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Souhrn

Nadorova onemocnéni piedstavuji se svoji zvySujici se incidenci v soucasné dobé
celosvétovy problém. Kancerogeneze je vysoce komplexni proces, pii kterém dochazi
k maligni transformaci bunék na zakladé¢ vnitinich a vnéjSich faktort. Tyto faktory se mohou
vzajemné ovliviiovat a kombinovat. V pribéhu kancerogeneze dochézi také k radé
genetickych 1 epigenetickych zmén vyskytujicich se ve vSech kategoriich nadorovych
onemocnéni — sporadické, familiarni i hereditarni. Nadory hlavy a krku, stejné
jako karcinomy plic, jsou epitelovi maligni nadorova onemocnéni, ktera jsou ve vSech
Uvodni &ast disertacni prace se zabyva popisem incidence nadord hlavy a krku a karcinomi
plic, jejich diagnostikou a také faktory, které vedou k jejich vzniku. Dalsi kapitoly se zabyvaji
obecnymi postupy a moznostmi 1é¢by jak karcinomu hlavy a krku, tak i karcinomii plic.

Cilem mé diserta¢ni prace bylo studium vybranych epigenetickych mechanismti zahrnutych
do nadorové transformace dlazdicového karcinomu hlavy a krku (HNSCC) a karcinom1 plic.
U HNSCC jsem se zaméfila na porovnani epigenetického profilu nddorové tkané a shodnych
vzorki uvulopalatofaryngoplastické tkan€ a na vytipovani transkripénich faktor vhodnych
k determinaci HPV* a HPV- HNSCC. U nemalobunéénych karcinomu plic jsem detekovala
expresi vybranych miRNA (miR-21, miR-23b, miR-126, miR-205 a RNU6B) a nasledné
korelovala ziskané vysledky s aktivitou proteint ovliviiujici mnohocetnou lékovou rezistenci

— P-gp, MRP a LRP/MVP.



Summary

Cancer diseases with their increasing incidence are currently a global problem.
Carcinogenesis is a highly complex process in which malignant transformation of cells
occurs based on internal and external factors. These factors can interact and be combined.
During carcinogenesis, there are also a number of genetic and epigenetic changes occurring
in all categories of cancer - sporadic, familial and hereditary. Head and neck cancers, as well
as lung cancers, are epithelial malignancies that are among the most serious health problems
in all industrialized countries.

The introductory part of the dissertation deals with the description of the incidence of head
and neck tumors and lung cancers, their diagnosis and also the factors that lead to their
occurrence. The next chapters deal with general procedures and treatment options for both
head and neck and lung cancers.

The aim of my dissertation was to study selected epigenetic mechanisms involved in the
tumor transformation of squamous cell carcinoma of the head and neck (HNSCC) and lung
carcinomas. In HNSCC, | focused on the comparison of the epigenetic profile of tumor tissue
and identical samples of uvulopalatopharyngoplastic tissue and on the identification of
transcription factors suitable for the determination of HPV*and HPV-HNSCC. In non-small
cell lung cancers, | detected the expression of selected miRNAs (miR-21, miR-23b, miR-
126, miR-205 and RNU6B) and subsequently correlated the obtained results with the activity
of proteins influencing multiple drug resistance - P-gp, MRP and LRP/MVP.
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1. Uvod

Nadorovad onemocnéni predstavuji se svoji zvysujici se incidenci v soucasné dobé
celosvétovy problém. Kancerogeneze (karcinogeneze, tumorigeneze ¢i ontogeneze) je
vysoce komplexni proces, pfi kterém dochédzi na zdklad¢ vnitinich (spontdnni mutace,
genomova nestabilita) a vné&jSich faktorti (fyzikélni, chemické a biologické) k maligni
transformaci bunék a nasledné ke vzniku nadoru. Tyto faktory se mohou navzajem
ovlivitovat a kombinovat. Existuje fada genetickych a epigenetickych zmén, ke kterym mtize
dochazet v pribéhu kancerogeneze a vyskytuji se ve vSech piekryvajicich se kategoriich
nadorovych onemocnéni: sporadické (cca 70 % ptipadd), familiarni (15-25 %)
a hereditarni (5-10 %).

Kancerogeneze je mnohostupiiovy proces (obr. 1), ktery prochazi nékolika stadiemi. Prvnim
urcitého kritického genu. Toto stadium je Casové kratké a nevratné.

Dalsi fazi je faze promocni (rozvojova) - muze trvat nékolik let, desetileti, dokonce i cely
Zivot pacienta. Je zndmo, Ze promocni faktory nemohou vznik nadorového onemocnéni
vyvolat, jen se podileji na stimulaci latentniho iniciovaného bunééného klonu k jesté
intenzivngj§imu bunéénému déleni. Jako promocni faktory jsou povazovany napiiklad
nemutagenni latky v cigaretovém koufi, které se podili na stimulaci iniciovaného klonu
bronchialniho/plicniho karcinomu.

Tretim stadiem kancerogeneze je progrese, béhem které je charakteristické nahromadéni
mutaci dalSich genli, zmény poctu chromosomu a jejich pifestavby, coz je spojovano se
zvySujici rychlosti proliferace, invazivitou a vznikem metastaz. V této fazi kancerogeneze se
bunky nevratné méni z preneoplastické faze v neoplastickou a benigni stadia se meéni
v maligni. Kancerogenezi je mozno charakterizovat jako multifaktoridlni a mnohostupiiovy

proces, odpovidajici morfologické, histopatologicke a klinické progresi onemocnéni.
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Obr. 1: Schema mnohostupniového procesu kancerogeneze

Nédorové onemocnéni vznikd v zdsadé poruchou homeostasy na trovni bunék a bunéénych
populaci. Nadorova populace je charakterizovana nasledujicimi znaky — ztratou kontaktni
inhibice a kontroly ristu, ztratou schopnosti terminalni diferenciace, snizenim nebo Gplnou
ztratou mezibunééné komunikace a ztratou schopnosti apoptosy.

V roce 2000 bylo popsano 6 zakladnich fyziologickych zmén v buiikach malignich nadori:
sobéstacnost v produkci ristovych faktorii, neomezeny replikani potencidl, necitlivost
k signalim zastavujici bunéény cyklus, poSkozeni apoptosy, indukce angiogeneze a tvorba
metastaz (Hanahan et Weinberg, 2000). Takto definované charakteristiky byly revidovany
v roce 2011 a doplnény o dalsi ¢tyfi znaky — schopnost deregulace metabolismu nadorovych

bunék, unik pfed imunitnim systémem, genomova nestabilita a mutace, nddorovy zanét



(obr. 2). Pocet zasahtl, poradi a konkrétni postizené geny jsou pro kazdy nador individualni

(obr. 3, Hanahan et Weinberg, 2000).
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Obr. 2: Hlavni znaky maligniho nadoru (upraveno dle Hanahan et Weinberg, 2011)
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Obr. 3.: Individualni prubéh kancerogeneze (upraveno dle Hanahan et Weinberg, 2000)

10



2. Karcinom hlavy a krku

Mezi nddory hlavy a krku jsou fazeny nadory polykaciho a dychaciho tustroji, postihujici rty,
dutinu ustni, nos, vedlejs$i nosni dutiny, hrtan, hltan, slinné zlazy a mistni lymfatickou tkan,
dale se v této oblasti setkavame s koznimi nadory, naddory v oblasti ucha a o¢nice a s nadory
Stitné zlazy (Adam et al., 2004).

Vyskyt nadorového onemocnéni hlavy a krku je spojovan s expozici uréitych rizikovych
faktorti. Nejcasteji se uvadi souvislost se zavislosti na alkoholu a nikotinu — zv1asté pak jejich
kombinace, nedostatecnou Ustni hygienou a Spatnymi dietnimi navyky. Tyto rizikové faktory
jsou spojovany s ¥ nemocnych. Jako dalsi rizikovy faktor se ukazuje vliv virového
onemocnéni — tii dekddy zpét se onemocnéni karcinomu hlavy a krku casto spojovalo
s Epstein-Baarové virem (EBV), avSak béhem poslednich par let je se vznikem karcinomui
hlavy a krku spojovan human papillomavirus (HPV) (Rothemberg et Ellisen, 2012; Vorli¢ek
et al., 20006). Jsou znamy studie, které prokazaly, ze 20-25 % dlazdicovych karcinomi hlavy
a krku je kauzalné spojeno s chronickou infekei vysoce rizikovym kmenem HPV. Nejvyssi
prevalence je tradicné detekovana u tonsilarnich karcinom (50-60 %) (Muiioz
et al., 2006; Parkin et Bray, 2006; Zheng et Baker, 2006).

V zemich Evropské unie piedstavuji karcinomy hlavy a krku &tvrté nejcastéjSi nadorové
onemocnéni u muzi. Obecné zde byl pozorovan vzristajici trend incidence od severskych
zemi smérem ke Stfedozemnimu moti. U Zen je vyskyt karcinomt hlavy a krku vyrazné nizsi
nez u muzil, avSak posledni dobou se pocet pacientek s timto onemocnénim zvysuje,
kvtli nartstajicimu procentu kutacek v populaci. Celosvétoveé se pak udava incidence 550
000 az 600 000 novych ptipadl za rok, pficemzZ nejpocetnéjsi skupinou jsou novotvary
orofaryngu, hrtanu a dutiny tstni. Zhruba 300 000 pacienti tomuto onemocnéni kazdoro¢né
podlehne (Ferlay et al., 2010; Young et al., 2015).

Lidsky papilomavirus je DNA virus, ktery je zodpovédny za onkogenni transformaci
hostitelské bunikky. Genom toho viru koduje kromé genti nezbytnych k pteziti také mimo jiné
I proteiny E6 a E7, které souvisi s pfemé&nou normalni burniky v bufiku nadorovou. Proteiny
E6 inaktivuji nadorovy supresor p53, ktery aktivuje telomerasu, inaktivuje p16™<4A coz je
inhibitor cyklin-dependentnich kinas a integruje s dal$imi proteiny v hostitelské bunce.

Proteiny rodiny E7 inhibuji nadorovy supresor Rb, inaktivuje p21WAFL a p27KIPL které

11



v bunce vystupuji jako inhibitory komplext cyklin/cyklin-dependentnich kinas a inhibuje
signalni dréahu TGF-f. Oba proteiny se tak spole¢né podileji na zvyseni replikacni kapacity,
posileni bunécné proliferace, na inhibici apoptoSy, inhibici termindlni diferenciace, zméné
morfologie a tim souvisejici zvySeni genetické nestability (Tan et Ting, 1995; Weinberger
et al., 2006).

Béhem poslednich 20 let doslo k velkému vékovému posunu, co se charakteristiky pacienta
s orofaryngedlnim karcinomem tyka. Dfive toto onemocnéni bylo indikovéno pfevazné
u starSich osob, manualn¢ pracujicich, fadicich se do skupiny alkoholikii a kurakt s fadou
ptidruzenych chorob. V dnesni dobé vsak je takovyto pacient mladsiho véku, vzdélany,
dobrého telesného stavu, nekurdk, abstinent a ve velké vétSin€ se jedna o HPV pozitivniho
jedince (Ryerson et al., 2008; Reidy et al., 2011).

V nékolika publikacich vSak byla potvrzena lepsi prognosa pro HPV pozitivni pacienty,
jelikoz HPV pozitivni nadory 1épe odpovidaji na chemoterapii i chemoradioterapii a obecné
HPV pozitivita je spojovana s lep$i prognoSou ve srovnani s pacienty stejného stadia
orofaryngealniho karcinomu HPV negativni (Weinberger et al., 2009; Mellin et al., 2002;
Licitra et al., 2006; Paz et al., 1997; Rischin et al., 2009; Lindel et al., 2001; Li et al., 2003).
Klinicky obraz u nadorti hlavy a krku je ve vétsin¢ pfipadii charakterizovan postupnou,
nenapadnou symptomatologii. NejcastéjSim rysem u karcinomu laryngu je chrapot, ktery
pretrvava nékolik mésici, u karcinomil nasofaryngu si pacienti st€Zuji na pocit ucpaného
nosu ¢i zaléhani ucha, u karcinomti dutiny ustni se projevuje dysfagii a odynofagii. Velmi
Castym symptomem je nebolestiva rezistence na krku, kterou si pacient nahmatd sdm
a pii postupném ristu a zvétSovani ho dovede k lékafi. AZ 2/3 nadord hlavy a krku jsou
diagnostikovany aZ ve stadiu pokrocilého onemocnéni, coZz vyznamné ovliviiuje 1é€ebné
a prognostické vysledky (Smilek et al., 2015).

V ramci diagnostiky nadori hlavy a krku je zdkladnim krokem podrobnd a disledna
anamnéza  sledujici  celkovou symptomatologii v dlouhém casovém  obdobi
vcetné endoskopie s odbérem vzorku. Endoskopicka technika umoziiuje prohlédnout oblasti,
které jsou béhem bézného vysetieni nedostupné a tim i 1épe zmapovat rozsah onemocnéni
(Slampa et al., 2016). K tomu, aby se zjistila mira proriistani nadorti do okolnich tkani byvaji
vyuzivany zobrazovaci metody, jako napiiklad ultrasonografie, vypocetni tomografie,

nuklearni magnetickd rezonance nebo pozitronova emisni tomografie. Principem
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ultrasonografie  je  zpracovani prichodu a odrazu ultrazvukového  signalu
od m&kkych tkani. Vyhodou pro pacienta je neinvazivnost a snadna dostupnost (Celakovsky
etal., 2012).

Vypocetni tomografie (CT, computed tomography) je rychlé a jednoduché vySetieni,
pfi kterém vSak byva pouzita intravenosni jodova kontrastni latka, diky které je urceno
prvotni morfologické zobrazeni nddoru. Vysetieni ma vsSak pravé kvili kontrastni latce
nezanedbatelnou radia¢ni zatéz, avSak CT metoda dokaze posoudit také rozsah a prorustani
nadori do okolnich tkani.

Nuklearni magneticka rezonance (NMR, nuclear magnetic resonance) je nejpresnejsi metoda
vyuzivana k zobrazeni mékkych tkani a jejich patologie. NMR ma pro diagnostiku
karcinomu hlavy a krku zdsadni vyznam, jelikoz Ize diky ni odhalit miru prorastani nadoru
intrakranidlné pod spodinu lebecni, posouzeni infiltrace mozkovych obalid, piipadné
i samotné mozkové tkané (Slampa et al., 2016).

Pozitronova emisni tomografie (PET, positron emission tomography) umoziuje zobrazit
nadorové tkané na zdklad¢ jeji vysSi metabolické aktivity oproti jinym tkdnim. U PET
se vyuziva detekce metabolicky zpracované glukosy, kterd je oznacena radionuklidem (18F-
FDG, 18-fluordeoxyglukosa). Limitni rozliSovaci schopnost pro PET je 5-7 mm. Velmi ¢asto
se vyuziva kombinace zobrazovacich metod PET a CT napftiklad u pacientt, kde jsou znamy

metastaze, aviak je potieba detekovat primarni nador (Celakovsky et al., 2012).
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2.1 Lécba nadori hlavy a krku

Existuje nekolik moznosti, jak se da karcinom hlavy a krku 1€c¢it, av§ak o zplisobu 1écby
rozhoduyji jisté faktory — pokrocilost nadoru (hodnoceno dle TNM Kklasifikace), histologicky

typ a lokalizace nadoru, vék nemocného a jeho celkovy zdravotni stav (Adam, 2004).

2.1.1 Chirurgicka lécba

Chirurgickd 1écba je zdkladni modalitou u pacienti se solidnim nadorem hlavy a krku.
Limituje ji vSak naptiklad vysoky vék pacienta nebo umisténi nadoru v misté, které nelze
operovat. Chirurgicky zakrok podstupuji az 2/3 pacienti s nadorem hlavy a krku. V praxi
se lékafi snazi o co nejradikalngjsi odstranéni a dosaZeni maximalniho lé¢ebného ucinku

za minimalniho funkéniho poSkozeni (Vorlicek, 2006).

2.1.2 Radioterapie

Lécba ionizujicim zafenim je uc¢innou v 1é€bé onemocnéni s mistnim Sitenim. U pacientt
s karcinomem hlavy a krku s ¢asnym stadiem onemocnéni jsou vysledky 1é¢by srovnatelné
s vysledky dosaZenymi chirurgickou resekci. Radioterapie je preferovdna pied chirurgii
napiiklad u nddorové lokalizace v hrtanu kvili moznosti zachovani plné funk¢énosti orgéanu.
U sttednich velikosti nadort je radioterapie pouzivana jako adjuvantni, tedy po chirurgickém

zakroku s cilem, co nejvétsi mistni kontroly (Spurny et al., 2002).

2.1.3 Chemoterapie

Tento typ lééby je u pacientu s karcinomem hlavy a krku vyuzivan okrajové, omezen
na paliativni podani u pacientli s opakujicim se onemocnénim nebo se vzdalenymi
metastdzemi. MozZny pifinos chemoterapie je vyuZzivan ve zmirnéni ptiznaki, zpisobenych
tlakem rostouciho nadoru, proto je vzdy na zvazeni lékafe podani v souvislosti s toxicitou
1é¢iva. V indikaci metastatického a recidivujicitho onemocnéni bylo vyzkousena cela fada

cytostatik — metotrexat, 5-fluorouracil, bleomycin, mitomycin C, cisplatina, karboplatina
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a Vv poslednich letech také taxany, gemcitabin, hydroxyurea, ifosfamid nebo vinorelbin.
Kombinace jednotlivych 1éCiv se uziva u mladSich pacientii s karcinomem hlavy a krku

s dobrym zdravotnim stavem (Lo Nigro et al., 2017)

2.1.4 Biologicka lécba

Nejcast€jsi 1éCbou vyuzivanou u pacientt s karcinomem hlavy a krku je tedy chirurgicky
zakrok, radioterapie, piipadné chemoterapie. Biologicka 1éc¢ba se v téchto ptipadech zacala
vyuzivat az v poslednich letech, a to u recidivujicich a metastatickych nadora, predevsim
jako uleva pacienta pied neselektivitou a toxicitou 1é¢iv. Vyznamnym cilem protinadorové
1é¢by je, vzhledem ke svému vlivu na bunééné déleni, diferenciaci a metastazovani, receptor
pro epidermalni rustovy faktor (EGFR). K 1é¢bé pokrocilych nadorti hlavy a krku jsou
aktualné¢ podavany biologické latky — cetuximab, gefitinb, erlotinib a lepatinib.
Nejzajimavéjsi vysledky byly dosazeny u pacientil s karcinomem hlavy a krku, jez dostavali
cetuximab, ktery zvySuje protinddorovy Uc¢inek soucasné podavanych cytostatik a zafeni.
Ve studii dle Bonnera se u neléenych pacientti s nadory orofaryngu, hypofaryngu a laryngu
v pokro€ilém stadiu bez moznosti chirurgického zdkroku, kteti vykazovali dobry zdravotni
stav, nasadila 1écba radioterapii anebo radioterapii v kombinaci s cetuximabem. Vysledky

ukazaly vyznamné zlepSeni pii pouziti pravé kombinovaného postupu (Bonner et al., 2006).
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3. Nadorové onemocnéni plic

Karcinom plic neboli zhoubny néador plic, je epitelové maligni nadorové onemocnéni, které
postihuje tkan plic i pridusek a je fazen ve vSech primyslové rozvinutych zemich
se vyskytujici zhoubny nddor u muzl a jde o druhy az tfeti nejcastéji se vyskytujici zhoubny
nador u zen. I kdyz se mortalita muzi od 90. let minulé¢ho stoleti mirné snizuje
a za poslednich 25 let klesla asi o 15 %, u zen se naopak rok od roku zvysuje. Karcinom plic
patii do skupiny zhoubnych nadort, které vznikaji nekontrolovatelnym bujenim a Sifenim
nadorovych buné¢k. Jiz v ¢asném stadiu vyvoje maji nadorové buniky schopnost cestovat
krevnim fecistém ke vzdalenym orgdnim a vytvaret tak dcefind loziska, tzv. metastaze.
Imunitni systém pacienta zpravidla neni schopen nckteré nadorové buiiky vcas rozpoznat
a vytvofit si proti nim u¢innou obranu. (Le Chevalier, 2011).

V soucasnosti platnda WHO klasifikace rozeznava nékolik typt epitelovych malignich nadort
plic (Tab. I). VSechny tyto karcinomy zahrnuji jeden nebo vice subtypti. Z hlediska
biologickych vlastnosti se vSak v praxi pouziva zjednodusené rozdéleni bronchogennich
karcinomil na dva typy — malobuné¢ény (small cell lung cancer — SCLC) a nemalobunécny
(non-small cell lung cancer — NSCLC) (Kolek, 2010).

Malobuné&ény epitelovy karcinom piedstavuje okolo 15-20 % z celkového poctu
histologickych typt plicni rakoviny. Je charakterizovan rychlym riistem s vyraznym sklonem
k castému metastazovani do kosti, jater, centrdlniho nervového systému a nadledvin.
Z pocatku jsou SCLC velmi sensitivni na radioterapii a chemoterapii. Jejich chemosensitivita
a radiosenzitivita vSak po Case prechazi v radiorezistenci a chemorezistenci. Tento typ
karcinomu obvykle neni vhodny k chirurgickému odstranéni (Sk¥ickova et al., 2008a).
Nemalobuné&¢ny karcinom se vyskytuje mnohem ¢astéji nez malobuné¢ny typ (Tab Il). Jeho
mira vyskytu je odhadovana na 80-85 % ptipada (Skiickova et al., 2008b). NSCLC obvykle
vykazuje pomalejsi rist a metastazuje v pozdé€jSich obdobich. MozZnosti chirurgické resekce
jsou v tomto ptipadé€ obecné vétsi nez u malobunééného karcinomu, jelikoz loziska metastézi
vznikaji pozdé&ji. V pokrocilejsich stadiich se k 1é€b€ vyuziva chemoterapie a radioterapie.
Citlivost nddoru na chemoterapii a radioterapii je vétSinou niz§i nez u malobunécného

karcinomu (Klein, 2006).
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Tab I: WHO Kklasifikace karcinomii plic

Skvamocelularni karcinom

Papilarni
Svétlobunécny
Malobunécny
Bazaloidni
Adenokarcinom

Adenokarcinom, smiSeny subtyp
Acinarni adenokarcinom

Papilarni adenokarcinom

Adenokarcinom s lepidickym typem ristu

e mucindzni

e nemucindzni

e smiSeny muciondzni/nemucindzni
Solidni adenokarcinom s hlenotvorbou

e fetalni adenokarcinom
mucindzni adenokarcinom

mucin6zni cystadenokarcinom

svétlobunéény adenokarcinom

adenokarcinom z prstencitych bun¢k

Velkobunéénv karcinom

Velkobunécny neuroendokrinni karcinom
Bazaloidni karcinom

Lymfoepiteliomu podobny karcinom
Svétlobunécny karcinom

Velkobunécny karcinom s rhabdoidnim
fenotypem

Malobunéény karcinom

Kombinovany malobunéény karcinom

Adenoskvamoézni karcinom

Sarkomatoidni karcinom
Pleomorfni karcinom
Vietenobunéény karcinom
Obrovskobunéény karcinom
Karcinosarkom

Pulmonarni blastom

Karcinom typu slinnvch zlaz

Mukoepidermoidni karcinom
Adenoidné cysticky karcinom
Epitelové-myoepitelovy karcinom

Plicni nador se muze skladat z komponent SCLC a zaroven i jiného histologického typu.

Takovy nador nese oznaceni kombinovany karcinom (Skiickova et al., 2018).

V poslednich letech se k 1é€bé rakoviny vyuziva také tzv. biologickd (cilend) lécba.

U pacienti s NSCLC jsou vyuzivany monoklonalni protilatky nebo nizkomolekularni

tyrosin-kinasové inhibitory, avsak tato 1é¢ba je finanéné naro¢na a G¢inna jen u vybrané

skupiny pacient (Goldstraw et al., 2011).
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Dle WHO se ke spravné typizaci nadort vyuziva “histopatologicky grading” a “staging”
(Dvorak et al., 2004).

Histopatologicky grading urcuje stupen diferenciace nadoru a ma prognosticky vyznam:

GX
G1
G2
G3
G4

stupen diferenciace nelze hodnotit

dobie diferencovany

sttedn¢ diferencovany

nizce diferencovany

nediferencovany

Staging definuje stadium onemocnéni na zakladé tzv. TNM klasifikace, kde “T” oznacuje

velikost nadoru (tumor), “N” regiondlni mizni uzliny (nodes) a “M” pritomnost/nepfitomnost

vzdalenych metastas (metastasis) (Planchard et al., 2018). TNM Kklasifikace karcinomu plic

se vyuzivd pro malobunééné i1 nemalobunééné karcinomy a pro bronchopulmonérni

karcinoidy. Neni pouzivana pro sarkomy a ostatni vzacné nadory.

Tab II: Klinicka stadia NSCLC (TNM klasifikace z roku 2009)

NO NI | N2 | N3 | M1

T1 z IA A | WA | mB | v
T2 z IB/HA | HA/IB | A | B | IV
T3 IIB MA | A | B | IV
T4 A MA | B | B | IV
M1 g v v v |V v
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Tab III: TNM klasifikace brochogenniho karcinomu z roku 2009

T — primarni tumor

X

Primérni tumor nelze hodnotit, ale byla prokazana ptitomnost nadorovych bunck
ve sputu nebo bronchidlnim vyplachu, ackoliv nddor nebyl prokdzan zobrazovacimi
vySetfenimi ani bronchoskopicky

TO

Bez ptiznaki pfitomnosti primarniho tumoru

Tis

Tumor in situ

T1

Tumor dosahujici maximalni velikosti 3 cm nebo mén¢ v nejvetsim rozméru a je obklopen
plicni tkani nebo visceralni pleurou. Bronchoskopicky nepiesahuje lobarni bronchus, tzn. nador
se nesiti do hlavniho bronchu.

Tla <2 cm v nejvétsim rozméru; T1b > 2 cm a zaroven < 3 cm v nejvetsim rozméru

T2

Tumor, ktery ma jednu z nasledujicich charakteristik, co se tyka velikosti ¢i rozsahu:
e tumor je >3 cm a zaroven <7 cm
e postihuje hlavni bronchus do vzdalenosti > 2 cm distaln€ od kariny
e invaze visceralni pleury
e podminuje atelektazu nebo obstrukéni pneumonii v rozsahu mensim, nez je cela plice
T2a>3 cm a zarovenl < 5 cm v nejvetsim rozméru; T2b > 5 cm a zarovent < 7 cm
v nejvetsim rozmeéru

T3

Tumor > 7 cm nebo tumor jakékoli velikosti se Sitenim do hrudni stény, branice, frenického
nervu, mediastinalni pleury, parietalniho perikardia hlavniho bronchu
ve vzdalenosti <2 cm od kariny, kterou vSak nepostihuje. Oznaceni také pro tumor podminujici
atelektazu nebo obstrukéni bronchopneumonii kompletné celé plice
¢i tumor, ktery vytvaii nejméné jeden odd€leny nadorovy uzel ve stejném laloku

T4

Tumor jakékoli velikosti se Sifenim do mediastina, srdce, velkych cév, pridusnice, nervus
laryngeus reccurens, jicnu, obratlovych t€l, bifurkace kariny. Tumor vytvaii nejméné jeden
oddéleny nadorovy uzel v jiném ipsilateralnim laloku

N — regionalni lymfatické uzliny

NX

Regionalni lymfatické uzliny neni mozné hodnotit

NO

Bez pfitomnosti metastdz v regionalnich lymfatickych uzlinach

N1

Metastazy v ipsilateralnich peribronchidlnich a/nebo ipsilateralnich hilovych uzlinach
a intrapulmonalnich uzlinach vcetné postizeni ptimého prortstani primarniho tumoru

N2

Metastazy v ipsilateralnich mediastinalnich a/nebo subkarinnich lymfatickych uzlinach

N3

Metastazy jsou ptitomny v kontralateralnich mediastinalnich uzlinach, v kontralateralnich
hilovych uzlinach, v ipsilateralnich nebo kontralateralnich sklaenovych nebo
supraklavikularnich lymfatickych uzlinach

M — vzdalené metastazy

MX

Vzdalené metastazy nelze hodnotit

MO

Vzdalené metastaze nejsou piitomné

M1

M1a: separatni nadorovy nodul(y) v kontralateralnim laloku nebo maligni pleuralni (nebo
perikardialni) vypotek; M1b: vzdalené metastazy
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3.1 Soucasna lé¢ba nemalobunééného karcinomu plic

Lécba plicniho karcinomu zavisi na histologickém typu a na jeho rozsahu. Dtlezitym
faktorem je také fakt, zda je nddorem postizena pouze plicni tkan, ¢i doslo k rozsiteni nadoru
1 do miznich uzlin nebo ke vzniku metastdz ve vzdalenych organech. Pii planovani 1écby
se také zohlediiuje celkovy stav pacienta vcetné ptipadnych pfidruzenych onemocnéni.
U malobuné¢ného plicniho karcinomu je hlavni 1é€ebnou modalitou chemoterapie — je to
dano vysokou chemosenzitivitou nadoru. U nemalobunééného karcinomu plic
je chemosenzitivita nizsi a az do konce 80. let minulého stoleti byla zpochybiiovana jeji
ucinnost. Pravé v 80. letech bylo v nékolika studiich a analyzach prokéazano, ze u pacienti
dochazi k prodlouzeni piezivani vlivem ucinné chemoterapie ve srovnani s Ié¢bou
podpiirnou. V tomto obdobi se zacala chemoterapie vyuZzivat v Sir§Sim méfitku, a to predevs$im
u pacientl, kteti spadaji do tietiho a ctvrtého klinického stadia (Perry, 2008). Pacienty
s nemalobunéénym karcinomem plic je mozno podle zavaznosti onemocnéni rozd¢lit

do nékolika typt stadii — od stadia IA az po stadium IV.

Klinické stadium IA, IB

V tomto stadiu je chirurgicky resekéni zakrok povazovan za dostate¢né radikalni, a neni zde
indikovéana Zadna dalsi 1écba. Vyuziva se lobektomie, coZ je odstranéni laloku nékterého
z organt, bilobektomie — odnéti dvou plicnich lalokti, ¢i pneumonektomie — chirurgické
odnéti celé plice. V pfipadech, kdy neni mozZzno provést chirurgické feSeni, je indikovana
radioterapie, predevsim stereotaktickd. U pacientd se stadiem IIB a nadorem vétSim
nez 4 cm, by méla byt zvazovana adjuvantni 1é¢ba (Sktickova et al., 2016; Sktickova et al.,
2017).

Klinicka stadia I1A, IIB, IIIA

V ptipad¢ klinického stadia IIA je indikovéana chirurgickd lécba s naslednou adjuvantni

chemoterapii. Pokud nemocny neni schopen chirurgického zdkroku, byva vyuzivana k 1écbé
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soubézna nebo sekvencni chemoterapie. Pii kontraindikaci chemoterapie se indikuje
radioterapie.

U pacientt se stadiem IIIA je posuzovana operabilita tumoru multidisciplinarnim tymem
a nasledné po chirurgické 1é¢bé je indikovana adjuvantni chemoterapie (Skiickova et al.,

2016; Skrickova et al., 2017).

Klinické stadium I11B

Standardni 1é¢bou lokalné€ pokrocilych stadii I1IB byla po mnoho let samostatna radioterapie.
V poslednim desetileti fada studii ale potvrdila ptinos kombinované 1é¢by. Chirurgicka 1écba
se vyuzivd minimalné, a to jen v téch piipadech, kdy pomoci indukéni chemoterapie
nebo chemoradioterapie doslo k vyznamnému zmenseni nadoru (Klein, 2006; Stolz et Pafko,

2010; Becker et al., 2005).

Klinické stadium IV

Lécebny zamér u stadia IV je individualni a vzdy zohlednuje aktualni zdravotni stav pacienta.
U nemocnych s dobrym celkovym stavem je vhodné podat kombinovanou chemoterapii.
Radioterapie je vyuzivana ke zmirnéni symptomi zpisobenych samotnym nadorem, ale
i metastazemi (Skifickova et al., 2008a). Chirurgicka 1é¢ba se ve stadiu IV neprovadi.
Vyjimkou jsou vsak ti pacienti, ktefi maji izolovanou metastdzi pouze v jednom orgénu
(v mozku, nadledviné nebo v plici) a primarni nador 1 metastazi je mozno kompletné
chirurgicky odstranit. Nachazi-li se metastaze v jiném orgénu, chirurgicka lé¢ba neni vhodna

(Zatloukal, 2005).

Velmi casto dochazi ke kombinaci riznych léebnych metod. V 1é¢bé nadorovych
onemocnéni Casto nastava situace, ze je mozné pouzit bud’ riizné 1é¢ebné metody nebo riizné
kombinace cytostatik, ptficemz vSak nelze predem stanovit, ktery zvoleny postup bude

pro pacienta ucinnéjsi (Terry, 2007).
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3.1.1 Chemoterapie NSCLC

Chemoterapie znamena podavani 1ékt, které wvznikly produkci chemické syntézy.
V onkologické 1écbé se pod timto pojmem rozumi podavani 1ékl s cytotoxickym ucinkem,
at’ uz jsou puvodu syntetického nebo se jedna o derivaty latek ziskanych z rostlin ¢i plisni
(Sculier et Moro-Sibilot, 2009). V nékolika klinickych studiich bylo prokazano, ze podavani
chemoterapeutik vede ke zlepSeni kvality zivota a prodlouzeni pieziti o nékolik mésici.
Casto se vyuZiva v chemoterapeutickém rezimu dvojkombinace platinového derivatu
(cisplatiny nebo karboplatiny) a jednoho z nasledujicich cytostatik: docetaxel, gemcitabin,
paklitaxel, vinorelbin. Monoterapie byva vyuzivana u pacienti s kontraindikaci k podani
cisplatiny ¢i karboplatiny a také u starSich nemocnych (70-75 let véku) (Ginsberg, 2002;
Pallis et al., 2014).

3.1.2 Radioterapie NSCLC

Radioterapie se vyuziva jako kurativni nebo paliativni metoda u vSech pacientti s NSCLC.
Samotna radioterapie se indikuje u pacientti ve stadiu I a II, u kterych neni mozna chirurgicka

resekce nadoru nebo téch, ktefi tento zptsob 1é¢by odmitli (Skiickova et al., 2017).

3.1.3 Cilena biologicka 1é¢ba NSCLC

Biologické preparaty funguji u nadorovych bun€k jinym mechanismem neZ standardni
chemoterapie — selektivné totiz zasahuji do jejich intracelularnich pochodi.
V cilené biologické 1é¢bé se vyuzivaji nizkomolekuldrni latky, které po navazani
do receptorovych mist nadorovych bun¢k zméni jejich schopnosti jako je inhibice apoptosy,
schopnost netvorby cév a vlastniho zadsobovani nadoru Zivinami nebo schopnost nadorové
bunky metastazovat. Biologicka cilena 1écba NSCLC je velkym trendem a stale se hledaji
nové nadéjné preparaty s co nejveétsi ucinnosti.

K 1é¢bé pokrocilého stadia NSCLC se u nas bézné vyuzivaji dva preparaty — erlotinib
a gefitinib, které slouZzi jako inhibitory tyrosinkinasy (TKI). Druhou generaci 1é¢iv TKI je

afatinib, ktery dle studii vyznamné prodluzuje dobu do progrese v porovnani s nejlepsi
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standardni chemoterapii. Na rozdil od erlotinibu a gefitinibu vSak afatinib pasobi jinym
zpusobem. Jeho mechanismus je zalozen na ireverzibilni blokad¢€ rodiny receptorit ERBB,
které jsou soucasti signalni drahy umoznujici nddorovym bunikam rast, metabolizovat
a migrovat (Rossel et al., 2012; Yang et al., 2012).

Mezi dalsi 1écebné preparaty spojené s cilenou biologickou 1écbou u pacientii s NSCLC patii
bevacizumab — protilatka blokujici receptor vaskularniho endotelidlniho ristového faktoru
(VEGFR), pficemz pravé zvySena exprese VEGFR je negativnim prognostickym faktorem
vedouci ke zhorSeni pfezivani pacienti s NSCLC (Reck et al., 2009).

Mezi preparaty, které ovlivituji angiogenezi patii nintedanib a ramucirumab. Nintedanib
blokuje tfi receptory pro rustovy faktor: receptory pro vaskularni endotelovy faktor
(VEGFR1-3), receptory pro rustovy faktor odvozeny od trombocyti (PDGFR-0 a PDGFR-
B) a receptory pro fibroblastovy rastovy faktor (FGFR1-3). Ramucirumab je plné¢ humanni
monoklonalni protilatka s vysokou vazebnou afinitou k extracelularni vazebné doméné
receptoru typu 2 pro VEGFR (VEGFR2), ¢imz znemoziuje receptorovou vazbu a aktivaci
signalni drahy vS§emi aktivujicimi ligandy (Reck, 2013; Hanna, 2013; Perol et al., 2014).

U cca 5 % pacientii s NSCLC je pfitomen specificky fuzni onkogen EML4-ALK a proto je
podavan témto pacientim I€k krizotinib, coz je selektivni inhibitor ALK (anaplastické

lymfomové kinasy) (Shaw et Salomon, 2011).

3.1.4 Imunoterapie NSCLC

Nadory maji rizné mechanismy, které jim umoznuji uniknout kontrole imunitniho systému
— napiiklad redukci antigend a sniZenim exprese molekul tfidy I MHC a kostimula¢nich
molekul, coz vede kporuse rozpozndvani a aktivaci T lymfocytd a k navozeni
imunotolerance. Také sekrece riznych cytokinti ovliviiuje dozravani dendritickych bun¢k
a vytvari tak imunosupresivni prostfedi. Nadorové bunky se také mohou stat rezistentnimi
vici ucinktim cytotoxickych T lymfocyta tim, ze aktivuji apoptosu (Kelly et al., 2010).

Imunoterapie je zaloZena na vyuziti imunitniho systému ke kontrole a nésledné eliminaci
nadorového onemocnéni. Prvni imunoterapeutické léky, napt. interleukin 2, interferon
a vakciny prvni generace, nebyly v praxi zcela GispéSné. Posun nastal az s poznatky, ze 1é¢iva

zalozend na monoklondlnich protildtkdch umoziuji cilené¢ ovliviiovat kontrolni body
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(checkpointy) imunitni reakce (Fong et Small, 2008). Velkym posunem byl objev 1é¢iva
s protilatkou anti CTLA-4 (cytotoxicky T lymfocytovy antigen 4) ipilimumab, u které¢ho
aktualné probihaji klinicka hodnoceni faze I-III ve vSech stadiich NSCLC (Al-Shibli et al.,
2008). Z dalsich 1é¢iv v ramci imunoterapie u pacientti s NSCLC je vyuzivan nivolumab
a pembrolizumab jakozto protilaitky proti receptoru programované bunécné smrti
a atezolizumab a durvalumab jako protilatky proti ligandu receptoru programované bunécné

smrti (Spigel et al., 2015; Reck et al., 2016; Garassino et al., 2016).

3.1.5 Soucasna lécba malobunécéného karcinomu plic

Malobunéény karcinom plic je charakteristicky rychlym a agresivnim rlstem, ¢asnym
metastazovanim a je vice citlivy kK chemoterapii a radioterapii. Pro malobunéény karcinom
se stejné jako u NSCLC pouziva TNM Kklasifikace a pacienti s malobunéénym karcinomem
plic se daji rozd¢lit do dvou stadii — limitované stadium a extenzivni stadium.

Limitované stadium (Limited disease, LD) je definovdno jako onemocnéni s lokalizaci
pouze Vjednom plicnim kiidle s/bez postizeni ipsilaterdlnich nebo kontralateralnich
mediastinalnich nebo supraklavikuldrnich uzlin a s/bez ipsilateralniho vypotku, které mtze
byt ozafeno v ramci jednoho ozatovaciho pole. Extenzivni onemocnéni (Extensive disease,
ED) zahrnuje viechny ostatni formy malobun&éného karcinomu plic. (Ceska et al., 2010).
Pro pacienty v LD stadiu je jako lé¢ba vyuZzivana kombinace chemoterapie a radioterapie
s tim, Ze radioterapie by méla byt nasazena co nejdiive po zahajeni chemoterapie, idealné
soubézné s prvnim ¢i druhym cyklem chemoterapie. Operativni zdkrok se vyuziva u LD
pacient pouze u stadia [-IIA. U ED stadia je primarni volbou systémova chemoterapie,
indikace ozafeni je vyhrazeno pro symptomatickou progresi v oblasti primarniho nadoru

¢i metastaz (Almquist et al., 2016; Corso et al., 2015; Niho et al., 2008).
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4. Epigenetika

Epigenetické modifikace DNA umoziuji regulovat genovou expresi bez nutnosti zmény
genetického kodu v dané buiice. Epigenetické zmény jsou spontanni, reverzibilni a dédicné
Zjedné generace na dalsi. Ovliviiuji bunéénou diferenciaci, morfogenezi, proménlivost
i adaptibilitu organismu. Mezi epigenetické mechanismy jsou fazeny methylace DNA;
posttranslacni kovalentni modifikace histonti zahrnujici acethylaci, methylaci, fosforylaci,
ubiquitinylaci a sumoylaci nebo postranskripcni regulace aktivity genit pomoci miRNA.

Geneticky material je v eukaryotnich organismech lokalizovan v jadie bunék a ma podobu
chromatinu, ktery umoznuje diky strukturalnim a dynamickym zménam ovliviiovat rizné
procesy bunééného jadra, jako je aktivace, ¢i inhibice genomové exprese. Tento komplex je
oznacovan jako epigenom, ktery se svoji strukturou lisi v jednotlivych bunkéch téhoz

organismu, na rozdil od genomu, ktery je identicky v kazdé bunce daného jedince.
4.1 Methylace DNA

Jedna se o starobylou epigenetickou modifikaci, kterd byla popsana u archebakterii, u bakterii
i eukaryot. U nékterych organismt vSak byla schopnost methylace DNA v priubéhu evoluce
druhotné ztracena, jako napfiklad u Saccharomyces cerevisiae, ¢i Caenorhabditis elegans
(Buck-Koehntop et Defossez, 2013). Methylace DNA u bakterii je vyuzivana jako ochranny
proces jejich vlastni DNA pted rozpoznanim restrikénimi enzymy, které maji za kol Stépit
cizorodou nemethylovanou bakteriofagovou DNA (Albu et al., 2012).

Methylace DNA je prvni a nejlépe prostudovany epigeneticky mechanismus. Prvni
modifikovana nukleotidova baze byla objevena v roce 1948 pomoci papirové chromatografie
v DNA z teleciho brzliku a jednalo se o 5-methylcytosin (5mC) (Hotchkiss, 1948). Methylace
DNA popisuje modifikaci nukleovych bazi cytosinu a adeninu kovaletni adici methylového
zbytku. U adeninu dochazi k pripojeni methylové skupiny na Sesty uhlik
(N6-methyl adenin, 6mA), u cytosinu bud’ na ¢tvrty (N4-methyl cytosin, 4mC) nebo na paty
uhlik, kdy vznika SmC (obr. 4) (Kim et al., 2009; Albu et al., 2012). Zatimco varianty 6mA
a 4mC se vyskytuji pouze u prokaryot a minority eukaryot, varianta 5SmC je jedna z

nejcastéjsich epigenetickych modifikaci u eukaryot vitbec (Fu et al., 2015; Zhang et al., 2015;
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Greer et al., 2015; Zemach et al., 2010). Vyskyt 5SmC v genomu rtiznych druhti organismd je
variabilni.

U bezobratlych je piitomnost SmC ¢asto minimalni, u obratlovct se udava, ze je methylovano
okolo 8 procent cytosinovych bazi a u rostlin zastoupeni SmC ¢ini az 30 % (Adams
et Burdon, 1985). U savci jsou SmC lokalizovany v oblastech nazyvanych CpG-ostrovy,
coz jsou sekvence DNA, kde je cytosin (C) propojen s guanosinem (G) pomoci fosfatové
vazby (p). Distribuce CpG-ostrovii v lidském genomu neni rovnomérna. Udava se, ze
v genomu savcu se vyskytuje asi 35 tisic takovychto CpG ostrovii, které jsou dle vyskytu
rozde¢leny na startovni CpG oblasti, které se vyskytuji pfevazné v transkripcnich oblastech a
uzce tak ovlivnuji regulaci exprese pritomnych genti nebo na nestartovni CpG oblasti, které
se nachazeji mimo transkripéni mista. Startovni CpG oblasti maji v sekvenci vétsi zastoupeni
cytosinu i guaninu a byvaji také vyrazné delsi nez nestartovni CpG oblasti (Ponger et al.,
2001). Priblizn¢ 50-70 % methylovanych dinukleotidid CpG se u ¢lovéka nachazi v oblastech
heterochromatinu. Naproti tomu euchromatinové oblasti obsahujici CpG zlstavaji v genomu
nemethylované a jejich vyskyt je lokalizovan pfevazné v promotorech gend. Vyjimku tvofi
geny zahrnuté v inaktivaci chromozomu X, genovém imprintingu nebo tkanové specifické
diferenciaci, kde jsou euchromatinové oblasti methylovany (Nishimura et Paszkowski,
2007).

