoviSeni TSH IVW MRE | 112 0,880 0,02 -0,86 (0,31)

(Revez)

25(0H)D Poviseni TSH MR Egger | 112 0,828 0,043

(Revez)

25(0OH)D Autoimuna MR Egger | 105 0,837 0,024 -0,56 (0,36)

(Revez) hipotireoza

IVW MRE, inverse variance weighted multiplicative random effects method; MR, mendelian randomization; N,
number; OR, odds ratio; SNP, single-nucleotide polymorphism; TSH, thyroid-stimulating hormone.

Dodatno, MR Egger analiza pokazala je da genetski predvidena koncentracija 25(OH)D ima
sugestivnu uzronu povezanost s autoimunim hipotireoidizmom. Naime, svako povecanje od 1 SD u
koncentraciji 25(OH)D u serumu bilo je povezano sa smanjenjem rizika od autoimunog
hipotireoidizma za 16,34% (p = 0,02) (Tablica 4). Steigerov test smjera potvrdio je uzro¢ni smjer
nase analize. Medutim, postojali su dokazi o heterogenosti medu procjenama za pojedine
polimorfizme (Q = 169,88, p = 3 x 107°) i nekoreliranoj horizontalnoj pleiotropiji (MR-PRESSO
globalni test, p < 0,0003), ali MR-PRESSO nije uspio identificirati nijednu ekstremnu vrijednost.
Smjer uzro¢nih uc¢inaka koncentracije 25(OH)D na autoimuni hipotireoidizam bio je konzistentan u
glavnim MR analizama i MR analizama osjetljivosti, iako nije bio statisticki znac¢ajan u IVW metodi
s multiplikativnim slu¢ajnim u¢incima, metodi medijana i modalnoj metodi. Kona¢no, smjer uzro¢ne

povezanosti dodatno je potvrden CAUSE analizom koja je otkrila da uzro¢ni model bolje odgovara
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podacima nego model dijeljenja (delta_elpd = -0,56 < 0), iako razlika u prilagodenosti modela nije
bila statisticki znacajna (p = 0,36) (Tablica 4).
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3.4. ZNANSTVENI DOPRINOS OBJEDINJENIH RADOVA

Rezultati cjelogenomskih studija povezanosti predstavljaju temelj i polazi$nu tocku za razvoj alata
personalizirane medicine, koji se zasnivaju na analizi genetickih karakteristika svakog pojedinca.
Analizom genoma dobivaju se podaci klju¢ni za prevenciju nastanka bolesti, ranu dijagnostiku,
odabir optimalnog lijeCenja, ali i za pracenje terapijske uc¢inkovitosti. Osnovni cilj personalizirane
medicine sazet je u sintagmi “Prava terapija za pravog pacijenta u pravo vrijeme,” ¢ime se naglasava
potreba za individualiziranim pristupom temeljenim na specifi¢nim genetickim profilima pacijenata.
Jedan od klju¢nih elemenata personalizirane medicine je poligenski rizik, koji se rauna pomocu
sumarnih statistika cjelogenomskih studija povezanosti. Poligenski rizik omogucuje procjenu
vjerojatnosti razvoja odredenih bolesti na temelju kombinacije vise genetickih varijanti. Ova metoda
omogucuje precizniju procjenu individualnog rizika te pruza osnovu za razvoj personaliziranih
strategija prevencije, ranog otkrivanja i lijeCenja bolesti. Na taj nacin, poligenski rizik postaje
neizostavan alat u predvidanju i razumijevanju sloZenih bolesti poput endokrinih poremecaja,
dijabetesa, autoimunih bolesti te razli¢itih vrsta karcinoma. Osim u dijagnostici 1 prevenciji, vaZznost
poligenskih rizika za budué¢nost medicine ogleda se i u podrucju farmakogenomike, koja proucava
geneticke varijante koje utjecu na individualni odgovor na lijekove. Koristenjem poligenskih rizika u
farmakogenomici moguce je unaprijed predvidjeti kako ¢e pojedini pacijent reagirati na odredenu
terapiju, ¢ime se minimiziraju nuspojave i povecava ucinkovitost lije¢enja. Ovaj pristup omogucuje
lije¢nicima odabir najprikladnijih lijekova i doza za svakog pacijenta, Sto rezultira boljim ishodima
lijecenja i smanjenjem troSkova zdravstvene skrbi.

Poligenski rizici stoga predstavljaju kljuc¢an alat ne samo za personaliziranu medicinu, ve¢ i za razvoj
precizne i u¢inkovite farmakoterapije, koja ¢e omoguciti sigurnije i u€inkovitije lije¢enje. Ocekuje se
da ¢e u buducénosti, uz sve veci broj dostupnih genetickih podataka i napredak tehnologije, uloga
poligenskih rizika u klinickoj praksi dodatno rasti, pruZaju¢i nova saznanja 1 mogucnosti za
unaprjedenje zdravstvene skrbi i kvalitete Zivota pacijenata. Stoga rezultati prve studije imaju veliki
potencijal za direktnu ili indirektnu primjenu u personaliziranom pristupu dijagnostici i prognostici

poremecaja funkcije $titne Zlijezde.

Metabolicki sindrom esto se opaza kod pacijenata koji pate od klinicke ili subklinicke hipotireoze te
Hashimotovog tireoiditisa, §to ukazuje na slozenu povezanost izmedu poremecaja funkcije Stitne
zlijezde 1 metabolickih disfunkcija. Ovi bolesnici nerijetko imaju povecan rizik od pretilosti,
inzulinske rezistencije, poviSenog krvnog tlaka i dislipidemije, Sto su sve klju¢ne komponente

metabolickog sindroma. Stoga ne iznenaduje Cinjenica da rezultati naSe kauzalne analize, temeljene
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na Mendelovoj randomizaciji, sugeriraju kako visa koncentracija slobodnog tiroksina moze djelovati

kao zastitni faktor, smanjujuci rizik od razvoja metabolickog sindroma.

Mendelova randomizacija predstavlja snazan alat za proucavanje uzroc¢no-posljedicnih veza u
epidemioloSkim istrazivanjima i moze se smatrati analogonom randomiziranog kontroliranog pokusa.
Ova metoda koristi nasumi¢nu raspodjelu genetickih varijanti koje su povezane s odredenim
izlozenostima, $to omogucuje donosenje kauzalnih zaklju¢aka bez potrebe za provodenjem skupih i
logisticki zahtjevnih klinickih studija. KoriStenjem Mendelove randomizacije u naSem istrazivanju,
dobiveni su pouzdani rezultati koji Stede resurse, a istovremeno pruzaju snazne dokaze o uzrocnoj
vezi izmedu povisenih razina fT4 i smanjenog rizika za metabolicki sindrom. Ovi kauzalni zakljucci
mogu biti od velike koristi za razvoj terapijskih strategija usmjerenih na prevenciju i lijecenje
metabolickih poremecaja kod osoba s poremecajem funkcije Stitne Zlijezde.

Nasi rezultati dodatno naglaSavaju vaznost usmjeravanja pozornosti na pravilnu dijagnozu i pracenje
funkcije Stitne zlijezde kod pacijenata s metaboliCkim poremecajima. Pravovremenim
identificiranjem pojedinaca s povecanim rizikom od razvoja MetS, moguce je osmisliti ciljane
strategije za prevenciju i intervenciju, poput promjene zivotnih navika, uvodenja dijetalnih mjera,
povecanja tjelesne aktivnosti te, po potrebi, farmakoloske terapije. Na taj nain moZzemo smanjiti rizik
od razvoja dijabetesa tipa Il, kardiovaskularnih bolesti i drugih komplikacija povezanih s MetS, te
poboljsati ukupno zdravlje i kvalitetu zivota pacijenata.

Nadalje, rezultati naSeg istrazivanja ukazuju na potencijalnu ulogu hormona Stitne Zzlijezde u
regulaciji metabolizma, otvarajuc¢i nove mogucnosti za razvoj terapijskih postupaka koji bi uzimali u
obzir individualne hormonalne 1 geneticke profile pacijenata. Implementacija ovih saznanja u
klinicku praksu mogla bi znacajno unaprijediti personalizirani pristup u lijeCenju metabolickih
poremecaja i pridonijeti razvoju preciznih terapijskih strategija, usmjerenih na smanjenje rizika od

komplikacija povezanih s poremecajima funkcije Stitne Zlijezde.

Nedostatak vitamina D povezan je s razli¢itim poremecajima Stitne zlijezde, ukljucujuéi autoimuni
hipotireoidizam 1 poviSene koncentracije TSH, §to naglasava vaznost ovog vitamina u regulaciji
imunoloskih 1 hormonalnih procesa. NaSi rezultati pokazuju da viSa koncentracija serumskog
25(OH)D znacajno smanjuje rizik od poviSenog TSH te razvoja autoimunog hipotireoidizma, §to ima
vazne klinicke implikacije. Konkretno, svako povecanje serumske koncentracije 25(OH)D za jednu
standardnu devijaciju bilo je uzro¢no povezano s 12% manjim rizikom od poviSenih vrijednosti TSH

te s 16,34% manjim rizikom od razvoja autoimunog hipotireoidizma.
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Ovi rezultati istiCu vaznost redovitog pracenja i odrzavanja optimalnih koncentracija vitamina D u
klini¢koj praksi kako bi se smanjila vjerojatnost pojave poremecaja funkcije Stitne Zlijezde, posebno
kod osoba s predispozicijom za autoimune bolesti. Uzimajuéi u obzir da manjak vitamina D moze
djelovati kao ¢imbenik rizika za razvoj ovih poremecaja, pravovremena dijagnoza i intervencija
usmjerena na korekciju statusa vitamina D mogu znacajno poboljsati sveukupno zdravlje pacijenata.
Odrzavanje adekvatnih razina vitamina D moze djelovati preventivno te posluziti kao osnova za
razvoj ciljane terapije u rizicnim skupinama, ¢ime bi se smanjio rizik od komplikacija povezanih s
poremecajima S$titne Zlijezde. Integracija ovih saznanja u klinicku praksu mozZe omoguciti
personaliziran pristup u skrbi za pacijente, pruzajuci temelje za preventivne strategije koje bi
ukljucivale suplementaciju vitamina D, prilagodbu prehrane i promjene zivotnog stila. Time bi se ne
samo smanjila pojavnost poremecaja funkcije Stitne zlijezde, ve¢ i poboljsala kvaliteta zivota

pacijenata, smanjio teret bolesti te poboljsala uc¢inkovitost zdravstvene skrbi.
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4. KRATKI SAZETAK NA HRVATSKOM JEZIKU

Uvod: Tireoglobulin (Tg) je glikoprotein koji sintetiziraju folikularne stanice Stitne Zlijezde i sluzi
kao kljuéni preteca u sintezi hormona Stitne zlijezde. Nasa istrazivacka skupina provela je dosada
jedinu cjelogenomsku analizu povezanosti za koncentraciju Tg u plazmi. Iskoristiv§i napredak u
racunalnim metodama i modeliranju, primijenili smo Bayesovski pristup kako bismo dodatno istrazili
geneticku pozadinu Tg. Brojne presjecne studije sugerirale su povezanost izmedu funkcije Stitne
zlijezde i metaboli¢kog sindroma (MetS), kao i razina serumskog 25-hidroksivitamina D [25(OH)D],
no smjer tih u¢inaka i to¢ni uzro¢ni mehanizmi ostaju nejasni. Na temelju znanja u podruéju
statisticke genetike steCenih naSom cjelogenomskom studijom povezanosti, primijenili smo
Mendelovu randomizaciju (MR) kako bismo dodatno istrazili uzro¢ne odnose izmedu funkcije Stitne
zlijezde, MetS i serumskih koncentracija 25(OH)D.

Metode: Proveli smo cjelogenomsku analizu povezanosti za Tg koriste¢i Bajesovski rijetki linearni
mjeSoviti model (BSLMM) i frekvencionisticki LMM kako bismo analizirali 7 289 083 genetskih
polimorfizama u 1 096 zdravih ispitanika europskog podrijetla iz Hrvatske biobanke. Proveli smo i
meta-analizu s dvije neovisne kohorte (ukupno n = 2 109) kako bismo identificirali polimorfizme
povezane s razinama Tg. U prvoj MR studiji koristili smo sumarne statistike najvecih cjelogenomskih
studija povezanosti za tireotropin (TSH), slobodni tiroksin (fT4), MetS i njegove komponente. U
drugoj MR studiji ukljucili smo dodatne pokazatelje funkcije Stitne zlijezde kao Sto su slobodni
trijodtironin (fT3), ukupni trijodtironin (TT3), razine protutijela na stitnu peroksidazu (TPOAL),
pozitivnost TPOAt, snizeni TSH, poviSeni TSH, autoimuni hipotireoidizam i autoimuni
hipertireoidizam te razinu serumskog 25(OH)D. Za primarnu analizu Koristili sSmo metodu inverzne
varijance (IVW), nadopunjenu metodom medijana, modalnom metodom, MR-Egger, MR-PRESSO
i CAUSE metodama kako bismo osigurali robusnost rezultata.

Rezultati: Nasa meta-analiza otkrila je 83 polimorfizma unutar gena ST6GALL (p <5 x 10°®) koji su
bili znac¢ajno povezani s koncentracijom Tg u plazmi. Nasljednost Tg procijenjena je na 17%, pri
¢emu je 52% ove varijacije pripisano malom broju od 16 polimorfizama s velikim u¢inkom na
koncentraciju Tg. MR analize pokazale su da je viSa razina fT4 uzro¢no povezana s nizim rizikom
razvoja MetS (OR = 0,96, p = 0,037). Osim toga, T4 je bio pozitivno povezan s koncentracijom HDL
kolesterola (B = 0,02, p=0,008), dok je TSH pozitivno povezan s trigliceridima (B = 0,01, p = 0,044).
Reverzna MR analiza pokazala je da je HDL kolesterol negativno povezan s TSH (B = —0,03, p =
0,046), $to sugerira dvosmjernu uzroénu povezanost izmedu funkcije $titne zlijezde i MetS. Nadalje,
na$e MR analize pokazale su uzro¢ni u¢inak serumske koncentracije 25(OH)D na povisen TSH, pri
¢emu je svako povecéanje od 1 SD u koncentraciji 25(OH)D bilo povezano s smanjenjem rizika od
povisenog TSH za 12% (p = 0,02). Takoder, povecanje od 1 SD u koncentraciji 25(OH)D bilo je
povezano s smanjenjem rizika od razvoja autoimunog hipotireoidizma za 16,34% (p = 0,02).

Zakljucak: Nasa cjelogenomska analiza povezanosti otkrila je vazne genetske polimorfizme i pruzila
vrijedne uvide u geneticku pozadinu koncetracije Tg. Dodatno, pokazali Smo uzro¢ne povezanosti
izmedu varijacija u funkciji Stitne zlijezde i rizika od MetS, kao i utjecaj koncetracije vitamina D na
pokazatelje funkcije Stitne zZlijezde. Integracija ovih saznanja u klinicku praksu mogla bi unaprijediti
personalizirani pristup u medicini, otvarajuci put za ciljane terapijske i preventivne strategije u
lijeCenju poremecaja Stitne zlijezde 1 srodnih metabolickih stanja.
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5. KRATKI SAZETAK NA ENGLESKOM JEZIKU (SUMMARY)

Introduction: Thyroglobulin (Tg) is an iodoglycoprotein synthesized by thyroid follicular cells and
serves as a crucial precursor for thyroid hormone production. To date, our research group has
conducted the only genome-wide association study (GWAS) on plasma Tg levels. Leveraging recent
advancements in computational methods and modelling, we employed a Bayesian approach to
probabilistically infer the genetic architecture of Tg. Numerous observational studies have suggested
a link between thyroid function and metabolic syndrome (MetS), as well as with serum 25-
hydroxyvitamin D [25(OH)D] levels, but the direction of these effects and the precise causal
mechanisms remain unclear. Building on the expertise in statistical genetics acquired from our
GWAS study, we subsequently applied Mendelian randomization (MR) to further explore the causal
relationships between thyroid function, MetS, and serum 25(OH)D concentrations.