K tomu, aby mohlo dojit k ptidani methylové skupiny z S-adenosyl-L-metioninu k fetézci
DNA, jsou potieba specifické enzymy — DNA methyltransferasy. Jedna se o velice
konzervovanou skupinu enzymu, ktera se podili na ptepisovani epigenomu. U savci
se vyskytuji 3 hlavni typy methyltransferas. Prvni je DNA methyltransferasa 1 (DNMT1),
ktera ma vysokou afinitu k hemimethylované DNA, béhem replikace udrzuje replikacni vzor
V nové syntetizovaném vlakné a je zodpovédna za epigenetickou dédi¢nost (Li et al., 1992).
Druhou skupinu tvoii DNMT3a a DNMT3b, které maji v buiice funkci de novo methylace
V raném vyvoji savcl a jsou nezbytné pro vytvoieni DNA methyla¢nich vzori (Okano, 1998;
Okano et al., 1999).

Strukturné jsou si DNMT1, DNMT3a a DNMT3b velmi podobné. Spolecnym znakem
je ptitomnost 10 konzervovanych aminokyselin na C-konci, na kterém se nachazi doména

s katalytickou funkci. N-konec téchto polypeptidi slouzi jako regulacni doména.
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I pres veskerou podobnost jsou vsak tyto 3 enzymy exprimovany odlisné, a i jejich funkce
v bunce jsou rizné (Yen et al., 1992; Xie et al., 1999).

Velikostné je nejvetsi methyltrasferasa DNMT1 s molekulovou hmotnosti 184 kDa, ktera
se v adultnich somatickych buiikach vyskytuje v mnohem vyssich koncentracich nez vyse
zminované zbylé DNMTs (Bestor, 2000). Oproti tomu DNMT3a a DNMT3b s moznosti
de novo methylace se vyskytuji prevazné v kmenovych bunkach, které davaji vzniknout
bunkam s odliSnym vzorem genetické informace (Okano et al., 1999). Oba enzymy jsou
si do jist¢ miry podobné a mohou se nahrazovat ve funkci, ale jejich natasovani exprese
a tkanova specifita je riznd. DNMT3A je exprimovan ve vSech buiikéch, oproti tomu exprese
DNMT3Db byla detekovana kromé bunék kostni dien¢ a §titné zlazy vyjimecné (Aoki et al.,
2001; Suetake et al., 2003; Xie et al., 1999). Velikost téchto dvou enzymii se pohybuje
od 100 — 130 kDa. (Lee et al., 2009; Peng et al., 2011).

V lidském genomu se vyskytuje také DNMT3L (DNA methyltransferasa 3-like), ktera
vykazuje strukturalni podobnost na C- i N- konci s DNMT3a i DNMT3b, u niz enzymaticka
aktivita nebyla prokdzana. Interaguje vSak s DNMT3a a DNMT3b a v zdrodecnych liniich
se tak podili na ur¢eni methyla¢nich vzori. Exprese DNMT3L byla prokazana majoritné
v embryonalnich bunkach, pfitomnost v adultnich somatickych bunkach se potvrdila
pouze v bunkach brzliku (Suetake et al., 2004; Aapola, 2000).

Dale se také v literatufe vyskytuje zminka o DNMT2, kterd je homologni ke vSem
u obratlovcll vyskytujicim se DNMTs, avSak stejné¢ jako DNMT3L nevykazuje Zadnou
methyla¢ni aktivitu a jeji funkce proto ztstava neodhalena (Jeltsch et al., 2006).
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Obr. 4: Konverze cytosinu na 5-methylcytosin pomoci DNA methyltrasferasy, ptevzato
dle Attwood et al., 2002

Methylace DNA je epigeneticky mechanismus, ktery ovliviiuje mnoho zasadnich bunéénych
procest. Prikladem mtize byt lyonizace jednoho z chromosomt X v samicich buiikach savci
v Casném stadiu embryondlniho vyvoje. Diky methylaci DNA je inaktivni chromosom
v heterochromatinovém, tzn. kondenzovaném a neaktivnim stavu a v bufice tak dochazi
ke spravné kompenzaci davky gent lokalizovanych na chromosomu X (Vyskot, 1999).
Methylace DNA ovliviiuje také genomicky imprinting, coz je geneticky jev, ktery
predstavuje rozpor s Mendelovskymi pravidly dédi¢nosti, ktery tvrdi, Ze funkce genu
nezavisi na tom, zda byl zdédén od matky nebo otce. Manifestace genu z pohledu
genomického imprintingu je totiz vysledkem rlzného stupné methylace cytosinu
maternalniho nebo paterndlniho chromosomu, coZz souvisi s kondenzaci chromatinu
anasledné s aktivitou, ptipadné inaktivitou konkrétniho genu (Eden et Cedar, 1995). Mimoto
se methylace DNA uplatiiuje také pii replikaci, rekombinaci a opravé DNA a supresi

transponovatelnych DNA elementi (von Kénel et Huber, 2013).
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4.2 Demethylace DNA

Demethylace DNA je proces, pti kterém dochdzi k odstranéni methylové skupiny
z 5-methylcytosinu a mize probihat pasivné, kdy nové vznikajici fetézec DNA po replikaci
neni methylovan, nebo aktivné na replikaci nezavislym zptisobem. Aktivni demethylace byla
zaznamenana v zygotach, pluripotentnich zarodecnych butikach, neuronech ¢i T lymfocytech
(Chen et Riggs, 2009). Pasivni demethylace DNA byva vyuzivana naptiklad v 1é¢bé
myelodysplastického syndromu s vyuzitim 5-azacytidinu, coz je chemicky analog cytidinu
a zapri¢inuje hypomethylace a demethylace DNA inhibici DNA methyltransferas
(Borodovsky et al., 2013).

4.3 Modifikace histonu

Histony jsou vysoce konzervované bazické, kladn& nabité nukleoproteiny, které spolecné
s DNA tvofi nukleosom, zdkladni stavebni jednotku chromatinu. Histony se déli do péti
skupin —H1, H2a, H2b, H3 a H4. Histony H2A, H2B a H1 maji vysoké mnozstvi lysinovych
zbytkd, kdezto histony H3 a H4 jsou bohaté na arginin. Oktamery histoni H2a, H2b, H3
a H4 se podileji na formovani nukleosomu a histon Hl pomaha kondenzovat nukleosomy
do chromatinovych vlaken (Moss et al., 1977; Snustad et Simmons, 2016). C-konce histonti
sméfuji do jadra nukleosomu, naopak N-konce znukleosomu ven, kdy pravé
vV N-termindlnich oblastech se majoritné¢ vyskytuji kladn¢ nabité aminokyselinové zbytky
argininu a lysinu, které jsou cilem postransla¢nich modifikaci (Verbsky et Richards, 2001).
Mezi postranslatni modifikce histonu se fadi acethylace, methylace, fosforylace,
ubikvitinylace anebo sumoylace, které méni strukturu chromatinu a spole¢né s methylaci
DNA se podileji na regulaci genové exprese (Kouzarides, 2007; Snustad et Simmons, 2016).
Struktura chromatinu mize byt dvoji — euchromatinova a heterochromatinova. Euchromatin
je méné kondenzovany, méné barvitelny, replikuje se diive nez heterochromatin a jedna
se o transkripcné aktivni oblast genomu obsahujici hyperacethylované histony. V interfazi
je vétSinou despiralizovan. Heterochromatin v eukaryotickych genomech obsahuje
hypoacethylované histony a je geneticky inaktivni. Heterochromatin se v bufikach muze

vyskytovat Vv podobé fakultativni, coz souvisi s epigenetickou represi nékterych
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chromosomalnich oblastni nebo konstitutivni, ktery se vyskytuje v oblastech centromer
a subtelomerovych oblastech (Ansari et al., 2016; Shukla et al., 2013)

4.4 Acethylace histont

Acethylace histonti je posttranslacni proces, pii kterém dochazi k ptenosu acethylové
skupiny z acethylkoenzymu A na NHs" skupinu lysinu na jejich N-termindlnim konci
za vyuziti enzymi rodiny histon acethyltransferas (HATS). Acethylace histont je reversibilni
a ke zpétné reakci je nutna ptitomnost histondeacethylas (HDAC) (Kuo et Allis, 1998).
Obecné je tento epigeneticky jev spojovan se snizenim pozitivniho naboje histonového
aminoterminalniho konce, coz zplsobuje snizenou interakci mezi histonem a DNA a vede
ke zvySené transkripéni aktivité. DNA ma vtomto piipad¢ strukturu euchromatinu
a je obnazena pro transkripéni faktory (Hong et al., 1993; Brownell et al., 1996). Naopak
snizena acethylace histoni souvisi se snizenou transkripéni aktivitou az s iplnym potlacenim
DNA (Braunstein et al., 1993).

HATs se déli na dvé zdkladni skupiny, HAT typu A a HAT typu B. Enzymy HAT typu
A jsou lokalizovany v jadie, reguluji genovou expresi pomoci acethylace nukleosomalnich
histonli pomoci pfitomné bromodomény. Skupina HAT typu B se vyskytuje v cytoplazmé
a je vysoce afinitni k volnym, nov€ vzniklym histonim pifed zaclenénim do chromatinu
(Brownell et al., 1996). HATs se mohou délit dle své struktury a toho, jaké histony acethyluji
na dalsi tii skupiny acethyltransferas — GNAT, MYST a p300/CBP. Tato diversifikace
zahrnuje HAT typu A i HAT typu B (Sharma et al., 2016). GNAT je rodina enzymd, ktera
acethyluje histony, nehistonové proteiny, transkripéni faktory a protein p53 (Vetting et al.,
2005). Jako prvni enzym z této skupiny byl nalezen GCNS5, ktery acethyluje lysinové zbytky
14 u histonu H3 a lysinové zbytky 12 a 16 u histonu H4 (Kuo et al., 1996). K MYST
acethyltransferasam byva fazena Sas2, Sas3 nebo Esal, kdy pro Esal byly objeveny dva
substraty a to propionyl-CoA a mnohem castéji vyuzivany acethyl-CoA (Berndsen et al.,
2007). Substratem pro skupinu p300/CBP jsou ¢tyfi typy histont (H2A, H2B, H3, H4), ale

nejvetsi aktivitu projevuje u histonit H3 a H4.

30



4.5 RNA interference

RNA interference piedstavuje vysoce konzervovany molekularni mechanismus, ktery
je vyuzivan u zvifat, rostlin, hub i vird k posttranskripénimu, sekvenacné specifickému
umlCovani genové exprese. V jednotlivych organismech byva vyuzivana pii fizeni
diferenciaci bunék, morfologickém vyvoji nebo ovliviiovani stavu chromatinu v burce, ktery
reguluje aktivitu gend. Predpoklada se, ze RNAi vznikla jako obrana eukaryotickych bun¢k
proti transposoniim a virim. Funkénimi jednotkami RNAI jsou jednofetézcové molekuly
RNA o délce okolo 20 paru bazi, které jsou schopny se parovat na zakladé komplementarity
svych bazi a vytvaret dvouretézcové molekuly. Tato komplementarita zarucuje, ze k efektu
RNAI nebude dochazet nahodné, ale bude namitfen konkrétné k uréitym cilaim (Appasani et
al., 2005). Existuje nekolik typt molekul RNA, jez se v bunkach podili na RNAI. Mezi n¢
napiiklad mikroRNA (miRNA), malé interferujici RNA (small interfering RNA, siRNA),
malé vlasenkové RNA (small hairpin RNA, shRNA), bifunkéni sh-RNA (bifunction ShRNA,
bi-shRNA) ¢i piRNA (PIWI-interacting RNA), které vznikaji v jadie po transkripci

ptislusnych gent.

45.1 Historie a charakteristika mikroRNA

MikroRNA (miRNA) jsou nejvice prozkoumanou skupinou malych RNA zodpovédnych
za RNAI. Do dnesni doby bylo prokéazano, ze se podili na regulaci exprese vice nez 40 %
savCéich genu kodujicich proteiny (Lewis et al., 2003). Jako prvni miRNA byla objevena
v roce 1993 miRNA u hlistice Caenorhabditis elegans (C. elegans) a byla pojmenovana jako
lin-4 (lineage-4). Bylo zjisténo, ze LIN-4 protein se podili na represi LIN-14 proteinu, ktery
zodpovida pii diferenciaci za ptechod z prvniho larvalniho stadia do stadia nasledujiciho (Lee
et al., 1993; Wightman et al., 1993; Feinbaum et Ambros, 1999; Olsen et Ambros, 1999).
O n¢kolik let pozdé&ji byla u C. elegans objevena dalsi miRNA, let-7 (lethal-7). Tato miRNA
je exprimovéana v bunééném cyklu pozdé€ji nez lin-4 a je zodpovédna pii diferenciaci
za prechod jedince ze ¢tvrtého larvalniho stadia do stadia imaga (Reinhart et al., 2000; Slack
et al., 2000). Pti downregulaci této miRNA se bunky nediferencuji spravné, neustale se déli

a ziskavaji tak vlastnosti podobné nadorovym buinkam (Kent et al., 2006). Zajimavosti je,
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ze let-7 gen stejné jako let-7 RNA byly objeveny ve stejném roce i u ¢lovéka, Drosophily
melanogaster (D. melanogaster) a dalsich bilateralnich zvitat (Pasquinelli et al., 2000).
Do dnesni doby bylo popsano 1982 miRNA u ¢lovéka, 274 miRNA u D. melanogaster, 330
miIRNA u C. elegans, 398 miRNA u Danio rerio, 907 miRNA
u Gallus gallus a 664 miRNA u Arabidopsis thaliana (A.thaliana) (www.miRBase.org).
Na zdkladé rozmisténi v genomu je mozno geny pro miRNA rozdélit do nékolika skupin.
U rostlin jsou geny pro miRNA lokalizovany pievazné v mimogenovych oblastech, kdezto
u zivoCichu je Ize najit v genovych oblastech, ¢asto v intronech kodujicich gentu (Rodriguez
et al., 2004). Geny pro miRNA jsou u ¢lovéka rozmistény nahodné po vSech chromosomech
krom¢ chromosomu Y. Je také zajimavé, ze polovina geni pro miRNA u cloveéka byla
nalezena v blizkosti dalsiho genu pro miRNA (Lagos-Quintana et al., 2001; Lau et al., 2001).
Takovéto klastrové geny byvaji transkribovany soucasné za vzniku polycistronniho
primarniho transkriptu (Lee et al., 2002). Obvykle se v jednom klastru vyskytuji dva az tfi
geny, zatimco na chromosomu 13 se vyskytuje takovychto genti v klastru celkem sedm (Calin
et al., 2004; He et al., 2005).

4.5.2 Biogeneze mikroRNA

Molekuly miRNA vznikaji v jadfe po transkripci genu pro miRNA na primarni transkript
(pri-miRNA), ktery je nasledné nastipan pomoci komplexu Drosha na prekurzorovou
mMiRNA (pre-miRNA). Pre-miRNA je transportovana z jadra do cytoplasmy pomoci
exportinu-5 a v cytoplasmé je podrobena enzymatickym upravam. Vznikne tak jedno
vlaknovy fetézec RNA, ktery se pak na zakladé komplementarity navaze na cilové molekuly
mRNA. Podle miry komplementarity miZze byt mRNA bud’ kompletné degradovana, ¢i je
pouze zamezeno translaci, aniz by vSak doslo k jejimu nastépeni (Wahid et al., 2010) (Obr.
5).
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Obr. 5: Schema biogeneze miRNA. V jadie je gen pro miRNA piepsan na pri-miRNA, ktery
je pomoci mikropresorového komplexu zpracovan na pre-miRNA. Pre-miRNA je
transportovana z jadra do cytoplasmy pomoci exportinu-5 a zde je Dicerem rozstépena

na kratké dsRNA. ,,Passanger“ fetézec je oddélen a nasledné degradovén, vedouci fetézec je

(upraveno dle Winter et al., 2009).

RNA polymerasa

RNA polymerasa II nebo III je vyuzivana v jadie ke vzniku primarniho transkriptu miRNA,
ktery se nasledné sklada do vlasenky. Pro pri-miRNA vzniklé piepisem RNA polymerasy 11

je typické pritomnost 7-methylguanosinové cepi¢ky na 5 konci a polyadenylové sekvence

na 3" konci. AvSak jind charakteristika plati pro miRNA vzniklé transkripci RNA
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polymerasou I1l. V tomto ptipad¢ je na jedné strané transkriptu charakteristicka pfitomnost

repetitivni sekvence Alu (Borchert et al., 2006).

Mikroprocesorovy komplex

Z nékolika set nukleotidi dlouhé pri-miRNA se pomoci nékolika enzymt zvanych
Mikroprocesorovy komplex tvofi v jadie prekursorova miRNA o délce 60-70 nukleotidu.
Mikroprocesorovy komplex se skldda z nékolika dulezitych komponent. Prvnim z nich
je enzym Drosha, ktery ma vlastnosti RNasy III a je schopny rozliSit pfi-miRNA od ostatnich
RNA v jadie, které maji shodnou vlasenkovou strukturu (Han et al., 2004). Dalsi slozkou
tohoto komplexu u ¢lovéka je jako kofaktor slouzici doména proteinu DGCRS8 (DiGeorge
syndrom critical region in gene 8). Ta se specificky vaZze na cilovou dvou fetézcovou
molekulu pri-RNA a uréuje misto, kde dojde k jejimu rozstépeni prostiednictvim enzymu
Drosha. U D. melanogaster ¢i C. elegans najdeme misto DGCRS kofaktor Pasha. Dicer ma
vsak ale stejnou enzymovou specifitu (Lee et al., 2003; Han et al., 2004; Denli et al., 2004;
Gregory et al., 2004, Landthaler et al., 2004; Wang et al., 2007).

Exportin-5

Transport pre-miRNA z jadra do cytoplasmy je zprostfedkovan pies jaderné pory
pomoci proteinu exportin-5 (EXP5). Soucasti EXP5 je GTP-vazajici kofaktor Ran. Pokud
je ke kofaktoru Ran navazan GTP, je inaktivni. K aktivaci je nezbytna hydrolysa Ran-GTP
pomoci cytoplasmatického enzymu Ran-GTPasa. Diky tomu dojde k roz§t€peni makroergni
vazby, odStépeni fosfatu z Ran-GTP za vzniku Ran-GDP. V tento okamzik je EXP5
aktivovan a muze dojit k transportu pre-miRNA z jadra do cytoplasmy (Gwizdek et al.,
2003).

Dicer

V cytoplasmé je pre-miRNA nastépena komplexem Dicer na dvou fetézcové useky miRNA

o délce cca 22 nukleotidl. Je odstépena neparujici se smycka vlasenky, ale je zanechan
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dvounukleotidovy piesah na 3° konci (Lee et al.,, 2003). Dicer je ATP-dependentni
multienzymaticky komplex slozeny ze Ctyf odlisnych domén (Obr. 6). Na N-konci
se nachazi RNasova helikasova doména DEXD/DEXH a doména neznamé funkce DUF238,
nasledovana PAZ (PIWI-argonaute-zwille) doménou, dvémi RNasami Il a C-konec
je tvofen vazebnou doménou pro dsRNA (Carthew et al., 2009). Hlavni funkci v komplexu
Dicer zastdva doména endoribonukleasa III, diky niz dochdzi k nastépeni fosfodiesterové
vazby uvnitt fetézci dsRNA a vznikaji tak molekuly miRNA s fosfatovou skupinou
na 5" konci, hydroxylovou skupinou na 3" konci a s dvounukleotidovym pfesahem
na 3" koncich (Elbashir et al., 2001). V lidskych bunkach je Dicer spojovan se dvémi typy
proteinti obsahujici dsRNA vazebné domény. Prvnim z nich je TRBP (trans-activation
response RNA-binding protein) a dal$im je PRKRA (protein kinase, interferon-inducible
double stranded RNA-dependent activator), ktery je znam také pod zkratkou PACT. Funkce
téchto proteind jesté nebyla zcela prokazana, ale predpoklada se, Ze maji urcitou souvislost
s tvorbou komplexu DICER a neptfimo se tak podili na RNAi (Chendrimada et al., 2005;
Haase et al., 2005, Lee et al., 2006).

N:{ DEXD/DEXH ‘ lDlJFESS‘ ‘PAZ | ‘mulﬂa | ‘RNasa [1Ib

‘}:I{_‘

Obr. 6: Schematické znazornéni primarni struktury lidského multienzymatického komplexu
Dicer. Dicer je tvofen RNasovou helikasovou doménou, doménou DUF238
s neznamou funkci, PAZ doménou, dvémi RNasami III a hvézdickou je oznafena vazebna

doména pro dsRNA (Carthew et al., 2009).

U vétSiny organismil 1ze najit pouze jeden typ Diceru, ktery zodpovidé za nastipani veskerych
forem RNA spojovanych s RNAi (Obr. 7). AvSak u D. melanogaster najdeme tyto komplexy
dva a u A. thaliana dokonce ¢tyfi (Blevins et al., 2006). V takovychto ptipadech ma kazdy
z typu Diceru svoji specifickou funkci. Napiiklad u D. melanogaster, kde byly pojmenovany
jako Dicer-1 a Dicer-2, Dicer-1 katalyzuje Stépeni pouze prekurzort miRNA, za vzniku
miRNA, zatimco Dicer-2 §tépi vSechny ostatni dlouhé dvoufetézcové molekuly RNA

(Tomari et Zamore, 2005; Lee et al., 2004).
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Obr. 7: Model krystalové struktury komplexu Dicer (upraveno dle MacRea et al., 2006)
RISC loading complex

Po nastépeni Dicerem se vyuziva dal$i komplex, RISC (RNA-induced silencing complex).
Nejprve je vSak naStipana, dvoufetézovda RNA integrovana do RISC loading complexu
(RLC). V tento okamzik je nutné, aby doslo k rozpleteni fetézce, protoze RLC akceptuje
pouze jedno vldkno. Kazdy dvoufetézec molekul RNA1 se sklada z vedouciho fetézce a z tzv.
»passanger fetézce. Tento ,,passanger* fetézec je odvinut helikasou v ptitomnosti ATP
a nasledné degradovan. ,,Passanger fetézec byva Vv literatufe oznacovan hvézdi¢kou (napf.
hsa-miR-21%*) a obecné se za n&j povazuje ten fetézec, ktery ma termodynamicky stabilngjsi
a vznika tzv. miRNP (microRNA ribonucleoprotein complex). Tento fetézec se nasledné

zformuje do podoby zralé miRNA (Schwarz et al., 2003; Mourelatos et al., 2002).
RISC
RISC je multienzymaticky komplex, jehoz hlavni funkci je rozstépeni nebo translaéni

inhibice cilové mRNA, kterou si vyhledal na zakladé komplementarity s asociovanou jedno

vlaknovou miRNA. Zikladnimi podjednotkami komplexu RISC jsou Argonaute proteiny
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(Ago) a vazebné domény PAZ a PIWI, kterymi jsou jednotlivé Ago proteiny propojeny. Ago
proteiny byly poprvé rozpoznany a popsany u A. thaliana, ktera méla defektni gen pro protein
Argonautel a vykazovala specifickou poruchu v architektuie rostliny (Bohmert et al., 1998).
Do dnesni doby byly proteiny rodiny Ago nalezeny i u nékterych prokaryot, av§ak primarné
se vyskytuji u vSech eukaryot, avSak u n¢kterych mtizou i sekundarné chybét, jako napiiklad
u S. cerevisiae (Drinnenberg et al., 2009). Z tohoto poznatku je mozno Usuzovat, ze se jedna
0 velice konzervované a pro organismy dilezité proteiny. Proteiny Ago obsahuji dvé RNA
vazebna mista, z nichz prvni z nich je PAZ doména a druha PIWI doména, dale pak N a Mid
doména (Obr. 8). PAZ doména slouzi k vazbé dvou nukleotidovych ptesahti na 3" konci
miIRNA a PIWI je zodpovédnd za navazani 5° konce miRNA. PIWI doména ma
dle krystalografické studie podobné vlastnosti jako RNasa H (Cerutti et al., 2000; Song et
al., 2004).

N 5 Ndom. PAZ Mid dom. PIWI B C

Obr. 8: Schematické znazornéni struktury proteinu Ago. Proteiny Argonaute jsou tvoieny

N doménou, doménou PAZ, Mid doménou a doménou PIWI (Carthew et al., 2009)

Samotné Stépeni cilové mRNA pii dosazeni absolutni komplementarity s miRNA zajistuje
u zivocichd protein Argonaute2 (Ago2), ktery byl objeven pii purifikaci RISC komplexu
u D. melanogaster. V lidskych buiikach byly rozpoznany celkem &tyfi typy proteinu Ago,
ale pouze u Ago2 byla prokazana katalyticka aktivita a schopnost $tépit fosfodiesterové
vazby v cilové mRNA (Liu et al., 2004). Pokud v$ak komplementarita mezi obéma fetézci
RNA, miRNA a mRNA, neni absolutni, dochazi k transla¢ni inhibici mRNA. V tomto
piipadé se RISC s asociovanou miRNA navaZe na cilovou sekvenci a znemozZni jeji translaci
na ribosomech. Ke spusténi transla¢ni inhibice postacuje hybridizace mezi druhou az sedmou
nebo devatou bazi miRNA s cilovou mRNA (Lewis et al., 2003). Doposud vsak

mechanismus translacni inhibice komplexem RISC nebyl u savcti jeste zcela prozkouman.
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4.5.3 Uloha miRNA v nadorech

Existuje stale vice a vice diikazil o tom, ze miRNA maji moznost na post-transkripéni urovni
kontrolovat a soucasné ovliviiovat proliferaci, diferenciaci i apoptosu a ucastnit se tak
procestt kancerogeneze, chemorezistence, ¢i radiorezistence (Ranade et al., 2010; Cho,
2011).

miRNA je mozno rozdelit z hlediska jejich cilovych koédujicich mRNA na miRNA
s onkogennim charakterem nebo miRNA s charakterem nadorového supresoru (Obr. 9).
miRNA s charakterem onkogenu umlcuji translaci nadorovych supresorti. Hladiny exprese
takovychto miRNA jsou v nadorovych buitkach oproti normalnim bunkam zvyseny, coz ma
za dusledek snizeni hladin exprese nadorovych supresort v nadorovych bunkach (Kumar et
al., 2007). Naopak hladiny tumor-supresorovych miRNA umlcujici translaci onkogenti
byvaji v nadorovych bunkach nékolikanasobné snizeny (Johnson et al., 2005). Pro nadorové
buiikky je rovnéz charakteristicka celkové niz$i hladina exprese miRNA ve srovnani
s bunkami zdravé tkané (Lu et al., 2005).

Klasickym ptfikladem onkogenni miRNA je miR-155, jejiz az stonasobné zvysené hladiny
doprovazi velkou skupinu lymfoidnich malignit (Burkittova, Hodginova i difuzniho
velkobunééného B-lymfocytarniho lymfomu) (Kluiver et al., 2005; Kluiver et al., 2006; Eis
et al., 2005). Piikladem miRNA s funkci nadorového supresoru je rodina miRNA
oznaCovana jako let-7, ktera negativné reguluje onkogen RAS. Do regulace dalsiho
vyznamného onkogenu MYC je zapojen napiiklad klastr miR-17-92, miR-142
nebo miR-155 (Chen, 2005; Esquela-Kerscher et Slack, 2006).
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Zdrava tkan

mRNA onkogenu MRNA 1Umor SUpresoroveno genu
/\ /\/\/\AAAA 3 5 /\ /\/\/\AAAA 3
5 R —
<Re— EXPRESE SUPRESORU
BUNEK NADORU

INHIBICE EXPRESE ONKOGENU

l

INHIBICE RUSTU NADOROVYCH BUNEK

Nadorova tkan

MRNA onkogenu MRNA Mo supresoroveho genu
YA VAYAN
5 VA /\_/\/\MM r 5 /N AAAA 3
ZTRATA EXPRESE INHIBICE EXPRESE
ONKOGENU SUPRESORU
— -

ONKOPROTEINY

ZVYHODNENI NADOROVYCH BUNEK

Obr. 9: Obecné schema kontroly nadorového bujeni pomoci molekul miRNA (pfevzato

od Lochmanové a Bartose, 2008)
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5. Cile prace

1. Shrnout aktudlni poznatky tykajici se charakteristiky karcinomti hlavy a krku

a karcinomil plic a vypracovat resersi.

2. Stanovit expresi miRNA (miR-21, miR-23b, miR-126, miR-205 a RNU 6B)
ve vzorcich pacienti s nemalobunénym karcinomem plic a korelovat ziskané
vysledky s aktivitou proteinti ovliviiujici mnohocetnou lékovou rezistenci — P-gp,

MRP a LRP/MVP.
3. Porovnat epigenetické profily dlazdicovych karcinomu hlavy a krku se shodnymi
vzorky uvulopalatofaryngoplastické tkan¢ a zjistit aktivitu/inaktivitu tumor

supresorovych genti v souvislosti s methylaci a/nebo somatickou mutaci.

4. Vytipovat transkripéni faktory u dlazdicovych karcinomt hlavy a krku souvisejici

s determinaci HPV™* a HPV  nadort.
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6. Material a metodika

USA:

Kultivace bunék

V ramci experimentalni ¢asti byly pouzity bunééné linie nadord hlavy a krku — HO1N1,
HSC2, SKN3, UM-SCC-047 a UM-SCC-22B. Ve vodni lazni bylo pfedehiato vhodné
kultivacni médium ke kultivaci pfislusné bunécné linie na 37 °C. Nasledn¢ byla vytazena
z tekutého dusiku kryozkumavka obsahujici vybranou buné¢nou linii a vloZena na 1-2 minuty
do vodni 1azné. V laminarnim boxu bylo napipetovano 10 ml piedehfatého kultivaéniho
média do 15 ml falkonky. Pomalu, kapku po kapce, se ptidal 1 ml obsahujici bunéénou linii
z kryozkumavky do falkonky a ta byla centrifugovéana pti 800 rpm 3 min. V laminarnim boxu
byl opatrné odsat supernatant a pelet potfepanim promichéan. Do falkonky bylo pfipipetovano
5 ml nahfatétho média, cely objem byl pienesen do kultiva¢ni lahve (T-75) a bylo
pfipipetovano dalSich 7 ml nahfatého média. Takto pfipravena bunécnd linie byla
zkontrolovdna pod mikroskopem a pfenesena do inkubatoru (37 °C, 5 % CO,), pficemz
médium v kultivaéni lahvi bylo tfeba vyménit kazdy nésledujici den nebo kazdy druhy den

dle toho, jak moc rychle buné¢né linie rostly.

Déleni bunék

Pfi zaplnéni dna kultivaéni lahve buiikami pfisluSné bunécné linie, muselo dojit k déleni
bunék do vice kultivaénich lahvi. V lamindrnim boxu bylo aspirovano médium z kultiva¢ni
lahve, buiiky byly oplachnuty 10 ml PBS (pH 7,2-7,4) (pro T-75) a PBS byl hned z kultivaéni
lahve odpipetovan. K buitkdm byly pfidany 2 ml trypsin-EDTA (0,05 % trypsin) a kultivacni
lahev se vratila na 5 min do inkubatoru. Po uplynuti doby inkubace byly buniky pozorovany
v mikroskopu — byly kulaté, neptichycené ke dnu kultivacni lahve a plavaly volné v médiu.
Nésledné bylo ptfidano do kultivaéni lahve 6 ml predehtatého kultivaéniho média
obohacenym o sérum (napft. 10 % FBS v DMEM) a buniky byly rozdéleny dle své schopnosti

rustu do ptislusného poc¢tu novych kultivacnich lahvi, kam se nésledné ptipipetovalo 12-15
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ml pfislusného kultivaéniho média vhodného k ristu konkrétni bunééné linie. Kultiva¢ni
lahve byly nasledné inkubovany v inkubatoru (37 °C, 5 % CO>). Po jednodenni kultivaci bylo

vymeénéno kultivacni médium.

siRNA transfekéni protokol

Po nartstu bunék v kultiva¢nich lahvich se pfechazi k dalSimu kroku experimentu —
k transfekénimu protokolu za vyuziti siRNA. V laminarnim boxu bylo aspirovano médium
z kultiva¢ni lahve, buniky byly oplachnuty 10 ml PBS (pH 7,2-7,4) (pro T-75) a PBS byl hned
z kultiva¢ni lahve odpipetovan. K buiikdm byly ptidany 2 ml trypsin-EDTA (0,05 % trypsin)
a kultivacni ldhev se vratila na 5 min do inkubdtoru. Po uplynuti doby inkubace byly buiiky
pozorovany v mikroskopu — byly kulaté, nepfichycené ke dnu kultivac¢ni lahve a plavaly
voln¢ v médiu. Nasledné bylo pfidano do kultiva¢ni lahve 6 ml ptedehiatého kultivacniho
média obohacenym o sérum (napt. 10 % FBS v DMEM) a buiiky byly rozdéleny dle své
schopnosti ristu do pfisluSného poctu novych kultivacnich lahvi, kam se nésledné
pripipetovalo 12-15 ml pfislusného kultiva¢niho média vhodného k riistu konkrétni bunécné
linie. Kultiva¢ni lahve byly nasledné inkubovany v inkubatoru (37 °C, 5 % COy).

Zbytek suspenze, ktera nebyla vyuzita pro dalsi déleni bunék, bylo pfepipetovano do 15 ml
falconky a zcentrifugovano pii 1000 rpm po dobu 5 minut. Nasledné bylo odpipetovan
supernatant a pipetou byl rozbit pelet. Bylo ptidano 10 ml pfislusného média vhodného
k pravé pouzivané bunééné kultuie a objem byl diikladné propipetovan. Z této suspenze bylo
odebrano 20 pl na sklicko k mefeni na cellometru za ucelem zjiSténi piesné koncentrace

bunék a falkonka se zbylou suspenzi byla odlozena do ledu. Dle vzorce:

objem, ktery potfebuju x pocet bungk, ktery chci mit v jedné jamce x objem, ktery mam

k dispozici

koncentrace bungk, kterou mi zméfil cellometr

bylo smichdn pfisluSny objem suspenze obsahujici bunéénou kulturu a cerstvé prtislusné

médium vhodné k riistu konkrétni bunécné linie. Pro 96 jamkovou kultivacni desticku se
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nasledné vyuzilo 100 pl takto nafedéné suspenze na jamku. Takto pfipravené ctyii 96
jamkové desticky byly umistény pies noc do inkubatoru (37 °C, 5 % COy).

Po 20hodinové inkubaci bylo odsato z jamek kultivaéni médium a piipipetovano 100 ul
predehiateho kultivacniho média Opti-MEM™ (Opti-MEM™ s redukovanym sérem,
ThermoFisher), kterym byly buniky promity. Toto médium bylo ihned odpipetovano a opét
ptipipetovano 100 pl k buikdm do jamek. Takto ptipravené 96 jamkové desticky byly
umistény do inkubatoru (37 °C, 5 % COy).

Po dalsi 4hodinové inkubaci byla méfena viabilita bunék v jednotlivych jamkach v jedné
z 96 jamkovych desticek. Bylo k tomu vyuzito médium DMEM (DMEM — Dulbecco’s
Modified Eagle Medium, ThermoFisher) a barva alamarBlue™ (alamarBlue™ Cell Viability
Reagent, ThermoFisher) v poméru 1:10. Nejprve byl z jamek odsat Opti-MEM™, nasledné
bylo k bunikam pfipipetovano 100 pl nafedéné smési DMEM a alamarBlue™ a 5 jamek se
vyuzilo jako kontrolnich. Za hodinu od tohoto kroku byla zméfena viabilita bunck
na cellometru.

Bylo pfipraveny 2 sety po 5 ks 1,5 ml zkumavek, pficemz do prvniho setu se napipetovalo
175 pl Opti-MEM™ a 5,25 ul RNAIMAX. Do druhého setu se napipetovalo 175 ul Opti-
MEM™ a 525 ul ptfipravenych siRNA k transfekci. Inkubace probihala 5 min pfi RT.
Nasledné byl pfepipetovan objem druhého setu k ptisluSnym zkumavkam z prvniho setu.

Do kazdé jamky bylo pfipipetovano 10 pl transfekéniho objemu dle nasledujiciho schematu:

\
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96 jamkové desticky byly inkubovany pii 37 °C, 5 % CO- po dobu 24-48 hod pro mRNA
analyzu nebo 48-96 hod pro analyzu proteint.

Nasledujici 3 dny se ve stejny Cas piidalo do jedné z 96 jamkovych desticek 100 pl mixu
DMEM + barva alamarBlue™ v poméru 1:10 a opét byla detekovana viabilita bun¢k
v jednotlivych jamkach po transfekci prislusnou siRNA.

Po méfteni viability bunék 48 hod po transfekci se z jamek odpipetoval mix DMEM + barva
alamarBlue™, pfipipetovalo se 100 ul 1x PBS k promyti bunék a ihned se objem zase
odpipetoval. Toto promyti bunék 1x PBS se jesté jedenkrat zopakovalo a po odpipetovani 1x
PBS z jamek, bylo ptidano 100 pl vychlazeného QIAZolu (QIAZol Lysis Reagent, Qiagen)
a bunky se nechaly zlyzovat po dobu 5 min pii RT. Po uplynuti doby lyze byl sesbiran objem
z jamek se stejnou aplikaci transfek¢nich siRNa do 1,5 ml zkumavky a dopInén do 1000 pl
QIAZolem. Takto pfipraveny objem byl nasledné vyuzit z izolaci RNA.

Izolace RNA z bunék transfekovanych siRNA

K 1000 pl zlyzovanych bunck v QIAZolu bylo pfiddano v digestoii 200 pl chloroformu
a zkumavka byla vortexovana po dobu 60 s. Cely objem byl piepipetovan do “phase-lock-
gel” zkumavky a zvortexovan po dobu 20 s. Inkubace probihala 5 min pfi RT. Zkumavka
byla nasledné zcentrifugovana pti 11 000 rpm, 4 °C. Vrchni faze byla ptepipetovana
do gDNA eliminujici zkumavky s filtrem a zcentrifugovana 2 min pii 13 000 rpm.
K ziskanému objemu bylo pfipipetovano stejné mnozstvi 70% ethanolu, mix byl aplikovan
do RNeasy mini kolonky (QIAGEN) a zcentrifugovan pti 10 000 rpm po dobu 15 s. Filtrovaci
kolonka byla pfemisténa do nové 1,5 ml zkumavky a byla promyta 700 pl pufru RW1
pfi centrifugaci 10 000 rpm po dobu 15 s. Filtrovaci kolonka byla pfemisténa do nové 1,5 ml
zkumavky a byla dvakrat po sobé promyta 500 pl pufru RPE pfi centrifugaci 10 000 rpm
po dobu 15 s. Filtrovaci kolonka byla pfemisténa do nové 1,5 ml zkumavky byla
zcentrifugovana pii 14 000 rpm po dobu 2 min. Filtrovaci kolonka byla pfemisténa do nové
1,5 ml zkumavky a byla eluovana RNA s vyuzitim 40 ul nuclease-free vody (inkubace 2 min,

pak centrifugace pti 10 000 rpm po dobu 1 min). Eluat obsahoval vyizolovanou RNA.
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Meéreni koncentrace RNA

Koncentrace RNA byla méfena spektrofotometricky na Nanodropu ND-1000 (NanoDrop
Technologies, Wilmington, Delaware, USA). Pro méieni byl pouzit 1 ul eluatu
s vyizolovanou RNA. Jako reference byl vyuzit 1 pl nuclease-free vody. Kvalita RNA byla
posuzovéana podle hodnot poméri absorbance pii vybranych vinovych délkach 260/280
a 260/230, pfitom pomér 260/280 by se mél optimaln¢ pohybovat v rozmezi 1,8-2,0.

Syntéza komplementarni DNA (cDNA)

Komplementarni cDNA byla ziskana v jednokrokové reverzni transkripci (RT) s pouzitim
kitu High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA,
USA). Nejprve bylo potieba si pfipravit master mix, a to smichanim 10x Reverse
Transcription Buffer, 100 mM dNTPs Mix, 10x RT Random Primers a MultiScribe™
Reverse Transcriptase (Tab. 4). Pfislusny objem vSech slozek pro odpovidajici pocet vzorka
byl napipetovan do zkumavky, kritce zvortexovan a rozpipetovan po 5,8 pul do PCR
mikrozkumavek. Do kazdé zkumavky bylo ptfidano 14,2 pl nafedéné RNA na mnozstvi 150
ng. Poté byla mikrozkumavka kratce zvortexovéna, zcentrifugovana a vloZena

do termocykléru, kde probéhla reverzni transkripce (Tab. 5).

Tab. 4: SloZeni mastermixu pro syntézu cDNA

Chemikalie Mnozstvi pro 1 vzorek
[d]
10x Reverse Transcription Buffer 2,0
100 mM dNTPs 0,8
10X RT Random Primers 2,0
MultiscribeTM Reverse 1,0

Transcriptase

Celkem 58
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Tab. 5: Podminky reverzni transkripce

Reverzni transkripce Teplota [°C] Cas [min]
1. krok 25 10
2. krok 37 120
3. krok 85 5
Chlazeni 4 o0
Real-time PCR

Jednotlivé komponenty nutné pro provedeni real-time PCR byly 2x TagMan® Universal

PCR Master Mix (Applied Biosystems), nuclease-free voda, piislusné TagMan® MicroRNA

Assays (Applied Biosystems) a cDNA produkt, ktery byl natfedén ze ziskané koncentrace 7,5

ng/ul na 5 ng/ul (Tab. 6). Pfipraveny PCR mix v mikrozkumavkéch byl kratce zvortexovan,

zcentrifugovan a rozpipetovan do tii jamek 96 jamkové mikrotitraéni desticky po 7 pl. Poté

byla 96 jamkova mikrotitracni desticka utésnéna folii, zcentrifugovana pii 1 000 rpm, 2 min

pii RT a vlozena do ABI 7000 Real Time PCR (Applied Biosystems), kde prob¢hla real-time

PCR (Tab. 7).

Tab. 6: SloZeni PCR mixu pro real-time PCR

Chemikalie Mnozstvi pro 1 vzorek
[pl]
TagMan® Universal PCR Master Mix 3,5
(2x)

Nuclease-free voda 0,35

TagMan® MicroRNA Assay 1,15
cDNA produkt (nafedén na 5 ng/ul 2
Celkem 7
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Tab. 7: Podminky real-time PCR

Real-time PCR Teplota [°C] Cas Pocet cykli
Pocgateéni 95 10 min
denaturace
Denaturace 95 15s
40
Annealing + 60 60 s
elongace
Chlazeni 4 0
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CR
MATERIAL

Jako materidl pro experimentalni ¢ast dizertacni prace byly pouzity ve formalinu fixované
a do parafinu zalité¢ vzorky nemalobunécnych karcinomi plic, které byly ziskdny od pacienti
operovanych v letech 1996 — 2002 na 1. Chirurgické klinice Lékaiské fakulty Univerzity
Palackého a Fakultni nemocnice Olomouc (Tab. 8). Vzorek kazdého piipadu byl hodnocen
dvéma patology. Celkem bylo pouzito 62 vzorka od pacientii s karcinomem plic, které
pochazely od 55 muzi a 7 Zen. VE&kové rozpéti pacientii bylo 33 — 78 let a v této kohorté bylo
30 tumoru klasifikovano jako adenokarcinom (ADC), 26 jako skvamodzni karcinom (SCC)
a 6 jako velkobuné&ény karcinom (LCC). Z toho 18 pacientti bylo v klinickém stadiu I, ¢i II
a 33 pacientt v klinickém stadiu III, ¢i IV. Pro zbylych 11 pacienti nebylo klinické stadium

zfejmé.

Tab. 8: Charakteristika pacientt

Pocet vSech Klinické
Pohlavi Vék ) Typ nadoru
pacienti stadium
6 Zeny | Muzi | <60 | >60 | I+l |1II+IV | ADC | SCC | LCC
55 7 31 31 18 33 30 26 6

METODY

Sestaveni tkanovych mikroereji

Tkanové mikroereje byly ziskany z 62 vzorki primarnich plicnich tumord. Spravna selekce
reprezentativnich okrskl tkdné byla provedena na zakladé vizualniho srovnani bloku se
standardnim hematoxilinovym preparatem. Pomoci specialni punkcni jehly o priiméru 2 mm
byly ziskany dva az Ctyti tkanové valecky z donorového bloku a nasledné byly pfeneseny
do recipientniho bloku pomoci manualniho pfistroje Galileo TMA CK3500 (BioRep, Milan,

Italy). Zaroven byly do bloku také umistény kontrolni valecky normalni plicni tkané.
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Izolace totialni RNA z parafinovych blocki

Z parafinovych blockl byly pomoci skalpelu vyiezany jednotlivé vzorky plicni tkdné€ a byla
z nich izolovéana totalni RNA pomoci RecoverAll™ Total Nucleic Acid Isolation Kitu
(Applied Biosystems, Foster City). Vzorky byly podrobeny deparafinizaci, $tépeni
proteasou, izolaci nukleovych kyselin, stépeni nukleasou a findlni purifikaci. Plicni tkan
0 hmotnosti minimaln¢ 35 mg byla vloZena do 1,5 ml zkumavky a byl k ni pfipipetovan 1 ml
100% xylenu. Zkumavka byla vloZzena do termobloku na 3 min pii 50 °C, aby doslo
k rozpusténi parafinu. Nasledovala centrifugace po dobu 2 min, 20 000 rpm pii RT. Poté byl
xylén ze zkumavky odstranén a byl pfipipetovan 1 ml 100% ethanolu. Zkumavka byla kratce
zvortexovana a zcentifugovana po dobu 2 min, 20 000 rpm pfi RT. Ethanol byl odpipetovan,
byl znovu pfipipetovan 1 ml 100% ethanolu a nasledovala centrifugace za stejnych
podminek, 20 000 rpm, 2 min pti RT. Ethanol byl opét odstranén. Po vyschnuti obsahu
zkumavky (15-45 min) bylo k peletu pfidano 200 pl §tépiciho pufru, 4 ul proteasy. Vzorek
byl inkubovéan 15 min pfi 50 °C a dalSich 15 min pfi 80 °C v termobloku. K naStépenému
vzorku tkané€ bylo pfidano 240 pl izola¢niho aditiva, 550 pl 100% ethanolu a byl pipetovanim
promichan. Filtrovaci kolonka byla vlozena do sbérné zkumavky a na ni bylo napipetovano
700 pl vzorku. Poté probehla centrifugace pii 10 000 rpm, RT po 30 s a objem, ktery prosel
skrz filtrovaci kolonku byl odstranén. Zbytek vzorku byl pfenesen na filtrovaci kolonku, opét
nasledovala centrifugace pfi 10 000 rpm, RT po 30 s a objem, ktery zlistal ve sbérné
zkumavce byl odstranén. Na filtrovaci kolonku bylo napipetovano 700 pl promyvaciho pufru
Wash 1 a zkumavka byla zcentrifugovana pii 10 000 rpm, RT po 30 s. Objem, ktery prosel
pfes filtrovaci kolonku byl odpipetovan. Poté bylo napipetovano 500 pl promyvaciho pufru
Wash 2/3, centrifugace za stejnych podminek a nasledovalo op&tovné odstranéni proslé
tekutiny. Filtrovaci kolonka spolu se sbérnou zkumavkou byly jesté jednou zcentrifugovany
pii 10 000 rpm, RT po dobu 30 s, aby byla z filtru odstranéna veskera tekutina. Doprostied
filtrovaci kolonky bylo ptipipetovano 6 pl 10x DNase pufru, 4 pul DNasy, 50 pl nuclease-free
water a nasledovala inkubace 30 min pfi RT. Po inkubaci bylo na filtrovaci kolonku
napipetovano 700 pl promyvaciho pufru Wash 1, nésledovala inkubace po dobu 30-60 s
pii RT a zkumavka byla zcentrifugovana pti 10 000 rpm, RT po 30 s. Objem, ktery prosel
ptes filtrovaci kolonku byl odpipetovan. Poté bylo 30 napipetovano dvakrat po sobé 500 pl
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promyvaciho pufru Wash 2/3, inkubace 30-60 s pii RT a centrifugace za stejnych podminek.
Naésledovalo odstranéni proslé tekutiny. Nakonec byla zcentrifugovana sbérnd zkumavka
spolu s filtrovaci kolonkou po dobu 1 min pfi 10 000 rpm, RT. Filtrovaci kolonka byla
premisténa do nové sbérn¢ zkumavky a do stiedu filtru bylo pfipipetovano 60 pl eluc¢niho
roztoku. Vzorek se inkuboval 1 min pfi RT a poté nasledovala centrifugace po dobu 1 min,
20 000 rpm pfi RT. Eluét obsahoval vyizolovanou RNA.

Stanoveni koncentrace RNA

Koncentrace RNA byla méfena spektrofotometricky na Nanodropu ND-1000 (NanoDrop
Technologies, Wilmington, Delaware, USA). Pro méfeni byl pouzit 1 pl eluatu
s vyizolovanou RNA. Jako reference byl vyuzit 1 pl elu¢niho roztoku. Kvalita RNA byla
posuzovana podle hodnot pomért absorbance pii vybranych vinovych délkach 260/280
a260/230, pritom pomér 260/280 by se mél optimalné pohybovat v rozmezi 1,8-2,0.

Syntéza komplementiarni DNA (cDNA)

Komplementarni cDNA byla ziskéna v jednokrokové reverzni transkripci (RT) s vyuZitim
napoolovanych RT primeri ziskané smichanim stejnych objemt primerti (miR-21, miR-23,
miR-126, miR-205 a RNU6B) (Applied Biosystems) a TagMan® MicroRNA Reverse
Transcription Kitu (Applied Biosystems). Nejprve bylo potieba ptipravit master mix, a to
smichanim komponent — Nuclease-free vody, 10x Reverse Transcription Buffer, 100 mM
dNTPs, MultiScribeTM Reverse Transcriptase a RNase Inhibitor (Tab. 9). Piislusny objem
vSech slozek pro odpovidajici pocet vzorkli byl napipetovan do zkumavky, kratce
zvortexovan a rozpipetovan po 7 pl do PCR mikrozkumavek. Do kazdé mikrozkumavky bylo
ptidano 5 pl vzorku RNA o koncentraci 10 ng/ul a 3 pl napoolovanych RT primert. Poté
byla mikrozkumavka kratce zvortexovana, zcentrifugovana a vlozena do termocykléru, kde

probéhla reverzni transkripce (Tab. 10).
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Tab. 9: SloZeni mastermixu pro syntézu cDNA

Chemikalie MnozZstvi pro 1 vzorek
[ml]
Nuclease-free voda 4,16
10x Reverse Transcription Buffer 1,50
100 mM dNTPs 0,15
Multiscribe™ Reverse 1,00

Transcriptase
RNAse Inhibitor, 20U/ul 0,19
Celkem 7

Tab. 10: Podminky reverzni transkripce

Reverzni transkripce Teplota [°C] Cas [min]
1. krok 16 30
2. krok 42 30
3. krok 85 5
Chlazeni 4 o0

Preamplifikace s vyuZitim napoolovanych miRNA assays

Na pfipravu preamplifikace byl potfeba TagMan® PreAmp Master Mix, jednotlivé vzorky
c¢DNA a napoolované TagMan® MicroRNA Assays (Applied Biosystems) (Tab. 11). Ty
byly vytvoteny smichanim stejného objemu vsech TagMan® MicroRNA Assays (miR-21,
miR-23, miR-126, miR-205 a RNUG6B) (Applied Biosystems) dohromady do jedné
zkumavky a doplnénim objemu na 500 pl TE pufrem. Pfipravené mikrozkumavky byly

krétce zvortexovany, zcentrifugovany vloZeny do termocykléru, kde prob&hla preamplifikace
(Tab. 12).
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Tab. 11: Slozeni PCR mixu pro preamplifikaci

Chemikalie MnozZstvi pro 1 vzorek
[ud]
TagMan® PreAmp Master Mix (2x) 12,50
cDNA 6,25
6,25
Napoolované TagMan® MicroRNA
Assays
Celkem 25,00

Tab. 12: Podminky preamplifikace

Preamplifikace Teplota [°C] Cas Pocet cykla
Pocatecni 95 10 min
denaturace
Denaturace 95 15s
14
Annealing + 60 4 min
elongace
Chlazeni 4 0

Real-time PCR s preamplifikovanymi vzorky

Jednotlivé komponenty nutné pro provedeni real-time PCR byly TagMan® Universal PCR
Master Mix (Applied Biosystems), nuclease-free voda, pfislusné TagMan® MicroRNA
Assays (Applied Biosystems) a PCR produkt ziskany pti preamplifikaci (Tab. 13). Ten bylo
potieba nejprve natredit 1:20 pomoci TE pufru. Pfipraveny PCR mix v mikrozkumavkach byl
kratce zvortexovan, zcentrifugovan a rozpipetovan do tfi jamek 96 jamkové mikrotitracni
desticky po 10 upl. Poté byla 96 jamkova mikrotitracni desticka utésnéna folii,
zcentrifugovana pii 1 000 rpm, 2 min pfi RT a vlozena do LightCycleru ® 480 Real-Time
PCR Systém (Roche, Branford, CT, USA), kde probéhla real-time PCR (Tab. 14).
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Tab. 13: SloZeni PCR mixu pro real-time PCR

Chemikalie

MnozZstvi pro 1 vzorek -
triplikat [pl]

TagMan® Universal PCR Master Mix (2x) 15
Nuclease-free voda 6
TagMan® MicroRNA Assay 15
PCR produkt z preamplifikace 7,5
(zfedéno 1:20)
Celkem 30
Tab. 14: Podminky real-time PCR
Real-time PCR Teplota [°C] Cas Pocet cykla
Pocate¢ni denaturace 95 10 min
Denaturace 95 15s
40
Annealing + elongace 60 60 s
Chlazeni 4 00
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7. Vysledky
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Key tumor suppressor genes inactivated
by “greater promoter” methylation
and somatic mutations in head and neck cancer
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Tumor supresorové geny (TSGS) jsou obvykle inaktivovany somatickymi mutacemi a/nebo
methylaci promotort. Doposud vSak ani ,,high-throughput™ genomické studie nezjistily
pfi¢inu inaktivace TSGs obéma mechanismy. V této praci byla provedena integrovana
molekularni analyza zalozena na sekvenovani methyla¢ni vazebné domény (MBD-seq),
450K methyla¢ni arraye, sekvenovani celého exomu a celogenomova genova expresi
v primarnim karcinomu dlazdicovych bun¢k hlavy a krku (HNSCC) a shodnych vzorcich
uvulopalatofaryngoplastické tkané (UPPP). Bylo odhaleno 186 downregulovanych genti
nesoucich methylaci specifického promotoru pro karcinom véetné PAX1 a PAXS5 a dale bylo
identifikovano 10 klicovych tumor supresorovych genti (GABRB3, HOXC12, PARP15,
SLCOA4C1, CDKN2A, PAX1, PIK3AP1, HOXC6, PLCB1 a ZIC4) inaktivovanych bud’
methylaci promotoru a/nebo somatickou mutaci. Mezi novymi objevenymi geny s dudlnim
mechanismem inaktivace jsme zjistili vysokou frekvenci genomovych a epigenomickych
zmén v transkripénich faktorech genové rodiny PAX, které selektivné ovlifiuji kanonické
drahy NOTCH a TP53 souvisejici s bunéénym osudem, piezivanim bunék a udrZzovani

genomu. NaSe vysledky zdlraziuji dutlezitost hodnoceni TSGs na genomické
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1 epigenomické urovni k odhaleni kli¢ové role u HNCSS deregulované simultanni methylaci

promotoru a somatickymi mutacemi.
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NF-kB and stat3 transcription factor signatures differentiate
HPV-positive and HPV-negative head and neck squamous cell
carcinoma
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S vyuzitim ,high-throughput* analyz a databize TRANSFAC® byly charakterizovany
transkrip¢ni faktory (TF) u podskupin nadort hlavy a krku pomoci interferen¢nich analyz
exprese cilovych gend, uréujici efekt DNA methylace. Timto zpiisobem byly odliSeny HPV™*
a HPV" dlazdicové karcinomy hlavy a krku (HNSCC) v zavislosti na aktivité¢ vybranych
transkripcnich faktord — AP1, STAT, NF-xB a p53. Imunohistochemické barveni nasledné
potvrdilo HPV" charakteristiku HNSCC a funkéni studie ukazuji, Ze pro tento fenotyp je
mozno efektivné vyuzivat anti-NF-xB a anti-STAT terapie. Zjisténé informace koreluji s jiz
diive objevenym spojenim STAT, NF-xB a AP1 u HNSCC. Identifikovali jsme pét nejlépe
hodnocenych parovych biomarker ze STAT, NF-xB a AP1 drah, které umoznuji odlisit
HPV* od HPV" HNSCC na zékladé aktivity TF a zaroven také validovali tyto markery
v TCGA (The Cancer Genome Atlas) a na nezavislych valida¢nich kohortach. Na zakladé
ziskanych vysledkl a znalosti se predpoklada, ze novy ptistup k analyze drah TF by mohl
vnést lepSi vhled do terapeutického cileni v ramci jednotlivych podskupin pacientl

S heterogennim onemocnénim, jako je HNSCC.

56



Research Article

Austin J Cancer Clin Res 2015;2(5):1042.

'Department of Clinical and Molecular Pathology and Laboratory of Molecular Pathology, Palacky University Olomouc and University Hospital Olomouc,
Czech Republic

?Institute of Molecular and Translational Medicine, Palacky University Clomouc and University Hospital Olomouc, Czech Republic

*Department of Histology and Embryoclogy, Palacky University Olomouc and University Hospital Olomouc, Czech Republic tAuthors” contributions: Veronika
Zizkova and Jozef Skarda contributed equally to this work

*Corresponding author: Janikova M, Department of Clinical and Molecular Pathology and Laboratory of Molecular Pathology, Institute of Molecular and
Translational Medicine, Palacky University Olomouc and University Hospital Olomouc, Hnevotinska 3, 775 15 Olomouc, Czech Republic.

Received: May 20, 2015; Accepted: Juns 15, 2015;Published: July 29, 2015

Proteinové transportéry P-gp, MRP1 a LRP/MVP se podileji na vzniku multidrogové
rezistence (MDR) u nemalobunééného karcinomu plic (NSCLC). Jejich exprese je post-
transkripéné regulovana mikroRNA (miRNA). Dysregulace miR-21, miR-126 a miR-205 se
casto vyskytuje v NSCLC. Cilem této studie bylo zjistit, zda je uroveit miRNA spojena
s expresi vySe uvedenych proteinti zapojenych do MDR a zda mohou byt pouzity
jako prognostické a diagnostické markery. Analyzovali jsme miR-21, miR-126 a miR-205
v ruznych histologickych podtypech NSCLC. Jejich exprese poté korelovala s klinicko-
patologickymi charakteristikami, jako je pteziti bez progrese (PFS), celkové preziti (OS)
a rizné histologické podtypy NSCLC a s expresi P-gp, MRP1 a LRP/MVP. Nezjistili jsme
zadny vyznamny vztah mezi expresi miR-21 a miR-126 a klinicko-patologickymi parametry.
Hladiny miR-205 vs$ak byly vyznamné zvyseny u spinoceluldrnich karcinomt (p<107)
ve srovnani s jinymi histologickymi podtypy NSCLC. Hladina miR-205 navic nepiimo
korelovala s expresi P-gp u pacientti s NSCLC (p = 0,03). Vysledky této studie naznacuji, ze
miR-205 muze byt pouzit jako diagnosticky marker a jeho downregulace mize indikovat

vznik rezistence na léky zprostiedkované P-gp u pacientii s NSCLC.
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Prognostic significance of miR-23b in combination with P-gp, MRP and
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Nedavno byla miR-23b oznacena jako slibnym nadorovym biomarkerem, avsak jeho funkce
v karcinomu plic nebyla jesté zcela stanovena. Pacienti stale nereaguji dobie na dostupnou
1é¢bu, pravdépodobné kvili expresi proteinii multirezistence (MDR), jako jsou P-gp, MRP
a LRP/MVP. Cilem této studie bylo zjistit roli miR-23b u nemalobunécéného karcinomu plic
(NSCLC) a jeho vztah k vysledku pacienta v souvislosti s transportnimi proteiny MDR.
Imunohistochemicky jsme vyhodnotili expresi P-gp, MRP a LRP/MVP a kvantifikovali
relativni hladiny miR-23b v 62 vzorcich pacientli s NSCLC. Prognosticky vyznam proteind
miR-23b a MDR byl testovan pomoci Kaplan-Meierovy a Coxovy regresni analyzy. NaSe
vysledky ukazaly, ze miR-23Db je vétsinou downregulovan ve vzorcich NSCLC (57/62) a ze
jeho upregulace v nadorech souvisi s delSim piezitim bez progrese (PFS; P=0,065)
a celkovym ptezitim (OS; P=0,048). Coxtiv model proporcionalniho rizika odhalil, Ze riziko
umrti nebo relapsu u pacienti s NSCLC s downregulaci miR-23b se zvysuje spolu s expresi
LRP/MVP a ob¢ rizika se snizuji s upregulaci miR-23b (HRPFS=4,342; PPFS=0,022;
HROS=4,408; POS=0,015). Nase nalezy naznacuji, ze miR-23b, zejména v kombinaci
s expresi LRP/MVP, mulze slouzit jako vhodny prognosticky biomarker pro pacienty
s NSCLC.
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Kazdoroéné je celosvétové diagnostikovano vice nez pul milionu novych ptipadd
dlazdicovych karcinomu hlavy a krku (HNSCC), avsak celkové pieziti pacientt po 5 letech
je pouze 50 %. V posledni dobé se zlepsily a zrychlily ,,high-throughput* technologie
vyuzivané k charakterizaci HNSCC. Vyuzili jsme statistiku ,,high-throughput“ dat exprese
genu a identifikovali tak 76 nejlépe hodnocenych kandidatt se signifikantnim rozdilem
exprese Vnadorech ve srovnani snormalnimi tkanémi. Dale jsme také ziskali 15
epigeneticky regulovanych kandidati diky zaméfeni se na podmnozinu gentli s negativni
korelaci mezi genovou expresi a methylaci promotoru. Rlizna exprese a methylace vybranych
tii kandidatd (BANK1, BIN2 a DTX1) byly potvrzeny v nezavislé kohort¢ HNSCC ziskané
z nemocnice Johns Hopkins a TCGA (The Cancer Genome Atlas). Déle byla provedeno také

hodnoceni NOTCH regulatoru DTX1, ktery byl downregulovan hypermethylaci promotoru
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v nadorech a ukazuje to na skutecnost, ze snizena exprese DTX1 v HNSCC muze byt

asociovana s aktivaci signalni drahy NOTCH a zvySovat migracni potencial.
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8. Diskuze

Nadory hlavy a krku, stejné jako karcinomy plic, jsou epitelovd maligni nadorova
zdravotnim problémim. K 1é¢bé se beézné vyuziva chirurgickd resekce, chemoterapie,
¢1 radioterapie, avSak v poslednich letech se zacaly vyuzivat také mechanismy k pfimé
regulaci genové exprese.

Pravé identifikace novych biomarkerti u pacientli s nemalobunéénym karcinomem plic
(NSCLC) je v posledni dobé prioritou. Dle dostupnych statistik se cca 11 % pacientl
s NSCLC nedoziva déle nez 5 let od stanoveni diagnézy (D’Addario et al., 2010). Divodem
mize byt skuteCnost, ze vétSina pacientli byva diagnostikovana az Vv pokro¢ilém stadiu
onemocnéni NSCLC (hlavné III a 1V), kdy uz nador ziskava svoji heterogenitu a dochazi
k rozvoji mnohocetné 1ékové rezistence (MDR). Do dne$ni doby nebyly identifikovany
zadné biomarkery, které by jednoznacné urcovaly ndstup aktivace MDR mechanismil
a cilené tak optimalizovaly 1é¢bu pro kazdého pacienta.

Jednim z cili mé disertacni prace bylo zjistit expresi vybranych miRNA (miR-21, miR-23b,
miR-126 a miR-205) u jednotlivych vzorkt pacientti s NSCLC a tuto expresi dale korelovat
s klinicko-patologickymi charakteristikami, jako je pteziti bez progrese (PFS), celkové
preziti (OS) vriznych histologickych podtypech NSCLC a sexpresi P-gp, MRP1
a LRP/MVP. Nebyl zjistén zadny vyznamny vztah mezi expresi miR-21 a miR-126
a klinicko-patologickymi parametry. Tato skute¢nost rozporuje publikacim, ve kterych
exprese miR-21 a miR-126 potvrdila moznost prognostického vyznamu v souvislosti
s klinicko-patologickymi charakteristikami u pacientd s NSCLC (Trussardi-Regnier et al.,
2007; Oue et al., 2009; Markou et al., 2008; Gao et al., 2011). Divodem muze byt
malopocetny soubor pacientll pouzity v ramci naSeho experimentu.

Existuji rizné prace, které se zabyvaly souvislosti exprese miR-21 a MDR v bunécnych
liniich, ale pouze par, které studuji vliv exprese miR-21 pfimo u pacienti s NSCLC.
Ve vétsing praci vykazuje miR-21 pro pacienty s NSCLC charakteristiku negativniho
prognostického markeru. (Markou et al., 2008; Gao et al., 2011; Gao et al., 2012; Wang et
al., 2012).
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Exprese miR-23b byla ve vétsingé nami pouzitych vzorkit NSCLC downregulovana (57/62),
stejné tak downregulace miR-23b byla potvrzena v karcinomech prostaty, karcinomu
mocového méchyie a karcinomu §titné zlazy (Majid et al., 2012; Majid et al., 2013; Dettmer
et al., 2014). Zvysena hladina exprese miR-23b v karcinomech je v nékterych publikacich
brana jako pozitivni faktor pro pfeziti, v jinych publikacich je naopak spojovana s hor§im
ptezitim pacienta (Jin et al., 2013; Chen et al., 2012; Zaman et al., 2012). Pfedpoklada se, ze
mMiR-23b miiZze mit onkogenni charakter, anebo tumor supresorovy charakter v zavislosti
na typu rakovinného onemocnéni. Coxiiv model proporcionalniho rizika v naSem souboru
pacienti s NSCLC odhalil, Ze riziko timrti nebo relapsu u pacientti s NSCLC s downregulaci
miR-23b se zvySuje spolu s expresi LRP/MVP a ob¢ rizika se snizuji s upregulaci miR-23b
(HRPFS = 4,342, PPFS = 0,022; HROS = 4,408, POS = 0,015). Nase nélezy naznacuji, ze
miR-23b, zejména v kombinaci s expresi LRP/MVP, muze slouzit jako vhodny prognosticky
biomarker pro pacienty s NSCLC.

V ramci mé disertacéni prace bylo zjisténo, Zze miR-126 byla downregulovana u pacientli
s NSCLC, coz je v souladu s jinymi ¢lanky zabyvajici se touto tematikou (Crowford et al.,
2008; Sun et al., 2010).

Hladiny miR-205 byly vyznamné zvySeny u spinocelularnich karcinomd (p <107)
ve srovnani s jinymi histologickymi podtypy NSCLC. Hladina miR-205 navic nepfimo
korelovala s expresi P-gp u pacienti s NSCLC (p=0,03). Ze ziskanych vysledkd se da
uvazovat, ze miR-205 muze byt u pacienti s NSCLC pouzita jako diagnosticky marker
a jeji downregulace muze indikovat vznik rezistence na léky zprostiedkované P-gp stejné
jako bylo povrzeno v jinych odbornych pracich (Lebanony et al., 2009; Bishop et al., 2010;
Zhang et al., 2012; Miranda et al., 2006).

V ramci experimentalni ¢asti mé disertacni prace jsem se zabyvala také studiem
epigenetickych mechanismil zapojenych do nadorové transformace dlazdicového karcinomu
hlavy a krku (HNSCC). Byla provedena rozsahla genomicka a epigenomicka analyza, ktera
byla zaméfena u pacienti s HNSCC na identifikaci tumor supresorovych geni
inaktivovanych methylaci promotori a/nebo somatickymi mutacemi a porovnani s tumor
supresorovymi geny s mutaci U HNSCC. Be¢hem této analyzy bylo objeveno 10
downregulovanych genii jak somatickou mutaci, tak methylaci protomoru. Pravé tyto geny

by mohly byt klicovymi hraci v problematice onkogeneze. Ze ziskanych vysledka je ziejmé,
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ze PAX1, ZIC4, PLCB1 a PAX5 dosahovaly nejvétsich rozdilti na urovni methylace DNA
u HNSCC, ve srovnani s kontrolnimi vzorky. PAX1 a PAX5 byly vybrany jako klicové geny,
patiici do stejné rodiny transkripcnich faktor, které byly nejvice methylovany
a downregulovany v nami vybrané kohort¢ vzorktt HNSCC.

HPV* status predstavuje po nékolik dekad piihodné&jsi progndzu pro pacienty s HNSCC,
oproti HPV~ (Weinberger et al., 2006). Jednou z priorit pravé u pacienti s HNSCC je
objeveni novych biomarkeru, které by slouzily k brzké detekci HPV' pacientti. Hlavnimi cili
detekce biomarkert u HNSCC jsou transkripéni faktory, které jsou pifimo zapojené
do epigenetickych zmén a mechanismti vedouci k nadorové transformaci. V ramci mé
disertaéni prace doslo s vyuzitim ,high-throughput analyz a databize TRANSFAC®
Kk objeveni skute¢nosti, ze u HPV™ pacientt HNSCC dochazi ke koordinované dysregulaci
nékolika zasadnich signalnich drah jako je NF-xB a STAT. Nase vysledky tak souhlasi
s vysledky v jinych publikacich pti pouziti cDNA microarray analyz HNSCC bunéénych linii
(Yanetal., 2007; Yan et al., 2008). Na zakladé¢ ziskanych vysledka a znalosti se predpoklada,
Ze novy pfistup k analyze drah TF by mohl vnést lepsi vhled do terapeutického cileni v ramci

jednotlivych podskupin pacientli s heterogennim onemocnénim, jako je HNSCC.
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9. Zavér

Nadory hlavy a krku, stejné jako karcinomy plic, jsou epitelova maligni nadorova
zdravotnim problémim. K 1écbé se bézné vyuziva chirurgickd resekce, chemoterapie,
¢i radioterapie, avSak v poslednich letech se zacaly vyuzivat také mechanismy k piimé
regulaci genové exprese.

V experimentalni ¢asti mé disertacni prace jsem se zaméfila na studium vybranych
epigenetickych mechanismu zahrnutych do nddorové transformace dlazdicového karcinomu
hlavy a krku (HNSCC) a nemalobuné¢ného karcinomu plic (NSCLC).

U pacientti s NSCLC jsem se zaméfila na stanoveni exprese vybranych miRNA (miR-21,
miR-23b, miR-126, miR-205) a korelaci ziskanych vysledky s klinicko-patologickymi
charakteristikami, jako je pteziti bez progrese (PFS), celkové pieziti (OS) v riznych
histologickych podtypech NSCLC a s expresi P-gp, MRP1 a LRP/MVP. Nebyl zjistén Zadny
vyznamny vztah mezi expresi miR-21 a miR-126 a klinicko-patologickymi parametry.
Hladiny miR-205 viak byly vyznamné zvySeny u spinoceluldrnich karcinomii (p<107)
ve srovnani s jinymi histologickymi podtypy NSCLC. Hladina miR-205 navic nepfimo
korelovala s expresi P-gp u pacientti s NSCLC (p=0,03). Vysledky této studie naznacuji, ze
miR-205 muze byt pouzit jako diagnosticky marker a jeho downregulace mutize indikovat
vznik rezistence na 1éky zprostiedkované P-gp u pacientd s NSCLC. Také bylo prokazano,
ze exprese miR-23b je ve vétSin€ nami pouzitych vzorkli NSCLC downregulovéana (57/62)
a up-regulace miR-23b v nadorech souvisi s del$im ptezitim bez progrese (PFS; P=0,065)
a celkovym piezitim (OS; P = 0,048). Coxiv model proporcionalniho rizika odhalil, Ze riziko
umrti nebo relapsu u pacientli s NSCLC s downregulaci miR-23b se zvySuje spolu s expresi
LRP/MVP a ob¢ rizika se snizuji s upregulaci miR-23b (HRPFS=4,342; PPFS=0,022;
HROS=4,408; POS =0,015). Nase nalezy naznacuji, ze miR-23b, zejména v kombinaci
s expresi LRP/MVP, miize slouzit jako vhodny prognosticky biomarker pro pacienty
s NSCLC.

U HNSCC jsem porovnavala epigenetické profily nadorové tkané¢ a shodnych vzorki
uvulopalatofaryngoplastické tkané a snazila se vytipovat transkripéni faktory (TF) vhodné

k determinaci HPV*® a HPV- HNSCC. V ramci mé diserta¢ni prace bylo odhaleno 186
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downregulovanych genti nesoucich methylaci pro karcinom specifického promotoru véetné
PAX1 a PAX5 a dale bylo identifikovano 10 klicovych tumor supresorovych genti (GABRBS3,
HOXC12, PARP15, SLCO4C1, CDKN2A, PAX1, PIK3AP1, HOXC6, PLCB1 a ZIC4)
inaktivovanych bud’ methylaci promotoru a/nebo somatickou mutaci. S vyuzitim ,high-
throughput* analyz a databaze TRANSFAC® byly charakterizovany TF (AP1, STAT, NF-
xB a p53) vhodné k determinaci HPV* a HPV- HNSCC. Na zakladé ziskanych vysledki
a znalosti se predpoklada, ze novy pristup k analyze drah TF by mohl vnést lepsi vhled
do terapeutického cileni vramci jednotlivych podskupin pacientli s heterogennim

onemocnénim, jako je HNSCC.
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MRNA
MiRNA
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komplementarni DNA
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cytotoxicky T lymfocytovy antigen 4

DiGeorge syndrom critical region in gene 8

DNA methyltransferasa 1

DNA methyltransferasa 3-like
dvouvldknova RNA
Epstein-Baarové virus
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exportin-5

guanosin-difosfat
guanosin-trifosfat
histoacethyltranferasa
histondeacethylasa

lidsky papilomavirus
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nukledrni magnetické rezonance
nemalobunéény karcinom plic
mitogenem aktivovana proteinkinasa
medidtorova RNA

mikroRNA

microRNA ribonucleoprotein
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RNA
RNAI
RT
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TKI
TRBP
VEGFR
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PIWI-interagujici miRNA
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protein kinase, interferon-inducible double stranded RNA
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RNA-induced silencing complex
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RNa interference

pokojova teplota / reverzni transkripce
malobunécny karcinom plic
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mala interferujici RNA
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vaskularni endotelidlni rastovy faktor
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Key tumor suppressor genes inactivated
by “greater promoter” methylation
and somatic mutations in head and neck cancer
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Tumor suppressor genes (TSGs) are commonly inactivated by somatic mutation and/or promoter methylation; yet,
recent high-throughput genomic studies have not identified key TSGs inactivated by both mechanisms. We pursued an
integrated molecular analysis based on methylation binding domain sequencing (MBD-seq), 450K Methylation arrays,
whole exome sequencing, and whole genome gene expression arrays in primary head and neck squamous cell car-
cinoma (HNSCC) tumors and matched uvulopalatopharyngoplasty tissue samples (UPPPs). We uncovered 186 down-
regulated genes harboring cancer specific promoter methylation including PAX7 and PAX5 and we identified 10 key
tumor suppressor genes (GABRB3, HOXC12, PARP15, SLCO4C1, CDKN2A, PAX1, PIK3AP1, HOXC6, PLCB1, and ZIC4) inactivated
by both promoter methylation and/or somatic mutation. Among the novel tumor suppressor genes discovered with dual
mechanisms of inactivation, we found a high frequency of genomic and epigenomic alterations in the PAX gene family
of transcription factors, which selectively impact canonical NOTCH and TP53 pathways to determine cell fate, cell survival,
and genome maintenance. Our results highlight the importance of assessing TSGs at the genomic and epigenomic level
to identify key pathways in HNSCC, deregulated by simultaneous promoter methylation and somatic mutations.

Introduction

Head and neck squamous cell carcinoma (HNSCC) is the
sixth most common cancer worldwide with an approximate 50%
five-year survival rate.! Two groups that independently studied
the genetic origins of HNSCC reported inactivating mutations
in NOTCH1.** This was the first strong evidence of NOTCHI
mutations in solid tumors; analysis of the mutations suggested
that NOTCHI might act as a tumor suppressor gene (TSG) in
HNSCC.»* Notwithstanding this important finding, and con-
trary to original expectations, these and other detailed analyses
of HNSCC did not uncover a great number of recurrent somatic
mutations in novel genes.**

The number of known mutations and specific mutational
hotspots in HNSCC tumors only partially explains their biologi-
cal complexity and limits the development of novel diagnostic
markers and therapeutic agents. 7P53 was again identified as the
most commonly mutated gene in HNSCC and, while mutant
TP53 has been associated with poor survival,’ the most impor-
tant biologic consequences of this alteration have been elusive.
Moreover, it was also known that overall and disease-specific sur-
vival is higher in patients with HPV-associated HNSCC tumors,*
and that this distinct molecular and pathologic subtype displays
an average of 4 somatic mutations per tumor, while HPV-negative
HNSCC tumors harbor 20.! HPV-associated HNSCCs have
a distinctly different molecular landscape from HPV-negative
HNSCCs. 7P53 is rarely identified as mutated in HPV-positive
HNSCC patients because the HPV E6 oncoprotein silences
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TP53, protecting the cells from apoptosis and senescence, while
the HPV E7 oncoprotein deregulates the cell cycle.”® CDKN2A,
a principal cyclin-dependent kinase inhibitor that decelerates
the cell cycle, is lost in HPV-negative HNSCC® and amplified
in HPV-positive HNSCC."* HNSCCs also exhibit many chro-
mosomal abnormalities, including amplifications of the 11q13
region containing the cyclin DI gene and the 7pl1 region encod-
ing EGFR, which lead to proto-oncogene activation.!

Aberrant DNA methylation of CpGs in the proximity of pre-
dicted transcription start sites (TSS) often leads to alterations
in gene function and pathway deregulation in human cancer.
Epigenetic events linked to TSG inactivation through promoter
methylation, are more frequent events than somatic mutations
in cancer, and may be driving tumorigenic initiation and pro-
gression. Promoter methylation of CDK2NA, HOXA9, NID2,
EDNRB, KIFIA, and DCC have previously been identified and
characterized in HNSCC."*?

To date, recent high-throughput methylation studies'" have
not focused on the relative contribution of TSGs inactivation by
DNA methylation and somatic mutations in oncogenesis and
may have severely underestimated the true frequency of inactiva-
tion of key TSGs and signaling pathways. We tested the hypoth-
esis that TSG promoter methylation predominantly occurs in
genes or pathways with well-known somatic mutations and/or
deletions in most HNSCC tumors, including 7P53, CDK2NA,'
and, more recently, NOTCHI"* and FAT1,"” as well as in recently
described genes with low frequency mutations.'®

Results

Patient selection

One hundred and eight (108) head and neck squamous cell
carcinoma (HNSCC) and 35 uvulopalatopharyngealplasty
(UPPP) patients were consented for this study at Johns Hopkins
Medical Institutions hospitals and MD Anderson Cancer Center.
The study was approved by the Ethics Committee of each par-
ticipating hospital, as well as by the Johns Hopkins Institutional
Review Board. The 143 samples were divided into Discovery
and Prevalence cohorts. The Discovery cohort consisted of 32
HNSCC and 16 UPPP samples. The Prevalence cohort consisted
of 76 HNSCC and 19 UPPP samples. The 32 tumor samples
selected for the Discovery cohort were accrued in Hopkins
(n=17) and in MD Anderson (n=15). The 35 UPPP samples were
accrued at Hopkins.

Johns Hopkins component

Fresh-frozen surgically resected HNSCC (7 = 93) and UPPPP
(n = 35) tissue samples were obtained from patients at Johns
Hopkins Medical Institutions in Baltimore. HNSCC tissue was
analyzed by frozen section histology to estimate neoplastic cel-
lularity. In order to enrich the samples for neoplastic cells, nor-
mal tissue was removed from the samples using macro-dissection
based on the frozen section histology. HPV tumor status was
determined for oropharyngeal tumors per standard clinical care
using in situ hybridization. Hybridization was performed using
the HPV III Familyl6 probe set that captures HPV genotypes
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16, 18, 33, 35, 45, 51, 52, 56, and 66. HPV16-positive controls
included an HPV16-positive oropharyngeal cancer and the SiHa
and CaSki cell lines. HPV tumor status was also determined by
EG6/E7 PCR primer amplification.

MD Anderson component

Fresh-frozen surgically resected tumor samples (7 = 15) were
obtained from consented patients treated for HNSCC at the
University of Texas MD Anderson Cancer Center, under an
Institutional Review Board approved protocol. Frozen tissue was
embedded in optimal cutting temperature compound and cryo-
sections from the top and middle of specimens were stained with
hematoxylin and eosin prior to being evaluated by a patholo-
gist for the presence of >60% tumor nuclei content or absence
of tumor (i.e., normal). Samples that passed this criterion were
sectioned all the way through and washed once in PBS prior to
isolating genomic DNA using an ArchivePure DNA purification
kit.

Table 1 describes the clinical attributes of the combined 143
patient samples from the Discovery and Validation cohorts,
as well as of the 289 samples from The Cancer Genome Atlas
that were used to confirm the 7P53mut/PAX5 met and the
NOTCHImut/PAXImet associations. The 32 HNSCC patient
samples selected for Discovery in this epigenetic study were the
same used by Agrawal et al. for the genetic study of HNSCC'.
This study design allowed us to analyze mutation, methyla-
tion, and expression data from the same HNSCC patients. We
queried the methylome of these 32 HNSCC patients and fre-
quency matched 16 UPPP normal controls using the Human
Methylation 450K Beadchip (Illumina). However, the HNSCC
transcriptome was queried with different platforms. In Hopkins
the GeneST1.0 arrays (Affymetrix) were used to query the
HNSCC and UPPP transcriptome and in MD Anderson they
queried the HNSCC transcriptome with the Human Exon 1.0ST
arrays (Affymetrix). The integrated methylation/mRNA expres-
sion analysis we are reporting was performed using transcriptome
data from the 32 samples (16 HNSCC and 16 UPPP) accrued at
Hopkins because we did not find a satisfactory method of com-
bining GeneST1.0 and Human Exon 1.0ST array data. Nor did
we have transcriptome and methylome data from normal patient
samples collected at MD Anderson to compare with the results
obtained with patients accrued at Hopkins.

Characterization of the HNSCC methylome using MBD-seq

In the first part of our study, we used a methylated DNA
binding domain based sequencing (MBD-seq) approach similar,
in principle, to what has been previously described,” but with
significant modifications (Fig. 1). This analysis was performed
on a subset of tumors from the same Discovery Cohort in which
Agrawal et al. discovered and mapped mutations in HNSCC,!
comprising ten patients and ten frequency matched normal con-
trols (uvulopalatopharyngoplasty tissue samples [UPPP]). The
ten tumor samples were obtained before chemotherapy or radia-
tion treatment, ensuring that the changes we identified are truly
reflective of tumor biology, and were micro-dissected to achieve
a neoplastic cellularity of greater than 60%. Following MBD-
seq, an average of 48.9 million 50 bp reads was obtained for each
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Table 1. Summary of clinical attributes of samples in Discovery, Prevalence, and TCGA cohorts

Discovery Prevalence TCGA
Normal HPV+ HPV- Normal HPV+ HPV- HPV+ HPV-
(n=16) (n=3) (n=29) (n=19) (n=4) (n=72) (n=35) (n=244)
Sex
Male 9(56%) 3(100%) 18(62%) 14(74%) 3(75%) 52(72%) 31(89%) 172(70%)
Race
Non-Latino White 9(56%) 3(100%) 22(76%) 11(58%) 3(75%) 62(86%) 33(94%) 209(86%)
Affican American/ 7(44%) 0 4(14%) 7(37%) 1025%) 7(10%) 2(6%) 24(10%)
Other 0 0 3(10%) 1(5%) 0 3(4%) 0 11(5%)
Smoking
Yes 0 1(33%) 23(79%) 0 2(50%) 26(38%) 25(75%) 195(80%)
No 16(100%) 2(67%) 6(21%) 19(100%) 2(50%) 12(18%) 10(29%) 41(17%)
Unknown 0 0 0 0 34(47%) 0 8(3%)
Tumor Site
Oral Cavity 0 25(86%) 0 35(49%) 12(34%) 160(66%)
Oropharynx 3(100%) 2(7%) 3(75%) 21(29%) 21(60%) 12(5%)
Larynx 0 2(7%) 0 10(14%) 1(3%) 71(29%)
Hypopharynx 0 0 0 4(5%) 1(3%) 1(0.4%)
Unknown 0 0 1(25%) 2(3%) 0 0
T stage
| 0 1(4%) 0 0 3(9%) 17(7%)
Il 3(100%) 6(21%) 0 1(1%) 10(29%) 63(26%)
1l 0 12(41%) 0 2(3%) 2(6%) 54(22%)
\% 0 9(31%) 4(100%) 63(88%) 9(26%) 87(36%)
Unknown 0 1(4%) 0 6(8%) 11(31%) 23(9%)

sample, with an average of 68% of these reads aligning to the
hgl9 genome, 67% of which were aligning uniquely (Data set 1).

Our purpose was to study alterations in the promoter region
of TSGs and for this study we focused on the “greater promoter,”
a region that encompasses the well-studied proximal promoter
that harbors CpG Islands (1500 bases up and downstream from
the TSS) and the distal promoter (6000 bp upstream of the TSS),
which includes recently identified CpG Island Shores* and
Shelves (Fig. 2A).*' (From this point on, wherever the term pro-
moter is used it refers to the greater promoter region as defined
here).

We used two independent and highly validated analytical
approaches, model-based analysis of ChIP-seq (MACS)* and
Bump hunting,® to identify methylation changes across the
HNSCC genome. MACS identified 9648 alterations, 60% of
which were gains in methylation events (Fig. 2B). The vast major-
ity of the methylome changes identified by MACS (73%) were
observed outside of the promoter region. Within the promoter
region, we observed mostly (89%) gain of methylation events.
The majority of the methylation loss identified by MACS (93%)
occurred outside the promoter region. These genome-wide meth-
ylation motifs were integrated with the differentially methylated
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regions (DMRs) identified by Bump hunting to obtain the first
detailed next-gen analysis of the HNSCC promoter methylome
(Data set 2; Tables S1 and S2).

Confirmation of methylated sites using 450K arrays and
integration with expression arrays

To validate the MBD-seq
genome-wide differential methylation with the Infinium
HumanMethylation450K Beadchip (450K array) in 41 cancer
(including the 10 samples sequenced with MBD-seq) and 16
UPPP samples. The intersection of genome-wide methylation

results, we evaluated

sequencing and methylation array screens uncovered 316 genes,
which harbor promoter methylation in HNSCC (Table S3). To
determine the extent of correlation between differential meth-
ylation and mRNA expression patterns, we performed mRNA
expression microarray analysis (Affymetrix Gene ST 2.0) using
16 tumor and 16 UPPP samples from the samples included in the
cohort analyzed with the 450K array platform. We found close
to 60% concordance between concurrent greater promoter meth-
ylation and gene downregulation. 186 methylated genes were
found to harbor methylation and downregulation; PAX! and
PAXS5 exhibited the greatest expression loss (Fig. 3A; Table S4A).
Table S4B shows the relationship between methylation frequency
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Figure 1. Representation of the workflow of the study. The figure ascribes all the platforms and techniques used in the discovery and the two indepen-
dent validation sets. The number of samples recruited its time are also depicted in brackets.

of the significantly downregulated candidate genes with FC
< -2 and the expression levels of these candidate genes for the
16 tumor samples queried with mRNA arrays in the Discovery
cohort. We have also included Figure S1 to show the expression
level box plots for these candidate genes in the 16 HNSCC and
16 UPPP samples queried in the Discovery cohort.

Integration of promoter methylation with somatic mutation
profiles

We subsequently intersected the promoter methylome with the
mutational landscape of HNSCC' and identified concurrent pro-
moter methylation and somatic mutations in ten tumor suppres-
sor genes: GABRB3, HOXCI2, PARPI5, SLCO4C1, CDKN2A,
PAXI, PIK3API, HOXC6, PLCBI, and ZIC4 (Fig. 3B). CDKN2A
(p16), one of the most frequently altered tumor suppressor genes
in human cancer by mutation, methylation, and/or deletion was
confirmed on this list. The rest of the genes displayed a very low
mutation frequency in HNSCC, together with frequent inactiva-
tion by promoter methylation.

Unbiased genome-wide and gene set enrichment analyses

Unbiased genome-wide analyses were performed to visualize
and interpret the large amount of data produced by the sequenc-
ing and microarray experiments. Unsupervised hierarchical
clustering of the differential methylation events in HNSCC
revealed a genome-wide loss of methylation. More than half of
the genes in cancer have lost methylation when compared with
normal samples at the genome-wide level. This massive loss of
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methylation often suggests the acquisition of plasticity and de-
differentiation associated with stem cells* (Fig. S2A), together
with specific gains in promoter methylation (Fig. S2B). To bet-
ter understand the relationship between genome-wide DNA
methylation loss and copy number alterations we examined the
correlation between genome-wide DNA methylation frequency
and copy number alterations. The Spearman correlation coeffi-
cient between methylation frequency and copy number loss was
0.02. The Spearman correlation coefficient between methylation
frequency and copy number gain was —0.004. The lack of cor-
relation between DNA methylation and genomic aberrations in
genes for which both methylome and copy number alterations
are available in the Discovery cohort can be seen in Table S5.
The genome-wide DNA methylation and genomic aberrations
in tumor samples for which both methylome and copy number
alterations are available in the Discovery cohort can be seen in
Figure S3.

Analysis of Functional Annotation (AFA)® was then used to
integrate the HNSCC methylation, mutation, and expression
landscapes and detect alterations in cellular signaling pathways,
protein-protein interaction networks, and gene ontology (GO)
in HNSCC. AFA revealed that pathways involved in develop-
ment, differentiation, adhesion, proliferation, and biological/
cellular/transcriptional regulation are impacted by concurrent
promoter methylation, mutations, and differential gene expres-

sion in HNSCC (Figs. S4 and S5; Table S6). AFA also showed
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Figure 2. (A) lllustration defining the Greater Promoter region. Using a functional genomic distribution viewpoint we define five CpG genomic locations
in relation to their distance to the Transcription Start Site: Proximal promoter, distal promoter, first exon, gene body and intergenic locations. From a
CpG content and neighborhood context viewpoint we define four CpG genomic locations in relation to their distance to the nearest CpG Island: CpG
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that pathways involved in immune system development, and cell
differentiation, proliferation, growth and renewal are impacted
by concurrent epigenetic and genetic alterations in HNSCC
(Fig. S6).