Methods: In our initial study, we performed a GWAS of plasma Tg levels using a Bayesian sparse
linear mixed model (BSLMM) and a frequentist linear mixed model (LMM) to analyze 7,289,083
genetic variants in 1,096 healthy European-ancestry participants from the Croatian Biobank. This was
followed by a meta-analysis with two independent cohorts (total n=2,109) to identify genome-wide
significant variants associated with Tg levels. In the first MR analysis, we utilized summary statistics
from the most comprehensive GWAS available for thyroid-stimulating hormone (TSH), free
thyroxine (fT4), MetS, and its components. In the second MR study, we included additional thyroid
function indicators such as free triiodothyronine (fT3), total triiodothyronine (TT3), thyroid
peroxidase antibody levels (TPOADb), TPOAb positivity, low TSH, high TSH, autoimmune
hypothyroidism and autoimmune hyperthyroidism, as well as 25(OH)D levels. We employed the
multiplicative random-effects inverse variance weighted (IVW) method for primary analysis,
supplemented by weighted mode, weighted median, MR-Egger, MR-PRESSO, and CAUSE methods
to ensure robust results.

Results: Our meta-analysis of the GWAS data identified 83 genome-wide significant variants within
the STBGALL gene (p <5 x 10°®) that were associated with plasma Tg levels. The SNP-heritability of
Tg was estimated to be 17%, with 52% of this variation attributed to a small number of 16 variants
with major effects on Tg levels. MR analyses revealed that higher fT4 levels were causally linked to
a lower risk of developing MetS (OR = 0.96, p = 0.037). Additionally, fT4 was positively associated
with high-density lipoprotein cholesterol (HDL-C) (B = 0.02, p = 0.008), while TSH was positively
associated with triglycerides (TG) (B = 0.01, p = 0.044). Reverse MR analysis indicated that HDL-C
was negatively associated with TSH ( = —0.03, p = 0.046), suggesting a bidirectional relationship
between thyroid function and lipid profile. Furthermore, our MR analyses demonstrated a causal
effect of serum 25(OH)D levels on high TSH, with each 1 SD increase in 25(OH)D being associated
with a 12% decrease in the risk of high TSH (p = 0.02). Moreover, a 1 SD increase in serum 25(0OH)D
was linked to a 16.34% reduction in the risk of developing autoimmune hypothyroidism (p = 0.02).

Conclusion: Our GWAS on Tg levels identified key genetic variants and provided valuable insights
into the genetic architecture of Tg. We also demonstrated causal associations between variations in
thyroid function and the risk of MetS, as well as the impact of vitamin D levels on thyroid function.
Integrating these insights into clinical practice could enhance personalized medicine approaches,
paving the way for more targeted therapeutic and preventive strategies in managing thyroid-related
disorders and associated metabolic conditions.
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Abstract: Thyroglobulin (Tg) is an iodoglycoprotein produced by thyroid follicular cells, which acts as
an essential substrate for thyroid hormone synthesis. So far, only one genome-wide association study
(GWAS) of plasma Tg levels was performed by our research group. Utilizing recent advancements in
computation and modelling, we apply a Bayesian approach to the probabilistic inference of genetic
architecture of Tg. We fitted a Bayesian sparse linear mixed model (BSLMM) and a frequentist
LMM of 7,289,083 variants in 1096 healthy European-ancestry participants of the Croatian Biobank.
Meta-analysis with two independent cohorts (total n=2109) identified 83 genome-wide significant
variants within the ST6GALI gene (p < 5 x 10~8). BSLMM revealed additional association signals
on chromosomes 1, 8, 10, and 14. For the ST6GAL1 and the newly uncovered genes, we provide
physiological and pathophysiological explanations of how their expression could be associated with
variations in plasma Tg levels. We found that SNP-heritability of Tg is 17% and that 52% of this
variation is due to a small number of 16 variants that have a major effect on Tg levels. Our results
suggest that the genetic architecture of plasma Tg is not polygenic, but influenced by a few genes
with major effects.

Keywords: genome-wide association study, thyroglobulin, thyroid, ST6GGAL1, LMM, BSLMM

1. Introduction

Thyroglobulin (Tg) is the most abundant protein produced by the thyroid gland. This
660 kDa iodoglycoprotein serves as a storehouse of thyroid hormones since Tg proteolysis
releases thyroxine (T4) and triiodothyronine (T3) [1]. Tg is synthesised in thyrocytes.
After the post-translational modifications occurring in the rough endoplasmic reticulum
and the Golgi apparatus, Tg is released in the follicular lumen where Tg iodination and
hormone production occur [2,3]. Mature Tg is then transferred back to the thyrocytes by
endocytosis. In the thyrocytes, Tg proteolysis occurs and thyroid hormones are released
into the bloodstream on the basolateral membrane [1]. Some portion of intact Tg (mostly
poorly sialylated or iodinated) can be transferred by transcytosis from the follicular lumen
to the bloodstream [4]. In addition to transcytosis, Tg can be released into the blood from
disrupted follicles. Moreover, plasma Tg levels are increased in thyroid pathology, and
plasma Tg levels have been shown to correlate with thyroid mass [5]. A twin study showed
that the observed variability in serum Tg levels has a strong genetic component [6].
About 10% of Tg molecular mass is glycosylated [7]. Glycosylation of Tg is crucial for
the synthesis of thyroid hormones because it has been shown that unglycosylated Tg has
no potential for the synthesis of thyroid hormones [8]. Glycosylation is also important
for Tg folding, iodination, trafficking, and immunoreactivity [1]. Sialylation is a late
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post-translational modification of Tg that occurs in the Golgi apparatus [1]. ST6GALL1 (3-
galactoside a-2,6-sialyltransferase), also known as sialyltransferase 1, catalyzes the addition
of a-2,6 bound sialic acid to N-glycosylated proteins [9]. It is involved in the sialylation of
Tg since a-2,6 bound sialic acid residues are detected at Tg [10,11]. Both ST6GAL1 mRNA
[12-14] and protein [13,14] were detected in the thyroid gland. This membrane-bound
enzyme is found mainly in the Golgi apparatus [15]. Sialylation is important for many Tg
functions; immunoreactivity, autoregulation, and recycling. Desialylation of Tg increases
its immunoreactivity [16,17]. In addition, poorly iodinated or sialylated Tg has a higher
potential to trigger Tg-mediated signaling [18]. Sialylation also affects Tg recycling because
it is important for binding Tg to its transmembrane receptor [17]. The importance of Tg
sialylation for its proper functioning is evident from the case of a patient with congenital
goiter with hypothyroidism. This patient had severely hyposialylated Tg and insufficient
«-2,6 sialyltransferase activity [10].

Our recent genome-wide association study (GWAS) showed an association of 16 variants
within the ST6GALI gene with plasma Tg levels in healthy individuals [19]. This was the
first GWA study to investigate genes associated with plasma Tg levels. The linear mixed
model (LMM) used in our study has become a standard for genome-wide association
mapping because it efficiently controls for both population structure and relatedness
among individuals. However, LMMs, as well as other frequentist methods, only test one
single nucleotide polymorphism (SNP) at a time. On the other hand, methods that relate
phenotypic variation to multiple genetic variants simultaneously could further increase
the power to detect causal variants. Multiple SNP modeling extensions of the standard
LMM have been proposed from a Bayesian perspective by considering alternative prior
distributions on the genetic effects. In the current study, we included an additional 1,096
individuals and conducted association mapping using both frequentist and Bayesian
approaches, as well as SNP heritability estimation and genomic prediction using Bayesian
approaches. We aimed to replicate the significant findings to further confirm the association
of ST6GAL1 gene with plasma Tg levels in healthy individuals. Additionally, we sought to
elucidate the genetic architecture of Tg by using Bayesian multi-SNP approaches. Finally,
we meta-analyzed our new GWA results with our previously published GWA results in a
combined dataset of 2,190 individuals.

2. Results
2.1. Genome-wide association analyses

In the new LMM association analysis, a total of 18 SNPs reached genome-wide sig-
nificance. Of the significantly associated SNPs, 15 were located within the ST6GALI gene
on chromosome 3, and 3 were located within the PDPN gene on chromosome 1 (Table 1).
Out of 15 SNPs within the ST6GALI gene that reached genome-wide significance, 11 were
replications of our previously published discovery phase genome-wide significant results.
The other 5 genome-wide significant variants from the discovery phase were also replicated
at the 1 x 10~ p-value threshold (Supplementary Table S4).
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Table 1. SNPs passing genome-wide significance threshold (5 x 1078) in the single-SNP LMM analysis and their corresponding PIPs from the multi-SNP BSLMM
analysis of cohorts Korcula2 & Korcula3.

. Multi-SNP
Slngi:e-lS NiP EVIM BSLMM analysis
SNP Chr Position Gene Ref Allele Effect Allele EAF anatysis in cohorts
cohorts Korcula2 Korcula? &
& Korcula3 Korcula3
B(p — value) B(PIP)
-0.31
rs10937280 3 186738033 ST6GAL1 G A 0.35 (9.09 x 10-12) -0.29 (0.21)
-0.31
rs5001409 3 186735690 ST6GAL1 A C 0.35 (9.44 % 10-12) -0.295 (0.07)
-0.31
rs9863411 3 186737820 ST6GAL1 C T 0.35 (1.06 x 10-11) -0.283 (0.2)
-0.31
rs7634389 3 186738421 ST6GAL1 T C 0.35 (112 x 10-11) -0.292 (0.08)
-0.31
1s967367 3 186734466 ST6GAL1 G A 0.35 (115 x 10-11) -0.29 (0.12)
rs3821819 3 186732725 ST6GAL1 G A 0.35 a 31_2'3110,11) -0.292 (0.06)
rs4686838 3 186743053 ST6GAL1 A G 0.45 -0.3(2.33 x 1011 -0.27 (0.08)
-0.29
rs10212190 3 186731157 ST6GAL1 A T 0.34 (1.73 x 10-10 -0.28 (0.003)
-0.29
rs4012172 3 186741511 ST6GAL1 C T 0.36 (2.19 x 10-19) -0.27 (0.0003)
-0.28
rs3872724 3 186741221 ST6GAL1 C T 0.37 (2.37 x 10-19) -0.27 (0.001)
rs3872723 3 186741131 ST6GAL1 C T 0.36 -0.28 (3.4 x 10710) 0 (0)
rs28674898 3 186744563 ST6GAL1 G A 0.39 0.28 (5.81 x 10~10) -0.28 (0.003)
rs4686844 3 186765135 ST6GAL1 G A 0.56 a 83_2.2150*10) -0.15 (0.0007)
rs78946539 1 13921500 PDPN A G 0.04 -0.63 (2.1 x 1078) -0.51 (0.03)
rs143154928 1 13921447 PDPN G A 0.04 -0.63 (2.32 x 107%) -0.5 (0.03)
rs12566684 1 13922117 PDPN A G 0.04 -0.64 (2.46 x 1078) -0.5(0.02)
rs257104 3 186775807 ST6GAL1 G A 0.4 0.24 (3.33 x 107%) 0.17 (0.002)

! Statistical analyses were performed with GEMMA LMM and BSLMM. P-values < 5 x 1078 are genome-wide significant. SNPs are sorted by ascending LMM p-value. BSLMM,
Bayesian sparse linear mixed model; Chr, chromosome; EAF, effect allele frequency; LMM, linear mixed model; SNP, single nucleotide polymorphism.



Version January 25, 2022 submitted to Int. J. Mol. Sci. 40f18

In the BSLMM association analysis, 16 SNP were identified as having a major sparse 7
effect on plasma Tg levels and these variants were estimated to have a sparse effectin >1.6%
of BSLMM chain iterations (i.e., PIP>0.016) (Supplementary Table S3). Moreover, the top 7
4 SNPs were identified as having a sparse effect on Tg levels in more than 10% of chain 7
iterations (PIP>0.1) and all were located within the ST6GALI gene. There was a complete 7
overlap in significant results identified in single-SNP LMM association analysis and multi- 7
SNP BSLMM analysis for the variants located within the ST6GALI gene on chromosome  so
3 and PDPN gene on chromosome 1 (Table 1). BSLMM approach uncovered additional &
association signals on chromosome 8 (rs10283166 - PVT1 gene intron variant), chromosome e
14 (rs35862113 — MARK3 gene intron variant, rs61972442 - OR6]1 gene intron variant), s
chromosome 3 (rs1631354 - RARB gene intron variant), and chromosome 10 (rs11202702 - e
RNLS gene intron variant). Results from the single-SNP association analysis (LMM) and  es
the multi-SNP association analysis (BSLMM) are plotted in parallel in Manhattan plotsin s
Figure 1. 87
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Figure 1. Manhattan plots of single-SNP and multi-SNP association mapping in cohorts Korcula2
Korcula3.(A) Manhattan plot of single-SNP LMM analysis. The x-axis represents the chromosomal
position of SNPs, and the y-axis represents their -log10(p-values) obtained by the LMM analysis.
Each dot on the Manhattan plot signifies a SNP. Because the strongest associations have the smallest
p-values (e.g. 10-12), their negative logarithms will be the greatest (e.g. 12). The red horizontal
line indicates the genome-wide significance threshold (p = 5 x 10-8), while the blue horizontal line
indicates the suggestive threshold of significance (p = 5 x 10-6).Description of what is contained in the
first panel.(B) Manhattan plot of multi-SNP BSLMM analysis. The x-axis represents the chromosomal
position of SNPs, and the y-axis represents their posterior inclusion probabilities (PIPs) obtained by
the BSLMM analysis.
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2.2. SNP heritability estimation a8

In our previous work [19], the top rs4012172 SNP was estimated to explain 3.19% e
of the variance in Tg levels. In the current study, we estimated the PVE or the “chip s
heritability”. PVE estimate from the BSLMM with 7,289,083 SNPs indicated that 17% of the o
variation in plasma Tg levels was explained by all available genotypes and that 52% (PGE) 2
of this variation was due to 16 SNPs with relatively large phenotypic effects. These results o3
describe the genetic architecture of plasma Tg, and imply that it is not purely polygenic, s
but rather favors the sparse assumption on the variant effects. Means, medians, and 95% s
equal tail posterior probability intervals (95% ETPPIs) of hyperparameters estimated from o6
the BSLMM are reported in Supplementary Table S5. o7

2.3. Genetic prediction of thyroglobulin levels (Polygenic score PGS analysis) o8

To measure prediction performance, we calculated the correlation coefficient of pre- o
dicted and observed values in the test data. Having in mind that the PVE was estimated to 100
be 0.17 by the BSLMM, 0.17 was considered as a theoretical upper bound for the accuracy of 10
the predictive model. The Pearson’s correlation coefficient was equal to -0.05 (95% CI [-0.1, 102
0.0004]) with a p-value of 0.052. This result implies that we have constructed a genomic 1o
predictor of plasma Tg levels which, with the inclusion of additional training and test data, 1os
is expected to pass the 5% statistical significance threshold. 105

2.4. Meta-analysis 106

To attain the largest available sample size for this study, the discovery and replication 1o
datasets were meta-analyzed in order to uncover additional signals hidden in the separated 108
discovery and replication analyses due to a lack of power. There was little evidence for 1oe
population stratification at the replication-level (Ag,scu1a283 = 1.004) or meta-analysis level 110
(A = 1.029). In the meta-analysis phase, 83 SNPs within the ST6GALI gene on chromosome 111
3 reached genome-wide significance (Figure 2 and Supplementary Table S6). The most 112
significant SNP was 1s5001409 (p = 1.85 x 10-?°). The regional association plot of the s
ST6GALI region is shown in Figure 3. Minor, C allele (MAF = 0.38) of the rs5001409 was 114
associated with lower Tg levels ( = -0.297, SE = 0.03). Effect sizes were in the same direction s
in all datasets. Forest plot of the effect sizes is shown in Supplementary Figure S1. 116
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Figure 2. Manhattan plot and quantile-quantile (Q-Q) plot of meta-analysis results for thyroglobulin
(Tg) levels. (A) Manhattan plot of single nucleotide polymorphisms (SNP) for Tg levels. The x-axis
represents the chromosomal position of SNPs, and the y-axis represents their —logyq(p — values)
obtained by combined analysis. Each dot on the Manhattan plot signifies a SNP. The red horizontal
line indicates the genome-wide significance threshold (p = 5 x 10~8), while the blue horizontal line
indicates the suggestive threshold of significance (p =5 x 107°). (B) In the Q-Q plot, we see a strong
deviation from the null distribution (the distribution of p-values under the null hypothesis of no true
association is indicated by the red line).
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Figure 3. Regional association plot of ST6GAL1 region. The most significant SNP (rs5001409) is shown
in purple. The colors of the circles denote their correlations (LD r?) with the top SNP (lead SNP in
purple, high LD SNPs with r2 > 0.8in red, orange for 0.8 > r2 > 0.6, green for 0.6 > 2> 04, light
blue for 0.4 > r?> > 0.2 and dark blue for 2 < 0.2). The figure was generated using the LocusZoom
tool [20].