Methylation-Mutations Interactions with Risk Factors in
the Discovery Cohort

When attempting to search for any associations between
the mutated and/or methylated genes and HNSCC risk fac-
tors (TP53 mutations, HPV status, and smoking history) in
the Discovery Cohort, we observed interesting patterns for the
PAXI and PAX5 genes. PAXI was methylated in all HPV nega-
tive tumors whereas zero methylation events of this gene were
observed in HPV positive tumors. PAX! was also methylated in
most patients with a history of tobacco exposure (71%), while
only 33% of patients without tobacco exposure history exhibited
PAXI methylation. Most HPV negative tumors (83%) showed
PAX5 methylation compared with 25% of HPV positive tumors.
On the contrary, tumors from patients with a history of tobacco
exposure (57%) had similar frequency of PAX5 methylation
to patients with no smoking history (67%). We also observed
concurrent genomic and epigenomic associations with viral and
tobacco exposures. Patients with 7P53 mutations also had PAX1
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promoter methylation, history of tobacco exposure, and were
HPV negative. Most (83%) of the patients with 753 mutations
had evidence of PAX5 methylation (Fig. S7).

Validation of PAXI, ZIC4, PLCBI, and PAX5 promoter
methylation with quantitative methylation specific PCR and
TCGA data

We performed gMSP for 3 genes, PAX1, ZIC4, and PLCBI,
in 76 tumor samples previously used by Agrawal in a HNSCC
deep sequencing study' and 19 UPPP samples (Table S7 provides
qMSP primers and probes information). All 3 genes appeared
on our top ten list of TSG inactivated by both mechanisms and
we confirmed a high frequency of tumor specific methylation
in the Validation cohort. PAXI was methylated in 68% of the
cancer cases, Z/C4 in 80% and PLCBI in 52%. We then tested
PAX 5 because it is in the PAX gene family and appeared on the
list of the most frequently inactivated genes by promoter meth-
ylation and downregulation of expression. PAX5 was methylated
in 77% of the HNSCC cases in the validation cohort, a num-
ber very similar to the 70% methylation frequency identified in
the discovery set. We found that PAX7 (P < 0.0001), ZIC4 (P <
0.0001), PLCBI (P < 0.001), and PAX5 (P < 0.0001) methyla-
tion distinguished tumor from UPPP samples (Figs. 4A and B).
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Figure 4. qMSP results for PAX1, PAX5, ZIC4 and PLCBI. (A) Graphical expression of the logistic regression, Pr (HNSCC = 1) = logit ' (b, + b, x methylation)
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Value of 98.5%.

Receiver Operator Characteristic (ROC) curve analysis revealed
that PAXI had 68% sensitivity, 90% specificity and a 0.72 AUC;
ZIC4 had 73% sensitivity, 100% specificity, and a 0.87 AUC;
PLCBI had 55% sensitivity, 84% specificity, and a 0.70 AUC;
and PAX5 had 80% sensitivity, 94% specificity, and a 0.86 AUC
(Fig. 4C). A gene panel combining promoter methylation results
for these four genes had 96% sensitivity, 94% specificity, a 0.97
AUC, and a Positive Predictive Value of 98.5% (Fig. 4D). A
chi-square test of independence revealed an association between
methylation in PLCBI and tumor site, 2 < 0.01. Tumors of the
oral cavity and oropharynx were the most frequently methylated.

All samples harboring CDKN2A mutations had PAXI meth-
ylation (P < 0.0001) as did most of 7P53 mutated samples (P <
0.01). More than half of NOTCH]I (61.5%, P < 0.0001) mutated
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samples also exhibited PAXI promoter methylation. All the
samples with mutations in FBXW7 (P < 0.0001), and most of
the samples with mutations in 7P53 (79%, P < 0.0001), and
NOTCHI (92%, P < 0.0001) were methylated in the PAX5
promoter even after controlling for HPV-status and history of
tobacco use (Table S8A).

We further corroborated our qMSP and somatic mutation
results by analyzing The Cancer Genome Atlas (TCGA) pub-
licly available data from 279 HNSCC patients (https://tcga-data.
nci.nih.gov). PAX5 promoter methylation was associated with
T'P53 mutations (P = 0.02), while PAXI promoter methylation
was associated with NOTCHI mutations (P < 0.0001), even after
controlling for HPV-status and tobacco use. This evidence sug-
gests a frequent occurrence of previously unreported interactions
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between PAXI and PAX5 promoter methylation and exonic
mutations in NOTCHI and 7P53 in HNSCC, respectively
(Table S8B).

To provide additional evidence of expression downregulation
of PAXI and PAX5 in HNSCC we compared mRNA expres-
sion in HNSCC and UPPP samples. Differential transcript levels
for PAXI and PAX5 were confirmed by quantitative RT-PCR in
some of the RNA samples used for microarray analysis and RNA
samples from an independent set (Fig. S8A and B). Expression
levels were studied in 13 HNSCC and 17 UPPP samples that
were readily available. The relative expression levels showed con-
sistency with the results obtained for PAX1 and PAX5 in the
Discovery cohort with genome-wide methylation and mRNA
expression platforms.

We also performed PAX5 knock-in and knock out studies in
253 wild type (p53wr) and p53 mutated (p53mut) HNSCC cell
lines to assess the role of PAX5 as a tumor suppressor gene con-
nected to the p53 pathway in HNSCC. We studied the func-
tional consequences of PAX5 induction in 022(p53wt) and
22A(p53mut) HNSCC cell lines. Following transfection with
(Myc-DDK-tagged)-Human paired box 5, 022 and 22A cells
exhibited a dramatic decrease in cell proliferation and PAX5
expression levels were significantly increased, when measured
48h after transient transfection (Fig. S9).

Conversely, 22B(p53mut) HNSCC cells showed modest
increase in cell proliferation compared with the control, when
PAXS5 was inhibited by siRNA following transfection with PAX5
siRNAs. Expression levels were significantly decreased, 48h after
transient transfection (Fig. S10).

Proposed pathway interplay

After gene set enrichment analysis revealed that concurrent
promoter methylation, mutations, and differential gene expres-
sion impacted cell differentiation, proliferation, growth and
renewal pathways we performed a review study of the most
important, potentially impacted cancer pathways in HNSCC.
We found evidence of a strong interplay between somatic muta-
tions in p53 and NOTCHI and gene downregulation associated
to PAXI and PAX5 promoter methylation in HNSCC.

p53-PAX5

Our literature search revealed that p53-PAX5 interactions
are implicated in apoptotic and/or proliferating signals. p53 is
a downstream target for PAX proteins.?*?” The human p53 gene
harbors a PAX binding site within its un-translated first exon
that is conserved throughout evolution, which suggests the
importance of this interaction. Frequent promoter methylation
of PAX5 has been reported in ductal carcinoma in situ, invasive
breast cancer, and neuroendocrine carcinomas.?®? Furthermore,
PAXS5 has been reported to function as a tumor suppressor gene in
hepatocellular carcinoma?®® and gastric cancer,” directly binding
to the p53 promoter (Fig. S11). PAX5 also plays an important role
in the commitment of lymphoid progenitors to the B lymphocyte
lineage.* The mechanism through which PAX5 acts in B-cell
differentiation is well established.?** Recent studies identified
some of these interactions also in solid tumors, but little has been
shown so far (Fig. 5A).**® In our Discovery cohort we identi-

fied high frequency of PAX5 promoter methylation in HNSCC,
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coinciding with low expression levels, a finding that supports a
TSG function.

NOTCHI-PAXI

Agrawal et al. revealed inactivating mutations in NOTCHI
gene, depicting its importance in HNSCC, proposing also a
tumor suppressor function in this particular type of tumors.!
When NOTCHI acts as a TSG it inhibits proliferation and
promotes entry to differentiation.”” Targeting the Notch prolif-
eration pathway is really difficult. Preliminary data in cell lines
showed that downregulation of NOTCHI in NOTCHI mutant
cell lines leads to a modest effect of cell cycle acceleration and
anti-INOTCHI agents are only effective in NOTCHI wild type
cell lines.® In our study, PAXI was found to be the most fre-
quently methylated and downregulated gene. In addition to that,
several HOX family genes, some of which are known to interact
with NOTCH signaling, were prominent in our list of methylated
genes in HNSCC (Fig. 812). Our evidence suggests an interac-
tion between NOTCHI and PAXI through the HOX family of

transcription factors®”***> and also with the Hedgehog pathway

through Hesl, in which the well-established CCNDI1 amplifica-
tion plays an important role.*** PAXT plays a role in sclerotome
differentiation and has been shown to interact with homeobox
genes which play a prominent role in normal development and
the control of cell proliferation.”” Retinoid acid (RA) signaling
acts via Hox gene pathways,’®! some of which are able to regu-
late PAXI through canonical NOTCHI expression. These inter-
actions are described in Figure 5B.

Discussion

We have conducted the first comprehensive integrated
genomic and epigenomic analysis in HNSCC, focusing on identi-
fying TSG genes that demonstrate concurrent promoter methyla-
tion with downregulation of expression and somatic mutations.
Recent studies in HNSCC, published as we were finalizing this
manuscript, focused on therapeutic pathways affected by somatic
mutations and copy number alterations,”* but only described
the clustering effects of DNA methylation at a global genome
wide level.”? We performed the first detailed genome wide analy-
sis of the HNSCC methylome that studied expression alterations
associated with differential methylation patterns in the greater
promoter region, focusing on key TSGs that are also inactivated
by somatic mutations. The main focus of this paper was to iden-
tify the number of tumor suppressor genes differentially methyl-
ated in the greater promoter region and mutated in HNSCC, and
examine their combined impact in expression downregulation.
We controlled for chromosomal deletions using CNV data previ-
ously generated in the Discovery cohort, to distinguish if expres-
sion alterations were related to methylation events or to deletions
in specific regions of the chromosome.

Many genes with dense promoter methylation and downregu-
lation of expression are candidate TSGs. However, genes inacti-
vated by both somatic mutations and promoter methylation are
likely to be key drivers of oncogenesis. Our analysis identified
10 downregulated genes inactivated by somatic mutation and
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promoter methylation. We selected PAX1, ZIC4, PLCBI, and
PAXS5 for further validation and we were indeed able to detect
stark differences in DNA methylation levels between cancer and
UPPP samples. ZIC4 and PLCBI were the genes with the lowest
methylation frequency in HNSCC, exhibiting also low mutation
frequency, and yet, we confirmed ZI/C4 and PLCBI promoter
methylation differences between normal and cancer samples in
the Validation cohort.

PAXI and PAXS5 were highlighted as key genes in this study as
they belong to the same family of transcription factors and were
both found to be methylated and downregulated in HNSCC.
PAXI and PAX5 are genes involved in differentiation/prolif-
eration signals and the gene set enrichment analysis performed
clearly depicted these signaling pathways as deregulated in
HNSCC in our discovery set of tumors.

We observed interesting relationships among the most com-
monly mutated and methylated genes in HNSCC: 61.5% of
the NOTCHI mutated samples also exhibited PAX! methyla-
tion and 79% of the samples carrying 7P53 mutations were also
methylated in the PAX5 gene promoter. External validation in
279 primary HNSCC samples from the TCGA project verified
our initial findings. Combined, this evidence suggests the fre-
quent occurrence of previously unreported interactions between
PAXI and PAX5 promoter methylation and exonic mutations in
NOTCHI and TP53 in HNSCC.

The greater promoter PAXI and PAX5 methylation levels
reported in this manuscript were obtained with three different
platforms that use diverse technology, chemistry, sample prepara-
tion and data analysis pipelines to obtain methylation values. We
have combined these three platforms into a very robust methyla-
tion detection pipeline.

PAXI and PAX5 methylation levels listed in the Discovery
cohort are both, from MBD-seq and the 450K BeadChip assay.
The 450K results were used to confirm the MBD-seq results in
the subset of ten Discovery samples that were sequenced and, by
proxy, validate the methylation results of the other 22 Discovery
cohort samples that were only queried with the 450K arrays.
The levels of PAXI and PAX5 methylation levels listed for the
Prevalence cohort were obtained with quantitative methylation
specific PCR (qMSP). The levels of PAX! and PAX5 listed for
TCGA were obtained with the 450K BeadChip assay. The dif-
ference in PAXI methylation between HPV positive and HPV
negative tumors was significant in the Discovery cohort. The
difference between the two in the Prevalence cohort was not sig-
nificant (P = 0.225), perhaps due to the small sample size of HPV
positive patients.

PAX genes, a family of nine transcription factors which act
as cell lineage specific regulators of the tissues where they are
normally expressed, are now also recognized as important factors
in cancer progression. PAX genes, similarly to the NOTCH gene
family, may play previously unrecognized fundamental roles in
balancing proliferation and differentiation signals, two concep-
tually opposite cellular processes in canonical cancer research.
The PAX family of genes may ultimately, following Waddington’s
epigenetic landscape metaphor, be part of an epigenomic medi-
ated switch between cancer initiation and cancer maintenance
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pathways, which stochastically drive cancer progression, immune
system avoidance, acquisition of tumor resistance, and estab-
lishment of metastatic disease. Loss of NOTCHI function due
to mutation, or mutation/methylation-dependent silencing of
downstream genes, such as PAXI or the HOX family genes, is
likely to abrogate normal cell differentiation.

Clinically, 7P53 mutation has been shown time and again
to be among the worst molecular alterations in patients with
HNSCC.?> Patients that harbor p53 mutant tumors are more
likely to relapse after complete resection and radiation therapy.’
We confirmed a high frequency of PAX methylated tumors in
279 HNSCC tumor samples from the TCGA cohort and found
that tumors which already harbor a p53 mutation, also harbor
PAXS5 promoter methylation.

Together, our results support the notion that differential pro-
moter methylation and somatic mutations are the main cause
of gene inactivation and pathway deregulation in HNSCC. We
have unveiled hitherto unknown interactions between mutated
and methylated genes that are associated with gene expres-
sion alterations in HNSCC. Characterization of the complete
HNSCC methylome has contributed insights into the clustering
of specific genetic and epigenetic events in the greater promoter
region and highlights the importance of understanding the rela-
tive contribution of each to the overall frequency of TSG inacti-
vation. We plan future in vitro studies focused on the functional
consequences of the inactivation of these high frequency genes
and will further explore the above proposed gene interactions.
Understanding the complete contribution of genomic and epig-
enomic alterations to specific genes and pathways in cancer will
reveal novel high frequency specific markers for better risk assess-
ment (as we observed in the TCGA cohort above) and will high-
light the true frequency of therapeutic pathways to better target
the disease at the molecular level.

Materials and Methods

Participants

Patient selection

Head and Neck Squamous Cell Carcinoma (n = 91) and uvulo-
palatopharyngealplasty (UPPP) patients (n = 35) were consented
for this study at the Johns Hopkins Medical Institutions hospitals
and MD Anderson Cancer Center. The study was approved by
the Ethics Committee of each participating hospital, as well as by
the Johns Hopkins Institutional Review Board.

Johns Hopkins component

Fresh-frozen surgically resected tissue and matched blood were
obtained from patients at Johns Hopkins Medical Institutions
in Baltimore. Tissue was analyzed by frozen section histology
to estimate neoplastic cellularity. In order to enrich the samples
for neoplastic cells, normal tissue was removed from the samples
using macro-dissection based on the frozen section histology.
HPV tumor status was determined for oropharyngeal tumors per
standard clinical care using in situ hybridization. Hybridization
was performed using the HPV III Familyl6 probe set that cap-
tures HPV genotypes 16, 18, 33, 35, 45, 51, 52, 56, and 66.
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HPV16-positive controls included an HPV16-positive oropha-
ryngeal cancer and the SiHa and CaSki cell lines. HPV tumor
status was also determined by E6/E7 PCR primer amplification.
MD Anderson Component
Fresh-frozen surgically resected tumor and matched non-

malignant adjacent tissue were obtained from consented patients
treated for HNSCC at the University of Texas MD Anderson
Cancer Center, under an Institutional Review Board approved
protocol. Frozen tissue was embedded in optimal cutting tem-
perature compound and cryosections from the top and middle
of specimens were stained with hematoxylin and eosin prior to
being evaluated by a pathologist for the presence of >60% tumor
nuclei content or absence of tumor (i.e., normal). Samples that
passed this criterion were sectioned all the way through and
washed once in PBS prior to isolating genomic DNA using an
ArchivePure DNA purification kit.

Methylated binding domain sequencing (MBD-seq)

Preparation of libraries

Tissue samples were digested with 1% SDS and 50 pg/mL
proteinase K (Boehringer Mannheim) at 48 °C overnight, fol-
lowed by phenol/chloroform extraction and ethanol precipitation
of DNA. Two micrograms of DNA were sonicated to a modal size
of ~150-250 bp, and end-repaired using the NEBNext SOLiD
DNA library preparation kit end-repair module following the
manufacturer’s protocol (New England Biolabs). After column-
purification (using the Qiagen PCR purification kit), SOLiD P1
and P2 adapters lacking 5" phospate groups (Life Technologies)
were ligated using the NEBNext adaptor ligation module and
column-purified, and subjected to nick-translation by treating
with Platinum Taq polymerase to remove the nick.

Affinity enrichment and capture of methylated DNA fragments

The resulting library was divided into two fractions, a total
input fraction, and an enriched methylated fraction. The enriched
methylated fraction was then subjected to affinity enrichment
of methylated DNA fragments by using 6xHis-MBD2-MBD
polypeptides immobilized on magnetic beads as described pre-
viously.’*” The resulting enriched methylated fraction and the
total input fraction were then subjected to library amplifica-
tion using the NEBNext amplification module according to the
manufacturer’s protocols, using 4-6 cycles for the total input,
and 10-12 cycles for the enriched methylated fractions. Library
fragments that were between 200-300 bp were size selected after
agarose gel electrophoresis.

Massively parallel sequencing of MBD-seq libraries

The libraries were then subjected to emulsion PCR and bead
enrichment following the SOLiD emulsion PCR protocol (Life
Technologies). The resulting beads were then deposited on the
SOLID flow cell and subjected to massively parallel 50 bp single-
read sequencing on a SOLiD v4.0 sequencer octet segment, with
one octet segment for the total input and another one for the
enriched methylated fraction. The details of the sequencing out-
put for each sample from the sequencing run (number of tags,
coverage, etc.) are provided in Table §9. Reads were aligned to
hg19 using default settings in bioscope v1.3, with the exception of
the bam output method, which was changed to alignment score.

www.landesbioscience.com
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Bioinformatics analysis of MBD-seq data

MACS analysis and identification of differential methylation

For the purposes of the analysis we divided the genome
into two broad regions: the greater promoter, was defined as
the region encompassing 6000 bases upstream and 1500 bases
downstream from the transcription start site (TSS). From the
functional genome distribution standpoint the greater promoter
region, includes CpG sites in the proximal promoters, 1500 bases
upstream from the described TSS, and 1500 bases downstream
from the TSS, in the 5" untranslated region and exonl. From
the CpG content and neighborhood context the differentially
methylated CpGs in HNSCC were located in CpG islands, CpG
shores (regions 2000 bp upstream and downstream of but not
inside CpG islands), CpG shelves (regions 2000 bp upstream and
downstream of but not inside the shores), or as isolated CpGs in
the area of the genome now defined as Open Sea. Methylated
regions were identified as peaks of aligned sequencing tags in
the enriched compared with total input fraction using MACS

vl.4 software,?>>%

which allows identification of peaks after
accounting for both global and local biases using the total input
fraction. Peaks of methylation were identified for each sample
separately.

To identify differentially methylated regions we first used
stringent parameters to define presence and absence of methyla-
tion in EACH sample as follows: we used a low MACS P value
cut-off (P < 10-6) to identify regions that are methylated, and
another cut-off (MACS P > 10-2) to identify those regions that
have very little evidence for methylation.

Next, for any given comparison of group A vs. group B (e.g.,
Group A = all tumors; Group B = all normals), we identified
all regions that showed absence of methylation in all samples of
Group A and presence of methylation in at least one sample from
group B. All such overlapping regions across samples with peak
calls in Group B were then merged, and the number of such sam-
ples and the lowest p-value of the peaks for these samples were
recorded as the aggregate differentially methylated region. This
analysis therefore yields regions in which all samples in Group
A have absence of methylation peaks, and at least one sample
in Group B has a methylation peak. The converse comparisons
(i.e., absence of methylation in Group B, with at least one sample
having a methylation peak in Group A) were also performed to
obtain regions showing both gain of- and loss of-methylation.

Methylation bumphunting for identification of differentially
methylated regions

Differential methylation was also identified using an indepen-
dent approach called bumphunting that has been previously used
to identify differential peaks in methylation data. Methylation
bumphunting is a data analysis pipeline that effectively mod-
els measurement error, removes batch effects, detects regions of
interest and attaches statistical uncertainty to regions identified
as differentially methylated.” These methods are implemented
in the bumphunter Bioconductor package and described in more
detail in the section “Bioinformatics for 450K data.” Reported
functionally relevant findings have been generally associated with

genomic regions rather than single CpGs, either CpG islands,*

CpG island shores,* genomic blocks,® or generic 2-kb regions.®
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Epigenomic bumps may have greater variability in size and shape
than MBD-seq peaks.

Integration of MACS and bumphunting results

To identify the promoter regions that are differentially meth-
ylated in HNSCC when compared with normal oral mucosa,
we intersected the list of methylated probes that discriminated
between tumor and normal tissue identified with MACS with
the list of methylated regions that discriminated between tumor
and normal tissue identified with bumphunting. We used R
(v3.00) to analyze the correlation of methylated promoter regions
and HNSCC etiological factors.

Verification of MBD-seq results
HumanMethylation450K DNA BeadChip assay

450K array description and sample preparation

The 450K is a two-color array that detects cytosine methyla-
tion at 485,512 methylation loci, mostly at CpGs, but also at a
small number of cytosine residues outside of the CpG context,
using bisulfite converted DNA. For each individual CpG two
different signals are detected. One signal measures the amount of
methylated DNA (Meth) and the other one measures the amount
of unmethylated DNA (Unmeth). The Meth and Unmeth signals
are measured with two different assays called “Type I” design or
a “Type II” design. A B (B) value is generated by both Type I and
Type II design probes to denote the methylation level of the CpG
loci using the ratio of intensities between Meth and Unmeth
(B value =
ated intensity of the given CpG locus). Each methylation locus

with

methylation intensity / methylation + unmethyl-

is interrogated by one of these designs. For a type I locus the
Meth and Unmeth signals are measured by two paired probes,
with a given locus using either the red or green signal from these
probes. Type II loci are assayed using a single probe, with Meth
and Unmeth signals derived from the green and red channels
respectively. In addition to the methylation loci, the array con-
tains a small number of control probes and 65 probes measuring
common SNPs, intended for sample tracking. Type II probes use
only one probe per methylation locus and hence allows more loci
on the array, at a fixed array size. However, due to the chemistry
used by the type II probe design, type II probes can only toler-
ate up to three CpGs within the 50bp probe. The type I design
tolerates more CpGs within the 50bp probe, but assumes that all
methylation loci in the probed sequence are in the same state.®

Bisulfite modification of genomic DNA (2 jLg) was performed
with EpiTect Bisulfite Kit (QIAGEN) according to the manufac-
turer’s protocol. We hybridized bisulfite converted DNA from
normal (UPPP) tissue (7 = 16) and Head and Neck Squamous
Cell Carcinoma (HNSCC) tissue (7 = 31) samples to the 450K
array.

Bioinformatics for 450K data

Bioinformatics strategies were used for background correc-
tion, normalization, and data analysis of differentially methyl-
ated genomic regions between tumor, and normal tissue. As with
the analysis of methylation sequencing data we used two differ-
ent analytic pipelines: a pipeline designed to capture the vari-
ability in methylated signals across the arrays using an F-test'!
and the bumphunting pipeline.?® We used the minfi and bump-

hunter packages found in Bioconductor to perform background

1042

Epigenetics

correction, normalization, and data analysis of differentially
methylated genomic regions between tumor and normal tis-
sue. The minfi package provides tools for analyzing Illumina’s
Methylation arrays, with a special focus on the new 450k array
for humans, and includes methods for preprocessing, quality
assessment, and detection of differentially methylated regions
from the kilobase to the megabase scale.* The bumphunter pack-
age is meant to work on data with several biological replicates,
similar to the ImFit function in limma. While bumphunter is
written using genomic data as an illustrative example, most of it
is generalizable to other data types (with some one-dimensional
location information).

F-test analytic pipeline

The selection of significantly methylated CpGs in the Illumina
450K Infinium assay data was performed in a stepwise manner.

The 450.idat files were preprocessed and background corrected
with the preprocesslliumina function in minfi to obtain 3 values.
An F-test was performed across all 47 samples to identify CpGs
with a significant difference in 8 values between normal and
malignant tissue. Since the empirical P values were calculated
genome-wide, adjustment for multiple testing was performed.
Q-values were computed from the empirical P values using the
Benjamin and Hochberg correction. Probes with g-values less
than 0.05 were deemed statistically significant and were included
in the CpG list. We then selected only those CpGs that showed
a methylation difference of at least 0.25 between cancer and nor-
mal tissues and a 3 value of at least 0.3 in cancer, as previously
described." All bioinformatics analyses were performed using R
version 3.0.

450K-bumphunting analytic pipeline

We performed pre-processing with the minfi package, which
applies a version of subset quantile normalization to the Meth
and Unmeth intensities separately. The distribution of type I and
type II probes is forced to be the same by first quantile normal-
izing the type II probes across samples and then interpolating
a reference distribution to which the type I probes are normal-
ized. For the probes on the X and Y chromosomes the males
and females are normalized separately. Sex is determined by the
getSex function using copy number information. The stratified
quantile normalization method is implemented by the prepro-
cessQuantile function (the function does no background correc-
tion and removes zeros using the fix2 MethOutlier function).
This algorithm relies on the assumptions necessary for quantile
normalization and involves both within- and between- sample
normalization.*

Integration of F-test and 450K-bumphunting results

To identify the promoter regions that are differentially meth-
ylated in HNSCC when compared with normal oral mucosa,
we intersected the list of methylated probes that discriminated
between tumor and normal tissue identified with the F-test with
the list of methylated regions that discriminated between tumor
and normal tissue identified with 450K-bumphuntig.

E. mRNA expression arrays

Total RNA was isolated from normal (UPPP) tissue (z = 16)
and Head and Neck Squamous Cell Carcinoma (HNSCC) tis-
sue (7 = 16) samples by using Tri-reagent. cDNA was made, and
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hybridized to Affymetrix GeneST1.0 Arrays (Affymetrix) accord-
ing to manufacturer’s instructions. Six of these samples were also
sequenced with MDB-seq. The data obtained from CEL files was
background corrected with RMA, quantile normalized before an
ANOVA was used to determine the Fold Change difference in
log-transformed intensities between Tumor and Normal samples.

Analysis of functional annotation

Enrichment analysis of functional themes (Analysis of
Functional Annotation, AFA) was performed to capture biologi-
cal processes over-represented in the various conditions under
investigation. This unbiased computational approach, con-
ceptually similar to Gene Set Enrichment Analysis (GSEA),®
enables the interpretation of genome-wide data through the
identification and visualization of information encompassing
distinct biological concepts, and was previously used success-
fully to integrate and interpret both differential gene expression
and methylation data.?® A chi-square test of independence was
applied to test whether each Functional Gene Set (FGS) was
over-represented in any of the gene list associated with any of
the investigated contrasts/conditions (e.g., gene associated with
methylated promoters in HNSCC). In the present study, indi-
vidual, non-redundant genes, as annotated in the NCBI Entrez
gene database (R/Bioconductor package org.Hs.eg.db version
2.4.6) were used as the total gene space, and contingency tables
were used to identify gene sets over-represented in the investi-
gated conditions. Correction for multiple hypothesis testing was
obtained separately for each FGS collection, by applying the
Benjamini and Hochberg method® as implemented in the mult-
test R/Bioconductor package. Overall, this approach is analo-
gous to Gene Set Enrichment Analysis (GSEA),*¢*% and has
already been successfully applied in other studies.®*”® The heat-
maps’ color bar represents the negative logl0 False Discovery
Rate (FDR). For each gene set collection the sets for which at
least one condition showed FDR < 0.01 were reported. The top
150 conditions were reported when too many gene sets where
retrieved.

AFA was used to compare biological themes enriched in the
following gene lists: (1) mutated genes; (2) genes with hyper-
methylated promoters; (3) genes showing hyper-methylation
outside the greater promoter region; (4) genes upregulated in
cancer when compared with normal; and (5) genes downregu-
lated in cancer when compared with normal. Gene set enrich-
ment was assessed by testing for gene set over-representation
with a chi-square test, because each gene list was obtained from
diverse analyses using different methods. In the AFA analysis
each gene was counted only once, while using the totality of
the genes annotated to the NCBI Entrez gene database as the
background gene space. For this reason there was no confound-
ing with the number of probes or the length of the genes (i.e.,
each gene was counted only once irrespective to the number of
probes or its length). The GO categories reported in Table S6
encompass different biological processes and contain a fairly
large number of distinct genes. Such genes show variable length,
from short to long transcripts, and all possible and disparate
genomic arrangements, with genes located in both “gene-rich”
and “gene-poor” genomic regions.

www.landesbioscience.com
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Validation of genomic and epigenomic alterations

Quantitative methylation specific PCR (gMSP) in the prevalence
cohort

qMSP was used for validation in a Prevalence cohort of 76
tumors in which we had previously identified somatic mutations
in TP53, NOTCHI, CDKN2A, PIK3CA, FBXW7, and HRAS
and in 19 UPPP normal control tissue samples. We examined
promoter methylation in three of the genes that were included
in our final list of mutated and methylated genes and that were
methylated in at least 40% of the Discovery Cohort samples:
PAXI1, PAX5, PLCBI, and ZIC4. Bisulfite-modified DNA was
used as a template for fluorescence-based real-time PCR, as pre-
viously described.”

Contingency tables of mutational and methylation events in
TCGA data set

Publicly available HNSCC Illumina 450K methylation and
exome sequencing data was downloaded from the TCGA web-
site (http://cancergenome.nih.gov) and the cBioPortal for Cancer
Genomics (www.cbioportal.org/public-portal/) using R (v3.0.0).
Publicly available exome mutation data for 7P53 and NOTCHI
and B values for all PAX7 and PAX5 450K array probes were
extracted for all HNSCC samples analyzed by the TCGA project
that had paired methylation and mutation data for the genes of
interest (7 = 279). Only the 450K probes located in TSS1500,
TSS200, and 1st exon, as per the manufacturer’s annotation,
were used to create the contingency tables for methylation and
mutation analyses. Contingency tables were used to examine
the association between exonic mutations of 7P53, CDKNZ2A,
HRAS, FBXW7, and NOTCHI and promoter methylation of
ZIC4, PAX1, PAX5, and PLCBI. The MacNemar test for paired
data was implemented in R (v3.0.0) to evaluate the association
between mutations and promoter methylation.

Quantitative real-time reverse transcription PCR

HNSCC RNA samples from the Discovery cohort and from
an independent cohort were assessed for PAX5, PAXI, and
GAPDH expression levels using quantitative real-time reverse
transcription (RT)-PCR (TagMan). Reverse transcription was
performed with random hexamer primers and Superscript 11
Reverse Transcriptase (Invitrogen Corp.) according to manufac-
turer’s instructions. Quantitative RT-PCR was then performed
on the Applied Biosystems 7900 Sequence Detection Instrument
(Applied Biosystems) using TaqgMan expression assays (Life
Technologies).

Functional studies in cell lines

Human HNSCC cell lines with known p53 status were cul-
tured to determine PAX5 methylation and expression levels.
Human HNSCC cell lines 022 (p53 wt), 22A (p53 mut), and
22B (p53 mut) were selected for functional studies based on their
expression and methylation results (Fig. S13). Cell growth condi-
tions were maintained at 37 °C in an atmosphere of 5% CO2.

Transient transfection, PAX5 inhibition or overexpression,

and cell proliferation assay

We knocked down PAX5 in the 22B cell line using the
ON-TARGETplus Pool of siRNAs against 2AX5 and a non-tar-
geting Pool of siRNAs (Thermo Scientific) as control. Cells were
seeded in 96-well plates and allowed to grow until approximately
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70% confluence. Cells were transfected with siRNA using
Lipofectamine RNAIMAX Reagent (Invitrogen) and cell meta-
bolic activity was determined every 24 h using the CCK-8 colori-
metric assay (Dojindo). Values are mean + SEM for pentaplicates
of cultured cells. The transfection efficiency was confirmed by
quantitative real-time RT-PCR as described above and normal-
ized to GAPDH at 48-h time point. Pax5 knockdown in 22B
cells showed a modest increase in cell proliferation compared
with the control.

Forced expression of PAX5 in 022 and 22A cell lines was per-
formed. The pCMV-Entry-EV (control) and the (Myc-DDK-
tagged)-Human paired box 5 (PAX5) from ORIGENE were
transfected into cells (FUGENE HD Promega) which were then
seeded in 96-well plates and allowed to grow until approximately
70% confluence. Cell metabolic activity was determined every
24 h using the CCK-8 colorimetric assay (Dojindo). Values are
mean + SEM for pentaplicates of cultured cells. The transfection
efficiency was confirmed by quantitative real-time RT-PCR as
described above and normalized to GAPDH at the 48-h time
point. 022 and 22A cells exhibited a dramatic decrease in cell
proliferation after forced expression of PAX5 48h after transfec-
tion compared to controls.
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Abstract

Using high-throughput analyses and the TRANSFAC database, we characterized TF signatures of
head and neck squamous cell carcinoma (HNSCC) subgroups by inferential analysis of target gene
expression, correcting for the effects of DNA methylation and copy number. Using this discovery
pipeline, we determined that human papillomavirus-related (HPV+) and HPV— HNSCC differed
significantly based on the activity levels of key TFs including AP1, STATSs, NF-«xB, and p53.
Immunohistochemical analysis confirmed that HPV— HNSCC is characterized by co-activated
STAT3 and NF-xB pathways, and functional studies demonstrate that this phenotype can be
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effectively targeted with combined anti-NF-xB and anti-STAT therapies. These discoveries
correlate strongly with previous findings connecting STATSs, NF-xB, and AP1 in HNSCC. We
identified 5 top-scoring pair biomarkers from STATSs, NF-xB and AP1 pathways that distinguish
HPV+ from HPV- HNSCC based on TF activity, and validated these biomarkers on TCGA and
on independent validation cohorts. We conclude that a novel approach to TF pathway analysis can
provide insight into therapeutic targeting of patient subgroup for heterogeneous disease such as

HNSCC.

Keywords

HNSCC; HPV; STAT3; NF-xB; Transcription factor

INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) is the fifth most common cancer
worldwide.l HNSCC has been traditionally associated with tobacco and alcohol exposure. A
subset of high-risk human papilloma virus (HPV)-related HNSCC often found in tobacco
non-exposed individuals has been described as a distinct clinicopathologic entity.2 HPV-
HNSCC is typically associated with poorer outcomes, while HPVV+ HNSCC has a more
favorable prognosis.3 For patients with locally advanced HNSCC, multi-modality treatments
including surgery, radiotherapy and/or cytotoxic chemotherapy have significantly improved,
but five-year overall HNSCC survival remains poor.2 Both genetic and epigenetic
aberrations have been shown to play a role in HNSCC development, treatment response and
survival.* However, the only targeted agent approved by the FDA for the treatment of
HNSCC is cetuximab, a monoclonal antibody directed against epidermal growth factor
receptor (EGFR).

The development of targeted therapy is challenged by diverse genetic and epigenetic
alterations heterogeneously distributed in HNSCC. The data suggest that genetic
abnormalities affect a limited number of mitogenic pathways, such as PI3K and NOTCH.68
However, genome-wide expression array data demonstrate that HNSCC is characterized by
expression dysregulation for a majority of genes. 10 Transcription factors are a primary
determinant in the regulation of gene expression. Unfortunately, direct comprehensive
analysis of the dysregulation of key TFs is challenging with existing screening techniques
for several reasons: it is difficult to analyze changes in TFs expression due to their transient
and low level expression; activation of most TFs requires post-translational modifications,
protein cleavage, formation of active transcriptional complex or protein translocation from
cytoplasm to nucleus.!! Therapeutic targeting of TF is complicated due to the low level and
cycle-dependent expression of TF, diversity of posttranscriptional modifications and
redundancy of the downstream gene regulation. Despite that, many laboratories have
demonstrated efficiency of several anti-TF therapies, including agents such as bortezomib
[targeting NF-«B through proteasome inhibition],}2 BEZ-235 [a dual PI3K/mTOR
inhibitor],® and decoy oligonucleotides [STAT3 and NF-xB inhibitors].13: 14

Int J Cancer. Author manuscript; available in PMC 2016 October 15.
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Using high throughput array datasets and the TRANSFAC database, we have developed an
inferential method describing TF activity by the gene expression of their targets.1® Using
this method we demonstrate that HPV+ and HPVV— HNSCC are differentiated by the activity
of key TFs including STATs and NF-xB. Approximately 25% of primary HNSCC, almost
exclusively HPV-, have these TFs and their targets coordinately upregulated. After
validation of this TF alteration pattern in separate clinical cohorts, we further confirmed that
HNSCC with key TF pathway alteration are sensitive to therapy directed at these key TF
pathways, providing evidence that TF pathway analysis can provide insight into therapeutic
targeting.

MATERIALS AND METHODS

The detailed methods can be found in “Supporting Information”

Tissue samples

We used three independent cohorts of HNSCC and normal specimens, overall: 195 HNSCC
and 63 non-cancer affected patients (Tables S1, S2, and S3). Every participant signed a
written informed consent before participating in this study. This study was approved by
Johns Hopkins Medicine Internal Review Board (JHM IRB), and performed under approved
research protocol NA_00036235. TMA tissues were collected under ECOG/RTOG-
approved protocols. We have also used publicly available data (http://
cancergenome.nih.gov/cancersselected/headandneck) for the TCGA-HNSCC cohort that
includes 279 HNSCC and 50 control tissues.

DNA and RNA preparation from microdissected tissues

DNA was isolated by phenol-chloroform extraction after proteinase K digestionl6 and RNA
was isolated with the mirVana miRNA Isolation Kit (Ambion) per manufacturer’s
recommendations.

Arrays
Two pg of RNA or DNA were run on Affymetrix HUEx1.0 GeneChips (RNA), Illumina
Infinium HumanMethylation27 BeadChips (bisulfite converted DNA), and Affymetrix
Genome-wide SNP 6.0 Array (DNA). All high throughput data sets are available in GEO
superSeries GSE33232. The data can be freely downloaded from http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE33232.

HPV analyses

HPV status of oropharyngeal SCC tumors was tested by in situ hybridization (ISH) for high-
risk HPV,17 by quantitative PCR (qPCR).18 P16 expression was checked by
immunohistochemical staining.1’

Reverse Transcription (RT) and quantitative Real Time PCR (qRT-PCR)

One pg of RNA from the validation cohort was reverse transcribed using the High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems). QRT-PCR was performed on

Int J Cancer. Author manuscript; available in PMC 2016 October 15.
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Tagman 7900HT (Applied Biosystems, Foster City, CA) with gene-specific expression
assays (Applied Biosystems) using standard gRT-PCR conditions.

Immunohistochemistry

Cell Culture

Immunostaining of 5 um cuts was carried out on a Bond-Leica autostaining system (Leica
Microsystems, Buffalo Grove, IL) using a standard immunohistochemistry (IHC) protocol
with 15 min incubation against total NF-xB p65 - RELA (#8242, dilution 1:400) or against
total STAT3 (#4904, 1:200 dilution) antibodies (Cell Signaling). Staining was quantified by
Aperio software.

Cell Lines and Cell Culture Conditions—Human HNSCC cell lines Ho1N1, HSC2,
and SKN3 were purchased from the Japanese Collection of Research Bioresource. Each cell
line was authenticated using a short tandem repeat analysis kit, GenePrint 10 (Promega), as
directed at the Johns Hopkins University Core Facility. Cell grew at 37°C in 5% CO,.

Transient Transfection and Cell Proliferation Assay—The expression of STAT1,
STAT3 and RELA genes were knocked down by ON-TARGETplus siRNA SMARTpool
(Thermo Scientific) using RNAIMAX Transfection reagent (Life Technologies). Cell
proliferation was measure by CCK-8 kit (Dojindo).

Chemical Treatment—Ho01N1, HSC2 and SKN3 cell lines were treated by either 0.1%
Dimethyl sulfoxide (DMSQO) alone or by 0.1% DMSO with different concentrations of
Bortezomib (#681238/8, Kindly provided by NIH, Bethesda, MD), Bay 11-7085 (#B5681,
Sigma-Aldrich, St. Louis, MO), Cucurbitacin | (#1571, Tocris, Bristol, UK), or and SH-4-54
(#S7337, Selleckchem, Houston, TX). All cells grew in high glucose DMEM medium with
10% FBS and 1% Penicillin-Streptavidin. Cell proliferation was measure by the CCK-8 kit
as described above.

Statistical analyses

Preparation of TF target gene sets—We applied robust multi-array average (RMA)
analysis to an expression array dataset for the discovery cohort. We annotated each TF with
a list of its experimentally validated targets described in the Transcription Factor Database
[TRANSFAC Professional].18 TFs with less than 5 targets were removed. From each TF
gene set, we removed genes that were expected to have significantly reduced expression
either due to increased methylation (3>0.15) or DNA copy loss (CNV<1.2) on a per tumor
sample basis, creating tumor-specific TF gene sets.1> Methylation arrays were preprocessed
using R scripts that provided the estimated b value of percentage methylation. SNP-chip
arrays were preprocessed using corrected robust linear models with maximum likelihood-
based distances (CRLMM) to provide copy number estimates.19 Genes were removed from
the TF gene set on a patient-specific basis using the resulting methylation and copy number
estimates.

TF activity ranking—The resulting 1,325 tumor-specific TF target gene sets,
independently corrected in the discovery and TCGA cohort for DNA-methylation and CNV-
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dependent expression loss, were used to compare samples from HPV+ and HPV- groups to
the pooled values of non-cancer samples for each individual target gene by pseudo-t test,
where each individual tumor sample was given a score based on the probability that it came
from a normal distribution with mean and standard deviation equal to the expression of that
gene in the normal samples. Wilcoxon rank-sum tests were applied to these pseudo-t
statistics to compare the expression of targets of each TF relative to the expression of targets
not regulated by the TF in each sample relative to normal. Wilcoxon p-values of all TF gene
sets were used to rank TFs.

Top Scoring Pair (TSP)—TSP was applied to the combined list of 72 target genes of
STAT1L, STAT3, NF-xB and AP1 pathways (Table S4). TSP aimed to discover five
independent pairs of genes, whose changes in relative level best separate HPV+ and HPV—-
samples from the discovery cohort. These relative changes were used to score patients in
TCGA and a novel validation cohort, where measurements were made by sequencing and
RT-PCR methods.

Correlation of IHC staining with clinical data—Protein staining scored by Aperio
software was correlated with clinical data of ECOG-TMA cohort. Wilcoxon rank sum tests
were used to compare two groups and Kruskal-Wallis tests were used to compare more than
2 groups. Markers’ co-staining was assessed by linear regression.

Cohort assembly and array analysis

To determine gene expression, methylation and copy number in primary HNSCC, we
employed Affymetrix HUEx1.0 GeneChips Array, Illumina Infinium HumanMethylation27
BeadChips, and Affymetrix Genome-wide SNP 6.0 Array for 44 HNSCC (multiple primary
sites, broad stage distribution) and 25 normal samples from a discovery cohort described
earlier [see Table S1 and 8 9].

Array data annotation and preparation of TF target gene sets

The information regarding the target genes for each TF was obtained from the TRANSFAC
2010.4 Professional database.1® We retained TFs with a minimum of five experimentally
validated targets, creating sets of target genes for 1,325 human TFs of the total 2,600 human
TF described in TRANSFAC. The decreased expression signals from methylation and copy
number-lost target genes would lower the calculated activity of TF, without necessarily
lowering the net activity of the TF in a particular tumor sample. To correct for estimated
changes in TF activity due to the effects of DNA methylation and copy number changes on
target gene expression, we removed genes from each individual sample analysis that had a
possibility of reduced expression regardless of TF activity by potential promoter
methylation-driven silencing ($>0.15) or by genetic loss of homo- or heterozygosity [Copy
Number < 1.2 in Copy Number Variation (CNV) estimation]. These genes were identified
by Methylation and SNP arrays used for the same discovery cohort of samples. Methylation
and CNV-corrected 1,325 TF target gene sets for each sample were used for further analysis
(Figure 1).
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HPV positive and HPV negative patients are different by their TF signature

Methylation and CNV-corrected TF target gene sets were analyzed, where the expression of
each target gene was compared for each individual samples to the pool of normal samples.
In order to elucidate TF driven differences between HPV+ and HPV- samples, we
compared gene expression differences between HPV- and HPV+ samples for the corrected
list of gene targets of each TF. We used a Wilcoxon rank sum gene set test to rank the TFs
based on the expression changes in their targets. While a single target gene could be either
upregulated or downregulated in the particular sample or patient group, the determination of
TF activity significance is agnostic to direction of dysregulation in TF gene targets,
assuming the presence of both upregulated and downregulated targets in its list. We isolated
the fifty TFs with the lowest p-values comparing expression of genes in HPVV- and HPV+
groups for further analysis. Of note, due to some overlap in nomenclature of specific TFs
annotated in TRANSFAC, some TFs belong to the same TF pathway. Thus, the majority of
the top fifty ranked TFs could be assigned to a limited number of key TF pathways,
including NF-xB [(RelA-p65)2, NF-kappaB1, NF-kappaB1-p50:RelA-p65], AP-1 [c
—-Fos:c-Jun, Fra-1, ATF, ATF-1, NF-AT1], retinoic acid signaling [PPARalpha:RXR-alpha,
RXR-alpha:PPARalpha, RXR-alpha:PPARgamma, LXR-alpha:RXR-alpha, RORalphal,
RXR-alpha], STAT [STAT1, STATlalpha, STAT5, STAT6, STAT1:STAT1 and
STAT3:STAT3], NOTCH [E12, HES-1], p53 [p53], and RB [E2F-4] pathways (Table S5).
Please note, that while we detected canonical NF-xB pathway members, we did not detect
any members of NF-kB alternative pathway (NFKB2 or RELB).20 Our data suggest that
HPV+ and HPV- HNSCC demonstrate gene dysregulation related specifically to distinct
alterations in TF activity (Table S5). These data were recapitulated using TCGA-HNSCC
cohort (Table S6). These results support prior reports of overall dysregulation of several
common TF pathways in head and neck cancer.?!