2.5. Colocalization analysis

Our analysis supports a strong colocalization of GWAS signals with eQTLs of ST6GAL1
gene in thyroid tissue with a SS p-value of 1 x 10~7. The colocalization analysis has been
visualized in Figure 4. According to the GTEx portal, the most significantly associated
SNP, rs5001409, was also strongly associated with the expression of the ST6GALI gene
in the thyroid tissue (p = 1.7 x 10718). The association is visualized in the violin plot
(Supplementary Figure S2). Normalized effect size (NES) is defined as the slope of the
linear regression and is computed as the effect of the alternative allele (C allele) relative
to the reference allele (A allele) in the human reference genome (i.e. the eQTL effect allele
is the ALT allele). NES of the C allele at rs5001409 was -0.33, while median normalized
expression of the ST6GALI gene was 0.1952 for genotype AA, -0.0174 for genotype AC and
-0.5219 for genotype CC.
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Figure 4. Colocalization analysis of thyroglobulin GWAS signals with eQTL signals of ST6GAL1
gene in thyroid tissue. Filled circles represent thyroglobulin GWAS —log1o(p — values) (left y-axis).
The rs5001409 SNP was defined as the lead SNP and is presented in purple. The LD information
is similar to LocusZoom. LD information was computed from the European 1000 Genomes subset
(phase 1, version 3) [21] in reference to the lead SNP. The grey line represents the eQTL signals and
traces the lowest p-value [right y-axis, showing —log1o(p — values)]. Gene track information is from
GENCODE v19 (hg19 coordinates). The figure was generated using the LocusFocus tool [22].

3. Discussion

This study confirmed the results of our recent discovery GWA study on the association
of the ST6GALI gene with Tg plasma levels in healthy individuals [19]. In the meta-analysis,
we confirmed 16 variants within the ST6GALI gene previously associated with plasma Tg
levels [19] and detected an additional 67 variants within the ST6GALI gene that were asso-
ciated with plasma Tg levels. The strongest association with plasma Tg levels was observed
for the STEGALIT gene 1s5001409 SNP (p = 1.85 x 10~2°). The C allele of this polymorphism
was associated with lower plasma Tg levels. The highest expression of the ST6GALI gene
is found in the liver, lymph node, spleen, thyroid, and prostate tissue [23]. According
to the GTEXx portal, the strongest eQTL signals for the lower expression of the ST6GAL1
gene in thyroid tissue are rs967367, rs3821819, rs10937280, rs17776120 and our top SNP,
155001409 with expression p-value 1.7 x 10718, The top 6 eQTL signals were also in the top
7 signals associated with lower Tg levels in our meta-analysis. Additionally, these SNPs are
in high LD with our top rs5001409 variant. This overlap was further confirmed by our colo-
calization analysis. We offer several explanations of how decreased ST6GALI expression
may be associated with decreased plasma Tg levels. The first possibility is the association
of ST6GAL1 and Tg via the Wnt/-catenin signaling pathway. ST6GALI activates the
Wnt/ B-catenin signaling pathway through the PI3K/Akt/GSK-3p signaling pathway [24].
Lower ST6GALI expression leads to lower activation of the PI3K/Akt/GSK-38 signaling
pathway, resulting in lower activation of the Wnt/ -catenin signaling pathway. Because the
Wnt/ B-catenin signaling pathway activates the expression of thyroid transcription factor
1 (TTF-1)[25] [a transcription factor involved in TG transcription[26]], lower activation of
this pathway leads to lower levels of TTF-1 and consequently lower Tg levels. The second
possibility of ST6GAL1 and Tg association is via the TSH receptor. Namely, STOGAL1
adds sialic acid to the TSH receptor [27]. Sialylation of the TSH receptor increases the
level of intracellular cAMP [28] (increased concentration of intracellular cAMP means that
the TSH receptor is activated and activation of this receptor is associated with increased
expression of the TG gene). Thus, lower ST6GALI gene expression leads to lower TSH
receptor sialylation and lower TSH receptor activation. The result is a lower transcription
of the TG gene. The third possibility is the association of ST6GAL1 and Tg through Tg.
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Tg has autoregulatory potential and can suppress its own expression [29-31]. Sue et al. 1so
suggested that Tg that is poorly iodinated or sialylated has a higher potential to trigger e
Tg-mediated signaling [18], and also has a higher affinity for the asialoglycoprotein (ASGP) 16
receptor (one of the proposed receptors that could be involved in Tg-mediated signaling) e
[32,33]. Thus, lower ST6GALI expression could lead to a decrease in Tg sialylation. This 16
would result in a higher concentration of poorly sialylated Tg which has a higher potential 164
to trigger Tg-mediated signaling. Tg-mediated signaling can suppress TG gene expression. es
The disadvantage of this explanation is that the role of ASGPR in Tg-mediated signaling has 1es
not been thoroughly investigated, and several authors have pointed out that it is necessary ez
to further investigate the signal transduction that occurs after Tg binding to ASGPR [32-34].  1ee
In addition, since lower ST6GAL1 expression could result in a higher concentration of 160
poorly sialylated Tg, this could increase the amount of Tg in the blood. Specifically, itis 170
known that preferentially immature Tg (desialylated or poorly sialylated) is transferred to 17
the blood by transcytosis [19,35]. 172
In addition to the standard frequentist approach to GWA mapping, we performed a 17
Bayesian multi-SNP mapping by fitting a BSLMM on 7,289,083 SNPs and 1,096 individuals. 17s
The multi-SNP BSLMM approach uncovered additional association signals outside of the 175
ST6GALI gene. This study showed that the T allele in rs10283166 SNP located within the 176
intronic region of the noncoding PVT1 gene on chromosome 8 is associated with decreased 177
plasma Tg levels. The PVT1 gene encodes a long noncoding RNA that has an oncogenic 17
role in various types of cancer [36]. Zhou et al. have shown that PVT1 can contribute to 17
tumorigenesis in thyroid cancer [37]. Additionally, Zhou et al. have shown that silencing of  1s0
PVT1 reduces TSH receptor expression [37]. Because increased TSH receptor activation was  1s:
associated with increased TG gene expression, an increase in PVT1 levels would be associ- ez
ated with an increase in Tg levels. Given the important role of both Tg and PVT1 in thyroid 1es
cancer, the effect of rs10283166 SNP on PVT1 expression should be further investigated. s
On chromosome 1, G allele, A allele, and G allele within rs78946539, rs143154928, and  1es
rs12566684 SNPs, respectively, were associated with lower plasma Tg levels. These SNPs  1s6
are located within the intronic region of the PDPN gene. According to the GTEx portal, 1er
these SNPs affected the expression of the RP11-474021.5 gene in the adrenal gland, but were  1ss
not associated with changes in PDPN gene expression. Expression of both RP11-474021.5  1se
(GEPIA database [38]) and PDPN [39] is increased in thyroid carcinoma. Since Tg levels are 100
also increased in thyroid cancer [40], the aforementioned alleles within the RP11-474021.5 101
and PDPN gene could be protective in thyroid cancer (by decreasing Tg levels). Increased  1e2
expression of PDPN has been observed in papillary thyroid carcinoma (PTC) [39], and it 103
has been suggested that PDPN may be a pro-metastatic factor in PTC [39,41]. It has been 104
suggested that pro-metastatic activity of PDPN in PTC could be through the activation of 1es
the ezrin-radixin-moesin (ERM) proteins [42]. Interestingly, moesin (ERM protein) has been 106
shown to activate the Wnt/-catenin signaling pathway [43] whose increased activation was o7
associated with increased TG transcription (described earlier in the text) [26]. 108
This study showed that the T allele in rs35862113 SNP located on chromosome 14 is as- 199
sociated with increased plasma Tg levels. This SNP is located in the intronic region of 200
the Microtubule Affinity Regulating Kinase 3 (MARK3) gene. According to the GTEx 2o
portal, this SNP was associated with reduced MARK3 expression in thyroid tissue. Thus, 2o
lower MARK3 expression results in increased plasma Tg levels. The possible association 20
of MARK3 with Tg is through Plakophilin-2 (PKP2) since PKP2 is one of the targets of zos
MARKS3. Phosphorylation of PKP2 by MARKS3 creates a 14-3-3 binding site [44] and it has  zos
been suggested that phosphorylation of PKP2 by MARK3 and subsequent binding by 14-3-3 206
prevents nuclear localization of PKP2 [45]. According to Niell et al., PKP2 antagonizes  zo
Wnt/ B-catenin signaling [46] [thus, it may consequently lead to lower TG transcription zos
(described earlier) [26]]. Additionally, this study showed that the C allele in rs1631354 SNP, 200
located in the intronic region of retinoic acid receptor beta gene (RARB) on chromosome 3 is 210
associated with increased plasma Tg levels. According to the Human Protein Atlas, RARS 211
expression is high in the thyroid [13,14], while RARS expression is reduced in thyroid =i



Version January 25, 2022 submitted to Int. . Mol. Sci. 90f18

carcinomas [47,48]. One previous study showed that treatment with RARS binding retinoic = 21
acid (a metabolite of vitamin A), inhibited TG gene expression [49], while another showed 214
that retinoic acid treatment increased TG gene expression [50]. 215
Finally, allele A in rs11202702 SNP, on chromosome 10, was associated with an increase =216
in Tg plasma levels. According to the GTEx portal, this allele is also associated with an 217
increase in Ankyrin repeat domain-containing protein 22 (ANKRD?22) expression in the 2.
esophageal mucosa (although a significant association between this SNP and ANKRD22 21
expression was not observed in thyroid tissue). ANKRD22 can activate the Wnt/S-catenin 220
signaling pathway [51] [thus, it can consequently lead to an increase in TG transcription 222
(described earlier in the text) [26]]. This SNP (rs11202702) is located within the intronic 222
region of the renalase gene (RNLS). To date, it has not been shown whether rs11202702  z2»
SNP affects RNLS gene expression. RNLS can activate AKT [52] which activates the Wnt/B- 224
catenin signaling pathway [53] (therefore, it can consequently lead to an increase in TG 225
transcription [26]). 226
In conclusion, the use of frequentist and Bayesian methods in inferring the genetic back- 227
ground of plasma Tg levels led to the confirmation of our previous results and assessment  2zs
of new parameters. We performed association mapping with both single-SNP and multi 220
SNP-approaches. The results of the multi-SNP BSLMM approach are consistent with the 230
results of our recent frequentist GWA study that showed an association of the ST6GALT 23
gene with plasma Tg levels in healthy individuals [19]. In the meta-analysis, we increased 232
the sample size (from 1,094 to 2,190 healthy individuals), and with 16 confirmed variants =zs»
[19], we found an additional 67 variants within the ST6GALI gene associated with plasma 23
Tg levels. We further fine-mapped the genetic architecture of Tg by estimating PVE, PGE, =35
and polygenic score. We found that all available variants explain about 17% of the variance =36
in Tg levels and that 52% of this variation is due to a relatively small number of 16 variants 237
that have a major effect on Tg levels. We constructed a predictive polygenic score of plasma  23s
Tg levels. Although polygenic predictions are of little use in the clinical setting, they facili- =230
tate new experimental designs and discoveries. For example, they can be used in a newly 240
genotyped cohort to correlate observed phenotypic traits with the genetic prediction of = 2a
another trait. This approach yields a powerful design because if there exists an association  2s2
between the traits, it must be due to genetic factors since there are no shared environmental 2as
factors [54]. This approach will be the scope of our future studies investigating the genetic 24
factors underlying thyroid function. Because the most significant association signals in  2as
our meta-analysis were associated with both lower plasma Tg levels and lower ST6GALI 246
gene expression, we offered several explanations of how lower ST6GALI gene expression  zaz
may lead to a decrease in plasma Tg levels. The molecular background of the influence of 24
ST6GAL1 on Tg levels should be examined in vitro and in vivo. Although our data strongly 24
suggest the existence of additional effects beyond the ST6GALI gene, further studies are  2s0
needed to functionally characterize these complex effects. In addition, since Tg levels are  2s:
altered in various thyroid diseases, the association of the identified genes in patients with s
different thyroid diseases needs to be examined. Moreover, our recent study observed an  2ss
increase in ST6GALI in various thyroid well-differentiated carcinomas (I.G., unpublished  2ss
data). Finally, the conclusion of this study is that the genetic architecture of plasma Tgis 2ss
not purely polygenic, but rather sparse, i.e. influenced by a few genes with major effects.  zs6

4. Materials and Methods 257
4.1. Study population 258

This study was performed on participants originating from two Croatian cohorts: from  2s
the mainland city of Split (CROATIA_Split) and the island Korcula (CROATIA_Korcula), =260
derived from the “10 001 Dalmatians project” [55], which is a part of the Croatian Biobank 26
program. Participants were recruited from the island of Korcula in three rounds and subco- 22
horts were named CROATIA_Korcula 1, CROATIA_Korcula 2, and CROATIA_Korcula 3, zes
each subcohort consisting of 1,000 participants. We excluded participants who could have e
any type of thyroid disease according to anamnestic data and detailed biochemical findings. zes
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Individuals who self-reported thyroid disorder, individuals taking thyroid medication
or who underwent thyroid surgery, as well as individuals with Tg, thyroid-stimulating
hormone (TSH), free T3 (fT3), free T4 (fT4), Tg autoantibodies (TgAt), or thyroid peroxidase
antibodies (TPOAL) levels outside of the normal reference range for our population were
excluded. The published discovery phase [19] included 1,094 participants from CROA-
TIA_Split and CROATIA_Korcula 1 cohorts and, in the current study we included an
additional 1,096 participants from CROATIA_Korcula 2 CROATIA_Korcula 3 cohorts. The
final number of participants in the combined dataset for the meta-analysis was 2,190. Char-
acteristics of the cohorts are shown in Table 2. Written informed consent was obtained from
participants and the study protocol was approved by the Ethical board of the University of
Split, School of Medicine (No: 2181-198-03-04-14-0031 and 2181-198-03-04- 19-0022).