In order to determine robustness to different CNV and methylation thresholds, we repeated
this analysis while varying threshold values, such as $>0.25, >0.35 and >0.45 for DNA
methylation, and CNV<1, CNV<0.8, and CNV<0 for DNA copy number. The majority of
the top TFs with diverse thresholds were found in the top 50 TF list with originally applied
biologically relevant $>0.15 and CNV<1.2 conditions, with most TFs involved in STATS,
NF-xB, AP1 and retinoic acid pathways (data not shown). However, we noted that p53 was
lost during threshold variations. The p53 pathway is known to be affected in HNSCC via
two mechanisms, one — via direct HPV E6 oncoprotein-induced degradation of p53 protein,
second — via multiple TP53 mutations.22 23 Point mutations of TP53 genes as well as
chromosomal loss?3 and lack of adjustment for CNV correction on p53 itself may have
altered the significance of p53 TF pathway dysregulation in this analysis.

Co-activation of NF-xB and STAT3 in HPV- HNSCC

To investigate the coordinated dysregulation and the direction of this dysregulation
(upregulation or downregulation) for key TFs, we performed immunohistochemical (IHC)
staining experiments on a primary HNSCC tissue microarray (TMA) cohort including 100
HNSCC (consisting of 90 HPV- and 10 HPV+) from a prior clinical trial (ECOG E4393/
RTOG 9614) and 13 control samples (Table S2).23 We performed an analysis of STAT3 and
NF-kB protein expression for these samples (Figure 2). The protein staining was scored
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using Aperio software only in the tumor cells in each sample, where staining was
independently quantified for the whole cell (reflecting overall protein expression) or for the
nuclei (reflecting protein activation and translocation to nuclei) (Table S7, Figure S1). We
have evaluated the correlation of protein staining with clinical data, such as age, gender,
race, cancer site, as well as with disease, smoking, and HPV statuses. HPV status has the
strongest correlation with protein staining. In particular HPVV—- tumors have increased
protein expression and significant protein activation as defined by greater than average
cellular and nuclear staining of both STAT3 and NF-xB, as compared to HPV+ (Figure 3),
supporting the conclusion that these two groups are differentiated by the activity of TFs such
as NF-xB and STATSs (Tables S5 and S6). Correlation of nuclear protein staining with HPV
was supported by univariate and multivariate analyses (Table S8). The co-staining of NF-xB
and STAT3 was evaluated and showed significant co-activation of NF-xB and STAT3 in
primary HNSCC (Table S9, Spearman correlation coefficient 0.30, p=0.003). We found
significant correlation of STAT3 and NF-kB activation (co-staining in nuclei) (Table S10).
We have calculated the median of nuclear and cellular staining of STAT3 and NF-xB for the
entire TMA cohort of 100 HNSCC samples (Table S10). We have noticed that 50 of 90
HPV- patients (55.6%) had NF-xB nuclear staining above the median staining intensity
(12.85) while none of HPV+ samples had NF-xB staining above the median (Table S10).
Similarly, 49 HPV- patients (54.4%) had STAT3 nuclear staining above the median (23.17)
while only one HPV+ sample had STATS3 staining above the median (p=0.0012 and 0.0157
for NF-xB and STAT3, Table S10). 30 of 90 HPV- patients (33.3%) had both NF-xB and
STAT3 nuclear staining above the median, while no HPV+ patient was found to have this
signature (p=0.0302). See table S10 for details.

Target genes of transcription factors STATs, NF-xB and AP1 distinguish HPV+ and HPV-

HNSCC

To define expression biomarkers related to TF activity, we defined the TF target genes that
reflect the dysregulation of these pathways and examined the ability of these genes to
distinguish HPV+ and HPVV— HNSCC. We combined the lists of all targets for NF-xB,
STAT1, STAT3 and AP1 factors (Table S4) and applied top scoring pair [TSP]24 25
analysis to this combined list. TSP was applied to the expression array data of 72 combined
target genes from the discovery cohort. TSP allowed the discovery of 5 gene pairs among 72
targets that discriminate HPV+ and HPV- (Figure S1), namely: CCND1, CEBPD, ICAM1,
IFGIR, IL6ST, IRF1, JAGL, JAK3, NOS3, and SOCS3. Of note, 5 out of 10 of these paired
genes belong to more than one of the above dysregulated pathways (Table S4). The five
TSPs distinguished HPV+ and HPV- samples from the discovery cohort with a p-value of
9.5 x 1076 and an Odds Ratio (OR) of 44 [5.0, 2185, 95% CI] (Table 1).

To validate our discovery of TF differential dysregulation, we adopted RNA-Seq data
available for the TCGA HNSCC (The Cancer Genome Atlas) cohort. This cohort consists of
279 tumor samples, including 35 HPV+ and 244 HPV- samples. Validation of these genes
as discriminators between HPV+ and HPV- within the TCGA cohort also demonstrated
significant separation with a p-value of 6.7 x 1078 OR = 8.9 [3.6 26, 95% CI] (Table 1).
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Validation of transcription factor target genes by quantitative real time PCR (qQRT-PCR)

In order to validate our results and evaluate the discriminative ability of the top five gene
pairs from the TSP analysis, we assembled an independent validation cohort of 61 HNSCC
(including 43 HPV- and 18 HPV+ samples) and 28 control uvulopalatopharyngoplasty
(UPPP) samples (Table S3). The TSPs based on expression of the top five gene pairs were
analyzed by gRT-PCR, which was able to separate HPV+ and HPVV— HNSCC from this
validation cohort with a p-value of 0.0006 , OR = 9.6 [2.2 60] (Table 1). Using qRT-PCR
data for 5 top scoring gene pairs from TSP, this validation cohort (Table S3) was separated
into three groups by unsupervised hierarchical clustering (Figure 4 heat-map was built for
the purpose of visualization). We found that 25 out of 61 samples were clustered into a
separate group that was enriched by HPV+ patients. That group contains 16 out of 18 HPV+
patients and is distinct from two other primarily HPV- groups by downregulation of
CCND1 and partial downregulation of IRF1, ICAM1, IGF1R and CCND1 (p < 3.5 x 1072).
These data suggest that STATSs, NF-xB and AP1 pathways are upregulated in HPV-
HNSCC patients as compared to HPV+ patients, in concordance with our
immunohistochemical data. Two groups of primarily HPV- patients can be distinguished by
relative expression of TSP genes, with one group showing higher expression of CCND1,
CEBPD, ICAML1, IRF1, IL6ST, JAG1, JAK3, NOS3, and SOCS3. These data suggest that
dysregulation of STATS, AP1 and NF-xB pathways is coordinated and that these pathways
are co-activated for a subset of HNSCC patients (25%, 15 out of total 61 samples),
predominantly HPV- patients (p<0.05 by Fisher’s exact test applied to hierarchically
clustered groups, Figure 4). As HPV- tumors have been associated with poor clinical
outcome, the detected gene signatures can potentially aid clinical assessment of HNSCC
prognostic subgroups.

NF-xB and STAT co-activated HPV- HNSCC cells are growth-inhibited by combined
targeted therapy

We chose Ho1N1 and HSC2 from total 34 cell lines described in 26 after expression analysis
of key TFs and their significant targets (detected via TSP analysis); these cell lines were
selected as representative of STAT3-NF-kB over-expressing or base-line expressing tumors
based on expression pattern. To evaluate the clinical relevance and potential therapeutic
susceptibility of NF-xB and STATSs co-activation in HPV= HNSCC, we knocked down the
expression of these TFs in vitro by RNAI techniques. . HO1N1 cells are characterized by
over-expression of STAT1, STAT3, RELA and NFABL and their signature targets as defined
by our TSP analysis (IRF1, CEBPD, CCND1, ICAM1, JAGL1, JAK3, and NOS3). Since our
data demonstrate that expression of signature target genes discovered as five TSPs reliably
describes the activity of key TF pathways, we conclude that Ho1N1 has hyper-activated
STAT3 and NF-xB pathways. Conversely HSC2 showed low baseline expression of STATS,
NF-xB genes and their significant targets. Of note, JAK3 expression was not detected in
HSC2 and the expression of JAG1 and NOS3 was not significantly different in these two cell
lines (Figure S2).

The siRNA SMARTpools for STAT1, STAT3 and RELA allowed significant inhibition of
target gene expression in each cell line (Figure S3). Growth inhibition was associated with
induction of the cell death by downregulation of NF-xB, shown for wt TP53 head and neck
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cell lines (HPV-).27 Interestingly, significant growth inhibition was noticed only in the
STAT and NF-xB activated Ho1N1 cell line, but not in the HSC2 cell line (Figure 5).
Combined downregulation of two genes had additive effect on cell growth, suggesting that
these pathways were downregulated independently. The combined inhibition of STAT1 and
STAT3 expression had the strongest effect on Ho1lN1 cell line proliferation (62% cell
growth inhibition, as compared to control scrambled siRNA pool); and second strongest
growth inhibition was archived with double STAT3-RELA inhibition (56% cell growth
inhibition). The Ho1N1 cell line was the most sensitive to chemical NF-xB and STAT3
inhibitors (Bortezomib, Bay 11-7085, Cucurbitacin and SH-4-54; Figures S4 and S5, and
References!? 28-30) supporting our siRNA experiments. NF-«xB and STAT3 inhibitors were
not used in combination due to the high cellular toxicity of the individual agents. No effect
of siRNA inhibition was noted in the low STAT-NF-«xB expressing HSC2 cell line (Figure
5b). HSC2 was the most resistant to chemical NF-xB and STAT3 inhibitors (Figures S4 and
S5), supporting our siRNA experiments. SKN3 cells, characterized by intermediate
expression of STATSs, NF-«xB and their targets (Figure S2), were used as a validating
control. This cell line had intermediate cell growth inhibitory effect of STAT and NF-«xB
downregulation (Figure S6), with maximal cell growth inhibition with use of combined
STAT3 and RELA siRNA (42% cell growth inhibition, Figure S6a). SKN3 has an
intermediate response to both NF-xB inhibitors (Figure S4). As for STAT3 inhibitors, SKN3
was sensitive to Cucurbitacin and resistant to SH-4-54 (Figure S5), suggesting an overall
intermediate response to STATS3 inhibitors. The diverse response of SKN3 to STAT3
inhibitors may be explained by high toxicity of Cucurbitacin and low specificity of SH-4-54.

DISCUSSION

Over the past decade, there has been recognition that HNSCC includes favorable prognosis
HPV+ and poor prognosis HPV- patients.3! The discovery of novel therapeutic agents for
poor prognosis HPVV— HNSCC has been challenging, despite use of high throughput
sequencing efforts to define novel therapeutic targets. TF are significant drivers of gene
expression variation, and characterization of TF alterations facilitates insight into HNSCC
biology; however, reliable changes in TF activity are hard to directly detect due to the
complexity of TF signaling. Using three high throughput platforms and an innovative
integrative strategy that compensates for genetic and epigenetic changes in TF targets, we
were able to annotate highly specific target genes to each known TF and infer whole-
genome TF activity by the expression of those target genes in each particular tumor sample.

We have found that HPV- patients have strong coordinated dysregulation of several
pathways, including coordinated activation of NF-xB and STATS pathways. Our results are
supported by similar results shown by other investigators using a cDNA microarray analysis
of 10 HPV—- HNSCC cell lines.32 33 We confirmed our results on multiple validation
datasets, including an ECOG TMA cohort, a TCGA-HNSCC cohort and independent
HNSCC validation cohort, by protein and expression assays, as well as by confirmation of
expression alteration for direct targets of specific TFs. The discovered co-activation of NF-
kB and STAT3 in primary HNSCC tissue is also in agreement with prior published IHC
data.34
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We have also shown that co-activation of NF-xB and STAT3 provide an avenue for
selective therapeutic targeting in cell line models. We have demonstrated that these
alterations occur in a substantial subset of HNSCCs. For example, 15 out of total 61 HNSCC
patients (25%) or 14 out of total 43 HPV- HNSCC patients (33%) have higher expression of
direct targets of STATS, NF-xB and AP1 TFs, such as CCND1, CEBPD, ICAM1, IRF1,
JAG1, JAK3 and NOS3 (Figure 4). The direct dependence of these targets on TFs activity
strongly correlates with the previous data showing NF-kB target activation in HNSCC.2”

Prior reports have described changes in the activity of the several TFs, like STAT1, STAT3,
NF-kxB and AP1, in HPV- HNSCC, as well as in HPV mixed HNSCC population and HPV
+ cervix patients.32-39 For example, HPV16 E7 was shown to inhibit NF-«B activity.40
Additional TF pathway activity alterations in HNSCC have been shown for p53,22 RB1,23
and retinoic X receptor#! cascades. There are many possibilities for these pathways to
interact in HNSCC. Many of these TFs have common upstream regulators: including
dependence of NF-xB, STATs and AP1 activation on IKKa, IKK, and on cytokine
signals.20: 42, They also share common downstream targets: for example, STAT1 and NF-
kB regulate CD40 expression?3 44; AP1 and NF-«B regulate IL6, IL8 and VEGF
expression.34 Finally, these TFs can also affect their own expression and expression of each
other: NF-xB plays a role in paracrine-dependent activation of STAT3 pathway.3* 42 More
shared targets can be found in Table S4 and in Reference32. Prior publications also suggest
that co-activation of NF-kB and STAT3, especially in the context of dysfunctional p53 will
enhance BCL-XL expression and lead to HNSCC cell survival.?> While direct ChIP-Seq
experiments are not feasible to perform on the primary HNSCC samples due to the limited
tumor availability, we expect overlap in TF binding to their target genes, inconsistent with
the literature cited above.

The overlapping gene targets of p53, p63 and p73 TFs and their ability to distinguish HPV+
and HPV- patients is summarized in Table S11. Notably, the mutation status of TP53 gene
has a mixed downstream effect on the activity of its target genes (Table S12). The TP53
mutation status was available for 37 out of 44 HNSCC samples in the discovery cohort from
previous deep-sequencing study6, where 25 samples were found to have wild-type TP53
and 7 samples were found to have disruptive TP53 mutations (2 samples with nonsense
mutations and 5 samples with missense hot spot mutations: R175H, Y220C, R248Q, R273C,
and R282W). The diverse effect of disruptive TP53 mutations can be explained by
downregulating effect of nonsense mutations and activating effect of gain-of-function hot
spot mutations. Such results correlate with previously published data, summarized in
Reference?’.

In general, TFs were considered “undruggable” for many years, but with improved
understanding of transcription factor biology and new insight into pathway analysis, as well
as novel technologies in the development of targeting agents and agent delivery, there is a
broad venue for treatment based on TFs and their pathways.*8: 49 We have demonstrated that
therapeutic agents directed against STATs and NF-«B, such as Cucurbitacin?®,
Bortezomib!2, Bay 11-708528 and SH-4-5430 have high toxicity and limited specificity (See
Figures S4 and S5 for details). However, small peptides and peptidomimetics have shown
lower cellular toxicity and better specificity to decrease transcription activity of STAT3, NF-

Int J Cancer. Author manuscript; available in PMC 2016 October 15.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gaykalova et al.

Page 11

kB, MYC and others.>0 Oligonucleotide-based therapy, including RNA interference agents
and single-stranded decoys have demonstrated specific downregulation of targeted
pathways, and are actively used in preclinical and early clinical studies to facilitate AP1,
RB1, ERs, NF-kB, and STATs downregulation.13: 14. 51

The correlation of our findings with previous published data suggests that the inferential
technique we have developed to define TF activity is robust and a useful tool for discovery
of genome-wide changes in TF activity. While we evaluated only the most prominent TF
pathways, such as STATS, NF-kB and AP1, many more TFs were found to be significantly
and differentially activated in two HNSCC groups. The use of an inferential strategy to
deduce activity of specific TFs also has the potential for application in therapeutic targeting,
as we were able to use a list of ten target genes that helped us to validate TF signatures
experimentally. This strategy could potentially be adapted for clinical practice to identify
patients with dysregulated (upregulated or downregulated) pathways. Characterization of a
limited list of TF target genes allowed us to accurately characterize TF signatures
experimentally, and could potentially be applied to define patients with tumors that are
susceptible to specific TF pathway targeting agents as we have done in cell line systems,
albeit with potential limitations in translating cell line responses to primary tumor responses
to therapy. In addition, we used a correction strategy to infer TF signatures despite
heterogeneity of genetic and epigenetic alterations that could potentially mask TF pathway
alteration. This strategy has potential to clarify pathway alterations in specific individual
tumors within tumor types that exhibit significant heterogeneity in terms of genetic and
epigenetic alterations.

In summary, the use of high throughput integrated expression, methylation, and genome
copy number analysis to infer TF activity in HNSCC provides insight into biologic
variability of behavior and treatment response for HPV+ and HPV—- HNSCC patients, and
may potentially be used to direct targeted therapy based on TF pathway analysis.
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WHAT’'S NEW

This is the first comprehensive genome wide analysis of transcription factors (TFs) in
primary head and neck squamous cell carcinoma (HNSCC). TF activity was estimated
globally using a novel inferential approach that accounts for gene silencing and loss of
hetero- and homo-zygosity. This approach also generated biomarkers of TF activity
linked to HPV status, which was validated in two additional cohorts using different
molecular measurement technologies. Using the employed inferential approach we
developed a top-scoring-pair biomarkers based panel. Using this panel we defined
therapeutic response in cell line models. These data indicate that TF based analyses of
HNSCC have potential for defining therapeutic responsiveness to TF based targeted
therapies.

Int J Cancer. Author manuscript; available in PMC 2016 October 15.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gaykalova et al.

Page 16

Discovery Cohort TCGA Cohort
(13 HPV+, 31 HPV-, 25 Normal) (35 HPV+, 244 HPV-, 50 Normal)
Exon Array -> RMA Gene RNAseq data -> Patient
Level specific TF activity
v (methylation correction -
Annotated targets to 2600 Methylation array; CNV-
human TFs correction — SNP array)
v v
Removal of TFs with less then | HNSCC groups comparison |
5 targets
v
[ Gz e o 1205 s ] RNAseq data -> Validation of
v TSPs for HPV status

Patient-specific removal of
methylation-silenced targets
(B > 0.15, Methylation Array)

and DNA-loss silenced Validation Cohort
targets (CNV < 1.2, SNP array) 18 HPV+, 43 HPV-, 28 Normal)
v gRT-PCR data -> Validation of
| Peeudot tests | TSPs for HPV status
v
| Patient specific TF activity | ECOG Validation Cohort
v 10 HPV+, 90 HPV-, 13 Normal)
| HNSCC groups comparison | TMA -> STAT3 & RELA staining
quantification

Exon Array -> TSP to define
HPV status from TF gene sets

Figure 1.
Experimental set up. Discovery cohort, 44 HNSCC (13 HPV+ and 31 HPV-) and 25 UPPP.

Exon Array data for discovery cohort samples was normalized by RMA. 2600 human TF
were depicted from TRANSFAC database and were annotated by highly relevant
experimentally validated target genes. The list of TF was reduced by removal of TF with
less than 5 targets. For the remaining 1325 TFs, the target genes from the TF gene sets were
removed if their expression was silenced by hypermethylation or DNA copy loss (using
methylation array and SNP assay data) on individual sample basis. Resulting TF target gene
sets were then used to compare individual samples to pool of normal by pseudo-t test to
evaluate patient specific TF activity. Control-normalized TF gene sets were compared in
HPV+ vs HPV- groups. RMA-normalized exon array data alone was used in TSP to define
HPV status from TF gene sets for AP1, STAT1, STAT3 and NF-xB pathways. TCGA
cohort, 279 HNSCC (35 HPV+ and 244 HPV-) and 50 matched normal. RNA-Seq data was
used to evaluate individual gene expression. Target genes from the 1325 TF gene sets were
used and were corrected for genes silenced by hypermethylation or DNA copy loss (using
methylation array and SNP assay data) and compared for HPV+ and HPV- patients on an
individual sample basis similar to the discovery cohort. RNA-Seq was used to validate TSP
analysis. Validation cohort, 61 HNSCC (18 HPV+ and 43 HPV-) and 28 normal UPPP, was
used for validation of TSP by gRT-PCR. ECOG Validation Cohort, 100 HNSCC (10 HPV+,
90 HPV-) and 13 normal controls, was used in IHC experiments.
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Figure2.
IHC staining of NF-xB and STAT3. TMA containing 100 HNSCC and 13 control tissues

was stained against total NF-xB (RELA) and STAT3 antibodies. Representative HNSCC
samples of NF-xB and STAT3 co-staining are shown. (a) HPV+ samples. (b) HPV-
samples. Samples are arranged from stronger staining and better co-staining on the left to no
staining on the right. Both markers co-stain in cellular nuclei of cancer tissues (Spearman
correlation 0.30, p=0.003).
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Figure 3.
Association of protein level with HPV infection. The level of antibody staining was

quantified by the Aperio in the whole cell (total protein expression) or in the nuclei (protein
activation) for NF-xB and STAT3. The staining intensity was averaged for three tissue
replicates. (* p<0.05).
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Figure 4.
Separation of HNSCC by the expression of the five top-scoring gene pairs. The expression

of the top five gene pairs discovered by TSP was analyzed by gRT-PCR on 61 HNSCC and
28 UPPP samples from the validation cohort. Logarithm-converted values of GAPDH-
relative expression for these genes were used for heatmap preparation in R script. Tumor
samples were separated on three groups by unsupervised hierarchical clustering. The middle
group of 25 HNSCC contains 16 out of total 18 HPV+ patients. P-values were calculated by
Fisher exact test.
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Figure5.

Cooperative downregulation of STATs and NF-xB pathways in HNSCC cell lines. Ho1N1
(a, over-expresser) and HSC2 (b, baseline) cell lines were used in experiments with single
and combined downregulation of STAT1, STAT3 and NF-xB subunit - RELA. Cell
proliferation of Ho1N1 and HSC2 with or without of gene specific knockdown of STATL,
STAT3 and RELA was measured by CCK8. Values are mean + SEM, the experiments were
performed in pentaplicates. (* indicates a significant difference (p<0.05) between the control
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Top 5 pairs of target genes discriminate HPV—- and HPV+ patients from different cohorts

Table 1

Discovery Cohort | TCGA Validation Cohort
p value 9.5x 1076 6.7 x 1078 0.0006
odds ratio [95% CI] | 44 [5.0 - 2185] 8.9[3.626] | 9.6[2.260]
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Abbreviations non-coding, endogenous, single-stranded RNAs, called microRNAs

(miRNAs). Based on complementarity, these molecules bind to the
target mRNA, which is either completely degraded or prevented from
translation, without any split [3]. Currently, according to miRBase
21, 2588 mature human miRNAs are known to regulate many
protein-coding genes [4-7]. MiRNAs play an important role in many

ADC: Adenocarcinoma; EGFR: Epidermal Growth Factor
Receptor; FFPE: Formalin-fixed and Paraffin-embedded; HER3:
v-erb-b2 Erythroblastic Leukemia Viral Oncogene Homolog 3;
LCC: Large Cell Carcinoma; LRP/MVP: Lung Resistance-related
Protein/major Vault Protein; MDR: Multidrug Resistance; miRNA:
microRNAs; MRP1: Multidrug Resistance-associated Protein 1;
NSCLC: Non-small Cell Lung Cancer; OS: Overall Survival; PFS:
Progression Free Survival; P-gp: P-glycoprotein; PTEN: Phosphatase
and Tensin Homologue; RNAi: RNA Interference; RT-PCR: Reverse
Transcription Polymerase Chain Reaction; SCC: Squamous Cell
Carcinoma; SCLC: Small Cell Lung Cancer; TMA: Tissue Microarrays;

VEGEF: Vascular Endothelial Growth Factor; ZEB: Zinc Finger E-box
Binding Homeobox The human microRNA-21 gene (hsa-miR-21), located on

chromosome 17q23.2, has been shown to be dysregulated in e.g.

biological processes, such as proliferation, apoptosis, development,
differentiation, DNA damage response and other processes. They can
also affect carcinogenesis, chemoresistance and radioresistance and
they are involved in diverse regulatory pathways [8-12]. For these
reasons, miRNAs often dysregulated in tumours could be classified as
a class of oncogenes or tumour suppressor genes and, they might be
used as markers for monitoring carcinogenesis [8, 13].

Introduction breast, colon, pancreatic, stomach, prostate, ovarian and lung cancer

A major cause of cancer mortality worldwide is lung cancer ~ [14-16]. Overexpression of miR-21 in lung cancer in never-smokers is
and non-small cell lung cancer (NSCLC) represents approximately ~ Probably connected with activated epidermal growth factor receptor
80-85% of all cases. Many NSCLC patients do not respond to  (EGFR) signalling [17]. miR-21 supports cell proliferation because
therapy due to the emergence of multidrug resistance (MDR). For it inhibits the tumour suppressor gene Phosphatase and tensin
treatment of advanced forms of NSCLC is frequently treated using ~ homologue (PTEN). This leads to constitutively active signalling
radiotherapy, chemotherapy or biological therapies. In recent years, ~ through the PI3K/Akt pathway followed by K-Ras signalling which
RNA interference (RNAi) has also been introduced [1-3]. RNAiisa  Supports survival and proliferation of tumour cells [18-20]. miR-21
molecular mechanism of gene silencing which inhibits gene expression  also participates in other processes, such as differentiation, cell cycle
at post-transcriptional level. In human it is govern by small (~22 nt) ~ Progression, apoptosis, tumour invasion and DNA-damage repair
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processes [21-23]. There is also evidence that the Akt2-dependent
pathway activated by hypoxia can support tumour resistance via miR-
21 induction. Chemoresistance accompanied by miR-21 upregulation
has been found in breast and ovarian carcinomas, pancreatic cancer,
prostate cancer and glioblastomas [24-28].

The expression of human microRNA-126 gene (hsa-miR-126),
located on chromosome 9q34.3, has been shown to be dysregulated
in hepatocarcinomas, breast, colorectal, cervical and lung cancer
[29-31,14,15]. MiR-126 is the regulator of Vascular endothelial
growth factor A (VEGF-A) and therefore, it has an important role
in angiogenesis [29,32,33]. It is also involved in proliferation,
differentiation and metastasis [31,34,35]. On the other hand,
downregulation of miR-126 decreases the cytotoxic effect of gefitinib
in adenocarcinomas cell lines. This can lead to the emergence of
resistance to gefitinib [36].

The human microRNA-205 gene (hsa-miR-205), located on
chromosome 1q32.2, has been shown to be upregulated in head
and neck cancer, bladder cancer and in squamous cell carcinomas
[37,38]. Likewise miR-21, miR-205 inhibits tumour suppressor gene
PTEN and also regulates Zinc finger E-box binding Homeobox 1
and 2 (ZEBI and ZEB2) regulating tumour invasion [18,39]. miR-
205 regulation of v-erb-b2 erythroblastic leukemia viral oncogene
homolog 3 (HER3) receptor activating Akt can sensitize breast
cancer to treatment using the tyrosine-kinase inhibitors gefitinib and
lapatinib [40]. The pro-apoptotic effect of chemotherapeutic agents
was also observed in prostate cancer cells with induced expression of
miR-205 [41].

The following study on miR-21, miR-126 and miR-205, whose
genes are located in regions frequently amplified (hsa-miR-21 and
hsa-miR-205) or deleted (hsa-miR-126) in lung cancer was based
on the work of Yanaihara et al. [14]. We correlated levels of these
miRNAs with clinico-pathological status of NSCLC patients and with
expression of known transporter proteins involved in MDR, such
as P-glycoprotein (P-gp), Multidrug resistance-associated protein
1 (MRP1) and Lung resistance-related protein/Major vault protein
(LRP/MVP). These proteins are able to efflux anti-cancer drugs from
the cells which is one of the main mechanisms of MDR [2].

Materials and Methods

Clinical assessment and patients

Formalin-fixed and paraffin-embedded (FFPE) surgical tissue
samples of lung cancer from years 1996-2000 were obtained from
the archives of the Department of Clinical and Molecular Pathology,
Faculty of Medicine and Dentistry, Palacky University and University
Hospital, Olomouc. The group of patients comprised of 65 patients
with lung cancer after approval by the ethics committee of University
Hospital and Faculty of Medicine and Dentistry, Palacky University
Olomouc. The cohort consists of 65 patients: 56 male and 9
female and age range 33 to 78 years. 31 tumours were classified as
adenocarcinomas (ADCs), 26 as squamous cell carcinomas (SCCs),
6 as large cell carcinomas (LCCs) and 2 as small cell lung cancer
(SCLC) patients. 19 patients were in stage I/II and 34 patients in
stage III/IV. For the rest of the patients, the stage was unknown.
The characteristics of patients are shown in Table 1. 21 patients
had received chemotherapy. 18 of them underwent platinum based
chemotherapy regime and the rest of patients were treated with

different chemotherapeutics, such as fluorouracil, doxorubicin or
taxanes. The clinico-pathological parameters progression free survival
(PFS) and overall survival (OS) were monitored over than 15 years.

Tissue microarray construction

Tumour tissue microarrays (TMA) were constructed using
65 formalin-fixed and paraffin-embedded primary lung cancer
specimens. The tissue areas for sampling were selected based on visual
alignment with the corresponding H&E stained section. Two to four
tissue cores were taken from a tumour block and were replaced into
a recipient paraffin block with a tissue microarrayer Galileo TMA
CK3500 (BioRep, Milan, Italy).

Immunohistochemical staining of P-gp, MRP1 and LRP/
MVP

Indirect immunohistochemistry was used. The TMA sections
were deparaffinized. Then LRP/MVP antigen was unmasked in citrate
buffer (pH 6) and MRP1 in Target Retrieval Solution, High pH (10x)
(Dako, Denmark). The sections for detection of P-gp were not pre-
treated because the monoclonal antibody UIC2 (1864, Immunotech,
Marseille, France), used at a dilution of 1:50, targets the extracellular
epitope of P-gp protein [42]. The Monoclonal Antibody to MRP1
(human) (MRPmS5) (801-012-C250, Alexis, Lausen, Switzerland) at
a dilution of 1:25 and Monoclonal Antibody to LRP [MVP] (human)
(LMR5) (801-014-C025, Alexis, Lausen, Switzerland) at a dilution
1:20 were used. Visualisation was made by EnVisionTM+ Dual Link
(Dako, Denmark). Nuclei were counterstained with haematoxylin.
The preparations were observed under an optical microscope and
images were captured with a DP71 camera (Olympus, Tokyo, Japan).
The expression of P-gp, MRP1 and LRP/MVP were semi quantitatively
assessed in stained tissue sections by estimation of the percentage of
positive cells as very low (< 10 %), low (< 30 %), moderate (< 60 %)
or high (> 60 %).

Isolation of total RNA

Total RNA isolation from corresponding tissue cores obtained by
tissue microarrayer Galileo TMA CK3500 [43] was performed using
the RecoverAll™ Total Nucleic Acid Isolation Kit for FFPE (Applied
Biosystems, Foster City, CA, USA) according to the manufacturer’s
instructions. All preparation and handling steps of RNA were
performed under RNase-free conditions. The concentration of total
RNA was measured using NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies, Wilmington, Delaware, USA) and then
RNA was stored at -80°C until use.

Reverse transcription

TagMan' MicroRNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA) was used according to the
manufacturer protocol. 10 ng of total RNA was used for reverse
transcription in total volume of reaction 15 pl. Pooled gene-specific
primers of miR-21, miR-126, miR-205 and RNU6B (RNA, U6 small
nuclear 2) (Applied Biosystems, Foster City, CA, USA) were added to
the reverse transcription polymerase chain reaction (RT-PCR). RT-
PCR product was then preamplificated according to protocol using
TagMan  PreAmp Master Mix (2x) (Applied Biosystems, Foster
City, CA, USA) with pooled TagMan" MicroRNA Assays (Applied
Biosystems, Foster City, CA, USA) of miR-21, miR-126, miR-205 and
RNUG6B.
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Table 1: Characteristics of patients.

All Histological subtype
patients Sex Age Grade 0f NSCLC SCLC
female ‘male <60 260 I/l 1I/IV| ADC | SCC LCC
65 2
9 56 28 37 |19 34 31 26 6

NSCLC — non-small cell lung cancer, SCLC — small cell lung cancer, ADC —
adenocarcinoma, SCC — squamous cell carcinoma, LCC — large cell carcinoma

Figure 1a: Immunohistochemical detection of P-gp.

Real-time PCR for miRNAs quantification

The pre-PCR product was diluted in TE buffer (1:20). The
reaction consisted of TagMan' Universal PCR Master Mix (2x)
(Applied Biosystems, Foster City, CA, USA), nuclease-free water
and corresponding TagMan MicroRNA Assay and diluted pre-
PCR product. Each sample was analysed in triplicate and volume
per each reaction was 10 pl. Real-time PCR was performed using
LightCycler' 480 (Roche, Branford, CT, USA) according to protocol.
As an endogenous control, RNU6B was used. The control sample
was prepared by mixing the same amounts of commercially available
Human Lung Total RNAs (AM7968, Lot. 0904002 and 1203010,
Applied Biosystems, Foster City, CA, USA) and Total RNAs,
Lung, Human (540019, Lot. 0006051745 and 0006079356, Agilent
Technologies, Santa Clara, CA, USA).

Statistical analysis

The relative level of expression of assessed miRNAs was calculated
using the following equation: relative gene expression = 2-(ACtsmple -ACt
contrl) The difference among controls was determined using ANOVA
(analysis of variance) test. For the correlation of expression levels of
tested miRNAs and proteins with histological subtypes a Kruskal-
Wallis test was used. PFS and OS were determined using Kaplan-
Meier analysis. The significance of P-gp, MRP1 and LRP/MVP levels
in relation to the higher or lower miRNAs expression in NSCLC were
determined by the Mann-Whitney U test. p < 0.05 was considered
statistically significant.

Results

TMA blocks from 65 patients were immunohistochemically
analysed for P-gp, MRP1 and LRP/MVP expression. The tissues from
TMAs were also used for the detection of expression levels of miR-21,
miR-126 and miR-205.

Figure 1b: Immunohistochemical detection of MRP1.

Expression of P-gp, MRP1 and LRP/MVP in NSCLC

The expression of P-gp, MRP1 and LRP/MVP was assessed in 62
patients. Three patients were excluded from the analysis; two of them
for the diagnosis of small-cell lung carcinoma and one for sampling
from the metastasis of ADC into adrenal gland. The P-gp was detected
in 39 (62.9 %) patients, in 18 (29 %) its expression was high (Figure
la). Expression of MRP1 was found in 48 (77.4 %) patients. It was high
in 26 (41.9 %) patients (Figure 1b). The LRP/MVP was detected in 37
(59.7 %) patients; high expression was in 20 (32.3 %) patients (Figure
1c). Their expression in different histological subtypes is summarised
in Table 2. There was no significant difference in P-gp, MRP1 and
LRP/MVP expression between ADC, SCC and LCC specimens. For
the next analysis, very low expression of proteins was considered as
a negative expression while higher expression levels (low, moderate
and high) were considered as a positive expression.

Expression of miR-21, miR-126 and miR-205 in NSCLC

The relative quantification of mature miR-21, miR-126 and miR-
205 in 62 lung cancer samples was performed. Overexpression of
miR-21 was found in 7 (11.3 %) samples, miR-126 was upregulated
in 3 (4.8 %) samples and miR-205 was overexpressed in 30 (48.4 %)
samples. There was no significant difference in miR-21 and miR-126
expression between ADC, SCC and LCC specimens. The expression

Figure 1c: Immunohistochemical detection of LRP/MVP.
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Table 2: Expression of P-gp, MRP1 and LRP/MVP in different histological
subtypes of NSCLC.

Protein | Intensity ADC [No. SCC [No. LCC [No. Total [No.
()] (%)] (%)] ()]
very low 9 (30.0) 12 (46.2) 2(33.3) 23 (37.1)
low 7(23.3) 6(23.1) 3(50.0) 16 (25.8)
P-gp | moderate 3(10.0) 2(7.7) 0 (0) 5(8.1)
high 11 (36.7) 6 (23.1) 1(16.7) 18 (29.0)
Total 30 26 6 62
very low 6 (20.0) 7 (26.9) 1(16.7) 14 (22.6)
low 9 (30.0) 7 (26.9) 1(16.7) 17 (27.4)
MRP1 | moderate 4 (13.3) 1(3.8) 0 (0) 5(8.1)
high 11 (36.7) 11 (42.3) 4 (66.7) 26 (41.9)
Total 30 26 6 62
very low | 11 (36.7) 13 (50.0) 1(16.7) 25 (40.3)
low 4(13.3) 2(7.7) 3(50.0) 9(14.5)
'KAFf/F;’ moderate 3 (10.0) 5(19.2) 0(0) 8 (12.9)
high 12 (40.0) 6(23.1) 2(33.3) 20 (32.3)
Total 30 26 6 62
P-gp: P-glycoprotein; MRP1: Multidrug Resistance-associated Protein 1,
LRP/MVP: Lung Resistance-related Protein/major Vault Protein; ADC:

Adenocarcinoma; SCC: Squamous Cell Carcinoma; LCC: Large Cell Carcinoma
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Figure 2: Comparison of miR-205 expression in particular histological
subtypes.
SCC: Squamous Cell Carcinoma; LCC: Large Cell Carcinoma; ADC:
Adenocarcinoma

of miR-205 was significantly higher in SCCs than in other histological
subtypes (p < 10_) (Figure 2).

Analysis of relationship between P-gp, MRP1, LRP/MVP
and miRNAs status and, PFS and OS

PFS and OS were used as the clinico-pathological parameters
for evaluating the response of patients to the therapy and their
survival status. The surveillance analysis did not show the significant
differences between the expression of P-gp, MRP1, LRP/MVP and
tested miRNAs and, PFS and OS. Expression of these proteins was
subsequently correlated with the expression levels of miR-21, mir-
126 and miR-205.

Correlation of miRNAs status with P-gp, MRP1 and LRP/
MVP expression

Neither miR-21 nor miR-126 levels correlated with P-gp, MRP1
and LRP/MVP expression. Also the level of miR-205 was not linked
with MRP or LRP/MVP expression. The only significant negative
correlation was found between miR-205 and P-gp expression (p =
0.03) (Figure 3).

Discussion

In the present pilot study, data from 62 formalin-fixed and
paraffin-embedded primary lung cancer samples were analysed. They
were assessed against commercially available control lung RNAs
obtained from non-lung cancer patients because the presence of
other factors influencing miRNAs expression (e.g. inflammation) in
adjacent non-tumour tissues in lung cancer patients.

In this study, no correlation of P-gp, MRP1 and LRP/MVP
expression and, miR-21 and miR-126 levels with PFS and OS was
found. This is in contrast to other studies in which expression of these
proteins and miRNAs appeared to have prognostic value [44-47,13].

The failure of the therapy may be responsible for the shorter
PES and OS of cancer patients probably due to the emergence of
MDR. P-gp, MRP1 and LRP/MVP are considered as prognostic
markers with regard to the emergence of MDR associated with their
expression during chemotherapy [44,45]. Results of this pilot study
were not consistent with previous studies. It is probably caused by
little cohort of analysed patients because our previous unpublished
results obtained from larger group of patients (more than 200) were
in agreement with this claim.

In many studies using cell lines, involvement of miR-21 in MDR
has been described [24,48-50]. A few studies only have been carried
out on NSCLC patient samples. In the majority of publications,
miR-21 overexpression is a suggested negative prognostic marker
for NSCLC [46,47,13] but in some, this significance was not
validated. The downregulation of miR-21 has also been observed and
Wang et al. concluded that this may be associated with sensitivity
of NSCLC patients to radiotherapy. In this study, the levels of
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Figure 3: Correlation of miR-205 and P-gp expression.
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miR-21 in radiosensitive patient’s samples were assessed against
radioresistant patient’s samples [51]. There were no available data on
the radioresistance / radiosensitivity status of our cohort of patients.
However, due to sample collection mainly before therapy, patient
radiosensitivity might have been a reason for miR-21 downregulation
as downregulation of miR-21 was detected in 55 (88.7 %) samples.

Recently, different expression level of miR-21 was observed in
distinct tumour areas of colorectal cancer patients. Nielsen et al.
found 6-fold higher level of miR-21 in stromal cells compared to
that in cancer cells [52]. For the purpose of this study, TMA cores
for RNA isolation and quantification were taken from the tumour
areas containing cancer cells, not stromal cells. This might explain
the finding of lower levels of miR-21 mostly detected in our patients.

Downregulation of miR-126 is commonly observed in NSCLC
[34,53] and our results are in accordance with this. In addition, it has
been proposed that miR-126 might have a tumour-suppressor effect
during tumorigenesis [31].

Our results suggest miR-205 could be used as a diagnostic marker
for distinguishing SCCs from ADCs and other histological subtypes
(p < 10). This is consistent with other studies showing the role of
miR-205 in NSCLC diagnosis [54-56]. In addition, the relationship
of miR-205 and P-gp expression has been observed in this study (p =
0.03). So far, there is no verified explanation for this phenomenon but
RNA22-HSA algorithm predicted P-gp as one of the targets of miR-
205 (http://cm.jefferson.edu/rna22v1.0-homo_sapiens) [57].

P-gp is the main executor of so-called typical MDR. It is
responsible for the efflux of some anti-cancer drugs from cells which
are one of the major mechanisms of drug resistance. The emergence
of the resistance can cause relapse and therefore, its earlier detection
might prevent MDR to fully develop. In some cases, typical MDR can
be overcome using compounds, such as Cyclosporine A or Tamoxifen
[58,59,2]. We present initial results that indicate the possible role of
miR-205 in typical MDR caused by P-gp. Validation of these results
in a larger cohort of cases is however required.

Conclusion

The recognition of MDR in NSCLC patients is important for
decision to change the ineffective chemotherapy to different effective
treatment. Detection of molecules regulating expression of proteins
involved in MDR may help to reveal these processes earlier. MiR-205
seems to regulate P-gp, which is one of the executors of typical MDR.
Therefore, downregulation of miR-205 might be a sign of higher P-gp
expression and thus, activation of MDR mechanisms.
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Recently, miR-23b has emerged as a promising new cancer biomarker but its role in lung cancer has not been established
yet. Patients still do not respond well to available treatments, probably due to expression of multidrug resistance (MDR)
proteins, such as P-gp, MRP and LRP/MVP. The aim of this study was to determine the role of miR-23b in non-small cell lung
cancer (NSCLC) and its relationship to the patient outcome together with MDR transporter proteins. We immunohistochemi-
cally evaluated expression of P-gp, MRP and LRP/MVP and quantified the relative levels of miR-23b in 62 NSCLC patients’
samples. The prognostic significance of miR-23b and MDR proteins was tested by Kaplan-Meier and Cox-regression analysis.
Our results showed that miR-23b is mostly downregulated in NSCLC samples (57/62) and that its upregulation in tumors is
connected with longer progression-free survival (PES; P = 0.065) and overall survival (OS; P = 0.048). The Cox proportional
hazard model revealed that the risk of death or relapse in NSCLC patients with miR-23b downregulation increases together
with LRP/MVP expression and both risks decrease with miR-23b upregulation (HR = 4.342, P, = 0.022; HR | =4.408, P
=0.015). Our findings indicate that miR-23b, especially in combination with LRP/MVP expression, might serve as a suitable

prognostic biomarker for NSCLC patients.

Key words: non-small cell lung cancer (NSCLC), MiR-23b, P-gp, MRB, LRP/MVP, prognosis

Lung cancer is a major cause of cancer mortality world-
wide and non-small cell lung cancer (NSCLC) represents
approximately 80-85% of all cases [1]. The problem is that
many NSCLC patients do not respond to the therapy due to the
emergence of multidrug resistance (MDR). The most studied
proteins underlying this phenomenon are P-glycoprotein (P-
gp/ABCB1/MDRI), Multidrug resistance-related protein 1
(MRP/ABCC1/MRP1) and Lung-resistance related protein/
Major vault protein (LRP/MVP).

P-gp and MRP belong to the family of ATP binding casette
(ABC) transporters. P-gp actively transports hydrophobic,
positively charged and neutral molecules, while MRP pumps
negatively charged molecules (mainly glutathione conjugates)
from the cell to the extracellular space [2-5]. They are localized
in the cytoplasmic membrane and they are normally expressed
in organs, such as lung, intestine or the hemato-encephalic
barrier which are in contact with environment and xenobiot-
ics (toxins and drugs). The physiological function of P-gp and

MRP is to export toxic metabolites and xenobiotics entering
the cells from the environment and to protect the cells from
damage [6-10]. These ABC-transporters are aberrantly ex-
pressed in tumor cells. Activation of their expression in cancer
cells is responsible for the export of diverse chemotherapeutics
from the cells [5, 7, 8, 11, 12].