Table 2. Characteristics of the study population

Cohort Split Korcula 1 Korcula 2 Korcula 3
N 605 489 593 505
Women 321 (53%) 297 (61%) 328 (55,3%) 294 (58,2%)
Age 51 (39,61) 56 (46,67) 54 (40,65) 54 (39, 65)
Tg 9.20 (4.80, 14.50) 10.20 (6.40, 15.70) 10.1 (5.6,16.4) 10.6 (7.5, 16.1)

! Values in the table represent median (interquartile range) or n (%). n, number of participants; Tg, thyroglobulin..

4.2. Genotyping and imputation

Genotyping platforms and quality control procedures are summarized in Supplemen-
tary Table S1. Cohorts CROATIA_Korcula 2 and CROATIA_Korcula 3 were genotyped
together using a mix of Illumina genotyping platforms CNV370v1, CNV370-Quadv3, and
OmniExpressExome-8v1-2_A. Quality control (QC) steps were applied to all genotyp-
ing array data. The minimum call rate was 98% for single nucleotide polymorphisms
(SNPs) and 97% for individuals, and autosomal SNPs not in Hardy-Weinberg equilibrium
(p —value < 1 x 10~°) were excluded. SHAPEIT v2.r873 and Positional Burrows-Wheeler
Transform (PBWT) [56] provided by the Wellcome Sanger Institute were used for phasing
and imputing data into the Haplotype Reference Consortium (HRC) reference panel [57].
Additional QC was performed on imputed data. Imputed variants not in Hardy—Weinberg
equilibrium (p — value < 1 x 10~°), with minor allele frequency (MAF) < 0.01 or with infor-
mation score < 0.4 were excluded. Sex chromosomes were not analyzed. Due to the heavy
computational burden of fitting a multi-SNP approach, only variants with information
score > 0.9 were used for the Bayesian modeling, and the compared LMM analysis. The
final number of SNPs tested for association with Tg levels was 7,289,083 for both frequentist
and Bayesian approaches, and 6,554,718 overlapping SNPs for the meta-analysis. Cohorts
CROATIA_Korcula 2 and CROATIA_Korcula 3 were merged with earlier genotyped CROA-
TIA_Korcula 1 cohort and this merged dataset was used for prediction analyses. The final
number of SNPs used in the estimation of hyperparameters and prediction analyses was
7,289,083.

4.3. Biochemical measurements

Levels of thyroid hormones and antibodies in the plasma of participants were de-
termined by immunoassay methods with the Liaison XL Biomedica Chemiluminescence
Analyzer. Reference ranges for the study population were: Tg 0.2-50 ng/mL, TSH 0.3-3.6
mlIU/L, fT3 3.39-6.47 pmol /L, fT4 10.29-21.88 pmol/L, TgAb 5-100 IU/mL, and TPOAb
levels 1-16 IU/mL. All biochemical measurements were performed in the Biochemistry
Laboratory in the Department of Nuclear Medicine at the University Hospital Split.

4.4. Genome-wide association analyses

Genome-wide association analyses in cohorts CROATIA_Split and CROATIA_Korcula
1 were performed in our previously conducted discovery GWAS [19]. We conducted a new

305

306

307
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GWAS in an independent combined dataset CROATIA_Korcula2 and CROATIA_Korcula 3
consisting of 1,096 participants. For the association analysis, we considered two different
approaches; the frequentist LMM and Bayesian BSLMM, both implemented using the
software GEMMA 0.98.5 [58]. The phenotype used in both approaches was the same; Tg
levels were firstly regressed on sex and age using R statistical software [59] and regression
residuals were further quantile normalized to a standard normal distribution.

4.4.1. Linear mixed model (LMM)
We fit a standard LMM using GEMMA 0.98.5. in the following form:

y=Wa+xB+u+te 1)
u ~ MVN, (0, A77K) )
e~ MVN, (0,7 'I,) 3)

Where y is a vector of Tg residuals corrected for age and sex for n=1,096 individuals,
W is a n X ¢ matrix of covariates (fixed effects) in our case; a column of 1s, a is a c-vector
of the intercept; x is an n-vector of marker genotypes,  is the effect size of the marker,
u is an n- vector of random effects; € is an n-vector of errors; T~ is the variance of the
residual errors, A is the ratio between the two variance components, K is a known n x n
relatedness matrix and I, is an n X n identity matrix. MV N,, denotes the n-dimensional
multivariate normal distribution. Effect sizes represent the change in adjusted Tg levels for
each additional effect allele in the genotypes of participants.

4.4.2. Bayesian framework

LMM implemented in GEMMA with equation 1 tests the alternative hypothesis
H; : B # 0 against the null hypothesis Hy : f = 0 for each SNP in turn. Extensions of
LMM that jointly account for effects of variants across multiple loci could further increase
power to detect causal variants. Bayesian LMMs are capable of modeling all markers jointly
by assuming different prior distributions on the marker effects and sampling from their
posterior distribution. Bayesian models developed for estimation of SNP effect sizes start
with a simple linear model that relates genotypes X to phenotypes y:

y=1apu+XB+e 4)

e~ MVN, (0,7 'I,) (5)

Where y is a vector of phenotypes measured on n individuals, X is a n X p matrix of
genotypes measured on that same 7 individuals at p genetic markers, § is a p-vector of
genetic marker effects, 1,, is an n-vector of 1s, y is a scalar of the phenotype mean, and € is
an n-vector of error terms that have variance 7. Our aim was to estimate the parameter
B, that is, the effects of genetic markers, but, since the number of genetic markers p in
our study (7,289,083) was considerably larger than the number of individuals n (1,096),
we needed to make some modeling assumptions for SNP effect sizes B. These different
assumptions on the priors vary from the infinitesimal (i.e., the polygenic) model which
assumes that all SNPs have a non-zero effect, to the direct opposite, the sparse model
which assumes that a relatively small proportion of all variants affect the phenotype. The
performance of the model depends on the underlying true genetic architecture of the
studied trait. However, in general, this true genetic architecture is unknown. The most
commonly used polygenic modeling approach assumes that all SNPs affect the phenotype
(have a non-zero effect) with effect sizes normally distributed:

B~ N(0,0%) ©)

The Equation 1 with the normality assumption 6 for effect sizes yields a model referred
to as the linear mixed model (LMM) for its resulting random effect term of the combined
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genetic effects. 340

4.4.3. Bayesian sparse linear mixed model (BSLMM) 351

A more general assumption, which includes both polygenic and sparse modeling s
assumptions as special cases, is that the effect sizes come from a mixture of two normal sss
distributions: 354

Bi ~ nN(0, (o7 + 07)/pT) + (1 — m)N(0, 07/ pT) @)

where 77 is the proportion of SNPs with large effects, and therefore the model is sss
interpreted as assuming that all variants have at least a small effect, where 07 /pT is the  sse
variance of small effects, and 02/ pt is the additional variance of large effects. The resulting ss7
model is the Bayesian sparse linear mixed model (BSLMM) proposed by Zhou et al. [60]. By = sss
assuming a combination of polygenic and sparse effects for the prior distribution of effect sse
sizes, BSLMM is capable of adapting to different genetic architectures of the studied traits. seo
Multi-SNP association mapping in BSLMM accounts for relatedness among individuals and  se:
population stratification by including a genomic kinship matrix as a random effect term. It  se2
also accounts for linkage disequilibrium (LD) between SNPs by estimating SNP effect sizes  ses
while controlling for other SNPs included in the model [60]. BSLMM uses a Markov Chain  ses
Monte Carlo algorithm to sample from the posterior to obtain the SNP effect sizes . As ses
opposed to p-values from LMM, for each SNP, it outputs a posterior inclusion probability ses
(PIP), which is the probability that the marker is associated with the trait given the data, e
calculated as a proportion of chain iterations in which that SNP has a large effect. SNPs that  es
are most robustly associated with the phenotype are therefore expected to have large PIPs 6o
and these SNPs are the most probable candidates for being the functional variants affecting 7o
plasma Tg variation. We ran a BSLMM on the same dataset (1,096 individuals and 7,289,083 37
variants) as in our primary frequentist LMM association analysis in order to compare the s
single-SNP and multi-SNP approaches and to possibly reduce the incidence of false positive 73
and false negative findings. BSLMM chain was run with default 1,000,000 sampling steps 7
and 100,000 burn-in iterations. We used the estimated PIPs from the BSLMM output for a7
additional fine-mapping of the genomic regions significantly associated with Tg levels in 76
the standard LMM analysis. The p-values from the LMM were plotted in parallel with PIPs 37
from the BSLMM analysis in the Manhattan plots using the R package “CMplot” [61]. 378

4.5. SNP heritability estimation 379

We estimated the proportion of variance in phenotypes explained by all available s
genotypes (PVE), also referred to as the “chip heritability”, by assuming that the SNP e
effect sizes follow a mixture of two normal distributions (equation 7), as implemented in  ss2
GEMMA BSLMM. 383

4.6. Genetic prediction of thyroglobulin levels (Polygenic score PGS analysis) 3ss

Predicting phenotypes from genotypes for newly observed individuals can greatly aid  ses
the development of precision medicine. However, predictions require the development sss
of statistical methods that can accurately model the polygenic architecture of the studied ez
trait. This is achieved by constructing a polygenic score (PGS). The simplest PGS is essen-  sss
tially a weighted sum of genotypes across SNPs, where weights are the estimated genetic s
effect sizes (B) [62]. We decided to utilize the BSLMM model for genomic prediction since o0
this method was designed for use on individual-level data and has been demonstrated = so:
to outperform several other genomic prediction methods [60]. Tg levels were firstly re- o2
gressed on sex and age using R software. Derived residuals were quantile normalized to  ses
a standard normal distribution in R before the PGS analysis. Because GEMMA requires  ses
that the input genotype file for the PGS analysis contains both training and test data, Co- ses
horts CROATIA_Korcula 2 and CROATIA_Korcula 3 were merged with earlier genotyped 306
CROATIA_Korcula 1 cohort and this merged dataset was used for constructing the PGS. o7
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Sample data from the combined cohorts CROATIA_Korcula 2 and CROATIA_Korcula 3
was used as training data, and sample data from the CROATIA_Korcula 1 cohort was
used as test data. A Bayesian sparse linear mixed model was then fitted on the training
data and its prediction performance was evaluated by calculating the Pearson’s correlation
coefficient between the predicted and observed values in the test data. The estimate of PVE
for the SNPs used in the prediction analysis represents the potential upper bound for the
performance of PGS [62]. Because of this, we expected that the prediction accuracy of the
most efficient PGS wouldn’t exceed the estimated value of PVE.

4.7. Meta-analysis

We combined our previously conducted and published GWAS results in CROA-
TIA_Split and CROATIA_Korculal cohorts with our newly conducted GWAS in CROA-
TIA_Korcula 2&3 cohorts using a fixed-effect inverse-variance weighted model. To visualize
the meta-analysis results, a Manhattan plot and a quantile-quantile (Q-Q) plot were gener-
ated using the R package “qgqman” [63]. A regional association plot for the genomic region
within 500 Kb of the top hit was generated using Locus Zoom software [20], and a forest
plot for the most significant SNP association was generated using the R package MetABEL.

4.8. GTEx project

The Genotype-Tissue Expression (GTEx) project [23] provides the scientific community
with a resource to study human gene expression and regulation and its relationship to
genetic variation. By analysing global RNA expression within individual tissues and
treating the expression levels of genes as quantitative traits, variations in gene expression
that are highly correlated with genetic variation can be identified as expression quantitative
trait loci or eQTLs. The GTEx Project database contains analyses of mRNA levels in 49
different tissues, including thyroid tissue obtained from 574 donors with available genotype
data. The data used for the analyses described in this manuscript were obtained from the
GTEXx portal.

4.9. Colocalization analysis

Colocalization testing brings it closer to establishing causal relationships. If a SNP is
significantly associated with both Tg levels and gene’s expression (i.e. it is an expression
quantitative trait locus, eQTL), then this may suggest a regulatory role of the SNP on gene
expression in the pathway to Tg levels, which can also be regarded as vertical pleiotropy.
Using the LocusFocus tool [22], we tested whether our meta-analysis signals are colocalized
with eQTL signals. The LocusFocus tool implements a frequentist colocalization frame-
work - the Simple Sum (SS) developed by Gong et al. [64]. The SS is more powerful for
colocalization than existing methods, in particular in regions of high linkage disequilibrium
(LD) and allelic heterogeneity. The performance of SS relative to other frequently imple-
mented Bayesian colocalization methods designed for summary level data is documented
by Gong and collaborators [64]. To perform the colocalization analysis, we integrated our
meta-analysis summary statistics data with cis-eQTL data from thyroid tissue from the
GTEXx project v8.
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tor, asialoglycoprotein receptor; , Beta coefficients; BSLMM, Bayesian sparse linear mixed model;
Chr, chromosome; fT3, free T3; fT4, free T4; eQTL, expression quantitative trait locus; ERM pro-
teins, ezrin-radixin-moesin proteins; ETPPI, equal tail posterior probability intervals; GTEx project,
Genotype-Tissue Expression project; GWA, genome-wide association; GWAS, genome-wide associa-
tion study; HRC, Haplotype Reference Consortium; HWE, Hardy—Weinberg equilibrium; LD, linkage
disequilibrium; LMM, linear mixed model; MAF, minor allele frequency; MARK3, Microtubule affin-
ity regulating kinase 3; NES, normalized effect size; PBWT, Positional Burrows-Wheeler Transform;
PGE, proportion of genetic variance explained by variants with major effect; PGS, polygenic score;
PIP; posterior inclusion probability; PKP2, Plakophilin-2; PTC, papillary thyroid carcinoma; PVE,
proportion of variance in phenotypes explained; QC, quality control; Q-Q plot, quantile-quantile
plot; RARB, retinoic acid receptor beta; RNLS, renalase; SNP, single nucleotide polymorphism; SS,
Simple Sum; ST6GALL, -galactoside -2,6-sialyltransferase; T3, triiodothyronine; T4, thyroxine; Tg, thy-
roglobulin; TgAt, Tg autoantibodies; TPOAt, thyroid peroxidase antibodies; TSH, thyroid-stimulating
hormone; TTF-1, thyroid transcription factor 1.
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Abstract

Background: Thyroid function has been associated with metabolic syndrome (MetS) in a
number of observational studies. In spite of that, the direction of effects and the exact causal
mechanism of this relationship is still unknown.

Methods:

We performed a two-sample bidirectional Mendelian randomization (MR) study using
summary statistics from the most comprehensive genome-wide association studies (GWAS) of
thyroid-stimulating hormone (TSH, n=119,715), free thyroxine (fT4, n=49,269), MetS
(n=291,107), as well as components of MetS: waist circumference (n=462,166), fasting blood
glucose (n=281,416), hypertension (n=463,010), triglycerides (TG, n=441,016) and high-
density lipoprotein cholesterol (HDL-C, n=403,943). We chose the multiplicative random-
effects inverse variance weighted (IVW) method as the main analysis. Sensitivity analysis
included weighted median and mode analysis, as well as MR-Egger and Causal Analysis Using
Summary Effect estimates (CAUSE).

Results:

Our results suggest that higher fT4 levels lower the risk of developing MetS (OR=0.96,
P=0.037). Genetically predicted fT4 was also positively associated with HDL-C ($=0.02,
P=0.008), while genetically predicted TSH was positively associated with TG ($=0.01,
P=0.044). These effects were consistent across different MR analyses and confirmed with the
CAUSE analysis. In the reverse direction MR analysis, genetically predicted HDL-C was
negatively associated with TSH (p=-0.03, P=0.046) in the main IVW analysis.

Conclusions:

Our study suggests that variations in normal-range thyroid function are causally associated with
the diagnosis of MetS and with lipid profile, while in the reverse direction, HDL-C has a

plausible causal effect on reference-range TSH levels.
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1. Introduction

In clinical practice, metabolic syndrome (MetS) is often observed alongside thyroid
dysfunction. MetS is defined as a cluster of cardiometabolic abnormalities including obesity,
hypertension, hyperglycaemia and dyslipidemia (1). Because of its high prevalence and
complexity, MetS is differently defined by different organisations. The three most used
definitions are the ones from the World Health Organization (WHO, 1998) (2), the Adult
Treatment Panel 111 of the National Cholesterol Education Program (NCEP-ATP 111, 2001) (3),
and Joint Interim Statement, 2009 (4). In this manuscript, we will focus on the Joint Interim
definition (4) used in the largest genome-wide association study (GWAS) of MetS as a binary

trait in the UK Biobank (5).

Recently, a meta-analysis of global data from 28 million individuals estimated the global
prevalence of MetS to be between 12.5% and 31.4%, according to the different definitions used
(6). Because of it affecting over a billion people worldwide, and its association with a
significantly increased risk of type 2 diabetes mellitus, cardiovascular disease, and mortality

(7) (8) (9), MetS represents one of the most important global health challenges of today.

Multiple studies have suggested an association between thyroid dysfunction and MetS or its
components, but the causality and direction of these associations remain yet to be proven
(10,11). Cross-sectional studies have shown that the overlap between the thyroid dysfunction
diagnosis and MetS diagnosis is common, confirming their association, but also evoking the
question of the association’s direction (11). Increasing attention is now directed to the reversed
causal path, or the premise that thyroid dysfunction could arise from the effects of MetS, rather

than MetS only being a consequence of thyroid dysfunction.

A positive association between thyroid-stimulating hormone (TSH) and the diagnosis of MetS

was reported in a great number of studies (11). In addition, this association persisted even in



euthyroid individuals with TSH levels within the reference range (12,13). On the other hand,
the relationship between free thyroxine (fT4) and the diagnosis of MetS was not as unified. It
was reported either as positive (14) or as negative (15,16). This contradiction could be due to
the common shortcomings of observational research, such as unobserved confounding and
reverse causation. Before translating these findings into clinical practice, it is crucial to further

investigate the causal associations underlying these results.

Mendelian randomization (MR) — the random combination of parents' genes that occurs at
conception and the formation of offspring gametes, provides a unique method for identifying
the causal nature of environmental risk factors (17). Using this kind of randomization, MR
methodology can, to some extent, construct a natural analogue of a randomized controlled trial.
Mendelian randomization analysis is based on the realization that a genetic variant associated
with an exposure can be used as an instrumental variable to estimate the exposure's causal

effect on an outcome of interest (18).

MR studies have investigated the causal role of thyroid function on some of the components of
MetS, namely blood lipids (19,20), waist-to-hip ratio (WHR) or body mass index (BMI) as
markers of obesity (20-22), and blood pressure measurements (20). However, to date, the bi-
directional association between thyroid function and MetS as a binary outcome has not been
tested using an MR approach. The aim of this study was to examine the genetically predicted
effects of thyroid function on metabolic syndrome risk and its components, and vice versa,

using large-scale summary genetic association data.



2. Materials and methods
2.1. Study design

Using a 2-sample MR analysis with GWAS summary statistics, we investigated the potential
causal effect of genetically predicted reference-range TSH and reference-range fT4 on
metabolic syndrome and its components. In the reverse direction MR analysis, we assessed the
potential causal effect of genetically predicted MetS and its components on thyroid function,
that is, TSH and fT4. A brief description of our MR analyses is given in Figure 1. The
components of MetS were extracted as five elements according to the NCEP 11 (3) criteria.
We utilized the most comprehensive GWAS summary association data for TSH, T4, MetS,
fasting blood glucose (FBG), waist circumference, hypertension, triglycerides (TG) and high-
density lipoprotein cholesterol (HDL-C). In each combination of exposure and outcome,
samples were obtained from two independent but homogenous populations, both of European
ancestry. In total, we performed 24 MR analyses to investigate the bidirectional relationship
between thyroid function and MetS. This study has been reported according to the STROBE-
MR guidelines (23) in Supplementary file 3 (24). Because all data were taken from publicly

available summary statistics, ethical approval was not required.
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2.2. Data sources and genetic associations for TSH and T4

We obtained summary genetic association estimates for normal TSH from a most recent
GWAS meta-analysis of thyroid function (25), and for normal fT4 from the ThyroidOmics
Consortium, an international consortium that studies the determinants and effects of thyroid
diseases and thyroid function (26). A detailed description of the study cohorts and methods

used can be found in Teumer et al. (26), Zhou et al. (25) and Supplementary file 1 (24).

In short, Zhou et al. performed a fixed-effect inverse-variance weighted meta-analysis of TSH
levels based on the Nord-Trgndelag Health Study (HUNT study, N = 55,342) (27), Michigan
Genomics Initiative (MGI, N =10,085) (28), and the ThyroidOmics consortium (up to N
=54,288 samples) (26), resulting in a total of 119,715 individuals and 22,4 million genetic
markers. The study yielded 74 genome-wide significant loci for TSH, of which 28 were

previously unreported (25).

The discovery meta-GWAS in Teumer et al. consisted of data from 19 independent cohorts
with 49,269 participants and over 8 million genetic markers for fT4. Exclusion criteria included
non-European ancestry, use of thyroid medication and previous thyroid surgery. In each of the
contributing individual cohorts GWASs, fT4 was analysed as a continuous variable in a linear
model after inverse normal transformation. The study found a total of 21 known and novel

associated loci for T4 (26).
2.3. Data sources and genetic associations for Metabolic syndrome

Summary-level data for MetS as a binary phenotype were obtained from Lind et al., the most
comprehensive GWAS on MetS in the UK Biobank (5), consisting of 291,107 European-
ancestry individuals (59,677 cases and 231,430 controls). A detailed description of the study

cohort and methods used can be found in (5) and Supplementary materials (24).



The NCEP-harmonized criteria for MetS were used to define the five components of the
syndrome and prevalent MetS as a binary trait. In order for a participant to be classified as
having MetS, at least three of the following five criteria should be fulfilled: serum glucose >6.1
mmol/L or antidiabetic treatment, blood pressure >130/85 mmHg or antihypertensive
treatment, serum triglycerides >1.7 mmol/L, waist circumference >102 cm in men and >88 cm
in women, HDL-cholesterol <1.0 mmol/L in men and <1.3 mmol/L in women. MetS was
analysed as a binary trait in logistic regression analysis with 9,463,307 genetic variants, and
adjusting for age, gender, genetic analysis batch, and 20 principal components for the
population structure. The analysis yielded 93 independent genome-wide significant loci

(P<5x10®) (5).
2.4. Data sources and genetic associations for the components of MetS

Summary-level data for FBG were obtained from the most comprehensive GWAS in the Meta-
analyses of Glucose and Insulin-Related Traits Consortium (MAGIC), which is the largest
publicly available meta-analysis in up to 200,622 European ancestry participants without
diabetes (29). A detailed description of this single-ancestry meta-analysis for FBG adjusted for

body mass index (BMI) can be found in Supplementary materials (24).

Summary-level data for waist circumference were obtained from the Medical Research Council
Integrative Epidemiology Unit (MRC-IEU) UK Biobank GWAS which included 462,166
participants of European ancestry. Summary-level data for hypertension, TG and HDL-C were
also obtained from MRC-IEU UK Biobank GWAS. Hypertension was analysed as a binary
phenotype with 54,358 cases and 408,652 controls in 9,851,867 SNPs. MRC-IEU GWAS of
blood lipids included 441,016 participants for TG and 403,943 participants for HDL-C. The
data was retrieved through the (MRC-IEU) GWAS database pipeline integrated in the
‘TwoSampleMR’ R package (30-32). UK Biobank GWASs of blood lipids are part of a large
meta-analysis in 1,320,016 participants of European ancestry from the Global Lipids Genetics
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Consortium Results (GLGC) (33). However, here we did not utilise the GLGC summary
statistics, as to avoid biases related to sample overlap, given that the HUNT study is present in

both the TSH meta-analysis and the GLGC blood lipids meta-analysis.

A detailed description of the listed cohorts and methods used can be found in Supplementary

materials (24).
2.5. Two-sample Mendelian randomization analysis

We estimated the proportions of trait variance explained by identified genetic instruments (R?)
using the formulae: R?= (2% x MAF x (1 - MAF)) / (2p? x MAF x (1 - MAF) + 2 N x MAF x
(1-MAF) x SE?), where MAF = minor allele frequency, P = effect estimate of the SNP in the
exposure GWAS, SE = standard error, N = sample size) (34,35). Furthermore, we evaluated
instrument strength using the F statistic, where F = (R2 x (N - 2)) / (1 - R?), to test the

significance of the instrument’s association with the exposure.

The exposure and outcome datasets were harmonised to ensure that the effect of the identified
SNPs on outcome and exposure are relative to the same effect allele. For each exposure-
outcome pair, we used the Mendelian Randomization Pleiotropy RESidual Sum and Outlier
(MR-PRESSO) (36) approach to correct for uncorrelated horizontal pleiotropy by excluding
SNPs that were horizontal pleiotropic outliers in our analysis considering that horizontal
pleiotropy can distort the results of MR tests, which can lead to inaccurate causal estimates,
loss of statistical power, and potentially false positive causal relationships. The identified SNPs

were removed and the exposure-outcome causal associations were re-estimated.

We performed a 2-sample MR using the multiplicative random effects inverse variance
weighted (IVW) method as the main analysis (37). Multiplicative random effects VW
combines the effect of exposure on outcome across multiple genetic variants. It incorporates

an overdispersion parameter into the variance of the IVW estimate, which allows the variance
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to increase in the presence of heterogeneity. This method returns the same effect point estimates
as under the fixed effect IVW model while also accounting for heterogeneity between the SNP

estimates (38).
2.6. Sensitivity analyses

In order to obtain reliable causal estimates from MR, genetic instruments must satisfy 3
instrumental variable assumptions 1) Relevance: the instruments are strongly associated with
the exposure; 2) Exchangeability: instruments are not associated with any other confounders
that may be associated with both exposure and outcome; and 3) Exclusion: instruments only
influence the outcome by the path of exposure (18). To test if our relevance assumption holds,
we calculated the R? and the F-statistic for each exposure. Furthermore, for each exposure-
outcome pair, we calculated Cochran’s Q statistic to test for heterogeneity across SNP-specific

estimates.

In addition to the main multiplicative random-effect VW method, we validated the results by
performing MR analysis using several other methods with different model assumptions: 1)
weighted median, 2) weighted mode and 3) MR-Egger. The weighted median will provide a
consistent estimate if at least 50% of the weight comes from valid instruments and therefore is
robust against instrumental outliers (39). The weighted mode approach assumes that the most
frequently occurring association estimate is unaffected by pleiotropy, meaning that it must

correspond to the true causal effect (40).

Scatter plots depicting the SNP effects on the exposure against the SNP effects on the outcome

were created for exposure-outcome pairs using the ‘TwoSampleMR’ R package.

For each of the exposure-outcome pairs, we performed the MR Steiger directionality test,

which tests if the variance explained by instrumenting SNPs in the outcome is less than in the

11



exposure, to ensure a reliable directional analysis (30). The test was performed using the

function ‘directionality_test” implemented in the ‘TwoSampleMR’ R package.

Additionally, we used the recently published Causal Analysis using Summary Effect Estimates
(CAUSE) (41) a novel Bayesian MR method that accounts for both uncorrelated (when a
variant affects outcome and exposure through separate mechanisms) and correlated (when a
variant affects outcome and exposure through a shared heritable factor) horizontal pleiotropy.
CAUSE allows all variants to have uncorrelated pleiotropic effects and assumes that a
proportion q of variants exhibit correlated pleiotropy, which is encoded in a prior on . CAUSE
provides posterior distribution estimates under two models: the sharing model and the causal
model, and tests whether the posteriors estimated under the causal model fit the data
significantly better than the posteriors estimated under the sharing model. In other words, it
tests whether the observed association between the exposure and outcome is more likely to be
explained by causality than by correlated horizontal pleiotropy. Unlike existing MR methods,
CAUSE incorporates information from all variants by using full summary association data (LD
pruned at r2 <0.01 with P <1 x 107%), which improves the power of the MR analysis. A two-
sided P < 0.05 was considered statistically significant for all MR analyses. We did not control
the family-wise error rate (FWER) in a frequentist manner, given that we have chosen a specific
subset of MetS components, and additionally explored the inferred causal effects using a

Bayesian framework.

Finally, in the reverse direction, we performed multivariable MR, a method that allows for the
association of SNPs with multiple phenotypes to be included in the analysis, allowing an
estimation of the direct effect of each phenotype on the outcome. For the multivariable MR
analyses, we fitted a model with HDL-C and TG to identify which trait appeared to be
responsible for the effect of lipid-related traits on thyroid function. Exposures for the

multivariable MR were extracted using the ‘mv_extract_exposures’ function in the
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‘TwoSampleMR’ package. This function extracts instruments for each exposure, obtains the
full list of instruments and extracts those SNPs for every exposure, and finally, keeps only the
SNPs that are independent and present in all exposures, harmonising them to be on the same
strand. Multivariable MR was then performed using the ‘mv_multiple’ function which fits all

exposures together.
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3. Results
3.1. The causal effect of thyroid function on MetS and its components
3.1.1. Reference-range fT4 as exposure

We identified a total of 24 independent SNPs to serve as instrumental variables, which together

explained 3.63% of phenotypic variance (R?) in fT4 levels (Supplementary file 2 - Table S1
(24)).

All the selected SNPs had F-statistics greater than 10 (median 43 and range 30-455). After
harmonization, two SNPs were excluded for being palindromic with intermediate allele
frequencies from all analyses (Supplementary file 2 - Table S2 (24)). We further removed SNPs
with potential pleiotropy identified using the MR-PRESSO approach (Supplementary file 2 -
Table S5 (24)). After excluding SNPs with pleiotropy, there were 19, 20, 13, 22, 19 and 16
instrumental variants for the MR analysis of fT4 with MetS, FBG, waist circumference,

hypertension, TG and HDL-C respectively (Supplementary file 2 - Table S6 (24)).