LRP/MVP is a ribonucleoprotein particle able to transport
drugs such as platinum derivatives from the nucleus to the
cytoplasm. After that, these compounds can be transported
outside from the cells by ABC-transporters [13-15].

Expression of P-gp, MRP and LRP/MVP is often observed
in NSCLC samples and it is believed that these molecules
play a major role in the emergence of multidrug resistance
(5,7, 8,16].

Recent studies have shown that miRNAs play an important
role in development, differentiation, DNA damage response,
proliferation, apoptosis and other processes. They are also
involved in diverse regulatory pathways and they can affect
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carcinogenesis, chemoresistance and radioresistance [17-21].
For these reasons, miRNAs whose expression may be increased
or decreased in tumors could be called a class of oncogenes
or tumor suppressors and they might be used as biomark-
ers for monitoring carcinogenesis [17, 22]. Radiotherapy,
chemotherapy and biological therapy are frequently used for
treating advanced forms of NSCLC but in recent years, RNA
interference (RNA1) has also been introduced [1, 23]. RNAi is
a highly conserved molecular mechanism of post-transcrip-
tional gene silencing. Functional units of RNAi in humans
are mainly small (~22 nucleotides) non-coding, endogenous,
single-stranded RNAs, called microRNAs (miRNAs). Based
on complementarity, miRNAs bind to the target mRNA which
is either completely degraded or prevented from translation
[23]. Currently, according to miRBase 21, 2588 mature hu-
man miRNAs are known to regulate many protein-coding
genes [24].

Recently, miR-23b has emerged as a promising molecule
that may be involved in tumor development and metastasis.
It behaves as a tumor-suppressor or as an oncogenic miRNA
in time- and tissue-dependent manner [25]. Owing to its
dual role, miR-23b in tumors targets different molecules and
regulates oncogenes supporting proliferation and metastasis
formation, such as Src kinase, AKT, SNAIL and ZEB1, or
tumor-suppressors having an apoptotic and anti-metastatic
effect (for example Nischarin, VHL and PTEN) [26-31].
Downregulation of miR-23b was observed in prostate, blad-
der and thyroid cancer. Patients with higher levels of miR-23b
had better prognosis than those with lower levels [26, 28, 32].
Upregulation of miR-23b was detected in renal, breast cancer
and gliomas [29-31] and its upregulation was connected with
poor patient’s outcome.

Prognostic significance of miR-23b has not been studied in
NSCLC yet. For this reason, we quantified level of miR-23b
in NSCLC patient samples. Identification of its significance
could be crucial for its usage as a biomarker. We compared its
expression with the expression of known transporter proteins
P-gp, MRP and LRP/MVP involved in the emergence of MDR.
Finally, we created a regression model for assessing patient
risk of death or relapse.

Patients and methods

Patients and their clinical data. Formalin-fixed and
paraffin-embedded (FFPE) tissue samples of lung cancer from
1996-2000 were obtained from the archives of the Department
of Clinical and Molecular Pathology, Faculty of Medicine
and Dentistry, Palacky University Olomouc and University
Hospital Olomouc. The sample comprised 62 patients with
lung cancer, 55 males and 7 females (age range 33 to 78 years),
after approval by the ethics committee of University Hospital
and Faculty of Medicine and Dentistry, Palacky University
Olomouc. In this cohort, 30 tumors were classified as adeno-
carcinomas (ADCs), 26 as squamous cell carcinomas (SCCs)
and 6 as large cell carcinomas (LCCs). 18 patients were in stage

I/II and 33 patients in stage III/IV. For the rest of the patients,
the stage was unknown. 22 patients received chemotherapy. 17
of them underwent platinum based chemotherapy regime and
the rest were treated with different chemotherapeutics, such
as fluorouracil, doxorubicin or taxanes. The characteristics of
patients are summarised in Table 1. The clinicopathological
parameters, progression free survival (PFS) and overall sur-
vival (OS), were monitored over 175 months.

Tissue microarray construction. Tumor tissue microar-
rays (TMAs) were constructed using 62 formalin-fixed and
paraffin-embedded primary lung cancer specimens. The tissue
areas for sampling were selected by pathologists on the basis of
visual alignment with corresponding H&E stained section and
were taken from two to four tissue cores from a tumor block
and were replaced into recipient paraffin block using a tissue
microarrayer Galileo TMA CK3500 (BioRep, Milan, Italy).

Immunohistochemical staining of P-gp, MRP and LRP/
MVP. The TMA sections were deparaffinized and an indirect
immunohistochemistry technique was used. Then LRP/
MVP antigen was unmasked in citrate buffer (pH 6) and
MRP in Target Retrieval Solution, High pH (10x) (Dako,
Glostrup, Denmark). The sections for detection of P-gp were
not pre-treated because the ABCBI1 / P Glycoprotein Mouse
anti-Human Monoclonal (UIC2) Antibody (LS-C58240-100,
LifeSpan Biosciences, Inc., Seattle, WA, USA) targets the
extracellular epitope of P-gp protein [33]. This antibody was
diluted in a ratio 1:200. Both Monoclonal Antibody to MRP1
(human) (MRPm5) (ALX-801-012-C125, Enzo Life Sciences.
Inc., Farmingdale, NY, USA) and Monoclonal Antibody to
MVP/LRP (human), mAb (MVP-37) (LMR5) (ALX-801-
026-C125, Enzo Life Sciences. Inc., Farmingdale, NY, USA)

Table 1. Characteristics of patients.

Characteristics Subgroups Number %
Male 55 88.7
Gender
Female 7 11.3
. <60 31 50.0
Age in years
=60 31 50.0
ADC 30 48.4
Histological subtype scC 26 41.9
LCC 6 9.7
I 13 21.0
11 5 8.1
) ) IIIA 20 32.3
Stage at diagnosis
I11B 5 8.1
v 8 12.9
Not specified 11 17.7
Yes 22 355
Chemotherapy No 31 50.0
Not specified 9 14.5
Total 62 100.0

ADC - adenocarcinoma, SCC - squamous cell carcinoma, LCC - large cell
carcinoma.
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Figure 1. Inmunohistochemical expression of P-gp, MRP and LRP/MVP. Representative images of immunohistochemical staining of P-gp (A), MRP
(B) and LRP/MVP (C) in NSCLC samples. Magnification 200x.

were used at a dilution 1:200. Visualisation was made by
EnVisionTM+ Dual Link (Dako, Glostrup, Denmark) and
nuclei were counterstained with haematoxylin. Stained sec-
tions were observed under an optical microscope and images
were captured with a DP71 camera (Olympus, Tokyo, Japan).
The expression of P-gp, MRP and LRP/MVP were semi quan-
titatively assessed by two pathologists by estimation of the
percentage of positive cells as very low (< 0.1), low (< 0.3),
moderate (< 0.6) or high (> 0.6).

Isolation of total RNA. Total RNA isolation from corre-
sponding tissue cores obtained by tissue microarrayer Galileo
TMA CK3500 [34] was performed using the RecoverAll™
Total Nucleic Acid Isolation Kit for FFPE (Applied Biosys-
tems, Foster City, CA, USA) according to the manufacturer’s
instructions. The concentration of total RNA was measured
using NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies, Wilmington, Delaware, USA) and then RNA
was stored at -80 °C until use.

Reverse transcription. TagMan® MicroRNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA,
USA) was used according to manufacturer’s protocol. For
reverse transcription, 10 ng of total RNA was used and total
volume of reaction was 15 pl. Pooled gene-specific primers
for miR-23b and RNA, U6 small nuclear 2 (RNU6B) (Applied
Biosystems, Foster City, CA, USA) were added to the reverse
transcription polymerase chain reaction (RT-PCR). RT-PCR
product was then pre-amplified according to protocol using
TagMan® PreAmp Master Mix (2x) (Applied Biosystems,
Foster City, CA, USA) with pooled TagMan® MicroRNA As-
says (Applied Biosystems, Foster City, CA, USA) for miR-23b
and RNU6B.

Real-time PCR for miR-23b quantification. The pre-
amplified PCR product was diluted in DEPC water (1:20).
Each sample was analysed in triplicate and the volume per
each reaction was 10 pl. The reaction consisted of TagMan®
Universal PCR Master Mix (2x) (Applied Biosystems, Foster
City, CA, USA), DEPC water, corresponding TagMan® Micro-
RNA Assay and diluted pre-amplified PCR product. Real-time
PCR was performed using LightCycler® 480 (Roche, Branford,

CT, USA) with appropriate software according to protocol
and RNU6B was used as an endogenous control. The non-
tumor control sample was prepared by pooling commercially
available Human Lung Total RNAs (AM7968, Lot. 0904002
and 1203010, Applied Biosystems, Foster City, CA, USA) and
Total RNAs, Lung, Human (540019, Lot. 0006051745 and
0006079356, Agilent Technologies, Santa Clara, CA, USA).
The relative expression level of miR-23b was calculated us-
ing the following equation: relative gene expression = 2-4%
sample - ACt control)

Statistical analysis. Statistical analysis was performed using
software SPSS, version 20.0. Pearson’s Chi-square was used to
assess the relationships between categorical variables. Mann-
Whitney test was used to evaluate difference between groups.
Survival analysis was done by Kaplan-Meier method with the
log-rank test applied for comparison of curves. Overall sur-
vival (OS) was defined as time from the surgery until patient’s
death, progression free survival (PFS) as time from surgery
until disease relapse or patient’s death. Cox proportional
hazard model was created for assessing the risk of patient’s
death and/or relapse of disease. P < 0.05 was considered as
statistically significant.

Results

TMA blocks from 62 patients were immunohistochemi-
cally analysed for P-gp, MRP and LRP/MVP expression. The
tissues from TMAs were also used for the quantification of
miR-23b expression.

Expression of P-gp, MRP and LRP/MVP in NSCLC. The
expression of P-gp, MRP and LRP/MVP was assessed in 62
patients (Figures 1, 2). The P-gp was detected in 40 (64.5 %)
patients, MRP in 50 (80.6 %) patients and expression of LRP/
MVP was found in 35 (56.4 %) patients. Expression of these
proteins in different histological subtypes is summarised in
Table 2. There was no significant difference in P-gp, MRP or
LRP/MVP expression between ADC, SCC and LCC specimens
(P, =0313,P, , =0432,P,,  =0.108) (Figure 3). For the
next analysis, very low expression of proteins was considered
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Figure 2. Combined expression of P-gp, MRP and LRP/MVP. Pie charts show percentage of combined expression of P-gp and MRP (A), LRP/MVP and
P-gp (B), LRP/MVP and MRP (C) and all three analysed protein markers P-gp, MRP and LRP/MVP (D).

as a negative expression while low, moderate and high were
considered as a positive expression.

Expression of miR-23b in NSCLC. The relative quanti-
fication of mature miR-23b in 62 lung cancer samples was
performed. Higher expression of miR-23b compared to
non-tumor control RNA was detected in 5 (8.1%) samples
and lower expression in 57 (91.9 %) samples. There was no
significant difference in miR-23b expression between speci-
mens from different histological subtypes (ADC, SCC, LCC;

P = 0.711; Table 3). For the next analysis, higher expression
of miR-23b (244 > 1) was marked as “up” (means upregula-
tion) and lower expression (244“'< 1) was marked as “down”
(means downregulation).

Relationship of miR-23b, P-gp, MRP and LRP/MVP ex-
pression with clinicopathological parameters. Progression
free survival and overall survival were used as the clinicopatho-
logical parameters for evaluating the prognostic role of these
variables in NSCLC patients. Patient outcome was monitored
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Figure 3. Analysis of P-gp, MRP and LRP/MVP expression in different histological subtypes. Box plots show the proportion of P-gp (A), MRP (B) and
LRP/MVP (C) expression in different histological subtypes of NSCLC.
ADC - adenocarcinoma, SCC - squamous cell carcinoma, LCC - large cell carcinoma.

Table 2. Summary of expression of P-gp, MRP and LRP/MVP in different histological subtypes.

Intensity Statistics
Protein Histological subtype Very low (< 0.1) Low (£0.3) Moderate (< 0.6) High (> 0.6) Pearson x? P
ADC 8 7 3 12
SCC 12 6 2 6
P-gp 2.324 0313
LCC 2 3 0 1
Total [No. (%)] 22 (35.5) 16 (25.8) 5(8.1) 19 (30.6)
ADC 4 11 4 11
SCC 7 7 1 11
MRP 1.679 0.432
LCC 1 1 0 4
Total [No. (%)] 12 (19.4) 19 (30.6) 5(8.1) 26 (41.9)
ADC 11 4 3 12
SCC 15 2 5 4
LRP/MVP 4.457 0.108
LCC 1 3 0 2
Total [No. (%)] 27 (43.5) 9 (14.5) 8 (12.9) 18 (29.0)

Comparison of negative (< 0.1) and positive (> 0.1) expression of MDR proteins in different histological subtypes. MDR - multidrug resistance, P-gp - P-
glycoprotein, MRP — Multidrug resistance-related protein 1, LRP/MVP - Lung-resistance related protein/Major vault protein, ADC - adenocarcinoma, SCC

- squamous cell carcinoma, LCC - large cell carcinoma.

over 175 months. Individual data are showed in Table 4. Ex-
pression of P-gp, MRP and LRP/MVP in patients with regard
to miR-23b expression levels is summarised in Table 5. The
Kaplan-Meier analysis showed a trend to association between
PES (P = 0.065) and statistically significant relationship be-

Table 3. Expression of miR-23b in different histological subtypes.

tween OS (P = 0.048) and miR-23b expression (Figure 4A, B).
Survival analysis showed no significant association between
expression of P-gp, MRP and LRP/MVP and patient’s outcome
(P-gp: P, =0.993,P_ =0.982; MRP: P, =0.911,P_ =0.945;
LRP/MVP: P, =0.908, P . = 0.966; Figure 4C-H). Based on
these results, overexpression of miR-23b seems to be good
prognostic factor in the case of NSCLC patients.

Cox regression hazard model. The relationship between
miR-23b and P-gp, MRP and LRP/MVP was first analysed by

miR-23b Chi-Square and Mann-Whitney tests. Neither of them showed
Histological subtype down up Total any significant association between the variables (Table 6).
ADC 27 3 30 The Cox proportional hazard model was created to assess
sce 24 2 2% the relationship between the risk of death or relapse and
LCC 6 0 6 variables of interest such as miR-23b and LRP/MVP. The
Total 57 5 62 association between the risk and the above variables were

Summary of miR-23b relative expression in different histological subtypes
based on 2% values.
Down - downregulation (2*4“< 1), up - upregulation (244 > 1).

statistically significant (PFS: P = 0.022, HR = 4.342, CI (95%)
=1.231-15.318, Wald = 5.211; OS: P = 0.015, HR = 4.408, CI
(95%) = 1.356-16.350, Wald = 5.949) and model fit parameters
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Table 4. Individual data on tumor classification and expression levels of analysed markers.

Classification
Patient No. Gender Histological subtype T N M P-gp MRP LRP/MVP miR-23b

1 M ADC 0.0 0.9 0.0 0.00
3 M SCC 2 2 0 0.0 0.0 0.0 0.00
4 M LCC 2 0 0 0.1 0.8 0.1 0.17
5 M ADC 1 0 0 0.3 0.9 0.2 0.18
6 M ADC 2 0 0 0.0 0.9 0.7 0.09
7 M ADC 1 0 0 0.3 0.8 0.1 0.09
8 F SCC 3 2 0 0.6 0.3 0.9 0.56
9 M SCC 3 1 0 0.0 0.1 0.5 1.73
10 M SCC 0.3 0.9 0.0 0.00
11 M SCC 2 0 0 0.0 0.9 1.0 0.00
12 M ADC 2 0 0 0.0 0.6 0.0 0.04
13 M SCC 2 2 0 0.6 0.1 0.0 0.07
14 M SCC 1 0 0 0.0 0.9 0.0 0.01
15 M ADC 4 2 0 0.3 0.2 0.7 0.15
16 M ADC 2 2 0 1.0 0.3 1.0 0.06
17 M ADC 3 2 0 0.0 0.2 1.0 0.36
19 M SCC 3 1 0 0.0 0.3 0.0 0.15
20 M SCC 0.0 0.8 0.0 0.05
21 M SCC 0 0 0.0 0.8 0.4 0.04
22 M SCC 2 2 0 0.0 0.0 0.1 0.03
23 M SCC 0.0 0.9 0.0 0.11
24 M ADC 1 0 0 0.0 0.8 0.0 3.38
25 F ADC 4 2 1 0.8 0.1 0.2 0.09
26 M ADC 2 0 1 0.0 0.3 1.0 0.23
27 M SCC 4 0 0 0.0 0.1 0.5 0.14
28 M ADC 3 2 1 0.8 0.2 0.5 0.13
29 M ADC 0.2 0.8 0.0 0.15
30 F ADC 2 2 0 0.7 0.2 0.0 0.15
31 M ADC 1.0 0.8 0.9 0.17
32 M ADC 1 0 0 0.1 0.8 0.2 0.04
33 M LCC 2 1 0 0.2 1.0 0.3 0.10
34 M SCC 2 2 0 0.0 0.1 0.0 0.18
35 M SCC 2 1 0 0.3 0.9 0.0 0.26
36 M SCC 3 1 0 1.0 0.2 0.8 0.24
37 M ADC 2 2 0 0.3 0.2 0.9 0.03
38 M SCC 2 2 0 0.7 0.3 0.0 0.15
39 M LCC 1 2 0 0.3 0.1 0.8 0.49
40 M LCC 1 1 0 0.0 0.7 0.7 0.25
41 M SCC 2 2 0 0.0 0.2 0.1 0.05
42 F ADC 1 0 0 0.4 0.9 0.1 0.27
43 M ADC 4 1 0 0.9 0.4 0.8 21.95
44 M ADC 2 2 0 0.9 0.1 0.0 0.97
45 F ADC 0.1 0.9 0.4 0.11
46 F SCC 3 1 0 0.8 0.3 1.0 0.50
47 M ADC 2 1 0 0.2 0.8 0.1 0.23
48 M SCC 1 0 0 0.2 0.9 0.5 0.31
49 F ADC 4 2 0 0.7 0.2 0.0 0.06
50 M ADC 1 0 1 0.7 0.1 0.2 0.39
51 M SCC 1 2 0 0.8 0.3 0.6 0.28
52 M SCC 0.2 0.8 0.1 0.20
53 M ADC 1 0 0 0.5 0.6 0.4 0.22
54 M ADC 3 1 0 0.7 0.3 0.8 1.26
55 M SCC 2 0 1 0.8 0.1 1.0 5.15
56 M ADC X 3 1 0.6 0.1 0.7 0.18
57 M ADC 1 0 1 0.7 0.2 0.0 0.57
59 M ADC 3 0 0 0.3 0.6 0.8 0.25
60 M LCC 3 3 0 0.8 0.2 0.3 0.16
61 M ADC 3 2 0 0.8 0.2 0.7 0.68
62 M LCC 0.3 0.8 0.3 0.16
63 M SCC 3 2 2 0.9 0.4 1.0 0.55
65 M SCC 0.3 0.8 0.3 0.27
66 M scc 0.2 0.9 0.2 0.24

Individual data of 62 patients on gender, histological subtype, TNM classification and expression levels of analysed markers. Expression level of protein markers
P-gp, MRP and LRP/MVP is showed as percentage of positive cells (0.0 min - 1.0 max). Relative expression of miR-23b is showed as 2-2*“ value. Value 244
> 1 means upregulation and 24“'< 1 means downregulation of miR-23b. M - man, F - female.
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Figure 4. Survival analysis of miR-23b, P-gp, MRP and LRP/MVP in NSCLC patients. Kaplan-Meier curves represent PFS and OS of NSCLC patients and
depend on the expression of miR-23b (A, B), P-gp (C, D), MRP (E, F) and LRP/MVP (G, H). PES - progression-free survival, OS - overall survival.
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meet the required criteria (PFS: P = 0.020, x* = 5.400; OS: P =
0.013, x> =6.185). As aresult, there was increased risk of death
or relapse in patients with miR-23b downregulation and LRP/
MVP expression from 0.1 to 1; and there was decreased risk
of death or relapse in patients who had upregulated miR-23b
(Figure 5). Association between risks and miR-23b with P-gp
and MRP expression was not significant for modelling. Impor-
tantly, univariate Cox regression analysis of miR-23b indicated
that there was a trend of association between miR-23b and risk
of death or relapse in NSCLC patients (PFS: P = 0.087, HR =
3.451, CI (95%) = 0.836-14.246, Wald = 2.932; OS: P = 0.067,
HR = 3.765, CI (95%) = 0.912-15.552, Wald = 3.357). There-
fore, the combined model of miR-23b and LRP/MVP defines
well the risk of death or relapse in NSCLC patients.

We also found that patients expressing P-gp from 0.1 to
1 with miR-23b downregulation had higher risk of cancer-
related death compared to patients with miR-23b upregulation
(RR=2.595,CI =0.521-12.920, x* = 5.430, P = 0.02; Figure 6).
However, as mentioned above, combined expression of miR-
23b with P-gp did not meet the criteria for modelling and no
Cox regression model for these variables was prepared.

Our results showed that miR-23b, especially in combina-
tion with LRP/MVP, may serve as a prognostic biomarker for
NSCLC patients. A larger cohort of patient samples is needed
to be analyzed to confirm the results.

Discussion

The initial goal of this preliminary study was to determine
the significance of miR-23b in NSCLC. Previous studies
describe its dual role as an oncogenic or tumor-suppressor
miRNA depending on cancer type [25]. The relative quan-
tification of miR-23b in this study showed that miR-23b is
mostly downregulated in NSCLC patient samples (57 out of
62 samples). Its downregulation has also been described in
prostate, bladder and thyroid cancer. Higher levels of miR-
23b are a good prognostic factor according to some authors
[26, 28, 32]. The survival analysis data are in agreement with
these studies showing that upregulation of miR-23b in tumors
with its predominant downregulation is connected with bet-
ter patient outcome (P, = 0.065; P = 0.048). There are also
studies that present miR-23b as an oncogenic miRNA, where
its upregulation in different tumors is associated with worse
patient outcome [29-31]. The split role of miR-23b in different
cancer types can be caused by targeting different molecules.

Table 5. Summary of expression of P-gp, MRP and LRP/MVP in patients
with regard to miR-23b up- and downregulation.

P-gp MRP LRP/MVP
negat posit negat posit negat posit
. down 20 37 10 47 26 31
miR-23b
up 2 3 2 3 1 4
Total 22 40 12 50 27 35

In tumors with miR-23b predominant downregulation it is
known as a tumor-suppressor and targets mainly proteins
responsible for proliferation and metastasis formation, such
as AKT, Src kinase, ZEB1 or SNAIL [26-28]. In tumors with
miR-23b upregulation, it functions as an oncogene and targets
mainly proteins involved in apoptosis and metastasis suppres-
sion, such as Nischarin, VHL or PTEN [29-31].

Park et al. identified participation of miR-23b in
chemoresistance [35]. Therefore, we decided to detect im-
munohistochemical expression of well-known proteins
associated with MDR, namely P-gp, MRP and LRP/MVP.
Expression of P-gp was detected in 40 (64.5 %), MRP in 50
(80.6 %) and LRP/MVP in 35 (56.4 %) patients. Our sur-
vival analysis showed no relationship between expression
of these proteins and PFS and OS (P-gp: P, = 0.993, P
= 0.982; MRP: P, = 0.911, P_ = 0.945; LRP/MVP: P, =
0.908, P_ = 0.966). Similar observations were also published
by other authors [36-39]. On the other hand, there are also
studies supporting the negative prognostic role of these
MDR proteins in cancer patients [40-44]. Thus, we decided
to establish Cox proportional hazard model for testing the
possible prognostic significance of combined expression of
these proteins and miR-23b and for assessing risk of death
and relapse in our patients.

First, we found that patients expressing P-gp with miR-
23b downregulation had higher risk of cancer-related death
compared to patients with miR-23b upregulation (RR =
2.595, P = 0.02). More importantly, our Cox proportional
hazard model showed that the risk of death or relapse in
patients with miR-23b downregulation increases together
with expression of LRP/MVP and decreases in patients with
miR-23b upregulation (PFS: P = 0.022, HR = 4.342; OS: P =
0.015, HR = 4.408). On the other hand, univariate analysis
of miR-23b alone did not show any statistically significant
association with patient’s risk (PFS: P = 0.087, HR = 3.451;
OS: P =0.067, HR = 3.765). We are probably the first group
interested in the prognostic role of miR-23b in combina-
tion with other known biomarkers in NSCLC. But available
reports on the possible role of miR-23b in different cancer
types support our observations. These authors found that
miR-23b upregulation is associated with better patient’s
prognosis in tumors where it occurs as a tumor-suppressor
[26, 28]. These preliminary results need to be validated in
a larger cohort of cases.

Table 6. Correlation analysis of expression of miR-23b and P-gp, MRP
and LRP/MVP.

Protein Chi-Square test Mann-Whitney test
X>value P P V4
P-gp 0.048 0.826 0.599 -0.526
miR-23b MRP 1.485 0.223 0.320 0.995
LRP/MVP 1.227 0.268 0.115 -1.576

The relationship between miR-23b and P-gp, MRP and LRP/MVP analysed
by Chi-Square and Mann-Whitney tests.
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Figure 5. Cox regression hazard model of miR-23b and LRP/MVP expression in NSCLC patients. Hazards of death and relapse between miR-23b down-
and upregulation groups are the same when LRP/MVP expression is 0 (A, B). Hazard is higher in the group with miR-23b downregulation in comparison
to the group with miR-23b upregulation when LRP/MVP expression is 0.2 (median) (C, D). The difference between the hazards of miR-23b down- and
upregulation groups is the highest when LRP/MVP expression is 1 (max) (E, F).
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Figure 6. Odds ratio of P-gp and miR-23b expression in NSCLC patients. Patients with miR-23b downregulation had higher risk of cancer-related death
compared to patients with miR-23b upregulation in the case of P-gp expression from 0.1 to 1.

Conclusion

In this study, we determined the possible role of miR-23b
which is very often deregulated in different cancers and its
role in NSCLC has not been fully established yet. The results
suggest that miR-23b may function as a tumor-suppressor in
NSCLC as it was often downregulated in advanced tumors
and patients had better outcome when it was upregulated. Our
results also showed that detection of miR-23b levels together
with P-gp and LRP/MVP expression may be suitable for as-
sessing the prognosis and risk in NSCLC patients. According
to the regression model, the risk of death or relapse in NSCLC
patients with downregulated miR-23b increases together with
LRP/MVP expression and decreases in patients with upregu-
lated miR-23b.
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ABSTRACT

Over a half million new cases of Head and Neck Squamous Cell Carcinoma
(HNSCC) are diagnosed annually worldwide, however, 5 year overall survival is only
50% for HNSCC patients. Recently, high throughput technologies have accelerated
the genome-wide characterization of HNSCC. However, comprehensive pipelines
with statistical algorithms that account for HNSCC biology and perform independent
confirmatory and functional validation of candidates are needed to identify the most
biologically relevant genes. We applied outlier statistics to high throughput gene
expression data, and identified 76 top-scoring candidates with significant differential
expression in tumors compared to normal tissues. We identified 15 epigenetically
regulated candidates by focusing on a subset of the genes with a negative correlation
between gene expression and promoter methylation. Differential expression and
methylation of 3 selected candidates (BANK1, BIN2, and DTX1) were confirmed in
an independent HNSCC cohorts from Johns Hopkins and TCGA (The Cancer Genome
Atlas). We further performed functional evaluation of NOTCH regulator, DTX1, which
was downregulated by promoter hypermethylation in tumors, and demonstrated
that decreased expression of DTX1 in HNSCC tumors maybe associated with NOTCH
pathway activation and increased migration potential.
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INTRODUCTION

As the fifth most common cancer, Head and Neck
Squamous Cell Carcinoma (HNSCC) is responsible for
600,000 new cases and over 300,000 deaths per year
worldwide [1, 2]. Nonetheless, the majority of HNSCC
patients are diagnosed at an advanced stage due to
the asymptomatic course of early stage disease and
the absence of the routine screening techniques [3—6].
Development of low toxicity targeted therapeutics and
biomarkers for early detection could improve survival rate
and quality of life for HNSCC patients.

Traditionally, research groups have focused on the
roles of individual genes in HNSCC to develop candidate
biomarkers for diagnosis and treatment selection [7].
The process of single-gene investigation is time and
labor intensive, while high-throughput profiling enables
more rapid discovery of targetable disease-specific
modifications. Thus, recent high throughput profiling of
HNSCC identified number of targetable disease-specific
modifications, such as genetic mutations and differentially
expressed genes in HNSCC primary tissues or cell
lines compared to normal samples [8—16]. In addition,
epigenetic based expression alterations are noted to drive
key biologic processes in HNSCC [17, 18]. Integration
of high throughput data from expression and methylation
platforms may enhance accurate discovery of cancer-
driving genes so they can be used as disease biomarkers
or therapy targets [19].

Therefore, a multi-platform high throughput
analyses of gene expression and DNA methylation
in primary HNSCC and normal samples and outlier
statistics [20] were utilized to rank candidate genes and
prioritize genes with the most prominent abnormalities
in tumor samples that were absent in normal samples.
Next, candidate genes were validated in separate clinical
cohorts. Finally, the functional role of a lead candidate,
DTX1, in HNSCC cell migration was demonstrated. DTX/
expression was found to be increased in samples with
decreased NOTCH pathway activity, suggesting that DTX/
can serve as a biomarker of NOTCH pathway inhibition.
The promoter DNA was exclusively methylated in tumors,
suggesting that it can also serve as a HNSCC biomarker.
This discovery was made possible due to employment
of well-considered statistical approaches, cross cohort
validation, and complementary detection tools.

RESULTS

Candidate genes with differential expression in
HNSCC detected by outlier statistics

In order to identify relevant gene candidates in
HNSCC, we used gene expression array data from a
discovery cohort of 44 HNSCC primary tumors and
25 non-cancer normal tissue samples described in our

previous publications (Supplementary Table 1 and
[21-23]). Notably, the clinical differences between tumor
and control population of the discovery cohort were
identified and discussed earlier [21-24].

The novelty of the current study was that we applied
outlier analysis adopted from Ochs et al. [20] to rank and
prioritize cancer-related alterations in HNSCC samples
relative to normal controls (Figure 1). Outlier analysis
is adapted for the study of heterogeneous samples,
such as HNSCC primary tissues, because it is sensitive
to alterations that maybe present in only a subset of
samples. Given the high sensitivity of whole-genome gene
expression analysis, thousands of differentially expressed
genes can be detected while comparing tumor and normal
samples. The heterogeneity of genetic and epigenetic
alterations in solid tumors has presented challenges in
using conventional statistical approaches, such as ¢-tests
or signal-to-noise tests. There are several most-commonly
accepted methods employed in cancer research for
analysis of high-throughput data of heterogeneous cancers,
including Cancer Outlier Profile Analysis (COPA)-based
methodology, which compares outliers to an empirical
null [25-28]. Outlier-based analysis has provided a
mechanism to define significant, but diverse, alterations in
cancers [20]. To eliminate low-signal outliers, this work
implemented COPA-based statistics with a rank sum
outlier approach as well as set a minimum level for the
calling of an outlier. Such outlier analysis was recently
successfully implemented and validated in a wet-lab
setting for the discovery of tumor-specific signatures from
DNA methylation array data for HNSCC [29].

Based on the number of outlier samples and the
relative signal intensity, 76 of the top ranking candidates
were chosen for further analysis (Supplementary Table 2).
Overall, 50 candidate genes demonstrated increased gene
expression and 26 candidate genes demonstrated decreased
gene expression in tumor samples. (Supplementary
Table 2). Notably, the standard and more stringent
t-test demonstrated that 70 out of 76 genes (92%) had
statistically significant difference in gene expression
between normal and tumor samples.

Negative correlation between expression and
methylation identifies candidate genes that are
epigenetically silenced in HNSCC

High gene promoter methylation if often associates
with decreased gene expression and can result in
epigenetic silencing [17, 18]. Therefore, DNA methylation
array data was integrated with gene expression analysis
(Figure 1) to identify gene expression changes potentially
driven by methylation, as well as to eliminate biases
from individual high-throughput platform [23]. The
[llumina 27 DNA methylation array was utilized, which
contained 27,000 probes covering approximately 15,000
genes, including gene promoter probes for 19 of the
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76 candidates. Spearman correlation coefficients were
calculated (Supplementary Table 2), and 15 out of 19
genes had negative correlation between expression and
methylation. The description of these 15 candidates can
be found in Table 1.

Of the list of 15 candidates, BANKI (a scaffold
protein) and BIN2 (a bridging integrator protein) had the
highest combined outlier score and negative Spearman
coefficient. DTX] was chosen for its relatively high
outlier score and its regulatory role in the NOTCH
pathway, which is commonly dysregulated in HNSCC
[12—-14, 22]. All 3 genes have been implicated as potential
cancer drivers in other non-head and neck solid tumors
[30-33]. Notably, all 3 genes were downregulated and
hypermethylated in tumor samples compared to normal
controls (Figure 2). Therefore these 3 genes were selected
for further validation. Other candidates, such as CD79B,
MAP4K1, GRAP, TNFRSF13C, and INA, had comparable
scores and are candidates for further study, as they have

also been implicated in carcinogenesis of other cancer
types [34-38].

Independent validation of differential expression
and methylation of BANKI, BIN2 and DTX1

To confirm the differential expression and
methylation of BANK/, BIN2 and DTX1, an independent
validation cohort was assembled of 61 HNSCC primary
tumors and 28 UPPP samples, with similar clinical
characteristics as the discovery cohort (Supplementary
Table 1). BANKI, BIN2 and DTXI] gene expression
was evaluated by qRT-PCR, and DNA methylation
was evaluated by bisulfite sequencing (Figure 3,
Supplementary Table 3). Gene expression was significantly
decreased in tumor tissues for all 3 genes (#-test p-values:
9.4 x10° 7.1 x 10°%, and 0.0013 for DTXI, BANK]I, and
BIN2, respectively), and DNA methylation was present
in significantly more tumor samples (Fisher exact test

Expression Array
(1,400,000 probes)

RMA Normalization
(22,011 genes)

Outlier analysis
score > 2.35
(76 top ranked genes)

Data integration from

the normalized
Methylation Array
(14,477 genes)

Computation of Spearman’s
Correlation Coefficient
(15 genes negatively

correlated with methylation)

!

BIN2, BANK1 and DTX1 candidates
Gene expression validation
DNA methylation validation

+

DTX1 functional study

Figure 1: Experimental flow. Expression array probes, 1.4M total, were normalized using RMA package. Gene level estimates were
produced by choosing the highest mean expression levels among all probes linked to the same gene for expression, yielding 22,011 genes.
We applied outlier analysis [20] to the gene expression data set, containing 22,011 genes. The outlier score cut-off for expression data was
set at 2.3, resulting in prioritizing 76 top scoring expression candidates. Spearman gene expression-methylation for these 76 candidates was
calculated via integration of normalized methylation array data available for the samples. Fifteen out of 76 candidates were found to have
a negative Spearman coefficient. Differential expression and methylation of BIN2, BANK 1 and DTX1 were validated in the validation and
TCGA-HNSCC cohorts. Functional study was performed for DTX].
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Table 1: Fifteen candidate genes with negative expression-methylation correlation

Expression-
s Methylat.lon Outlier  Alteration in different
# Gene Description Correlation, Reference
score tumor types
Spearman
coefficient
HNSCC, lung, colon,
1 ATP2A43 ATPase —0.120 2.45 cancers of central nervous [50]
system
2 ATP8AI ATPase —0.195 2.60 Lung cancer [73]
3 BANKI Scaffold protein ~0.420 4.97 Lymphoma, colorectal [30, 32]
cancer
4 BIN? Bridging integrator ~0.693 2.94 myeloproliferative [31]
neoplasm
5 CD79B immunoglobulin-beta ~0.556 3.16 Myeloma, CLL [74,75]
protein
Smoking related cancers,
6 CYPIBI Cytochrome —0.183 2.50 . [51, 52]
ovarian cancer
thymic tumor,
7 DTX1 Notch-pathway regulator -0.274 3.40 glioblastoma, [46, 47]
osteoblastoma
. Colorectal, non—melanoma _
8 FZD3 Frizzled receptor 0.161 3.02 skin cancer, CLL [53-55]
9 GRAP cytoplasmic §1gnallng _0.444 293 medullag thyroid [34]
protein carcinoma
10 INA Neurofilament ~0.333 2.69 colorectal cancer, [35]
adenomas
11 MAP4K1 MAP kinase —0.590 2.58 Bladder, colorectal cancer [36, 38]
12 ORAOV1 Oral cavity oncogene —0.064 4.00 oral SCC [56]
13 PDES5A phosphodiesterase —-0.10 3.51 melanoma [76]
14  TNFRSF13C TNF receptor —0.295 3.12 non-Hodgkin lymphoma [37]
proto-oncogene, a member neuroblastoma. lun
15 VAV of guanine nucleotide —0.208 2.64 » une, [77, 78]

exchange factors

pancreatic cancer

Genes are in alphabetic order. Spearman coefficient and Outlier score are provided.

p-values: 0.105, < 0.0001, and 0.0006 for DTX1, BANK]I,
and BIN2, respectively). Utilization of the independent
cohort of HNSCC samples analyzed by complementary
methodology (Figure 3) enhanced the rigor of the data
through technical validation and eliminated potential
sample biases. Notably, for DTX/ differential methylation
did not reach statistical significance (p = 0.105). However,
DTX]I showed almost no methylation in normal tissues,
resulting in high tumor specificity. Therefore, DTX1 was
maintained as a gene candidate for further study.

High throughput gene expression and DNA
methylation analysis was also recently performed by
TCGA (The Cancer Genome Atlas), including 222
matched HNSCC tumors and 50 normal samples
(Supplementary Table 1 and [39]). TCGA used RNA-
Seq for gene expression evaluation and Illumina Infinium

HumanMethylation450 BeadChip platform for DNA
methylation analysis. We used the TCGA dataset for
BANKI, BIN2 and DTX]I validation (Figure 4). TCGA
was not used for initial discovery because use of adjacent
normal tissue from cancer patients was a concern. In the
HNSCC population, high rate of tobacco and alcohol
exposure lead to field of cancerization effect, as well as
genetic and epigenetic changes can be seen in tumor
adjacent apparently normal tissue [40, 41].

Nonetheless, data from TCGA was able to provide
additional independent validation. Within TCGA, DTX1
was found to have significantly decreased expression
(p-value = 8 x 10°%) and promoter hypermethylation
(p-value 3.11 x 107, validating prior results.
However BANKI shared promoter hypermethylation
(p-value = 6.36 x 10"?) without significant changes in
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gene expression (p-value = 0.38). For BIN2 neither gene
expression downregulation nor hypermethylation changes
were validated in TCGA. Since DTX/ showed the best
performance in TCGA cross validation, we focused our
further functional validation only on the DTX/ gene.

The role of DTX1 in the NOTCH pathway for
HNSCC

DTXI1 is a regulator of the NOTCH pathway
[42, 43]. Since the NOTCH pathway is dysregulated in
HNSCC [12, 13, 22], we evaluated the role of DTXI1
relative to other NOTCH pathway genes (KEGG database
and [22]). Overall, we analyzed gene expression for 44
NOTCH related genes for 44 HNSCC and 25 normal
controls from the discovery cohort using Affymetrix Exon
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Array data (Supplementary Figure 1). Genes were sorted
by unsupervised hierarchical clustering. DTX/ was noted
to cluster together with DTX3 (NOTCH regulator), MFNG
(NOTCH modifier) and DLL3 (NOTCH ligand).
Interestingly, separation of HNSCC samples by
DTX]I expression separated the tumor samples into two
subsets of samples, with different expression of NOTCH
pathway genes in each group (Supplementary Figure 1).
To confirm this observation, we separated 44 tumors
into two equal groups by DTX] expression: lower DTX]
expression (n = 22) and higher DTX1 expression (n = 22)
and compared the expression of NOTCH genes in each
group (Supplementary Table 4). Indeed, 34 out of 43
NOTCH pathway genes excluding DTX! (79%) were
significantly differentially expressed between DTXI low
and high expressed tumors. According to Supplementary
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Figure 2: Differential expression and methylation of DTX (A), BANK 1 (B) and BIN2 (C) in the original discovery cohort. Gene expression
(left) was evaluated by Affimetrix HuEx1.0 GeneChip. DNA methylation (right) was evaluated by Illumina Infinium HumanMethylation27
BeadChip platform, and the data was normalized and processed as described in methods. P-value were calculated by -test.
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Figure 1 and Supplementary Table 4, the majority of
NOTCH pathway genes were significantly upregulated
in the group of samples with lower DTX/ expression
(n = 28 genes, including NOTCHI-3, HESI, HEY1, and
JAG]I) relative to DTX1 high expression samples. Fifteen
genes had lower expression in the DTX1 lower-expression
group relative to DTX1 high expression samples, including
DLLs, DTXs and NOTCH4 genes. Gene set analysis
confirmed that the set of NOTCH pathway genes were
significantly overexpressed in D7X/ low samples relative
to DTX1 high (p-value of 0.0012, Supplementary Figure 2)
and relative to Normal samples (p-value of 0.0024,
Supplementary Figure 2). These findings confirm that
downregulation of DTX/ results in a strong difference in
activation of the NOTCH pathway in HNSCC samples.

We further evaluated relative expression of DTX/
with  NOTCH downstream targets (Supplementary
Figure 3). DTXI expression co-clustered with the
expression of GATA4 (regulated by HEYI) [44] and
NEUROG?3 (negatively regulated by HESI) [45] by
unsupervised hierarchical clustering. The set of NOTCH
downstream targets were not significantly differentially
expressed between DTXI sample groups or relative to
normal samples with gene set analysis. Nonetheless,
GATA4 and NEUROG3 were all downregulated in
samples with low DTX/ expression relative to high DTX/
expression (p-values of 7 x 1077 and 6 x 107!, respectively;
Supplementary Table 5). In addition, DTX/ low samples
had significantly higher expression of HES! relative to
DTXI high samples (p-value of 0.01; Supplementary
Table 5), consistent with NEUROG3 downregulation [45],
but significant changes were not observed from gene set
statistics (data not shown).

Functional role of DTX1 dysregulation in
HNSCC

Since DTX1 was downregulated in HNSCC tumor
samples, (Figures 2—4) it is expected to have tumor-
suppressor properties. Overexpression and silencing of
DTX]I expression in vitro did not affect cell proliferation
(3 immortalized normal keratinocyte and 6 HNSCC cell
lines were tested, data not shown). On the other hand,
recent data suggest that D7X/ may play a role in inhibition
of invasion in osteosarcoma [33]. In order to evaluate if
DTX]I could modify the invasiveness of HNSCC cells as
well, we performed matrigel cell migration assays. UM-
SCC-047 and UM-SCC-22B were selected due to their
increased mobility relative to other HNSCC cell lines
necessary for invasion assay. Base-line D7X/ expression
analysis determined that UM-SCC-047 had relatively
lower gene expression and, therefore, was used for ectopic
DTXI expression (Supplementary Figure 4A). On the
other hand, UM-SCC-22B had a higher DTX/ expression
rate and, therefore, was used for knock-down RNAi
experiments. Upregulation of DTX/ via ectopic expression
leaded to significant decrease of UM-SCC-047 cell
invasion (p = 0.014, Figure 5A and Supplementary Figure
5A), while downregulation of D7X/ by RNAI leaded to
strong enhancement of cell invasiveness in UM-SCC-22B
cell line (p = 0.004, Figure 5B and Supplementary Figure
Supplementary 5B).

DISCUSSION

Five year survival for HNSCC is only 50%, and
there is a clear need for identification of novel cancer-
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Figure 3: Differential expression and methylation of DTX1, BANKI and BIN2 in the validation cohort. Gene expression
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specific therapeutic targets. This study integrated DNA
methylation and gene expression to define cancer-
related alterations. We performed genomic analysis with
thorough confirmatory and functional validation, which
identified DTX1 as a potential regulator of migration in
HNSCC.

The integrated analysis and outlier statistics allowed
us to correlate gene expression with promoter methylation
and discriminate candidates that were biologically
relevant. Indeed, all 15 high-value candidates identified
through these methods (Table 1) have been described
as cancer drivers in other cancer types. Thus, DTX/
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is a regulator of the NOTCH pathway; this pathway
was recently found both downregulated in HNSCC
via NOTCHI mutations and upregulated in HNSCC
via amplifications of NOTCH’s ligands and receptors
[12—-14,22]. DTX1 is upregulated in thymic tumors and in
glioblastoma [46, 47], and it inhibits osteoblastoma cell
invasion [33]. Moreover, multiple D7X/ polymorphisms
were found in non-small cell lung and B-cell precursor
acute lymphoblastic leukemia patients [48, 49], which
most likely associate with inactivation of DTX/ and
further NOTCH activation in these cancers. BANKI
is downregulated in lymphoma and colorectal cancers
[30, 32]. Overexpressed BIN2 fusions were detected
in myeloproliferative neoplasms [31]. Out of other
candidates, ATP2A3 has been shown to be mutated and
downregulated in HNSCC, lung, colon and central nervous
system cancers [50]. Several polymorphism of CYPIB1
are found in many cancer types, including tobacco-
related cancers; CYPIB] is also overexpressed in ovarian
cancer [51, 52]. Wnt-pathway receptor FZD3 is strongly
expressed in colorectal and non-melanoma skin cancer
and during chronic lymphocytic leukemia, CLL [53-55].
ORAOV1 is an overexpressed marker of oral SCC [56].
Information about other genes can be found in Table 1.