The multiplicative random-effects IVW MR analysis showed that genetically predicted
reference-range fT4 was causally associated with MetS (Figure 2, A and Supplementary file 2-
Table S6 (24)). Each 1 SD increase in fT4 was associated with a 4% decrease in the risk of
developing MetS (P=0.04). Steiger directionality test showed that all instrumental SNPs for
fT4 were stronger predictors of fT4 than MetS, thus confirming the causal direction of our
analysis (Supplementary file 2- Table S8 (24)). There was no evidence of heterogeneity across
individual variant estimates (Cochran’s Q=13.39, P=0.77) or uncorrelated horizontal
pleiotropy (MR-PRESSO Global test P=0.82) (Supplementary file 2- Table S5-6 (24)). The
direction of the genetically predicted effects of fT4 on MetS was consistent across main and
sensitivity MR analyses, although it was not statistically significant in the sensitivity analyses

(Figure 3, A and Supplementary file 2 - Table S6 (24)). However, the causal association was
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further confirmed by CAUSE analysis which, by using all of the genome-wide SNPs, revealed

that the causal model was a better fit to data than the sharing model (delta_elpd=-3.20 < 0,

P=0.04) (Figure 2 B and C).
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Figure 2. The causal effect of normal fT4 on MetS. A) Scatter plot showing the relationship of the SNP
effects on fT4 against the SNP effects on MetS. MR results were obtained using multiplicative random
effects inverse variance weighted (light blue), MR Egger (dark blue), weighted median (light green)
and weighted mode (dark green) method. The slope of each line corresponds to the estimated causal
effect of fT4 on MetS. B) CAUSE analysis for the genetically predicted effect of fT4 on MetS. Models
are compared using the delta_elpd statistic. A positive delta_elpd indicates that modell is a better fit to
data than model2. A negative delta_elpd in the 3" row of the upper table suggests that the causal model
is a better fit to data than the sharing model. Column z represents a z-score that can be compared to a
normal distribution to test if the difference in model fit is significant. The p column represents the
corresponding p-value. The bottom table represents the estimated sharing and causal effects. Eta
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represents the effect of the sharing factor (a shared factor affects both fT4 and MetS). Gamma represents
the causal factor effect, “-0.06 (-0.1, -0.02)”” which is the genetically predicted effect of fT4 on MetS
after adjusting for both correlated and uncorrelated horizontal pleiotropy. The ELPD contribution plot
visually represents the contribution of each SNP to the test statistic. The plot shows only genome-wide
significant SNPs. Warmer tones indicate a contribution to the causal model, while colder tones indicate

a contribution to the sharing model.

Genetically predicted normal-range fT4 was also causally associated with waist circumference
in the main analysis. Per 1 SD increase in fT4 level within the reference range was associated
with a 0.03 SD decrease in waist circumference (f=-0.03, P=0.04) (Supplementary file 2 -
Table S6 (24)). Steiger directionality test showed that all instrumental SNPs for fT4 were
stronger predictors of fT4 than waist circumference, thus confirming the causal direction of our
analysis (Supplementary file 2 - Table S8 (24)). However, this finding was not confirmed in
the sensitivity analyses. The direction of effects was not the same across different methods
(Figure 3, C and Figure 4, A). There was evidence of heterogeneity across individual variant
estimates (Cochran’s Q=25.14, P=0.01) and uncorrelated horizontal pleiotropy (MR-PRESSO
Global test P=0.03) (Supplementary file 2 - Table S5-6 (24)). Bayesian CAUSE analysis
suggested that the causal model is not a better fit to data than the sharing model

(delta_elpd=0.74 > 0, P=0.95) (Supplementary file 1- Figure 1 (24)).
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Figure 3. Forest plots displaying the identified causal effects of TSH and fT4 on MetS and its
components using several MR methods. Odds ratios and 95% confidence intervals are reported for the
causal effect of A) fT4 on MetS and B) TSH on MetS. Beta coefficients and 95% confidence intervals
are reported for the causal effect of C) fT4 on waist circumference, D) TSH on TG, E) fT4 on HDL-C
and F) HDL-C on TSH. The squares represent the estimated causal effect and the line represents the
95% CI. Abbreviations: fT4, free thyroxine; HDL, high-density lipoprotein cholesterol; MR, Mendelian
randomization; MetS, metabolic syndrome; TG, triglycerides; TSH, thyroid-stimulating hormone; WC,

waist circumference.
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The main MR analysis also yielded significant causal effect estimates of genetically predicted
reference-range fT4 on waist HDL-C ($=0.02, P=0.01) (Supplementary file 2 — Table S6 (24)).
Steiger directionality test showed that all instrumental SNPs for fT4 were stronger predictors
of fT4 than HDL-C, thus confirming the causal direction of our analysis (Supplementary file
2- Table S8 (24)). There was no evidence of heterogeneity across individual variant estimates
(Cochran’s Q=23.63, P=0.07) or uncorrelated horizontal pleiotropy (MR-PRESSO Global test
P=0.08) (Supplementary file 2- Table S5-6 (24)). The direction of effects was consistent across
different methods (Figure 3, E and Figure 4, B) and was further confirmed by the negative
CAUSE analysis delta_elpd=-0.13, however, the difference in the model fit was not significant

(P=0.44) (Supplementary file 1- Figure 2 (24)).

There were no significant causal effects of genetically predicted reference-range fT4 on FBG
(B=-0.01, P=0.25), hypertension (OR=0.99, P=0.90) or TG (=-0.02, P=0.15) (Supplementary

file 2 — Table S6 (24)).
3.1.2. Reference-range TSH as exposure

We identified a total of 84 independent SNPs to serve as instrumental variables, which together

explained 7.97% of phenotypic variance (R?) in TSH levels (Supplementary file 2 — Table S1
(24)).

All the selected SNPs had F-statistics greater than 10 (median 58 and range 30 — 997). Among
the total 84 variants, one SNP was not present in summary association data for MetS and
hypertension, and two were not present in the TG and HDL-C datasets. After harmonization,
one SNP was excluded for being palindromic with intermediate allele frequencies from all
analyses, and additionally, another SNP was excluded for incompatible alleles from the waist
circumference, TG and HDL-C analyses (Supplementary file 2 — Table S2 (24)). We further

removed SNPs with potential pleiotropy identified using the MR-PRESSO approach
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(Supplementary file 2 — Table S5 (24)). After excluding SNPs with pleiotropy, there were 76,
74,76, 79, 70 and 71 instrumental variants for the MR analysis of TSH with MetS, FBG, waist

circumference, hypertension, TG and HDL-C respectively (Supplementary file 2 — Table S7
(24)).

The multiplicative random-effects IVW MR analysis showed that genetically predicted
reference-range TSH was causally associated with TG (Supplementary file 2- Table S7 (24)).
Each 1 SD increase in TSH was associated with a 0.01 increase in TG (=0.01, P=0.03). Steiger
directionality test showed that all instrumental SNPs for TSH were stronger predictors of TSH
than TG, thus confirming the causal direction of our analysis (Supplementary file 2- Table S8
(24)). However, this finding was not confirmed in the sensitivity analyses. There was strong
evidence of heterogeneity across individual variant estimates (Cochran’s Q=128.17, P=2.7x10"
%) and uncorrelated horizontal pleiotropy (MR-PRESSO Global test P<5x10#) (Supplementary
file 2 - Table S5, S7 (24)). The direction of effects was mainly consistent across different
methods (Figure 3, D and Figure 4, C). Bayesian CAUSE analysis suggested that the causal
model is a better fit to data than the sharing model (delta_elpd=-1.10<0), however, the

difference in the model fit was not significant (P=0.22) (Supplementary file 1 - Figure 3 (24)).

There were no significant causal effects of genetically predicted reference-range TSH on MetS
(OR=1.01, P=0.65), FBG (p=-0.01, P=0.14), waist circumference (p=-0.01, P=0.39),

hypertension (OR=0.99, P=0.07), and HDL-C (p=-0.002, P=0.67).
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IVW_MRE 0.01 (0, 0.025) 0.044 ——
Weighted median 0.00(-0.01, 0.02) 0.727 ——
Weighted mode 0.01(-0.02, 0.03) 0.55 —a—
MR Egger 0.01(-0.01, 0.04) 0413 —
-0.025 0 0.025

F HDL-C -> TSH
MR method Beta (95% CI)  p-value
IVW_MRE -0.03 (-0.07, -0.001) 0.045 ——
Weighted median -0.01 (-0.05, 0.03) 0.496 ——
Weighted mode -0.02 (-0.06, 0.03) 0.482 —a—
MR Egger 0.00 (-0.05, 0.05) 0.991 —

| I B B —

-0.075-0.05-0.025 0 0.025 0.05

Figure 4. Scatter plots showing the relationship of A) SNP effects on fT4 against the SNP effects on

waist circumference, B) SNP effects on fT4 against the SNP effects on HDL-C, C) SNP effects on TSH

against the SNP effects on TG and D) SNP effects on HDL-C against the SNP effects on TSH. MR

results were obtained using multiplicative random effects inverse variance weighted (light blue), MR

Egger (dark blue), weighted median (light green) and weighted mode (dark green) method. The slope

of each line corresponds to the estimated causal effect.
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3.2. The causal effect of MetS and its components on thyroid function

In the reverse causal path, we evaluated the causal effect of genetically predicted MetS on the

determinants of thyroid function, that is, TSH and fT4 levels.

We identified a total of 85 independent SNPs to serve as instrumental variables, which together

explained 2.02% of phenotypic variance in MetS (Supplementary file 2- Table S1 (24)).

All the selected SNPs had F-statistics greater than 10 (median 43 and range 29-421). Among
the total 85 variants, one SNP was not present in the summary association data for TSH and 7
SNPs were not present in the summary association data for fT4. After harmonization, three
SNPs were excluded for being palindromic with intermediate allele frequencies from TSH and
fT4 analyses (Supplementary file 2 - Table S2 (24)). We further removed SNPs with potential
pleiotropy identified using the MR-PRESSO approach from the MetS analysis (Supplementary
file 2- Table S5 (24)). After excluding SNPs with pleiotropy, there were 81 and 71 instrumental
variants for the MR analysis of MetS with TSH and fT4 respectively (Supplementary file 2-
Tables S5-6 (24)). There were no significant causal effects of MetS as a binary phenotype on

TSH (p=0.003, P=0.81) or fT4 (8=-0.02, P =0.31).

In the separate reverse direction analysis of each MetS component, there were no significant
causal effects of genetically predicted FBG, waist circumference, hypertension or TG on either
TSH or fT4. There was a significant causal effect of genetically predicted HDL-C on TSH

levels in the main analysis (f=-0.03, P=0.045).

In the HDL-C as exposure analysis, we identified a total of 362 independent SNPs to serve as
instrumental variables, which together explained 13.58% of phenotypic variance in HDL-C

levels (Supplementary file 2- Table S1 (24)).

All the selected SNPs had F-statistics greater than 10 (median 54 and range 29-5569). Among

the total 362 variants, 31 SNP was not present in the summary association data for TSH. After
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harmonization, five SNPs were excluded for being palindromic with intermediate allele
frequencies from TSH analysis (Supplementary file 2 — Table S2 (24)). Since running MR-
PRESSO simulations was infeasible for such a large number of genetic instruments, we could
not exclude any of the potentially pleiotropic SNPs. There was strong evidence of
heterogeneity across individual variant estimates (Cochran’s Q=731.85, P=2.16x10°%)
(Supplementary file 2- Table S7 (24)). The direction of effects was the same across different
methods (Figure 3, F and Figure 4, D). Bayesian CAUSE analysis suggested that the causal
model is not a better fit to data than the sharing model (delta_elpd=0.49 > 0, P=0.65)
(Supplementary file 1- Figure 4 (24)). Finally, in the reverse direction multivariable MR with

TG and HDL-C as exposures, there were no significant direct causal effects on either TSH or

fT4 (Supplementary file 2- Table S6, S7 (24)).
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4. Discussion

In this comprehensive two-sample bidirectional MR study, we aimed to explore the causal
association between normal thyroid function and metabolic syndrome and its components
using large-scale GWAS summary statistics. We found evidence suggesting that higher
genetically predicted reference-range fT4 could lower the risk of developing MetS. This effect
was consistent in direction across different MR analyses and confirmed with a Bayesian MR
approach. The causal effect of reference-range fT4 on waist circumference, even though
significant in the main analysis, was not confirmed in our sensitivity analyses and Bayesian
modelling. Another significant causal effect, of reference-range fT4 on HDL-C, was consistent
in direction across different MR analyses and confirmed with a Bayesian approach, however,
the difference in model fits was not significant. The causal effect of TSH on TG was mainly
consistent across different MR methods, however, there was strong evidence of heterogeneity.
Finally, the causal effect of HDL-C on reference-range TSH was consistent in direction across

different MR methods, but there was also a strong evidence of heterogeneity.

To the best of our knowledge, this is the first MR study investigating the association between
normal thyroid function and MetS as a diagnosis. Thyroid hormones have long been known to
influence metabolic processes necessary for normal growth and development, as well as
influencing metabolic processes in adults (42). The relationships between thyroid function and

body weight and energy expenditure have been well established (42).

Our study is the first MR study to investigate the association between normal thyroid function
and waist circumference (measured in cm). Previous studies have investigated the bidirectional
association between thyroid function and various obesity markers, such as waist-to-hip ratio
and body mass index (20-22). Kus et al. in (20) performed a bidirectional MR between thyroid
function and obesity parameters BMI and WHR and found a negative association effect of fT4

on WHR after excluding potentially pleiotropic instruments. This finding is consistent with our
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negative effect of fT4 on waist circumference, however, the finding was not confirmed in our
sensitivity analyses, meaning that caution should be applied when interpreting the effect of fT4

on waist circumference as a parameter of obesity.

Our findings for blood lipids were inconsistent with other MR studies investigating the causal
effect of normal thyroid function. In a previous study by Wang et al. (19), the authors
investigated the causal association between normal thyroid function and blood lipids. The
genetic instruments for the exposures were obtained from the ThyroidOmics consortium (26)
with 54,288 individuals for TSH and 49,269 individuals for fT4, meaning that our exposure
datasets fully overlap for fT4 and partially for TSH. They found that neither TSH nor fT4
showed causal associations with HDL-C and TG. Given that we have performed an MR
analysis that is largely similar to the one performed by the authors, our significant result for
the causal association between TSH and TG, and fT4 and HDL-C could be due to the fact that
we utilised a larger GWAS of blood lipids with 441,016 individuals for TG and 403,943
individuals for HDL-C, as opposed to 188,577 individuals from the Global Lipids Genetics
Consortium used in (19), which increased the power of our study. Another MR study, by Kus
et al. (20), utilized a larger blood lipids dataset from the Milion Veteran Program GWAS meta-
analysis in nearly 300,000 participants (43). The authors found no association between fT4 and
total cholesterol levels or any of the specific lipid fractions. They did, however, found a positive
association between TSH and HDL-C after excluding potentially pleiotropic instruments. As
already pointed out by Wang et al. (19), the use of a multi-ethnic GWAS meta-analysis of
blood lipids from the Million Veteran Program with 27.6% of individuals of non-European
ancestry could have had an impact on the results, given that ethnic homogeneity is a key
requirement of the 2-sample MR design. Furthermore, there exists a possibility of reverse
causation in the relationship between TSH and HDL-C, which was not investigated by Kus et

al. (20). Here, we show that the reverse causal path of HDL-C on TSH levels is plausible. The
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effect of thyroid function on lipid metabolism has been extensively documented. Thyroid
hormones upregulate cholesterol metabolism through the activation of cholesterol ester transfer
protein (CETP), hepatic lipase (HL) and lipoprotein lipase (LPL) (44). The positive
relationship between fT4 and HDL-C has been shown in multiple large population-based
studies (16,45). A large population-based study in 30,656 individuals found that reference-
range TSH was positively associated with TG (46). Similar results were found in almost all

human studies investigating the relationship between TSH and TG (11).

We found no consistent evidence for the causal effect of normal thyroid function on FBG or
hypertension, in both direct and reverse causal paths. In a previous study by Larsson et al.(47),
authors investigated the causal association between thyroid function and hypertension. We
aimed to replicate the authors’ results in a larger sample for TSH (119,715 individuals in our
study vs. 54,288 individuals in Larsson et al.) and a larger sample for hypertension (463,010
individuals vs. 367,703 in Larsson et al.). The authors found suggestive evidence of an
association between hypothyroidism and hypertension and no evidence of an association
between normal thyroid function and hypertension, which is in agreement with our results.
MetS serves as a useful framework that highlights the fact that some cardiovascular disease
risk factors tend to cluster in predisposed patients. Recognizing MetS is clinically important,
as the identification of one of the risk factors in a patient should prompt the investigation of
other associated risk factors. By identifying individuals at risk of MetS and the related negative
outcomes it entails, we can devise strategies for prevention and intervention that aim to improve
the overall health of patients. However, differences in defining MetS can create uncertainties
that affect the accuracy of diagnosis in terms of sensitivity and specificity. Both the research
and clinical community should strive for a unified definition of MetS.

One limitation of the present study is that, because of the lack of large-scale GWA studies

performed in ancestries other than European, we were restricted to estimating the causal effects

25



using only GWAS conducted in European-ancestry individuals. Further efforts should focus
on evaluating the same causal paths in other ethnicities. Another limitation is that, given the
number of MR analyses performed in this study, estimating gender-specific causal effects of
thyroid function on MetS was beyond the scope of our study.

In conclusion, we performed a comprehensive MR bidirectional analysis, using both
frequentist and Bayesian approaches, which yielded evidence of the causal role of normal
thyroid function on MetS and its components, as well as the causal role of HDL-C on TSH,

giving new insights into the relationship between thyroid function and MetS.
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Abstract

Background

Numerous organs, including the thyroid gland, depend on vitamin D to function normally.
Insufficient levels of serum 25-hydroxyvitamin D [25(OH)D] are seen as a potential factor
contributing to the emergence of several thyroid disorders, however, the causal relationship
remains unclear. Here we use a Mendelian randomization (MR) approach to investigate the
causal effect of serum 25(0OH)D concentration on the indicators of thyroid function.

Methods

We conducted a two-sample MR analysis utilizing summary data from the most extensive
genome-wide association studies (GWAS) of serum 25(OH)D concentration (n = 443,734
and 417,580), thyroid-stimulating hormone (TSH, n =271,040), free thyroxine (fT4, n=
119,120), free triiodothyronine (fT3, n = 59,061), total triiodothyronine (TT3, n = 15,829), as
well as thyroid peroxidase antibody levels and positivity (TPOAb, n=12,353 and n =
18,297), low TSH (n = 153,241), high TSH (n = 141,549), autoimmune hypothyroidism (n =
287,247) and autoimmune hyperthyroidism (n = 257,552). The primary analysis was con-
ducted using the multiplicative random-effects inverse variance weighted (IVW) method.
The weighted mode, weighted median, MR-Egger, MR-PRESSO, and Causal Analysis
Using Summary Effect estimates (CAUSE) were used in the sensitivity analysis.

Results

The IVW, as well as MR Egger and CAUSE analysis, showed a suggestive causal effect of
25(0OH)D concentration on high TSH. Each 1 SD increase in serum 25(OH)D concentration
was associated with a 12% decrease in the risk of high TSH (p = 0.02). Additionally, in the
MR Egger and CAUSE analysis, we found a suggestive causal effect of 25(OH)D concen-
tration on autoimmune hypothyroidism. Specifically, each 1 SD increase in serum 25(0OH)D
concentration was associated with a 16.34% decrease in the risk of autoimmune hypothy-
roidism (p = 0.02).
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Conclusions

Our results support a suggestive causal effect which was negative in direction across all
methods used, meaning that higher genetically predicted vitamin D concentration possibly
lowers the odds of having high TSH or autoimmune hypothyroidism. Other thyroid parame-
ters were not causally influenced by vitamin D serum concentration.

1. Introduction

The human body receives vitamin D through synthesis in the skin after exposure to sunlight (a
major source of vitamin D) or by the intake from food (only 5-10% of vitamin D is acquired
in this way) [1]. Vitamin D comes in five different forms (vitamin D1-D5). The two most
important of these fat-soluble secosteroids for humans are vitamin D2 (ergocalciferol) and
vitamin D3 (cholecalciferol). Calcitriol (also known as 10,25-dihydroxyvitamin D (1,25(OH)
2D), 1a,25-dihydroxyvitamin D3 or 1,25-dihydroxycholecalciferol) is the active form of vita-
min D3 produced in the liver from calcidiol (also known as 25-hydroxyvitamin D [25(OH)D]
or calcifediol) by the action of the enzyme vitamin D 25-hydroxylase [2]. Calcitriol has several
important functions, such as immunosuppressive and anticancer effects [3, 4], and it is
involved in the regulation of phosphate and calcium levels, bone mineralization [5], neuro-
muscular and immune functions, regulation of cell growth, and the expression of more than
1000 genes [6, 7].

The influence of diet on the functioning of the thyroid gland has been extensively docu-
mented in the literature. The well-known causal influence of iodine and selenium deficiency
on thyroid dysfunction has motivated numerous studies on the effect of iodine and selenium
supplementation on thyroid health [8-11], however, access to vitamin D (either from food or
sunlight) is also crucial for the proper functioning of the thyroid gland. Meta-analyses [12, 13]
and observational studies (reviewed in Babi¢ Leko et al. [14]) have shown that vitamin D insuf-
ficiency may be a risk factor for the development of hypothyroidism, autoimmune thyroid dis-
orders and thyroid cancer. A large longitudinal case-control study based on electronic health
records has found that vitamin D supplementation resulted in an overall decrease in TSH lev-
els and lower rates of hypothyroidism detection [15]. A recent randomized controlled trial
(RCT) has found that vitamin D supplementation reduced the incidence of hypothyroidism in
females, but not in males [16]. Moreover, RCTs examining the impact of vitamin D supple-
mentation on thyroid function in those suffering from autoimmune thyroid diseases found a
decrease in anti-thyroid antibodies following vitamin D supplementation (reviewed in [14]).

The relationship between vitamin D and thyroid, however, is still poorly understood in
many respects. Namely, due to the many inconsistencies between the studies (reviewed in
[14]), it is still not clear how vitamin D affects thyroid hormones, thyroid stimulating hormone
(TSH) and anti-thyroid antibody levels. Prior to implementing these findings in a clinical set-
ting, it is essential to conduct additional research into the causal relationships that underpin
these associations. The use of different assays to measure serum 25(OH)D levels and the possi-
ble confounding effects of age, sex, dietary practices, body mass index (BMI), smoking habits,
and the season during which samples were taken are among the variables that could signifi-
cantly contribute to discrepancies between the studies.

An approach that can further exclude the effect of the confounding factors, is Mendelian
randomization (MR), which utilizes genetic variants as instrumental variables in order to esti-
mate the causal effect of exposure on an outcome of interest. It is considered that this kind of
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methodology can mimic a randomized controlled trial [17, 18]. To date, only two studies
using MR methodology investigated the association between vitamin D (mainly determined
by serum calcidiol 25(OH)D levels) and thyroid function. MR methodology was used to inves-
tigate the association between serum 25(OH)D concentration and the risk of thyroid cancer,
hypothyroidism, and hyperthyroidism [19], and serum 25(OH)D concentration and serum
thyroid peroxidase antibodies (TPOADb) (the study included participants from China) [20].
Additionally, a recent preprint [21] has investigated the association between serum 25(OH)D
concentration and the risk of hypothyroidism, Hashimoto’s thyroiditis and the levels of thy-
roid-stimulating hormone (TSH) and free thyroxine (fT4) using MR. However, to date, the
association between serum 25(OH)D concentration and anti-thyroid antibody levels has not
been investigated in populations of European ancestry. Furthermore, the associations between
serum 25(OH)D concentration and the levels of free triiodothyronine (fI3) and total triiodo-
thyronine (TT3) have not been investigated using MR methodology. Thus, the aim of this
study was to assess the causal effect of serum 25(OH)D concentration on a comprehensive set
of thyroid function parameters using MR methodology and the largest genome-wide associa-
tion study (GWAS) summary statistics published to date. We investigated the following indica-
tors of thyroid function; reference-range TSH, fT4, fT3, TT3, low TSH (levels below cohort-
specific reference range), high TSH (levels above cohort-specific reference range), autoim-
mune hypothyroidism, autoimmune hyperthyroidism, TPOAb levels and TPOAD positivity.

2. Materials and methods
2.1. Study design

We conducted a two-sample MR study using GWAS summary data to examine the possible
causal effects of genetically predicted vitamin D levels on thyroid function and thyroid disor-
ders. We leveraged extensive GWAS summary data for reference-range TSH, fT4, fT'3, TT3,
low TSH, high TSH, TPOAb, TPOADb positivity, autoimmune hypothyroidism and autoim-
mune hyperthyroidism (Table 1). Our methodological approach follows the one of our previ-
ous publication [22].

Table 1. Characteristics of cohorts and consortia.

Trait
Exposure
25(OH)D levels

25(OH)D levels
Outcome

TSH

fT4

T3

TT3

Low TSH

High TSH
TPOAD levels
TPOAD positivity

Autoimmune hypothyroidism

Autoimmune hyperthyroidism

All summary statistics are according to the HG19/GRCh37 build. All studies included both males and females of European ancestry. 25-hydroxyvitamin D, (25(OH)D);

Consortium Sample size (N) Population Reference

UK Biobank 443,734 European Manousaki et al. [23]
UK Biobank 417,580 European Revez et al. [24]
ThyroidOmics 271,040 European Sterenborg et al. [25]
ThyroidOmics 119,120 European Sterenborg et al. [25]
ThyroidOmics 59,061 European Sterenborg et al. [25]
ThyroidOmics 15,829 European Sterenborg et al. [25]
ThyroidOmics 153,241 European Sterenborg et al. [25]
ThyroidOmics 141,549 European Sterenborg et al. [25]
ThyroidOmics 12,353 European Medici et al. [26]
ThyroidOmics 18,297 European Medici et al. [26]
FinnGen 287,247 European Kurki et al. [27]
FinnGen 257,552 European Kurki et al. [27]

T4, free thyroxine; fT3, free triiodothyronine; TPOADb, thyroid peroxidase antibody; TSH, thyroid-stimulating hormone; TT3, total triiodothyronine.

https://doi.org/10.1371/journal.pone.0304253.t001
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For every causal relationship we examined, we used data from two independent but homog-
enous European ancestry populations. Our study encompassed a total of 20 MR analyses, aim-
ing to shed light on the relationship between 25(OH)D concentration and thyroid function.
Our research methods and reporting align with the STROBE-MR guidelines, as detailed in
S3 Appendix. Our study did not need ethical approval given that our investigation used pub-
licly available summary statistics.

2.2. Data Sources for Vitamin D

Two large GWAS on serum 25(OH)D concentration were published in 2020, a month apart
from each other. Both of them utilized the UK Biobank data, leading to 417,580 participants in
the Revez et al. [24] analysis and 443,734 participants in Manonusaki et al. [23], as the latter
one also included an additional cohort of European descent participants. In order to exclude
the bias relating to the choice of the GWAS, we have performed our analyses both with Revez
et al. [24] and Manousaki et al. [23] GWAS. Both studies utilized a linear mixed model for the
association analysis, however, the covariates and the transformations used differed signifi-
cantly between the two studies (detailed in S1 Appendix). To estimate the level of agreement
between the results of the two GWAS, we extracted the mutual instrumental SNPs and calcu-
lated the correlation coefficients for the beta estimates and p-values. Given that the summary
association data for 25(OH)D concentration from both GWAS were missing rsIDs, we have
imputed this information using the SumStatsRehab program [28].

2.3. Data sources for thyroid parameters

We utilized summary association data for reference-range TSH, fT4, fT'3, TT3, low TSH and
high TSH from the latest and most comprehensive GWAS meta-analysis on thyroid function
from the ThyroidOmics Consortium [25]. A comprehensive overview of the study cohorts and
methodologies adopted can be found in Sterenborg et al. [25] and S1 Appendix. Summary
association data for TPOAD levels and TPOAD positivity were obtained from an earlier Thyroi-
dOmics consortium GWAS [26].

Autoimmune hypothyroidism and autoimmune hyperthyroidism GWAS summary statis-
tics were obtained from the FinnGen consortium [27]. The phenotypes used in this study were
“hypothyroidism, strict autoimmune” and “autoimmune hyperthyroidism”. FinnGen GWAS
on hypothyroidism included 287,247 Finnish adults, of which 36,321 were cases and 250,926
were controls. FinnGen GWAS on hyperthyroidism included 257,552 Finnish adults, of which
1,621 were cases and 255,931 were controls. Participants classified as having autoimmune
hypothyroidism included those who already received treatment, however, the same informa-
tion was not present for participants in the autoimmune hyperthyroidism group.

2.4. Two-sample mendelian randomization analysis

In order to confirm the significance of the instrument’s association with the exposure, we cal-
culated the share of trait variance explained by the genetic instruments found (R*) and evalu-
ated the strength of these instruments using the F statistic.

The datasets for the exposure and outcome were aligned to ensure that the impact of identi-
fied single nucleotide polymorphisms (SNPs) on both the exposure and outcome was associ-
ated with the same effect allele. We used the Mendelian Randomization Pleiotropy RESidual
Sum and Outlier (MR-PRESSO) technique for each combination of exposure and outcome to
account for uncorrelated horizontal pleiotropy [29]. After removing the SNPs that were shown
to be horizontal pleiotropic outliers, we recalculated the causal relationship between the expo-
sure and the outcome.
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Our primary technique of analysis was a two-sample MR analysis using the multiplicative
random effects inverse variance weighted (IVW) method [30]. This method combines the
influence of exposure on the outcome across various genetic variants and includes an overdis-
persion parameter into the variance of the (IVW) estimate, allowing the variance to expand in
the presence of heterogeneity. While accommodating for heterogeneity among the SNP esti-
mates, the multiplicative random effects IVW technique yields effect point estimates that are
identical to those of the fixed effect IVW model [31].

2.5. Sensitivity analysis

For MR to produce valid causal inferences, the genetic instruments must satisfy three critical
assumptions of instrumental variables: 1) Relevance, indicating a robust link between the
instruments and the exposure; 2) Exchangeability, ensuring the instruments do not correlate
with confounders that could affect both the exposure and the outcome; and 3) Exclusion, con-
firming that the instruments affect the outcome exclusively through their effect on the expo-
sure [18]. To verify our adherence to the relevance assumption, we computed the R* and the
F-statistic for each exposure. Additionally, we used Cochran’s Q statistic for each pair of expo-
sure and outcome to check for heterogeneity in the SNP-specific estimates.

In addition to the primary multiplicative random-eftects IVW approach, we validated our
findings through MR analysis employing various alternative methods, each based on distinct
model assumptions: 1) the weighted median 2) the weighted mode, and 3) the MR-Egger
method. The weighted median method yields a reliable estimate when at least 50% of the
weight is derived from valid instruments, making it resilient to outliers among the instruments
[32]. The weighted mode method operates on the assumption that the association estimate
occurring most frequently is not influenced by pleiotropy, implying that it reflects the actual
causal effect [33]. We produced scatter plots to depict the impact of SNPs on the exposure in
comparison to their impact on the outcome for each pair of exposure and outcome, utilizing
the "TwoSampleMR’ package in R [34]. Moreover, for each pair of exposure and outcome, we
carried out the MR Steiger directionality test, which assesses whether the variance accounted
for by the instrumental SNPs in the outcome is smaller than that in the exposure, to confirm
the reliability of the directional analysis [35]. We carried out this test using the ’directionali-
ty_test’ function within the "TwoSampleMR’ R package.