In order to confirm the role of identified candidate
genes, the 3 candidates were independently validated
in multiple cohorts. As acknowledged by Mirghani et
al [57], high throughput data is often poorly validated,
with biases inherent to a single institution cohort or
single methodology. To improve the candidate discovery
pipeline, we employed both single-institution and multi-
institutional HNSCC cohorts, and utilized diverse
detection platforms: Illumina exon array, RNA-Seq and
qRT-PCR for gene expression; and Methylation arrays
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27 and 450, as well as bisulfite sequencing for DNA
methylation. Moreover the 3 genes were confirmed to be
hypomethylated and upregulated in healthy tissues of non-
cancer patients and in non-cancer tumor-adjacent tissues
of HNSCC patients with minor exclusions. While only 3
exemplary candidate genes out of the total 15 candidates
were evaluated, the others may be expected to have
strong differential expression and methylation in HNSCC
regardless of sample cohort and detection tool.

Analysis of gene expression of NOTCH pathway
members suggested that D7X7 downregulation in HNSCC
is correlated with downregulation of some NOTCH
pathway genes including D7X3, DLL3, and MFNG, as
well as genes downstream of NOTCH (NEUROG3 and
GATA4). Furthermore, DTXI expression was inversely
correlated with HES1 expression. These results confirm
prior data that HES] is a negative regulator of NEUROG3
and DTXs expression [33, 45]. DTX1 carries a putative
SH3-binding domain and binds to the intracellular
domain of NOTCH (ICN) [42]. One mechanism by
which DTX1 may negatively regulate NOTCH is through
ubiquitination; DTX1 may be an E3 ubiquitin ligase,
as it contains a RING finger and two WWE domains
[58]. Zhang and colleagues [33] proposed that DTX1
may bind and ubiqutiniate NOTCH’s ICN, leading to
negative regulation of NOTCH pathway, which was
consistent with our findings (Supplementary Figure S6).
HEY1 also negatively regulates GATA4 [44], which was
downregulated in parallel with DTX].

Overall, DTX] was downregulated in the entire
HNSCC discovery cohort, together with 20 other NOTCH
pathway genes including DLLs, NOTCHI, NOTCH?2
and NOTCH4 (Supplementary Table 4). JAGI, JAG2,
HEYI and HESI had relatively higher expression in
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Figure 5: DTXI blocks HNSCC invasiveness. Migration assay was performed using UM-SCC-047 (A) or UM-SCC-22B (B) cells
using transient transfection. The image of cells that had invaded through matrigel (Supplementary Figure 5) was processed and quantified
in Photoshop. Both UM-SCC-047 and UM-SCC-22B cells had similar 60% invasion when treated with control constructs (empty vector
for ectopic expression or non-targeting siRNA pool for RNAi). The migration of each cell was dysregulated significantly by ectopic DTX/
overexpression (a, UM-SCC-047 cells) or by transient D7X1 downregulation (b, UM-SCC-22B cells). P-value were calculated by #-test for
experiments performed in triplicate. Transfection efficiency for each experiment was confirmed by qRT-PCR (Supplementary Figure 4).
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tumor samples compared to the pool of normal controls
(Supplementary Table 4). This data suggested that DTX/
expression can serve as biomarker of NOTCH pathway
inhibition. While the NOTCH pathway is activated in
many cancer types, DTXI is seen to be downregulated
in osteoblastoma and HNSCC, while it is upregulated
in glioblastoma [22, 33, 46, 59]. In addition, the
NOTCH pathway was also found to be downregulated
in thyroid cancer and in subgroup of HNSCC patients
[22, 60]. Notably, genetic alterations of NOTCHI were
recently found to dysregulate the NOTCH pathway
in HNSCC [12, 13]. However, we did not find any
correlation of DTX1 expression with presence of NOTCH1
mutations [14, 22, 61, 62]. Interestingly, 1/3 of NOTCH
pathway genes are co-downregulated with DTX/ (such
as DLLs, DTXs, and NOTCH4), while the rest of the
NOTCH pathway genes were upregulated in the low
DTXI expression subgroup (genes including NOTCH1-3,
HES1, HEYI, and JAGI, Supplementary Tables 4-5).
These results correlate with recent discovery that NOTCH
pathway has complex gene interactions and dual function,
where it is activated in some tumors while inactivated in
others [22, 61]. Notably, there were more HPV-related
(HPV+) patients in the lower DTX/ expression group
(n = 9 HPV+ patients), compared to the higher DTX/
expression group (n = 4 HPV+ patients, Fisher’s exact
test p-value = 0.185). There were 4 times more oral
cavity patients in the higher DTX] expression group (n
= 8, 0.069). Unfortunately, those or other correlations
with clinical characteristics did not reach statistical
significance. This is the first report that has demonstrated
that DTX1 blocks HNSCC migration, which is in
agreement with recently published data suggesting that
DTX1 blocks osteosarcoma invasiveness [33]. Results of
current analysis suggests that in HNSCC, downregulation
of DTX1 by DNA methylation leads to more aggressive
behavior of HNSCC cells.

Since the expression of NEUROG3 and GATA4
(downstream of HES1 and HEY1 respectively) was
downregulated in parallel with DTXI, we speculate,
that NEUROG3 and GATA4 have a negative effect on
cell migration (Supplementary Figure 6). The molecular
mechanism by which DTX1 blocks HNSCC cell migration
needs to be further evaluated. Additional analysis of role
of DTX1 on cell proliferation did not show any significant
changes of cell growth depending of DTX/ expression
(data not shown).

We have to acknowledge several limitations of our
study: 1) clinical characteristics between tumor and non-
tumor groups do not match in patients in both discovery
and validation cohorts (Supplementary Table 1), due to
peculiarity of UPPP and HNSCC populations [21-24].
Nonetheless the employed UPPP population helped
revealing strong cancer-specific signatures of HNSCC
in previous studies [21-24]. Moreover, employment

of TCGA’s control population with matched clinical
characteristics confirmed our original discovery of
hypermethylation and downregulation of candidate genes,
especially the leading candidate, D7X/, in tumor samples.
2) Utilization of older generation DNA methylation array
data (Illumina Infinium HumanMethylation27 BeadChip)
narrowed down the list of candidates by lack of available
promoter-methylation data for several genes. Nonetheless
this is one of the largest HNSCC cohorts, after the
employed TCGA, with publicly available matched gene
expression and promoter methylation data [21-24]. We see
this study as confirmation of our pipeline for discovery
of biologically-relevant candidates and smaller number
of candidate genes helped us focus only on the limited
number of genes within a limited time frame. 3) Not all
candidates were functionally evaluated within given time
frame, but will be used for further independent analyses.
The complete list of high priority candidates discovered
during this project will become available for the research
community for their prospective studies.

Thousands of alterations can be detected by
different independent high throughput platforms, given
their high sensitivity. Integration of gene expression and
DNA methylation high throughput data focused study
to a limited list of relevant genes with potential roles in
HNSCC carcinogenesis. Employment of well-considered
statistical approaches, cross cohort validation, and
complementary detection tools allowed us to discover an
epigenetically regulated tumor suppressor gene, DTX1,
which controls HNSCC cell migration.

MATERIALS AND METHODS

Specimen cohort assembly

We used two independent cohorts of specimens,
each composed of primary head and neck squamous
cell carcinoma (HNSCC) tissue specimens and control
specimens comprising normal mucosal samples from
uvulopalatopharyngoplasty (UPPP) surgeries of non-
cancer affected patients. The discovery cohort comprised
of 44 HNSCC and 25 normal UPPP samples, as described
in previous publications [22, 23]. The validation cohort
comprised of 61 HNSCC and 28 normal UPPP samples,
is reported for the first time. The demographic and clinico-
pathological characteristics of patients from the discovery and
validation cohorts are listed in Supplementary Table 1. The
clinical differences between tumor and control populations
in the discovery cohort were previously identified and
acknowledged [21-24].

All tissue samples were obtained from the Johns
Hopkins Tissue Core, as a part of the Head and Neck
Cancer Specialized Program of Research Excellence
(HNC-SPORE). These samples were acquired under
Internal Review Board-approved research protocol
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#NA_ 00036235. Informed consent was obtained from all
patients recruited under this protocol prior to participation
in the study.

Tissue processing

Two Johns Hopkins Hospital Pathologists (WHW
and JAB) independently confirmed that all primary tumor
samples were consistent with HNSCC. After this, all tumor
tissues were microdissected to yield at least 80% tumor
purity. All tissue specimens were stored at —140°C until a
cut and extraction were performed. For each extraction, a
0.35 mm thick cut of tissue was used.

RNA preparation

RNA was isolated from 0.35 mm thick frozen tissue
cuts with the mirVana miRNA Isolation Kit (Ambion,
Forster City, CA) at room temperature as per manufacturer’s
recommendations. The concentration of the isolated RNA
was quantified using the NanoDrop spectrophotometer
(Thermo Fisher Scientific, Waltham, MA).

DNA preparation

Similarly, 0.35 mm thick frozen tissue cuts were
digested in 1% SDS (Sigma-Aldrich, St. Louis, MO)
and 50 pg/ml proteinase K (Invitrogen, Carlsbad, CA)
solution at 48°C for 48 hours. The DNA was purified by
phenol-chloroform extraction and ethanol precipitation as
previously described [63]. DNA was resuspended in LoTE
buffer, and the DNA concentration was quantified using
the NanoDrop spectrophotometer.

High throughput transcriptional and
methylation profiling data

High throughput data of gene expression and DNA
methylation was obtained from the discovery cohort which
was previously published using the methods described
previously [22, 23]. The gene expression data for the
discovery cohort was obtained from Affymetrix HuEx1.0
GeneChips (containing 1.4 million probes) and is available
on the NCBI Gene Expression Omnibus (GEO) public
repository (GEO33205). DNA methylation data for the
discovery cohort was obtained using [llumina Infinium
HumanMethylation27 BeadChip (probing 27,578 CpG
dinucleotides) is also publically available (GEO33202).
The data from both platforms can be downloaded from
the combined superSeries GSE33232.

Reverse transcription and quantitative real time
PCR

Validation of gene expression was performed in the
independent validation cohort using reverse transcription

and quantitative real-time PCR. One microgram of RNA
from each sample in the validation cohort was reverse
transcribed using the High Capacity ¢cDNA Reverse
Transcription Kit (Applied Biosystems, Forster City, CA).
Quantitative real-time PCR (qRT-PCR) was performed
using gene-specific expression assays (Supplementary
Table 3) and Universal PCR Master Mix on a 7900HT
real-time PCR machine (Applied Biosystems) as per
manufacturer’s recommendations. Expression of the gene
of interest was quantified in triplicate relative to GAPDH
expression using the 2-AACT method [64]. We also
confirmed that GAPDH expression was not significantly
different in normal and HNSCC samples.

Bisulfite treatment and bisulfite genomic
sequencing

Validation of DNA methylation was performed
in the wvalidation cohort through bisulfite genomic
sequencing. The EpiTect Bisulfite Kit (Qiagen, Valencia,
CA) was used to convert unmethylated cytosines to uracil
in genomic DNA. Touch-down PCR was performed
on bisulfite-converted DNA with primers designed
to span areas of CpG islands for each gene promoter
(Supplementary Table 3). —[65]. The PCR products
were purified using the QIAquick 96 PCR Purification
Kit (Qiagen). The purified PCR product from bisulfite-
converted DNA for each sample and gene was sequenced
(Genewiz, South Plainfield, NJ). Relative heights of C and
T peaks measured on sequencing were then used to assign
the DNA methylation status as unmethylated, methylated
or hemimethylated.

TCGA sample selection

The TCGA project for HNSCC was recently
completed and published [39]. Overall, the analysis
included n = 279 HNSCC samples. Such a cohort was
different from the employed Johns Hopkins cohorts by
increased number of oral cavity samples, samples with
TNM stage II-111, and decreased HPV-positive samples.
In order to “match” clinical characteristics of the analyzed
TCGA cohort, we removed oral cavity samples with TNM
stage II and III. We did not do any additional manipulation
of the TCGA cohort to keep the “matching” procedure
simple and randomized, as well as to avoid any potential
biases due to non-random sample selection. Since oral
cavity samples are predominately HPV-negative, this
helped to increase relative percentage of HPV-positive
HNSCC samples within the new “matched” TCGA
population (n = 222 total). Notably, the new “matched”
TCGA cohort did not significantly change other clinical
characteristics that were relevant to the Johns Hopkins
cohort. This “matched” TCGA cohort (Supplementary
Table 1) was used for validation purposes (Figure 4).
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Cell culture

Cell lines and cell culture conditions

Human HNSCC cell lines UM-SCC-047 and UM-
SCC-22B were provided by Dr. Thomas Carey (University
of Michigan) for the functional experiments. Each cell line
was authenticated using a Short Tandem Repeat (STR)
Identifiler kit (Applied Biosystems). Cells were grown on
high-glucose DMEM media (Clontech, Mountain View,
CA), supplemented by 10% fetal bovine serum (FBS) and
1% Penicillin-Streptomycin at 37°C in 5% CO.,,.

Transient transfection

For knockdown assays, the expression of DTX/
gene was downregulated by ON-TARGETplus siRNA
SMARTpool RNA (L-006525-00-0005, Thermo
Scientific, Waltham, MA) using RNAIMAX transfection
reagent (Life Technologies, Carlsbad, CA). Non-targeting
SMARTpool RNA (D-001810-10-05, Life Technologies)
was used as a control. The transfection efficiency was
confirmed by qRT-PCR.

The ectopic overexpression of DTX] was achieved
with pCMV6-Entry-DTX1 plasmid (RC208338, Origene,
Rockville, MD) using FuGENE Extreme 9 transfection
reagent (Roche, Nutley, NJ). Empty pCMV6-Entry
(PS100001, Origene) was used as a control. Transfection
efficiency was confirmed by DTX1-specific qRT-PCR
using the same qRT-PCR technique as described carlier
for tissue RNA analysis.

Matrigel invasion assay

We performed the Matrigel invasion assay to assess
the migration and invasion ability of transfected cells
with over expression and under expression of D7X/ using
techniques described in previous publications [66]. In
short, 8-um pore filter inserts in 24-well plates (Sigma-
Aldrich) coated with Matrigel (BD Biosciences, San Jose,
CA) was used. Cells were transfected for 24 hours and
then were trypsinized, washed three times with serum-free
DMEM media and resuspended in serum-free DMEM to
obtain the concentration of 10¢ cells/ml. An aliquot of 100
ul of cells were plated onto each insert. Chemo-attractant
media with 10% FBS (600 ul) was added to the bottom
of a 24-well plate. Each insert, with cell suspensions,
was placed into the individual well with chemo-attractant
media. After 24 hours of incubation at 37°C in 5% CO,,
the inserts were removed from the media. Cells on the
upper surface of the insert that did not invade through the
membrane were removed with a cotton swab. The cells
that had migrated to the lower surface of the membrane,
facing the chemo-attractant media, were fixed by 10%
formaldehyde and stained by 1% crystal violet. The
membranes with fixed and stained cells were removed,
mounted onto slides and photographed by microscopy
at 4x magnification. Each experiment was performed in
triplicate.

Matrigel migration quantification

The 4% magnified images of the insert membrane
were analyzed using Adobe Photoshop SC6 (Adobe
Systems, McLean, VA). Stained cell-occupied image area
(purple) was selected by the “Color Range” tool with 70%
fuzziness. The number of pixels in the entire image and
the number of pixels within areas occupied by cells were
calculated by the “Histogram” tool of Photoshop. The
percentage of image field occupied by cells was calculated
as total number of pixels occupied by cells relative to the
total number of pixels. Triplicate images were analyzed
for each experiment and the mean of percentage of the
cell-occupied image field was calculated.

Statistical analysis

Expression array normalization

The gene expression data from GEO33205 used
Robust Multiarray Average (RMA) implemented in the
Bioconductor oligo package [67, 68] for normalization, as
previously described [21, 22]. The gene level expression
estimates were calculated as the mean expression levels
among all core probes linked to the same gene, yielding
22,011 genes.

DNA methylation array normalization

For promoter methylation data available at
GEO33202, beta values (percent methylation) were
estimated from unmethylated (U) and methylated (M)
measurements on a probe level basis: B = M/(M+U)
[23, 24]. The gene level estimates were produced by
choosing the highest methylation levels among all probes
linked to the same gene yielding, 14,477 individual genes.

Outlier analysis

HNSCC is a heterogencous disease with cancer-
related changes detected in only a small portion of the
samples [12—-14, 39]. Unfortunately, such changes are
poorly detected by conventional statistical approaches
such as the #-test. A standard method employed in cancer
research for outlier analysis is Cancer Outlier Profile
Analysis (COPA) and its derivatives [28, 69], which
generate statistics by comparing the outlier distributions
to an empirical null generated by permutation of class
labels. However, these methods have limitations when
counting outliers since the distribution of medians and
median absolute deviations permits outliers to be called in
cases where the deviations are biologically insignificant.
Therefore, we recently implemented a rank sum outlier
approach, modified from Ghosh [70], where a minimum
change levels was set for the calling of an outlier [20].
Such methods allowed us to eliminate many outliers
where change is not biologically meaningful (e.g., a gene
expression change of less than 10%, or 2.35 log fold
change, between any two samples). The outlier statistics
was used exclusively for discovery purposes.
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To discover the genes with changes in expression, we
applied the outlier statistics described above in reference
[20] to the array gene expression data set, containing
the 22,011 genes for each of 44 HNSCC tissue samples
from the discovery cohort. The signals from 25 normal
samples from the same cohort were used to establish the
empirical null level for each gene. We calculated outlier
score for both left-tail (10th percentile) and right-tail (90th
percentile) cases, which allowed us to define outliers
that were downregulated and upregulated, respectively
[20, 70]. The outlier statistics yielded an outlier score,
which quantified the number of tumors with gene
expression values that were outliers from the distribution
defined by normal as defined in previously published work
[20]. Each of the 22,011 genes was assigned its outlier
score and ranked from the largest to the smallest. Outlier
analysis does not have a cut-off value of significance,
such as 0.05 for p-value; therefore for the convenience
we manually selected the genes with the top 76 outlier
scores as candidates (manual outlier score cut-off set
= 2.3, Supplementary Table 2). All outlier analyses were
performed with custom scripts in R adapted from [20].

The pathway enrichment analysis

The pathway enrichment analysis utilized gene
expression data was used for 43 NOTCH pathway genes
(KEGG database and [22] without DTXT) with available
Affymetrix Exon Array data. Differential expression
analysis of NOTCH pathway and downstream genes was
performed with empirical Bayes moderated t-statistics
using limma R package 2.12.0 [71]. Contrasts were
formulated to define the difference between different gene
expression in groups of patient samples: tumor samples
with higher DTX1 expression, tumor samples with lower
DTX]I expression, and non-cancer samples. P-values for
differential expression statistics were reported after FDR
adjustment with Benjamini-Hotchberg correction [72]
among 43 NOTCH pathway and 9 downstream genes,
including DTX1 in both sets. Genes with FDR adjusted
p-values below 0.05 were called significantly differentially
expressed. Pathway-level statistics were computed by
applying the limma function geneSetTest to the empirical
Bayes moderated t-statistics for each contrast with the
alternative hypothesis of “either” specifying that genes in
the set are up or down regulated as a group.

Expression-methylation correlation

We utilized a correlation analysis to associate
changes in gene expression with epigenetic regulation.
Specifically, we computed Spearman correlation
coefficients between gene-level estimates of DNA
methylation and expression for each candidate gene
inferred from outlier statistics. Candidate genes with
negative correlations between expression and methylation
were selected. All correlation analyses were performed
using limma R package 2.12.0 [71].

P-value calculation

Log transform of gene expression values from
array, normalized qRT-PCR gene expression values, DNA
methylation B-values, and image field percentage values
were compared for HNSCC and control samples using the
Student #-test. We used ¢-test for all our validation step
as it is more stringent than outlier test, used exclusively
for discovery purposes. Bisulfite sequencing results were
compared for HNSCC and control samples using the two-
tailed Fisher exact test.
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Introduction

Idiopathic pulmonary fibrosis (IPF) is a specific form of chronic, progressive fibrosing interstitial
pneumonia with poor diagnosis and a median survival of 2-3 years from initial diagnosis (1, 2). The
cellular inflammation drives the fibrotic response in lung and plays a major role in IPF pathogenesis
(3). Inflammatory cells (majorly, type 2 alveolar epithelial cells) release TGF-p, the key mediator of
pulmonary fibrosis, that regulates several profibrotic cytokines/chemokines, their receptors, recep-
tor subunits, and growth factors inducing process of epithelial-mesenchymal transition (EMT)
(3, 4). Among the pro-inflammatory and profibrotic cytokines involved in IPF pathogenesis,
interleukin (IL)-1 (4), IL-1p (5), IL-4, IL-5 (6), IL-6Ra (4), angiogenic IL-8/CXCL-8 (7), IL-13,
its receptor IL-13 Ra2 (8), and IL-33 (9) have been implicated in accelerated inflammation and
irreversible damage to lung architecture with loss of alveolar-capillary barrier basal membrane
leading to persistent fibrosis. Genes encoding these factors exhibit nucleotide variation that could
affect the severity of immune/inflammatory reactions and extent of any subsequent dysregulated
fibroproliferative activity in disease development. Furthermore, variants in mucin-encoding genes
(10-13) and in genes for pathogen-associated molecular patterns (PAMPs) receptors of innate
immunity known as toll-like receptors (TLRs) (14, 15) have been also implicated in IPF immu-
nopathogenesis and related to rapid progression of the disease. Investigations of these “candidate”
gene variant(s) e.g., in case-control association studies may, therefore, provide novel insight into
underlying mechanism of IPF susceptibility/disease outcome and, further, may aid to develop novel
diagnostic approaches and eventually therapeutic interventions based on genetic information (16).

A candidate gene study typically involves genotyping 5-50 single nucleotide polymorphisms
(SNPs) within gene(s) for its coding and non-coding/regulatory regions (17). Irrespective of the
number of tested gene variants; for a standard conductance, data collection, and transparent
reporting of a genetic association study, the recommendations of STrengthening the REporting of
Genetic Association studies (STREGA) and STrengthening the Reporting of OBservational studies
in Epidemiology (STROBE) should be considered (16). In case-control studies, knowledge of fre-
quency distribution of candidate gene loci/variants among normal (healthy control) population(s)
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Dataset for IPF susceptible loci

is necessary and could be useful also for genetically related
population(s) to determine the gene variants associated with
disease and/or its clinical course.

The role of inflammatory and profibrotic mechanisms involv-
ing gene variation has been investigated in IPF and spectrum of
susceptible polymorphic gene variants, including those in genes
of immune reactions and signaling processes, have been recently
reported from both genome-wide association studies (GWAS)
and population-based case-control studies (14, 18, 19) performed
mostly in US Caucasians, and also in some other ethnicities. The
nominated gene variants, summarized in Table 1, are of different
functions and implicate some yet-unanticipated pathways in
IPF pathogenesis, including endoplasmic reticulum stress and
unfolded protein response, cellular senescence, DNA-damage
response, and already known Wnt-f-catenin signaling (20). The
distribution of SNPs may greatly differ with populations (ethnici-
ties), for example, a high frequency of MUC5Brs35705950*T allele
in IPF cases is observed among European-Americans (14-34%)
(21, 22), while its low frequency is characteristic for Asians,
such as Chinese (3.3%) (23), Japanese (3.4%) (24), and Korean
(1.0%) cohorts (11). Similarly, MUC2 rs7934606*A allele exhibit
frequency of 41% in Europeans and 1% in Asians (1000 Genomes
Project Phase 3 allele frequencies). Furthermore, in context of

participation of more than one gene in IPF pathogenesis, it will
be important to analyze multiple susceptible gene variants. The
approach of analyzing common and rare genetic factors in IPF
susceptibility may provide novel insights into IPF and it could
also be helpful in identifying population-specific rare variants,
predominant panel of candidate gene variants for IPF risk and in
understanding the basis of variable disease severity or progres-
sion among different populations.

No complex data have been yet reported on IPF-related
variants in Slavonic populations, including Czechs. Starting
our investigations of plausible multiple IPF susceptibility poly-
morphisms primarily in Czech and also related populations, we
adopted allele-specific MALDI-TOF mass spectrometry-based
SNPs genotyping assay for determination of gene variation in
the relevant targets. Several IPF susceptible SNPs in genes of
various functional categories were multiplexed, and in the first
phase genotyped in probands from normal (healthy) Czech
population using Sequenom MassARRAY platform. In the
current dataset manuscript, we, besides genotyping methodol-
ogy, report the genotype, allele, and phenotype (carriage rate)
frequencies for plausible IPF susceptibility variants among
normal population of Czech Republic of Western Slavonic
(Caucasian) ancestry.

TABLE 1 | List of candidate SNPs investigated in the study.

S.No. Location Gene SNP ID Position Region Functional category Reference
1 2q14.1 IL-7T a rs1800587 112,785,383 5'-flanking region Pro-inflammatory cytokine (25)
2 2q14.1 IL-1 8 rs16944 112,837,290 Promoter Pro-inflammatory cytokine (25)
3 2q14.1 IL-1 8 rs1143634 112,832,813 Exon (ds) Pro-inflammatory cytokine (25)
4 2p21 PRKCE rs628877 45,698,441 Intron Cellular signaling pathways -
5 3026 LRRC34 rs6793295 169,800,667 Exon (dy) Protein-protein interaction (26)
6 3g22.1 TF rs1799899 133,756,968 Exon (d) Iron ion transport -
7 4013.3 IL-8 rs4073 73,740,307 Promoter Pro-inflammatory cytokine (18)
8 4922.1 FAM13A rs2609255 88,890,044 Intron GTPase activator activity (26)
9 4935 TLR3 rs3775291 186,082,920 Exon (dv) Innate immunity (14)
10 5p15 TERT rs2736100 1,286,401 Intron 2 Telomerase maintenance (26)
11 5031.1 IL-13 rs1800925 132,657,117 Promoter Pro-inflammatory cytokine 27)
12 5031.1 IL-4 rs2243248 132,672,952 Promoter Pro-inflammatory cytokine (19)
13 5031.1 IL-4 rs2243250 132,673,462 Promoter Pro-inflammatory cytokine (19
14 5031.1 IL-4 rs2070874 132,674,018 Promoter Pro-inflammatory cytokine (19)
15 6p21.2 CDKN1A rs2395655 36,677,919 Promoter Cell cycle regulation (19)
16 6p21.2 CDKN1A rs733590 36,677,426 Promoter Cell cycle regulation (19)
17 6p24 DSP rs2076295 7,562,999 Intron Binds intermediate filaments (26)
18 10924 OBFC1 rs11191865 103,913,084 Intron Telomerase maintenance (26)
19 11p156.5 MUCc2 rs7934606 1,100,037 Intron Mucus production in lungs (26)
20 11p156.5 MUC5B rs35705950 1,219,991 Promoter Mucus production in lungs (12, 21)
21 11p15.5 TOLLIP rs5743890 1,304,599 Intron Innate immunity 21)
22 13034 ATP11A rs1278769 112,882,313 3" UTR Phospholipid translocation (26)
23 16pi12.1 IL-4R o rs1801275 27,363,079 Exon (dv) Pro-inflammatory cytokines (19)
24 17p13.1 TP53 rs12951053 7,674,089 Intron Cell cycle regulation (28)
25 17p13.1 TP53 rs12602273 7,679,695 Intron Cell cycle regulation (28)
26 17921 MAPT rs1981997 45,979,401 Intron Microtubule-associated tau (26)
27 17023.3 ACE rs4277405 63,471,557 Promoter Fibrotic pathway (29)
28 17923.3 ACE rs4459609 63,471,587 Promoter Fibrotic pathway (29)
29 19p13 DPP9 rs12610495 4,717,660 Intron Serine protease encoding (26)

ACE, angiotensin-converting enzyme; ATP11A, ATPase, class VI, type 11A; AZGP1, alpha-2-glycoprotein 1, zinc-binding; CDKN1A, cyclin-dependent kinase inhibitor 1A, the
gene encoding p21; COMR, cartilage oligomeric matrix protein; DPP9, dipeptidyl-peptidase 9; DSF, desmoplakin; FAM13A, family with sequence similarity 13, member A;

IL-13, interleukin-13; IL-8, interleukin-18; LRRC34, leucine rich repeat containing 34, MAPT, microtubule-associated protein tau; MUC2, mucin 2; MUCS5B, mucin 5B; OBFC1,
oligonucleotide/oligosaccharide-binding fold containing 1; PKCE, protein kinase C, epsilon); SFTF, surfactant protein; SPPL2C, signal peptide peptidase like 2C; TERT, telomerase
reverse transcriptase; TF, transferrin); TGF-p, transforming growth factor-p); TNF-a, tumor necrosis factor-a); TLR3, Toll-like receptor; TOLLIP, toll interacting protein; TP53, tumor
protein 53; ds, synonymous mutation, dx, non-synonymous mutation;, UTR, untranslated region.
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Materials and Methods

Characteristics of the Study Group
Ninety-six unrelated healthy subjects (45 males, 51 females),
free of any disease as assessed by physician’s enquiry about
their personal and family history, were enrolled. The mean
age +standard deviation was 34.5 + 8.9 years and ranged from
18-57 years. All were Caucasians, and as assessed by surname and
tracking personal history of Czech (Western Slavonic) ancestry
living in Moravian region of the Czech Republic. All probands
were informed about the purpose of the study and provided
informed consent; the study was realized with the approval of the
institutional ethics committee. Genomic DNA was isolated from
peripheral blood leukocytes by standard salting out method (30).
A list of reference single nucleotide polymorphism database
ID (rsSNP) was prepared for IPF-associated gene variants identi-
fied from available literature (GWAS and case-control studies)
(Table 1). SNP genotyping using Sequenom iPLEX and MALDI-
TOF-based MassARRAY platform allows analysis of upto 40
SNPs in a single well reaction. Primers were designed using
Assay Design Suite v2.0 (ADS v 2.0) available under online tools
of Agena Bioscience (https://www.mysequenom.com/Tools).

Assay Design, PCR Amplification, and
Genotyping

For online genotyping assay design of multiplexed SNPs using
ADS v2.0, an input list of SNP IDs (rsSNP of each target) was
provided and following steps were followed: (1) the sequence for
each rsSNP was retrieved from database and formatted accord-
ingly, (2) the proximal SNPs for each rsSNP were identified from
database, and (3) optimal primer areas were identified that result
in a unique amplicons containing a target for the extension
primer. To avoid extension primer rejection due to insufficient
known bases, the proximal base was replaced with inosine. (4)
PCR and extension primers were designed and checked for false
priming, hairpin/dimer formation. The primer multiplexes with
mass separation of analytes (alleles) were created. The PCR primer
plex was prepared for PCR amplification, and extension primer
mix was prepared for single base extension (SBE)-based iPLEX
reaction. The SBE pool plex consists of multiplexed primers that
anneal adjacent to polymorphic site for each reaction present
together in the multiplexed assay pool. Thus, several individual
DNA polymorphisms with their corresponding SNP sites could
be analyzed in a single reaction. Due to the inverse relationship
between peak intensity and extend primer mass, the extension
primers in iPLEX assays were adjusted for concentration to
ensure the possible equal intensity of extension primers.

For multiplexed PCR amplification and genotyping assay,
protocol described in literature was followed (31). In brief,
multiplexed PCR amplification was performed using 10 ng DNA
template. A cleanup reaction for amplicons plex was performed
with shrimp alkaline phosphatase (SAP) mix. These SAP cleaned
amplicons plex were further subjected to SBE reaction with iPLEX
mix containing extend primer plex. The iPLEX reaction products
were treated with a cationic resin (SpectroCLEAN, Sequenom)
to remove salts, such as Na*, K*, and Mg** ions. The desalted
iPLEX extend amplicons were dispensed on SpectroCHIPs using

MassARRAY® Nanodispenser RS 1000 station and analyzed on
matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS)-based MassARRAY analyzer
for target allele(s). As assay control of SNP genotyping, a dupli-
cate, positive, and negative control samples were included in each
assay plate. In each assay, the specific ddNTP incorporated at
target site could be identified with peak representing increase in
mass of extend primer. The assay peak spectrum and call cluster
plot resulting from MALDI-TOF MS analysis were analyzed with
MassARRAY Typer 4.0.20 software that traces primer masses to
the assayed alleles.

Statistical Analysis

Each SNP was tested for Hardy-Weinberg Equilibrium (HWE)
by Pearson’s goodness-of-fit, Chi-square ()2) test. SNPs within
HWE (p > 0.05) and sufficiently common (Minor Allele
Frequency, MAF > 5%) in the general population were included.
Phenotype frequency (carriage rate) was calculated as proportion
of individuals carrying one or two copies of a particular allele on
one or both (maternal or paternal) chromosomes.

Results

Using online Assay Design Suite v2.0 for primer designing, two
plexes were generated. Plexes I and II consisted of 22 and 7 SNPs,
respectively. For a successful assay, inosine was used instead of
proximal SNP in the extend primer sequence for rs2736100,
12243250, and rs4277405 of plex I.

Inassay control of multiplexed SNP genotyping, SNPrs2395655
in CDKN1A showed low assay-success rate (< 95%) and two SNPs
DSP 152076295 and TOLLIP rs5743890 were found as positive in
no template control. These SNPs failed the quality control assess-
ments and were removed from further analysis (Table 2). The
genotyping assays success rates for all other analyzed SNPs were
98-100%. In our Czech healthy control population, all analyzed
SNPs were in HWE, except for IL-4Rx rs1801275 that exhibited
minor deviation (p = 0.04) reflecting a small anomaly, so the
locus was not excluded from analysis (Table 2).

Among analyzed SNPs in cytokines, their receptor and sub-
units, IL-4 rs2243248 exhibited highest genotype (TT = 0.85),
allele frequency (T = 0.93) and carriage rate (T = 1.00). Besides
cytokines, we also report allelic frequency of rs3775291 in
TLR3, an innate immune system receptor. In present report,
four out of 26 SNPs, viz., TP53 rs12951053, TP53 rs12602273,
TF rs1799899, and IL-4 rs2243248 showed complete absence of
their respective homozygous genotype CC, GG, AA, and GG,
and exhibited high phenotype frequency (1.00) for allele A, C,
G, and T, respectively (Table 2). For MUC5B rs35705950*T risk-
allele, allelic and phenotype frequencies were found as 9% and
17%, respectively.

The genotype frequency and allele frequency for the 26 ana-
lyzed SNPs are available online at ALlele FREquency Database
with Sample UID: SA004336Q (http://alfred.med.yale.edu/
alfred/pophetgraph.asp?sampleuid=SA004336Q&cutoff=0.25)
and will be publicly available at dbSNP database with the release
of dbSNP Build (B144) (http://www.ncbinlm.nih.gov/SNP/
snp_viewTable.cgi?handle=LIGP).
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TABLE 2 | Genotype distribution and phenotype frequency of candidate SNPs in normal Czech population.

S.No. Genetic variant Assay rate (%) Genotype n =96 HWE Allele Phenotype frequency
1 IL-T o 100 CC 39 0.86 C 0.88
rs1800587 CT 45 T 0.59
T 12
2 IL-18 100 GG 46 0.35 G 0.88
rs16944 GA 38 A 0.52
AA 12
3 IL-18 100 CC 56 0.49 C 0.93
rs1143634 CT 33 T 0.42
T 7
4 PRKCE 99° GG 61 0.11 G 0.93
rs628877 GT 27 T 0.36
TT 7
5 LRRC34 100 T 45 0.23 T 0.94
rs6793295 TC 45 C 0.53
CC 6
6 TF 100 GG 81 0.41 G 1.00
rs1799899 GA 15 A 0.16
AA 0
7 IL-8 100 AA 19 0.50 A 0.73
rs4073 AT 51 T 0.80
T 26
8 FAM13A 100 T 53 0.89 T 0.94
rs2609255 GT 37 G 0.45
GG 6
9 TLR3 100 GG 4 0.88 G 0.89
rs3775291 GA 44 A 0.57
AA 11
10 TERT 100 T 29 0.91 T 0.80
rs2736100 GT 48 G 0.70
GG 19
11 IL-13 100 CC 49 0.68 C 0.91
rs1800925 CT 38 T 0.49
TT 9
12 IL-4 98P T 80 0.44 T 1.00
rs2243248 GT 14 G 0.15
GG 0
13 IL-4 98P CC 64 0.24 C 0.95
rs2243250 CT 25 T 0.32
TT 5
14 IL-4 100 CC 66 0.91 C 0.97
rs2070874 CT 27 T 0.31
T 3
15 CDKNTA 100 T 36 0.71 T 0.86
rs733590 CcT 47 C 0.63
CcC 13
16 OBFC1 100 GG 33 0.70 G 0.81
rs11191865 AG 45 A 0.66
AA 18
17 muc2 100 GG 41 0.16 G 0.93
rs7934606 AG 48 A 0.57
AA 7
18 MUC5B 100 GG 80 0.16 G 0.98
rs35705950 GT 14 T 0.17
TT 2
(Continued)
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TABLE 2 | Continued

S.No. Genetic variant Assay rate (%) Genotype n =96 HWE Allele Phenotype frequency
19 ATP11A 100 GG 48 0.79 G 0.91
rs1278769 GA 39 A 0.50
AA 9
20 IL-4R o 100 AA 68 0.04 A 0.94
rs1801275 AG 22 G 0.29
GG 6
21 TP53 100 AA 81 0.41 A 1.00
rs12951053 CA 15 C 0.16
CC 0
22 TP53 100 CC 81 0.41 C 1.00
rs12602273 GC 15 G 0.16
GG 0
23 MAPT 100 GG 67 0.81 G 0.97
rs1981997 GA 26 A 0.30
AA 3
24 ACE 100 T 36 0.51 T 0.88
rs4277405 CT 48 C 0.63
CC 12
25 ACE 100 AA 37 0.83 A 0.86
rs4459609 CA 46 C 0.61
CC 13
26 DPP9 100 AA 54 0.69 A 0.93
rs12610495 GA 35 G 0.44
GG 7

2One sample for PRKCE rs628877.
bTwo samples each for IL-4 rs2243250 and IL-4 rs2243248 were not genotyped.
HWE, Hardy-Weinberg equilibrium.

Discussion

The present dataset reports the genotype distribution, genotype,
allele, and phenotype frequency of 26 gene variants involved
in immune-related pathomechanisms of IPF in normal Czech
population using Sequenom MassARRAY based genotyping plat-
form. Besides the relevance to the delineation of immunogenetic
component of IPFE, the knowledge of frequency distribution of
gene variants in normal populations is of considerable impor-
tance for their evaluation as genetic markers in susceptibility,
manifestation, prognosis, and potentially treatment of diseases
in different populations (32).

A SNP rs35705950 in the putative promoter of MUC5B
has been shown to exhibit strong association with both
familial interstitial pneumonia and IPF (33). The observed
1s35705950*T risk-allele frequency of 9% in normal Czech
population was in concordance with other reports in normal
Caucasians of European-American descents, as 9-11% in
American (33), 10% in UK Caucasians (34), 11% in French
(22),and 4.3% in Germans (24) populations among Europeans.
Interestingly, the MUC5B promoter polymorphism is observed
less frequently in normal Asian populations, such as 0.8% in
Japanese (24), 0.7% in Chinese (23), and <1% in Koreans (11).
Overall, mucin glycoprotein encoding MUC5B has role in nor-
mal lung function by regulating immune function, microbial
population, airway infection, and mucociliary clearance in
lungs (35, 36).

Among analyzed cytokines, IL-4 has significant role in
IPF pathogenesis by regulating fibroblast functions, such as
chemotaxis, proliferation, collagen synthesis, myofibroblast
differentiation, and Tn1/Th2 equilibrium (19). The angiogenic
IL-8 was shown as predictive for early stage of IPF (37) and as
poor IPF survival (38). Additionally, IL-13 and IL-13 pathway
markers (39) and the innate immune signaling receptor TLR3
have been suggested as potential markers of rapidly progressive
form of IPE. Several recent studies have suggested that defective
TLRs are linked to dysregulated fibrogenesis and have key role
in myofibroblast activation, increased profibrotic cytokines,
collagen deposition, fibrosis, and tissue destruction and, thus,
promoting the progression of disease during the later phase of
IPF (14, 15, 40, 41).

Of the four variants that exhibited absence of homozygous
genotypes in this data report: (1) the frequency of TP53
rs12951053 CC genotype has been reported as 6% in Caucasian
HC (28), 1.2% in European and Africans and relatively higher in
Asian (11.9% in Han Chinese and 11.6% in Japanese) populations
(http://snp-nexus.org/temp/snpnexus_10220/results.html); (2)
For TP53 1512602273, CC genotype frequency has been reported
as 3% in Caucasian healthy controls (28); (3) For TF rs1799899,
AA genotype frequency has been reported as 0.6% in European,
and 0.0% among African, Han Chinese, and Japanese popula-
tions (http://snp-nexus.org/temp/snpnexus_10168/results.html);
and (4) For IL-4 rs2243248, low GG genotype frequency (IL-4,
-1098 G/T) has been reported in another independent study for
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characterization of IL-4 gene polymorphism in a relatively small
cohort of IPF patients of same ethnicity (19).

The present findings are widely applicable in IPF genetics
research in other related populations as well. In a current research
initiatives in immunogenetics by HLA-NET network, a working
group for population definitions and sampling strategies in popula-
tion genetics analyses strongly recommend the usage of geographi-
caland/or cultural criteria (with anthropological considerations) to
describe human populations instead of a priori misclassifications
of racial and ethnic groups (42). In this context, Central Europe
populations have been demonstrated as similar and genetically
homogeneous (32, 43, 44). Therefore, the present findings are
relevant for IPF gene case-control studies not only in Czech but
also in neighboring populations, namely Slovak and Polish, and
also in Germans and Austrians, as we could recently exemplify
in preliminary investigations of immune-related IPF susceptible
variants in Czech and German population cohorts (10, 13).
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Idiopathic pulmonary fibrosis (IPF) affects lung parenchyma with progressing fibrosis.
In this study, we aimed to replicate MUC5B rs35705950 variants and determine new
plausible candidate variants for IPF among four different European populations. We
genotyped 26 IPF candidate loci in 165 IPF patients from four European countries, such
as Czech Republic (n = 41), Germany (n = 33), Greece (n = 40), France (n = 51), and
performed association study comparing observed variant distribution with that obtained
in a genetically similar Czech healthy control population (n = 96) described in our earlier
data report. A highly significant association for a promoter variant (rs35705950) of mucin
encoding MUC5B gene was observed in all IPF populations, individually and combined
[odds ratio (95% confidence interval); p-value as 5.23 (8.94-3.06); 1.80 x 10-""]. Another
non-coding variant, rs7934606 in MUC2 was significant among German patients
[2.85 (5.05-1.60); 4.03 x 1074 and combined European IPF cases [2.18 (3.16-1.50);
3.73 x 107%]. The network analysis for these variants indicated gene—gene and gene-
phenotype interactions in IPF and lung biology. With replication of MUC5B rs35705950
previously reported in U.S. populations of European descent and indicating other plausi-
ble polymorphic variants relevant for IPF, we provide additional reference information for
future extended functional and population studies aimed, ideally with inclusion of clinical
parameters, at identification of IPF genetic markers.

Keywords: MUC5B, MUC2, cytokines, idiopathic pulmonary fibrosis, sequenom MassARRAY, single nucleotide
polymorphism, association study, network analysis

INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive form of fibrosing interstitial pneumonia
of unknown cause that predominantly affects lung parenchyma, leading to progressive worsening
of dyspnea and lung function (1). In pathobiological mechanisms of IPF, role for gene variation has
been implicated and spectrum of susceptible/protective polymorphic gene variants, including those
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in loci governing immune and inflammatory reactions and sign-
aling processes, has been recently reported from genome-wide
association studies (GWAS) or population-based case-control
investigations (2-13); notably distribution of nominated gene
variants varied among populations of different ancestry (Table S1
in Supplementary Material). Further, recent bioinformatics
approaches yielded a genomic model that accurately predicted
high- and low-risk IPF patients using a list of 118 IPF prognostic
predictor genes, many of those with immune-, also T-cell-related
functions (14). In aggregate, these reports implicated involvement
of multiple genetic factors in IPF development and emphasized
the need for their evaluation in different populations to decipher
the plausible pathobiological mechanism of IPE.

In context of the above efforts, we have recently identified and
reported 26 IPF-associated candidate loci (15). Besides charac-
terizing their major functions, e.g., in regulating production of
mucins (MUC5B and MUC?2) or of pro-inflammatory cytokines
(IL-1, IL-8) and also in cell signaling and innate immunity pro-
cesses (TLR3 and TOLLIP) involved in inflammatory and profi-
brotic pathways (http://www.ncbi.nlm.nih.gov/pmc/articles/
PMC4585032/table/T1/), we have described the approach for
their simultaneous investigation using a novel mass spectrometry
based matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) multiplexed genotyping assay and reported their
gene frequencies in healthy Czech (European) population (15).
There, we also suggested the wider application of the data from
this report for association studies among genetically homogenous
populations following the recommendation of STrengthening
the REporting of Genetic Association studies (STREGA) (16).
Suggestion to include this particular control population in the
present IPF association study in different European populations
was based on reports of genetic similarity among Europeans, for
example from results of genotyping 6000 individuals as control
samples for >300,000 single nucleotide polymorphisms (SNPs)
in a GWAS (17) and findings of a HapMap study (18). Further,
in our decision we also reflected recommendations of HLA-NET
network group for usage of geographical and/or cultural criteria
to describe human populations (19) and also our own observa-
tions of substantial degree of homogeneity in distribution of
immune-related gene variants within European populations,
including Greeks (20).