In addition to other methods, we utilized the Causal Analysis using Summary Effect Esti-
mates (CAUSE) method [36], a Bayesian MR approach which, in contrast to traditional MR
methods, utilizes the summary association estimates of all genome-wide variants available.
CAUSE effectively addresses both uncorrelated horizontal pleiotropy (where a variant indepen-
dently influences both outcome and exposure) and correlated horizontal pleiotropy (where a
variant affects both the exposure and the outcome through a shared heritable factor). This
approach makes the assumption that a certain percentage, denoted by g, of the variants exhibit
correlated pleiotropy and that all other variants have uncorrelated pleiotropic effects. As a prior
on q, this assumption is included in the model. Estimates of the posterior distribution for the
sharing model and the causal model are generated using CAUSE. It then establishes whether
the observed relationship between exposure and outcome is more likely the consequence of cau-
sality than correlated horizontal pleiotropy by determining whether the data fits the causal
model more closely than the sharing model. Differing from other MR techniques, CAUSE uti-
lizes complete summary association data from all variants, applying linkage disequilibrium
pruning at at r* < 0.01 with P < 1 x 107, thus enhancing the analytical power of MR analysis.

In all MR analyses, a two-sided p < 0.05 was considered statistically significant. We did not
adjust for the family-wise error rate (FWER) in a traditional frequentist approach, as our
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selection was based on a specific subset of thyroid function parameters, and we further exam-
ined the presumed causal effects through a Bayesian framework.

3. Results

On average, the exposure analyses with the Manousaki et al. GWAS utilized 19.6 fewer instru-
mental SNPs (ranging from 27 to 89) than the exposure analyses with the Revez et al. GWAS
(ranging from 38 to 113). The number of common instruments present in both exposure data-
sets was 33. Pearson’s correlation coefficient between the beta estimates of these SNPs was
equal to 0.44 (p = 0.01) while Kendall’s correlation coefficient between the p-values of these
SNPs was equal to 0.72 (5.58x10™""). Because of the differences in methodological approaches
and differences in obtained variant effects, we assumed that the subsequent MR analyses with
these two exposure datasets would yield different results.

3.1. Serum 25(OH)D concentration from Manousaki et al. GWAS as
exposure

We found a total of 109 independent SNPs for instrumental variables, which collectively
accounted for 2.68% of the phenotypic variation (R?) in 25(OH)D concentration, as detailed
in S1 Table in S2 Appendix. Each chosen SNP had F-statistics above 10, with a median of 42.25
and a range of 34.60-64.27. Following the harmonization process, two SNPs were removed
from all analyses due to being palindromic with intermediate allele frequencies, while an addi-
tional SNP was removed from the TPOADb analyses as noted in S2 Table in S2 Appendix. Addi-
tionally, SNPs suspected of potential pleiotropy were excluded based on the MR-PRESSO
results, as indicated in S5 Table in S2 Appendix. Consequently, the remaining instrumental
variants for the MR analysis of serum 25(OH)D concentration with TSH, {T4, fT3, TT3, low
TSH, high TSH, autoimmune hypothyroidism, autoimmune hyperthyroidism, TPOAD levels
and TPOAD positivity were 83, 83, 86, 86, 93, 89, 87, 89, 37 and 27 respectively, as listed in S6
Table in S2 Appendix.

The multiplicative random-effects IVW MR analysis indicated a causal link between geneti-
cally predicted serum 25(OH)D concentration and hyperthyroidism (S6 Table in S2 Appendix).
Nonetheless, this causal relationship was not confirmed by sensitivity analyses or CAUSE analy-
sis. The latter, by incorporating all genome-wide SNPs, showed that the causal model did not fit
the data better than the sharing model (delta_elpd = 0.54 > 0, p = 0.78).

3.2. Serum 25(OH)D concentration from Revez et al. GWAS as exposure

We identified a total of 115 independent SNPs for instrumental variables, which collectively
accounted for 3.52% of the phenotypic variation (R?) in 25(OH)D concentration, as detailed
in S1 Table in S2 Appendix. Each SNP chosen had F-statistics above 10, with a median of 43.13
and a range of 35.03-70.86. Following the harmonization process, two SNPs were removed
from all analyses due to being palindromic with intermediate allele frequencies, while one
additional SNP was removed from the high TSH analysis and two from TPOAb analyses as
noted in S2 Table in S2 Appendix. Additionally, SNPs suspected of potential pleiotropy were
excluded based on the MR-PRESSO method, as indicated in S5 Table in S2 Appendix. Conse-
quently, the remaining instrumental variants for the MR analysis of serum 25(OH)D concen-
tration with TSH, fT4, fT'3, TT3, low TSH, high TSH, autoimmune hypothyroidism,
autoimmune hyperthyroidism, TPOAD levels and TPOADb positivity were 113, 110, 106, 111,
110, 113, 112, 105, 107, 38 and 38 respectively, as listed in S7 Table in S2 Appendix.

The multiplicative random-effects IVW MR analysis, as well as MR Egger analysis, showed
that genetically predicted serum 25(OH)D concentration was causally associated with high
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Table 2. Significant results of the MR analysis.

Exposure

Vitamin D (Revez)

Vitamin D (Revez)

Vitamin D (Revez)

Vitamin D (Revez)

Vitamin D (Revez)

Vitamin D (Revez)

Vitamin D (Revez)

Vitamin D (Revez)

Outcome MR method N SNPs OR p-value CAUSE delta elpd (p-value)
High TSH IVW MRE 112 0,880 0,0197 -0.86 (0.31)

High TSH Weighted median 112 0,939 0,504

High TSH Weighted mode 112 0,945 0,526

High TSH MR Egger 112 0,828 0,043

Autoimmune hypothyroidism IVW MRE 105 0,960 0,389 -0.56 (0.36)

Autoimmune hypothyroidism Weighted median 105 0,981 0,768

Autoimmune hypothyroidism Weighted mode 105 0,926 0,163

Autoimmune hypothyroidism MR Egger 105 0,837 0,024

IVW MRE, inverse variance weighted multiplicative random effects method; MR, mendelian randomization; N, number; OR, odds ratio; SNP, single-nucleotide

polymorphism; TSH, thyroid-stimulating hormone.

https://doi.org/10.1371/journal.pone.0304253.1002

TSH (Table 2 and Fig 1). Each 1 SD increase in serum 25(OH)D concentration was associated
with a 12% decrease in the risk of high TSH (p = 0.0197) (Table 2 and S7 Table in S2 Appen-
dix). The Steiger directionality test validated the causal direction of our analysis (S8 Table in
S2 Appendix). Additionally, there was no indication of heterogeneity among individual variant
estimates (Cochran’s Q = 118.60, p = 0.29) nor evidence of uncorrelated horizontal pleiotropy
(MR-PRESSO Global test p = 0.307) (S5 Table in S2 Appendix). The influence of genetically
predicted 25(OH)D concentration on high TSH levels showed consistency in direction
through both primary and sensitivity MR analyses, despite lacking statistical significance in
the weighted median and mode analyses (S7 Table in S2 Appendix). Finally, the direction of
the causal link was further validated by CAUSE analysis, which utilized all genome-wide SNPs
to demonstrate that the causal model more accurately represented the data compared to the
sharing model (delta_elpd = -0.86 < 0). However, the disparity in fit did not achieve statistical
significance (p = 0.31) (Table 2 and S1 Appendix-Fig 1).

Additionally, in the MR Egger analysis, genetically predicted 25(OH)D concentration was
found to have a suggestive causal link with autoimmune hypothyroidism. Specifically, each 1
SD increase in serum 25(OH)D concentration was associated with a 16.34% decrease in the
risk of autoimmune hypothyroidism (p = 0.02) (Table 2 and S7 Table in S2 Appendix).

The Steiger directionality test affirmed the causal direction of our analysis (S8 Table in
S2 Appendix).

However, there were indications of heterogeneity between variant estimates (Cochran’s
Q =169.88, p = 3x107°) as well as uncorrelated horizontal pleiotropy (MR-PRESSO Global
test p<0.0003), but MR-PRESSO was not able to identify any outliers (S5 Table in S2 Appen-
dix). The effect of genetically predicted 25(OH)D concentration on autoimmune hypothyroid-
ism showed uniformity in direction throughout both primary and sensitivity MR studies, yet
failed to reach statistical significance in the multiplicative random-effects IVW, weighted
mode, and weighted median analyses (S7 Table in S2 Appendix).

Finally, the direction of the causal link was additionally substantiated by CAUSE analysis.
Utilizing all genome-wide SNPs, it indicated that the causal model aligned more closely with
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Fig 1. Scatter plots depicting the relationship of A) SNP effects on serum 25(OH)D levels against the SNP effects on
high TSH; B) SNP effects on serum 25(OH)D levels against the SNP effects on autoimmune hypothyroidism. MR
results were derived from the multiplicative random effects inverse variance weighted (light blue), weighted median
(light green), weighted mode (dark green) and MR-Egger (dark blue) method. Each line’s slope represents the
estimated causal effect. TSH, thyroid-stimulating hormone.

https://doi.org/10.1371/journal.pone.0304253.9001

the data than the sharing model (delta_elpd = -0.56<0). Nonetheless, the difference in fit did
not achieve statistical significance (p = 0.36) (Table 2 and-Fig 2 in S1 Appendix).

4. Discussion

Our results support a suggestive causal effect of genetically predicted serum 25(OH)D concen-
tration on high TSH levels and autoimmune hypothyroidism. The results were noted in both
frequentist and Bayesian analyses. Each 1 SD increase in genetically predicted serum 25(OH)D
concentration was associated with as much as a 12% decrease in the risk of high TSH and a
16.34% decrease in the risk of autoimmune hypothyroidism. We found no causal effect of
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genetically predicted serum 25(OH)D concentration on reference-range TSH, T4, fT'3, TT3,
TPOAD levels or positivity, nor autoimmune hyperthyroidism.

Consistent with existing literature, our findings contribute to the expanding research indi-
cating a significant link between serum 25(OH)D concentration and thyroid function. Studies
by Chailurkit et al. [37] and Kim et al. [38] found that higher 25(OH)D concentration was
associated with lower TSH levels, particularly in younger individuals, and that low vitamin D
status was associated with Hashimoto’s thyroiditis. Similarly, Metwalley et al. [39] and Ma
et al. [40] reported that vitamin D deficiency was prevalent in children and adolescents with
autoimmune thyroiditis and that a lower 25(OH)D concentration was associated with an
increased risk of developing autoimmune thyroid diseases. Additionally, our findings align
with those of a large case-control study by Mirhosseini et al. [15], which reported that vitamin
D supplementation led to fewer detected cases of hypothyroidism (including both clinical and
subclinical forms) and an overall decrease in TSH levels. These findings suggest that maintain-
ing adequate 25(OH)D concentration may play a role in reducing the risk of high TSH levels
and autoimmune hypothyroidism. This growing body of observational evidence, paired with
our causal results, could provide informed decisions in a clinical setting where vitamin D sup-
plementation can be used as a cost-effective and safe strategy to improve thyroid function and
prevent the development of thyroid diseases. Future clinical trials should investigate the thera-
peutic potential of vitamin D in thyroid disorders while properly accounting for the influence
of season, sex and genetic background.

Although mechanisms by which 25(OH)D concentration might affect TSH levels are not
fully understood, the study in rat pituitary cells showed that administration of calcitriol affects
thyrotropin-releasing hormone (TRH)-induced TSH release [41]. Additionally, studies in rat
thyroid cells [42] and FRTL-5 cells [43] showed that calcitriol suppresses TSH-stimulated ade-
nylyl cyclase activity and iodide uptake, respectively. In vivo studies showed that vitamin D
affects Dio2 expression. This enzyme, which is necessary for the conversion of T4 into T3,
showed an increase in the expression upon vitamin D3 administration in diabetic rats. This
was followed by an increase in fT3 levels and a decrease in fT4 levels [44]. However, vitamin D
receptor (VDR) knockout mice had only moderately reduced TSH levels, with thyroid physiol-
ogy not being significantly affected [45].

To date, only two studies using MR methodology investigated the association between
serum 25(OH)D concentration and thyroid function. The study conducted by Chen et al. with
10,636 participants from China observed a negative causal relationship between serum 25
(OH)D concentration and levels of TPOAD [20]. This causal relationship was not bi-direc-
tional since genetically predicted TPOAD levels were not causally affecting serum 25(OH)D
concentration [20]. Another study, by Ye et al. in 326,409 Europeans from the UK Biobank,
analyzed the causal relationship between serum 25(OH)D concentration and 106 diseases/
traits. Among the disorders examined, they found no link between the risk of autoimmune
thyroid diseases (hyperthyroidism and hypothyroidism) or thyroid cancer and the genetically
predicted serum 25(OH)D concentration using MR technology [19]. Another recent study,
published as a preprint [21] has investigated the causal association between serum 25(OH)D
concentration and reference-range TSH, fT'4 and the risk of hypothyroidism and Hashimoto’s
thyroiditis. However, the authors used an earlier GWAS on TSH and T4 [46] which had
54,288 participants in the TSH GWAS and 49,269 in the fT4 GWAS. Here we utilize the latest
published GWAS on these parameters, with 271,040 participants in TSH and 119,120 partici-
pants in the fT4 GWAS, which increases the power of the MR study. In addition, the authors
[21] used GWAS for hypothyroidism and Hashimoto’s thyroiditis performed in the UK Bio-
bank and FinnGen. This can lead to biased causal estimates because of sample overlap. Ideally,
the exposure and outcome datasets in a two-sample MR setting should not be overlapping.
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Here we utilize the FinnGen GWAS for autoimmune hypothyroidism and hyperthyroidism to
avoid sample overlap between the exposure and outcomes.

Certain vitamin D receptor (VDR) gene polymorphisms, namely Taql (rs731236) and BsmI
(rs1544410) have been found to be associated with the risk of autoimmune thyroid diseases
[47]. Inclusion of these polymorphisms in the MR analysis would directly violate the Exclusion
assumption and would bias the results of MR, as we would have horizontal pleiotropy. In our
analysis, these polymorphisms were not present in the set of instruments, therefore they do
not represent a potential source of bias.

To the best of our knowledge, our study is the first MR study investigating the association
between serum 25(OH)D concentration and fT3, TT3, low TSH and high TSH.

One limitation of our study is that, because of the scarcity of large GWA studies in non-
European ancestries, our estimation of causal effects was limited to using only GWAS per-
formed in individuals of European ancestry. This constraint limited our ability to estimate
causal effects across diverse ethnic backgrounds. Future research should aim to examine these
causal relationships in various ethnic groups. Furthermore, our analysis yielded suggestive
causal results only within the analyses utilizing the Revez et al. genome-wide significant SNPs.
However, our aim was to provide a comprehensive MR analysis taking into account all the
available resources, therefore, we believe that the non-significant findings within the Manou-
saki et al. analyses will provide valuable insights to researchers investigating this topic.

Furthermore, an investigation of the sex-specific causative effects of vitamin D on thyroid
function was outside the scope of our study due to the absence of sex-stratified summary
statistics.

In summary, our thorough MR analysis, employing both frequentist and Bayesian methods,
provided indications of a potentially beneficial causal effect of serum vitamin D on thyroid dis-
orders. Genetically predicted serum vitamin D levels were found to have a suggestive causal
effect on reducing the risk of high TSH and autoimmune hypothyroidism.
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