Hereby, we report the results from a multicenter association
gene study in which we determined the status (genotype distribu-
tion, genotype, and allele frequencies with carriage rate) of 26
IPF candidate loci. Here, we have performed a comparative study
for association of these IPF candidate genetic variants among

four different European (Czech, German, Greek, and French)
populations and have ammended it by network prediction for
gene-gene/gene—phenotype interactions in IPF and lung biology.
We suggest that future extended and replicative studies following
hereby described approach could enable better understanding of
IPF pathogenesis, and if further supported by patient laboratory
and clinical data, it could help to nominate novel disease markers.

MATERIALS AND METHODS

Characteristics of IPF Cases

In this study, 165 IPF patients from four European populations
comprising 41 Czechs (Centre: University Hospital, Olomouc),
33 Germans (University Medical Center, Freiburg), 40 Greeks
(Medical School University, Athens), and 51 French (University
Hospital, Paris), representing Central, Southern, and Western
Europe, were enrolled (Table 1).

All subjects were unrelated, white, and of European origin
living in specified countries of Europe and speaking their respec-
tive national languages. The IPF cases were diagnosed as per
ATS/ERS/JRS/ALAT guidelines (1, 21, 22) with typical clinical
features and abnormalities on chest high-resolution computed
tomography (HRCT) scans, abnormal lung function tests with
reduced diffusing capacity of the lung for CO (DLco), and/or
restrictive pulmonary deficit, exclusion of other known causes
of interstitial lung disease (ILD). For comparisons of genotype,
allele frequency, and carriage rate (phenotype frequency) of
analyzed genomic variants and case-control association study,
we have utilized the data on distribution of these variants in 96
Czech healthy controls (15). Genomic DNA was isolated from
peripheral blood leukocytes by standard salting out method
(23). Informed consent was obtained from all study participants.
The study was performed with approval of institutional ethical
committees at respective centers (Ethics Commitee of University
Hospital and Medical Faculty of Palacky University, Olomouc,
Czech Republic; Ethics Committee of the University Hospital
Freiburg, Germany; Ethics Committee Hospital for Diseases of
the Chest, Athens, Greece; and Comité Consultatif de protection
des Personnes dans la recherche biomédicale-hopital Robert
Ballanger, France).

Assay Design, PCR Amplification

and Genotyping
The details of the panel comprising 26 IPF candidate loci
and genotyping procedure in IPF cases have been described

TABLE 1 | Subjects characteristics under study comprising IPF cases from four different populations.

Control subjects?

European IPF cases

Czech German Greek French Total IPF
N 96 41 33 40 51 165
Age, mean + SD 34.45 + 8.94 59.78 + 10.12 66.25 + 12.28 7215 £7.71 7219 + 11.97 67.97 + 11.60
Age, range 18-57 42-81 36-85 51-88 36-92 36-92
Males:females 45:51 23:18 26:7 32:8 44:7 125:40

4Healthy control subjects from our previous data report (15).
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previously (15). In brief, a total of 26 SNPs reported as associated
with IPF in literature were selected. These SNPs were located
within the genes of different functional categories (mucus produc-
tion, pro-inflammatory cytokines, chemokines, innate immune
response, telomerase maintenance, cell surface remodeling,
GTPase activator activity, cell-cycle regulators, phospholipid
translocators, desmoplakin production, etc.). For PCR ampli-
fication and single base extension (SBE) reaction, the primer
pairs along with extension primers were designed using Assay
design suite v2.0. These primers were multiplexed and genotyped
using Sequenom MassARRAY platform integrating iPLEX®
SBE reaction and MassARRAY® technology (Agena Bioscience,
San Diego, CA, USA) based MALDI-TOF MS assay. The assay
consists of an initial locus-specific PCR amplification followed
by SBE using mass-modified dideoxynucleotide terminators of
an oligonucleotide primer that anneals immediately upstream of
the target polymorphic site. The distinct mass of extended primer
traces the alternative alleles using MassARRAY Typer 4.0.20.
For quality control (QC) step, we determined data missing rate
per individuals and missing rate per SNP. Also, for QC of SNP
genotyping, positive and negative template control samples were
included in each assay plate. Any assay found as positive in nega-
tive template control were removed from the study.

Statistical Analysis

Each SNP was tested for Hardy-Weinberg equilibrium (HWE) by
Pearson’s Chi-square (x?) test or Fisher exact test, as applicable.
SNPs within HWE (p > 0.05) and sufficiently common [minor
allelefrequency (MAF) > 5%] instudied population wereincluded.
Carriage rate (phenotype frequency) was calculated as number of
individuals carrying one (or two) copies of a particular allele on
one or both (maternal and paternal) chromosomes. Association
of SNPs minor alleles with IPF susceptibility were evaluated by
Fisher’s exact test providing odds ratio (OR), 95% confidence
interval (CI), and level of significance (p). For Bonferroni cor-
rection of multiple comparison (number of test = 100; 20 SNPs
for four individual and the combined populations), a stringent
approach with p-value < 0.05/100 (5 X 107*) was considered as
significant.

Network Analysis

Prediction of gene-gene network for plausible candidate variants
(p < 0.05) and their interaction with IPF and other phenotypes,
such aslung disease, lung injury, and lung function was performed
using Phenolyzer, a tool for phenotype-based prioritization of
candidate genes in human diseases (24). The candidate genes and
their relationship with IPF and related phenotypes were investi-
gated in several databases to determine and score relevant seed
genes. The seed genes are then expanded to include related genes,
on the basis of several types of gene-gene relationship compo-
nents, such as exhibiting a protein-protein interaction, sharing a
gene family or biological pathway, or transcriptionally regulating
or being regulated by another gene. Finally, these different types
of scores from seed gene ranking and gene-gene relationships are
integrated to generate a ranked candidate gene list, together with
gene-gene and gene—phenotypes interactions used to normalize
the scores in range 0-1 (24).

RESULTS

The characteristics of IPF patients and healthy control subjects
included in this study are presented in Table 1. The proportions
of IPF male cases were higher than of female cases. Following QC
steps for missing rates, the genotyping data from all individual
passed the QC with (i) missing frequency per individual 0.038
(N_MISS = 1) to 0.077 (N_MISS = 2) (a single IPF case from
Greek population that failed the assay was not included in this
study), and (ii) genotype missing frequency (F_MISS/assay error
rate; Table 2) 0.004 to 0.015. Five SNPs showed departure from
HWE (Table S2 in Supplementary Material), namely, PRKCE
rs628877 (p = 0.02 in combined IPF cases with F_MISS = 0.008),
IL-4 152243250 (p = 0.01, F_MISS = 0.0146 in Czech IPF and
p =12x 10" F_MISS = 0.011 in combined IPF cases), IL-4
rs2070874 (p=0.02, F_MISS =0in Czech IPF), IL-4Ro rs1801275
(p = 0.04, F_MISS = 0 in Czech healthy controls; p = 0.03,
F_MISS = 0 in Greek IPF and p = 0.01, F_MISS = 0 in combined
IPF cases), and MAPT rs1981997 (p = 0.03, F_MISS = 0.007 in
French IPF cases). Further, with MAF threshold check, TP53
rs12951053 was found with MAF = 0.04, F_MISS = 0 in Greek
IPF cases. Thus, keeping the QC stringent conditions, these six
SNPs were removed from further analysis, for which 20 variants
remained (Table 2).

The primary analysis (p < 0.05) using allelic (multiplicative)
genetic model revealed a total of nine SNPs for IPF susceptibility.
Among these, three SNPs were shared among different IPF popu-
lations: first, rs35705950*T within promoter region of Mucin5B
(MUCS5B) was highly significant among all the IPF popula-
tions — Czech [OR (95% CI); p: 3.77 (7.47-1.9); 1.62 x 107%];
German [4.83 (9.79-2.39); 1.55 X 107°]; Greek [5.46 (10.82-2.76);
1.13 X 107%]; French [6.77 (12.65-3.62); 5.28 X 1071°]; and com-
bined IPF cases [5.23 (8.94-3.06); 1.80 x 10~!!] (Table 2). Second,
rs7934606* A within intron region of Mucin2 (MUC2) was sig-
nificant for German [2.85 (5.05-1.60); 4.03 x 107%], Greek [2.45
(4.19-1.43); 1.43 X 10-], French [2.36 (3.86-1.44); 7.03 X 107*],
and combined IPF [2.18 (3.16-1.50); 3.73 X 10~°] cases. The third
variant, rs1799899*A located in exon region of Transferrin (TF)
gene was significant for Germans [2.89 (6.47-1.30); 1.12 X 107%],
French [2.20 (4.65-1.04); 4.58 X 1072], and in combined IPF
[2.06 (3.78-1.12); 1.87 X 107?] cases. Prediction of loss-/gain-of-
function for functional variant TF rs1799899 suggested it as a
probably damaging mutation (Polyphen score: 0.869 and SIFT
score: 0.07).

The other six significant SNPs were featured in individual
populations of which three were associated with IPF in Czech:
(i) rs12602273*G in Tumor protein 53 (TP53) [2.43 (5.3-1.11);
3.10 X 1072]; (ii) rs4277405*C in Angiotensin converting enzyme
(ACE) [0.54 (0.96-0.30); 3.71 x 107%]; and (iii) rs4459609*C
in ACE [0.54 (0.96-0.30); 3.71 X 107?] and one each in Greek:
Telomerase reverse transcriptase (TERT) rs2736100*G [0.49
(0.83-0.29); 1.12 x 107]; French: ATPase, type 11A (ATP11A)
rs1278769*A [0.51 (0.92-0.28); 2.51 X 1072]; and in total IPF
cases: Interleukin-1 o (IL-1ax) rs1800587*T [0.68 (0.99-0.46);
4.94 X 107?] (Table 2).

These findings of allelic model were in concordance with
Pearson’s x* test and additive test of logistic regression analysis
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TABLE 2 | Allelic model of association for IPF risk among four European populations.

S. Gene SNP Minor Czechs Germans Greeks French Total Assay error
No. allele rate
OR (95% Cl) p OR (95% Cl) p OR (95% Cl) p OR (95% Cl) p OR (95% Cl) p

1 -1« rs1800587 T 0.65 (1.16-0.37) 0.16 0.78 (1.42-0.42) 0.45 0.56 (1.01-0.31) 0.06 0.74 (1.25-0.44) 0.30 0.68 (0.99-0.46) 4.94 x 102 0

2 L-1p rs16944 A 1.15 (1.98-0.67) 0.67 0.79 (1.46-0.42) 0.54 1.01 (1.76-0.58) 1.00 1.14 (1.9-0.69) 0.61 1.03 (1.51-0.71) 0.92 0

3 IL-1B rs1143634 T 1.06 (1.93-0.59) 0.88 1.34 (2.49-0.72) 0.42 0.71(1.37-0.37) 0.34 1.06 (1.84-0.61) 0.89 1.02 (1.54-0.68) 1.00 0

4 LRRC34 rs6793295 C 0.87 (1.55-0.49) 0.66 0.96 (1.77-0.52) 1.00 0.79 (1.43-0.44) 0.46 1.35 (2.24-0.81) 0.29 1.00 (1.48-0.68) 1.00 0

5 TF rs1799899 A 1.46 (3.47-0.61) 0.48 2.89 (6.47-1.3) 1.12 x 102 1.88(4.3-0.82) 0.17 2.20 (4.65-1.04) 4.58 x 102 2.06 (3.78-1.12) 1.87 x 102 0

6 IL-8 rs4073 A 1.28 (2.14-0.76) 0.36 1.16 (2.03-0.66) 0.67 1.16 (1.95-0.69) 0.60 1.11 (1.8-0.69) 0.71 1.17 (1.67-0.82) 0.41 0

7 FAM13A 2609255 G 1.01 (1.82-0.56) 1.00 0.79 (1.54-0.4) 0.51 1.04 (1.88-0.57) 0.88 1.46 (2.47-0.86) 0.17 1.09 (1.64-0.73) 0.68 0

8 TLR3 rs3775291 A 0.94 (1.62-0.54) 0.89 0.61(1.16-0.32) 0.17 0.72 (1.29-0.41) 0.32 0.72 (1.22-0.43) 0.24 0.75(1.1-0.51) 0.14 0

9 TERT rs2736100 G 1.01 (1.70-0.60) 1.00 0.85 (1.51-0.48) 0.67 0.49 (0.83-0.29) 1.12 x 102 1.23 (1.99-0.76) 0.46 1.23 (1.76-0.86) 0.28 0
10 IL-13 rs1800925 T 0.66 (1.22-0.35) 0.23 0.65 (1.27-0.34) 0.26 1.08 (1.91-0.61) 0.88 0.83 (1.43-0.48) 0.59 0.80 (1.2-0.54) 0.30 0.008
11 L4 rs2243248 G 0.47 (1.69-0.13) 0.29 0.59 (2.13-0.16) 0.57 1.78 (4.19-0.75) 0.24 1.20 (2.88-0.5) 0.66 1.02 (2.01-0.52) 1.00 0.008
12 CDNK1A rs733590 C 1.21 (2.05-0.72) 0.50 0.76 (1.38-0.42) 0.46 1.15 (1.95-0.67) 0.68 1.01 (1.65-0.62) 1.00 1.03 (1.49-0.72) 0.93 0
13 OBFC1 rs11191865 A 1.67 (2.81-0.99) 0.06 1.75 (3.07-0.99) 0.06 1.07 (1.8-0.63) 0.89 1.43(2.31-0.88) 0.18 1.44 (2.06-1.01) 0.06 0
14 MUC2 rs7934606 A 1.41(2.41-0.83) 0.21 2.85 (5.05-1.60) 4.03 x 10* 2.45(4.19-1.43) 1.43 x 10°° 2.36 (3.86-1.44) 7.03 x 10~ 2.18 (3.16-1.50) 3.73 x 105 0.004
15 MUC5B rs35705950 T 3.77 (7.47-1.9) 1.62 x 10~* 4.83 (9.79-2.39) 1.55 x 10-° 5.46 (10.82-2.76) 1.13 x 10-®  6.77 (12.65-3.62) 5.28 x 10-'° 5.23 (8.94-3.06) 1.80 x 10" 0.015
16 ATP11A  rs1278769 A 1.10(1.92-0.63) 0.77 0.53 (1.06-0.26) 0.08 1.02 (1.79-0.57) 1.00 0.51(0.92-0.28) 2.51 x 102 0.76 (1.13-0.51) 0.18 0
17 TP53 rs12602273 G 2.43(5.3-1.11)3.10 x 102 1.40 (3.6-0.54) 0.45 1.13 (2.89-0.44) 0.81 1.57 (3.5-0.71) 0.29 1.63 (3.03-0.87) 0.14 0
18 ACE rs4277405 C 0.54 (0.96-0.30) 3.71 x 102 1.08 (1.92-0.61) 0.88 1.11 (1.9-0.65) 0.78 1.12 (1.83-0.68) 0.71 0.94 (1.36-0.65) 0.78 0
19 ACE rs4459609 C 0.54 (0.96-0.30) 3.71 x 102 1.08 (1.92-0.61) 0.88 1.11 (1.9-0.65) 0.78 1.08 (1.76-0.66) 0.80 0.93 (1.34-0.64) 0.71 0
20 DPP9 rs12610495 G 1.01 (1.82-0.56) 1.00 1.56 (2.85-0.86) 0.15 1.01 (1.84-0.55) 1.00 1.14 (1.96-0.66) 0.68 1.15 (1.72-0.77) 0.54 0.008

Bold values are significant with Bonferroni corrected p < 5 x 107,
OR: Odds ratio; CI: Confidence interval.

‘e 18 aloysy

1007 8]q1deosng 4d| 4o} APN1S UONBID0SSY


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Kishore et al.

Association Study for IPF Susceptible Loci

Berylliosis

IPF of lung
a——— 7] — @ Viral pneumonia
@ ’ Lung diseases
Idiopathic fibrosing Y ‘ [ ]
alveolitis, chronic form | { /
‘ PH
IPF Asthma
\ SCLC
o o A
J
Lung | T ——_g NSCLC
neoplasms | i
‘f i
@ ——=@ NSCLC
NSCLC @ A \\ s
P T A\ > adenocarcinoma
z oy NN N\
-// 5 4 A \ | _
Lung cancer yd \\N \ DPB
yd | / N \
coro & /| /|  MUNSHWURY
( [ — \ A
{ S
Anthracosis UG FUNGTION

Adenocarcinoma

Gin ¥ IE)I@F’A‘TIC PULVIONARY FEROSIS
CcopPD
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COPD

with similar panel and population distribution/stratification
of significant risk variants, and an exceptional addition of
rs11191865%A (p = 0.046) in Oligonucleotide/oligosaccharide-
binding fold containing 1 (OBFCI) exclusively in total IPF set
under y? test.

Network analysis among genes with significant variants
showed MUC5B and MUC2 in same gene family (Figure S1 in
Supplementary Material), transcriptional interaction among
MUC2 and TP53 (Figure S2 in Supplementary Material), and all
identified candidate genes belonged to the same biosystem (Figure
S3 in Supplementary Material). Further prediction based on their
records in several databases (CLINVAR, ORPHANET, OMIM,
DISGENET, GWAS, HTRI, GENE_FAMILY, and BIOSYSTEM),
gene-gene interaction and interaction with phenotypes (IPE, lung
disease, lung injury, and lung function) has (Figure 1) prioritized
MUCS5B as highest-ranked genes and indicated MUC5B, TERT,
and ATPI1a as seed genes, while TP53,IL1IA, MUC2, ACE, and TF
as predictive genes based on their normalized scores (Figure 2).

Applying rather conservative Bonferroni correction for
multiple comparisons (100 tests, see Materials and Methods),
MUCS5B rs35705950*T remained as highly significant in all IPF
populations, Czech (p = 1.62 X 10™*), German (1.55 X 107,
Greek (1.13 x 107°), French (5.28 x 107, and in combined
IPF population (1.80 x 107"); whereas MUC2 rs7934606*A
was significant in German (4.03 X 10™) and in combined IPF
(3.73 % 107°) (Table 2). The inheritance hypothesis for Bonferroni

significant variants, MUC5B rs35705950 and MUC2 rs7934606,
under allelic model for IPF association were also tested for other
models and the variant rs35705950 was found in concordance
to the dominant model indicating allele T for increased risk
(Table 3).

For the highly significant variants, we also report the allele fre-
quency of rs35705950*T risk allele to range from 0.09 to 0.41 and
rs7934606* A from 0.32 to 0.58 among the analyzed four European
populations (Table S2 in Supplementary Material). Among IPF
cases, the allele frequency and carriage rate for rs35705950*T
were lowest in Czech (0.28 and 0.49, respectively) and highest in
French (0.41 and 0.65, respectively); while rs7934606* A has low-
est frequencies in Czech (0.40 and 0.63, respectively) and highest
in Germans (0.58 and 0.91, respectively).

DISCUSSION

This study is a first report of comparative distribution of genotypes
and alleles of 26 candidate gene variants implicated in mucin
production, cell-cycle regulation, pro-inflammatory, and profi-
brotic signaling pathways pertinent to IPF pathobiology among
patients from four populations across Europe (Czech, German,
Greek, and French). Employing stringent statistical approach
(p < 5% 107), we report a high association between MUC5B
rs35705950*T and IPF susceptibility in all the four analyzed
populations among Czechs: [OR (95% CI) p] 3.77 (7.47-1.9)
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TABLE 3 | Dominant model of inheritance for highly significant IPF susceptible risk variants with Bonferroni correction among the four European

populations.

Genetic variants Czech German

Greek French Total IPF

OR (95% Cl); p OR (95% Cl); p

OR (95% Cl); p OR (95% Cl); p OR (95% Cl); p

MUC5B rs35705950°T
(GT + TT vs. GG)

4.76 (2.11-10.75);
2.21 x 10

8.75 (3.59-21.30);
9.04 x 10-7

MUC2 rs7934606*A
(GA + AAvs. GG)

1.29 (0.61-2.74); NS 7.45 (2.13-26.12);

2.73 x 10

6.25 (2.67-14.60); 9.167 (4.18-20.12); 7.01 (3.77-13.06);

1.97 x 10~ 9.6 x 10~° 6.21 x 10"
2.48 (1.06-5.80); 2.71(1.24-5.92); 2.47 (1.43-4.26);
4.83 % 1072 116 x 102 1.27 x 107

Bold values are significant with Bonferroni corrected p < 5 x 107,
OR, Odds ratio; Cl, Confidence interval; NS, Non-significant.

1.62 X 107, Germans: 4.83 (9.79-2.39) 1.55 X 107°, Greeks:
5.46 (10.82-2.76) 1.13 x 107 and French: 6.77 (12.65-3.62)
5.28 X 107'? along with all patients from this study as a whole:
5.23 (8.94-3.06) 1.80 x 107'". Thus, we replicate previous find-
ings and provide an insight for predominant association of gel-
forming mucin-encoding gene variants with IPF in Europeans
and populations of European descent. The role of mucin variants
was also supported with high significance of MUC2 rs7934606
among Germans [2.85 (5.05-1.60); 4.03 X 10™*] and combined
European IPF cases [2.18 (3.16-1.50); 3.73 X 107°]. The identi-
fied nine variants among MUC5B, MUC2, TF, TP53, ACE, TERT,
ATPIIA, and IL-1a (significant at p < 0.05) were interactive at
gene-gene and gene-phenotype level in network analysis. The
present study for inter-population comparison is imperative with
respect of comparing the distributions of plausible IPF-associated
gene variants and, thus, may provide starting point(s) for further
investigations of biological (functional implication of nominated
loci) and translational (relationship with laboratory/clinical
parameters) aspects.

Among mucin gene cluster (MUC6, MUC2, MUC5AC, and
MUCS5B) on chromosome 11q15.5, MUC5B is the most pre-
dominant in the normal distal airway epithelium and is widely
associated with sporadic IPF and familial interstitial pneumonia
(9, 25-27). The MUC5B promoter-variant rs35705950 SNP pre-
dicted change in transcription factors binding sites (disruption
of E2F and creation of HOX9 and PAX2) and the risk T-allele has
been strongly associated with increased MUCS5B expression in
the lung tissue. The relative high frequency of rs35705950*T risk
allele (IPF cases: 0.28-0.41 and healthy controls: 0.09) observed

in this study are in concordance with several reports, including
populations of European descent (Table S1 in Supplementary
Material). To explain the mucin-expressing structures in IPF
pathogenesis, Seibold et al. analyzed ciliated, basal, and alveolar
type II cells in lung tissue and reported predominant expression
of MUC5B in pseudostratified mucociliary epithelium comprised
of basal epithelial cells and mucus cells in distal airway. Further,
it is suggested that mucociliary dysfunction in the distal airway
causing honeycomb cyst may play a role in the development of
progressive fibroproliferative lung disease (25, 27). Although
rs35705950 is reported as highly associated with IPF in Europeans
and in populations of European descent, interestingly, it is weakly
associated in East-Asians, such as Chinese, Japanese, and Koreans
(Table S1 in Supplementary Material). Another mutation in
the same gene family (Figure SI in Supplementary Material)
identified MUC2 rs79834606 as significantly associated in IPF
(p = 3.8 x 107°) with MAF (A-allele) 0.54 in IPF cases and 0.41
in controls (9), which is in accordance to our present findings
(IPF: 0.40-0.58 and controls: 0.32) (Table S2 in Supplementary
Material). Similarly, MAF of 0.52 for rs79834606*A was reported
among IPF cases in a GWAS (3).

Here, we newly identified rs1799899 located in the TF gene as
IPF risk variant in Germans, French, and in combined European
IPF cases, significant at primary analysis (0.05 > p > 5Xx 107*). The
SNP 151799899 marks a Gly/Ser change located in TF gene encod-
ing a glycoprotein involved in iron ion transport and removal of
certain organic matter and allergens from serum. As this is the
first implication of TF gene in context of IPE in parallel to the
studies of its possible functional role, this association requires
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replication (16). The other six IPF risk variants identified in this
study were featured among individual populations (Table 2).
Among Czech IPF cases, (i) SNP rs12602273 located in intron of
TP53 that regulates cell-cycle arrest; while, (ii) rs4277405 and (iii)
rs4459609 located in promoter region of ACE-II suggested with
critical profibrotic role in IPF (28, 29) were observed. The MAF
0f rs12602273*G reported as 0.07 in IPF case and 0.08 in healthy
population of the Netherlands (11) was comparable to our cur-
rent findings (IPF: 0.09-0.12 and controls: 0.08). For Greek IPF
cases, (iv) a common variant rs2736100 within intron of TERT
and (v) rs1278769 in 3'-UTR of ATP11A were significant. Several
studies have reported the telomerase gene mutation causing
short telomerase as risk factor and poor survival in IPF (2, 30,
31). These variants, rs2736100*G and rs1278769* A, were initially
reported in a GWAS study for IPF cases with MAF of 0.43 and
0.20, respectively (MAF = 0.41-0.63 and 0.18-0.30, respectively
in this study) (3). Besides, (vi) rs1800587 in 5'-flanking region
of pro-inflammatory cytokine IL-1a was lesser significant among
the combined IPF cases. Earlier, a study in Czech population
has reported rs1800587*T MAF of 0.30 in IPF cases and 0.32 in
healthy controls (4), similar to our current finding (IPF: 0.27-0.29
and controls: 0.36).

While MUC5B rs35705950 is highly replicable, the other prob-
able candidate variants (including new report of TF rs1799899 in
IPF) reported in this study must be replicated in accordance to
the guidelines for conductance of genetic association studies (16),
by other independent studies. However, already at this stage, our
analysis of the gene-gene and gene-phenotype interaction net-
works suggests that these candidate variant genes are pertinent to
IPF and lung function biology (Figure 1) and provides support
for biological plausibility of observed variants.

Apart from using Czech population control data for compari-
sons within the European context, which was noted and reasoned
for in the Section “Introduction,” another limitation of this study
is that a single national center was included for each of four
European populations, where a relatively small number of IPF
cases were genotyped, which reduces the power of our present
findings. However, with a conservative incidence range of 3-9
cases per 100,000 per year for Europe (32), the enrolled sample
size (165 IPF cases) in the present study considerably represents
the disease among Europeans; moreover, it is comparable with
sizes of other reported studies (Table S1 in Supplementary
Material). Off note, our primary aim was to report our findings
of the candidate IPF genetic variants so that these could be repli-
cated in other centers (16) and investigated further. In this regard,
investigations of relationships with clinical parameters such as
lung functions will follow.

Our findings provide evidence that gene variants involved
in mucin production (MUC5B and MUC2) do increase IPF risk
among the four European populations, two of which (Czech
and Greek) have not been studied before in this regard at all.
Additionally, the nominated variants in TF and other variants
of TP53, ACE, TERT, ATPIIA, and IL-1a may also contribute
to IPF susceptibility. Despite our panel of 26 gene variants was
designed across pertinent pathobiological pathways, it did not
include others from the wide range of plausible IPF-associated

SNPs regulating immune and fibrotic functions, such as master
regulator TGF-p, TNF-q, full spectrum of TLRs, MHC (HLA)
variants, and also SNPs in regulatory microRNAs (miRNAs) (4,
8, 33, 34). Therefore, these variants should be prioritized in the
future studies aimed at extending a profile general and popula-
tion-specific IPF gene biomarkers, including exploration of their
functions, so that our view on the role of gene variation in origin
of IPF and its further development more closely approaches the
reality.

CONCLUSION

The present study confirms and further extends strong association
of MUC5B promoter region variant (rs35705950) with IPF disease
among Europeans. In addition, it suggests further IPF-associated
polymorphisms: MUC2 (rs79834606) and TF (rs1799899) variants
in general, and the other six (TP53rs12602273, ACE-1I rs4277405,
ACE-II rs4459609, TERT rs2736100, ATP11A rs1278769, and IL-
I rs1800587) in individual European populations. Their further
investigation for disease association among extended patient
cohorts is, therefore, warranted. At the same time, findings of
our present study represent reference information to be utilized
for future extended functional and population studies as well as
for translational research of the nominated variants aiming at
characterization of biomarkers and/or novel therapeutic targets.
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Abstract Distribution of cytochrome P450 2C19 enzyme
gene (CYP2CI19) variants affecting metabolism of clopi-
dogrel was determined in 526 Czech patients after
percutaneous coronary intervention using MassARRAY
genotyping and compared to distribution in other popula-
tions of European descent. Fifty-three (10%) patients
underwent parallel determination of CYP2CI19 genotypes
from buccal swabs by a point of care technique with 100%
concordance to the main genotyping platform. Observed
CYP2CI9 genotypes were related to clopidogrel metabo-
lism phenotypes and discussed in population context.
Hereby, presented methodologies provide accurate
CYP2C19 genotyping results in a relatively short time of
one up to 12 h and may, therefore, find the relevant place in
the field of genotype-guided antiplatelet therapy.
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Introduction

Pharmacogenetics (PGx)-study of variations in DNA
sequences affecting drug response and/or toxicity (Yip
et al. 2015)-has been gradually gaining its place in per-
sonalised patient care in various fields of medicine (Jani
et al. 2015; Ortega et al. 2015; Petrek 2015; Tangamorn-
suksan et al. 2015). Clopidogrel, as the drug most
commonly prescribed together with aspirin after percuta-
neous coronary intervention (PCI) to prevent
atherothrombotic events in patients with acute coronary
syndrome, has an important place among the drugs in
which PGx tests proved to have adequate clinical validity.
Available data, including those from meta-analyses, indi-
cate that patients on clopidogrel carrying particular variants
of the cytochrome P450 2C19 enzyme gene (CYP2CI9)
may be at an increased risk of adverse cardiovascular
events compared with noncarriers (Hulot et al. 2010; Mega
et al. 2010a, b; Sofi et al. 2011; Zabalza et al. 2012).
Indeed, FDA black box warning suggests consideration of
alternative therapy in patients identified as CYP2C19 poor
metabolizers and notes that these patients could be iden-
tified by genotyping (US Food and Drug Administration
2010). Recommendations regarding CYP2C19 genotyping
in context of clopidogrel therapy have also been made by
Clinical Pharmacogenetics Implementation Consortium
(Scott et al. 2013). There have been a number of academic
institutions which have implemented hospital-wide
reporting of CYP2C19 genotypes in their electronic medi-
cal records, also to facilitate health care provider decision
on treatment by alternative platelet inhibitors, such as
prasugrel and ticagrelor (Knauer et al. 2015). Recently,
there also have been reports on cost-effectiveness of
genotype-guided antiplatelet therapy (Jiang and You 2015;
Kazi et al. 2014).
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Wider application of PGx testing for the CYP2CI19
variants underlying altered responsiveness to clopidogrel
has been hindered by time-lag between specimen sampling
and results’ reporting which, in usual routine, involves 3 or
more days. However, in patients endangered by compli-
cations, the genotype knowledge is desirable at the time of
prescription and any therapeutic adjustment should be
decided in a very limited time frame (Knauer et al. 2015).
In this context, we aimed at facilitating our genotyping by
MassARRAY technology, by which turn-around-time of
12 h could be achieved, and additionally by utilisation of a
commercial point of care (POC) genotyping technique
producing result within 1 h. Our findings, including pop-
ulation data on CYP2C19 variants relevant for clopidogrel
metabolism in Czechs and other Europeans, are sum-
marised in the following report.

Materials and Methods
Characteristics of the Study Group

Five hundred and twenty-six patients (138 females, 388
males) after PCI from University Hospital Olomouc
underwent routine examination of CYP2CI9 in the period
from March 2013 to February 2016. Briefly, a sample of
peripheral blood was obtained for genotyping by
MassARRAY® technology (AgenaBio, San Diego, USA).
The mean patient age was 66 years and ranged
24-93 years. Randomly selected patient subset (n = 53, 14
females, 39 males) was tested in parallel using a POC
technique-Spartan RX System (Spartan Bioscience Inc.,
Ottawa, Ontario, Canada) utilising a buccal swab speci-
men. The mean age in this patient subset was 57 years and
it ranged 31-77 years. All subjects were unrelated subjects
living in the Czech Republic, i.e., of Central European
descent, speaking Czech language. Signed informed con-
sent explaining the nature of the examination and
containing approval with usage of the routine test results
for scientific purpose was obtained before specimen col-
lection from each subject.

CYP2C19 Genotyping by MassARRAY

Genomic DNA was isolated from 0.5 ml of peripheral
blood drawn into K;3;EDTA-coated tubes using Arrow
automated extraction system (Isogen Life Science, De
Meern, The Netherlands). Methodical details on Mas-
SARRAY procedure have previously been described, in
general (Stacey et al. 2009), and also regarding our labo-
ratory procedure (Kishore et al. 2015). In brief, the primer
pairs (Assay design suite v2.0; https://agenacx.com/Tools)
were multiplexed. Genotyping was performed using

@ Springer

Sequenom MassARRAY platform integrating iPLEX®
SBE (single base extension reaction) and MassARRAY®
technology (Agena Bioscience, San Diego, CA, USA)-
based MALDI-TOF MS assay. The assay consists of an
initial locus-specific PCR amplification followed by SBE
using mass-modified dideoxynucleotide terminators of an
oligonucleotide primer that anneals immediately upstream
of the target polymorphic site. The distinct mass of
extended primer traces the alternative alleles using Mas-
SARRAY Typer 4.0.20. For quality control (QC) step, we
determined data missing rate per individuals and missing
rate per single-nucleotide polymorphism (SNP). In addi-
tion, for QC of SNP genotyping, positive and negative
template control samples were included in each assay plate.
Any assay found as positive in negative template control
was removed from the study. The correctness of our
CYP2C1I9 genotyping has been repeatedly verified in three
annual intervals (2013-2015) by successful participation in
the external proficiency testing scheme “Molecular
Genetics set 06” (775) provided by INSTAND, Diisseldorf,
Germany.

CYP2C19 Genotyping Using POC Technique

In a subset of our patients (n = 53), CYP2C19*%2,*3 and
*17 variants were determined by Spartan RX System
(Spartan Bioscience Inc., Ottawa, Ontario, Canada)-a POC
system based on processing of buccal swabs in a closed,
semi-automated amplification system. According to the
manufacturer, Spartan RX Analyser employs optical
detection and subsequent automated analysis for evaluation
of fluorescent signals from oligonucleotide probes binding
to PCR amplicons and thus determinates the genotype; it
consists of Spartan RX CYP2C19 Assay and Spartan RX
Platform. Three sample collection kits, each for one of the
three CYP2C19 tested variants, were used to collect buccal
swab samples. The collection kit, provided by the manu-
facturer, consists of a pouch containing a buccal swab and
a reagent tube. The reagent tube contains chemicals for
DNA extraction, PCR amplification, and fluorescent
detection of the specific CYP2CI9 allele. Collection pro-
cedure and subsequent sample processing were performed
according to Spartan RX System Operator’s Manual
(Document Number 01001920_1.5, 1-37). Briefly, before
sample collection, patient rinsed the mouth by a small
amount of water, then a buccal swab from the inside of
patient’s cheek was collected and samples were immedi-
ately processed in a nearby laboratory according to the
manufacturer’s instructions. Briefly, the reagents and buc-
cal samples inside reagent tubes were mixed by taping on
their bottom. Next, tubes were inserted into Spartan RX
Analyser and in less than an hour, the test completed with
automatic print-out of the results.
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Fig. 1 Mass spectra for
genotypes of CYP2CI9 variants A rs4244285 (GG)
rs4244285 (G > A), 10 - - =
CYP2C19*%2 (a), 1s4986893 i ; :
(G > A), CYP2C19*3 (b), and
rs12248560 (C > 1),
CYP2C19*17 (c); representative
examples. For genotype
designations, refer to fop of the
panels; peaks denote particular
alleles, single peaks represent
homozygous, and double peaks
represent heterozygous
combinations
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Fig. 1 continued

Statistical Analysis

Each of the three SNPs was tested for Hardy—Weinberg
equilibrium (HWE) by Pearson’s Chi-square (y%) test
(p > 0.05). Genotype and allele frequencies were deter-
mined by direct counting. Carriage rate (phenotype
frequency) was calculated as number of individuals car-
rying one (or two) copies of a particular allele on one or
both (maternal and paternal) chromosomes.
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Results

CYP2C19 Variant Determination by MassARRAY

All tested CYP2C19 SNPs could be determined with fol-
lowing success rates: CYP2C19%2, 99.8%; *3, 99.8%; *17,
99.2%; and, overall, 99.6%. Representative examples of
the spectra from MassARRAY are shown in Fig. la—c; the
distribution of respective genotypes for each of the SNPs is
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illustrated by call cluster plots from MassARRAY
(Fig. 2a—c). The turn-around-time, from blood sampling to
the result print-out, was 12 h in urgent (statim) regimen,
otherwise from 24 to 36 h.

The distribution of genotypes and alleles of the
CYP2C19 variants in our cohort is summarised in Table 1
(left columns); carriage rates for variant alleles were 0.26
for CYP2C19%2 A and 0.44 for T allele of CYP2C19*17.
For CYP2C19*%2 and *17 variants, the distributions of
genotypes were within HWE (p > 0.05); regarding
CYP2C19%*3, due to the absence of the variant A allele, 12
value could not be defined.

The observed CYP2CI9 variant frequencies in Czechs
were fully comparable with those reported for other pop-
ulations of European descent (Table 1, middle and right
columns); the reference population data were obtained
from The 1000 Genomes Project (The 1000 Genomes
Project Consortium 2015).

CYP2C19 Variant Determination by POC
Technique

The success rate for determination of CYP2CI9 variants
was 84% (for specific SNPs: CYP2C19%2: 87%, *3: 83%,
*17: 81%). In 10 out of 53 tested samples, the results could
not be obtained: there was four times failure during the
amplification procedure; three times the report classified
results as inconclusive; and in three cases, only two of the
three variants could be determined.

Comparison of the genotypes provided by POC with
those yielded from parallel examination by MassARRAY
showed absolute (100%) concordance. The turn-around-
time (from buccal swab sampling to the result print-out)
was 60 min.

Relevance for Clopidogrel Metabolism

To move from the laboratory genotyping to applied area,
the obtained genotypes were divided according to their
relevance for clopidogrel metabolism and thus predicted
risk of cardiovascular complications (Table 2, left part);
the division was based on the classification by Desai
et al. (2013). Again, apart from reporting results
regarding our study group, we also provide comparisons
of the distribution of the particular genotypes in Czechs
to other cohorts of distinct ethnicity, more specifically to
those of Northern/Southern Europeans and U.S. of
European descent (Table 2, middle and right parts).
From these comparisons, no substantial differences
emerged.

Discussion

Hereby, we present genotyping data on CYP2C19%2, *3, and
*17 variants relevant for clopidogrel metabolism, which
were obtained by MassARRAY methodology and in part
also by a POC technique in Czech, i.e., Central European
cohort counting more than 500 subjects. Both utilised tests
proved to be able to determine specific genotypes in a short-
time frame (1-12 h) and may, therefore, represent the way
towards progress in clinical applications of CYP2CI19
genotyping for management of patients requiring treatment
by clopidogrel or alternative platelet inhibitors.

When we compared our Czech data with those reported
for other populations of European descent, there were no
major differences in the frequencies of individual variants
or in the distribution of genotypes relevant for clopidogrel
metabolism. In this regard, approximately, a quarter of our
patients carried the loss-of-function allele CYP2C19%2 A,
i.e., were poor clopidogrel metabolizers. The A allele is
associated with reduced conversion of clopidogrel to active
metabolite and these patients are in increased risk of car-
diovascular complication including stent thrombosis (Mega
et al. 2010b). Another CYP2C19 loss-of-function allele (*3
A) was not observed in our cohort which was in line with
its extremely rare occurrence in Europeans; this allele is
present only in Asians with frequency from 1 to 6% (The
1000 Genomes Project Consortium 2015). CYP2C19*%17
TT homozygote individuals were presented in 5%; these
“ultra-rapid metabolizers” may have increased risk of
bleeding events (Li et al. 2012). Similar to other studies
(e.g., Desai et al. 2013), approximately one-third of our
patients possessed CYP2CI9 variants phenotypically
expressed by alteration of clopidogrel metabolism. Hereby,
reported availability of reasonably short-time identification
of these variants would, therefore, allow appropriate
patient monitoring including consideration of treatment by
alternative drugs.

Regarding current initiatives on relocating genotyping
from the laboratory to the bedside (Beitelshees 2012;
Beitelshees et al. 2015; Knauer et al. 2015), our data may
add a small piece into the emerging mosaic. So far, the
solid data in area of POC clopidogrel genotyping have been
reported by Roberts et al. (2012) whose report suggested
that POC testing after PCI can be done effectively at the
bedside and be beneficial for treatment of identified
CYP2C19%2 carriers with prasugrel; So et al. (2016)
recently added report of a POC extended to contain ABCBI
testing. The presence of Spartan RX and that of another
commercial POC test on the market (Nanosphere Verigen
System, see http://www.nanosphere.us/products/cyp2c19-
test) also provided impetus for development of further
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«Fig. 2 Call cluster plots showing distribution of CYP2CI9 geno-
types; representative examples. a 1s4244285 (G > A), CYP2C19*2;
blue symbols represent genotype GG; green symbols GA; orange
symbols AA. b rs4986893 (G > A), CYP2CI19*3; blue symbols
represent genotype GG, other genotypes not present. ¢ rs12248560
(C >T), CYP2C19*17; blue symbols represent genotype CC; green
symbols CT; orange symbols TT

alternative POC techniques, such as a microarray-based
POC CYP2CI9 genotyping test (Chae et al. 2013) or a
recently described chip technique (Marziliano et al. 2015).
Before these techniques are readily applied to clinics, there
is urgent need for further improvement and standardization
including development of relevant external quality assess-
ment schemes as in other fields where genotyping has
already been routinely applied to patient care (e.g.,
Haselmann et al. 2016). In this context, there has been
report about specific CYP2CI19 QC outside Europe (Lin
et al. 2015).

The strength of our report lies not only within the great
number of genotyped subjects, but also regards our main
genotyping methodology, which has been controlled by our
continuous participation in the external proficiency exer-
cise and the robustness of which we have also documented
in other SNP genotyping applications (Kishore et al.
2015, 2016). Regarding limitations of our study, it should
be noted that we have involved patients for determination
of genotype distribution; however, also our own data
confirm that the distribution in patients reflects that in
normal reference population (The 1000 Genomes Project
Consortium 2015). Otherwise, we did not include other
variants known to affect clopidogrel metabolism, such as
ABCBI1 (Mega et al. 2010a); however, ABCBI gene was
not covered by the utilised POC system at the time of our
analyses and thus will not enable comparisons.

Importantly, only general knowledge of the Spartan
RX POC test methodology is another limiting factor.
While with our MassARRAY protocol, we had under

Table 1 Genotype and allele frequencies of CYP2C19 variants in Czechs in comparison to other European populations

Allele SNP Genotype Genotype Genotype Allele Allele Allele
frequencies frequencies frequencies frequencies frequencies frequencies

(EUR) (CEU) (EUR) (CEU)
CYP2C19%2 19154 G > A GG 0.745 0.722 0.758 G 0.864 0.855 0.869
1s4244285 GA 0.238 0.266 0.222 A 0.136 0.145 0.131

AA 0.017 0.012 0.020
CYP2C19*17 806 C>T CcC 0.559 0.596 0.586 C 0.753 0.776 0.778
1$12248560 CT 0.388 0.360 0.384 T 0.247 0.224 0.222

TT 0.053 0.044 0.030
CYP2C19*3 636 G > A GG 1.000 1.000 1.000 G 1.000 1.000 1.000
rs4986893 GA 0.000 0.000 0.000 A 0.000 0.000 0.000

AA 0.000 0.000 0.000

EUR European, CEU Utah residence with Northern and Western European Ancestry

For the reference population data, see The 1000 Genomes Project Consortium (2015)

Table 2 Distribution of CYP2C19 genotypes according to their relevance for clopidogrel metabolism phenotypes in Czech and other European

cohorts
Clopidogrel CYP2C19  Population (frequency %)
metabolism genotype B . .
phenotype Czech Greek Danish (n = 276) Faraose (n = 311) Norwegian American-USA
(n = 526) (n = 283) (Pedersen et al. (Pedersen et al. (n = 328) (n = 499) (Desai
(Ragia et al. 2010) 2010) (Pedersen et al. et al. 2013)
2009) 2010)
Poor metabolizer *2/%*2 1.7 2.1 2.2 32 1.3 3.0
Intermediate *1/*2 23.8 17.7 18.5 23.5 20.1 26.3
metabolizer
Extensive *1/#1, *1/  69.2 72.8 67.0 62.4 66.0 65.7
metabolizer *17
Ultra metabolizer *17/%17 5.3 3.2 5.1 3.5 4.9 32

Classification of metabolism phenotypes according to Desai et al. (2013). For numbers of subjects, see “n

[Tt

next to population designations
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control all methodical steps, including reagents’ and pri-
mer-plexes preparation and handling, with the “closed”
nature of the POC system, these and other technical
details were unknown, and genotyping was beyond our
control from the time-point of inserting the swab into the
analyser. Similar situation occurred also in the interpre-
tation phase: while the POC analyser just prints the test
outcome, with the MassARRAY, scientists can see the
range of parameters including peaks corresponding to
amplicons and if relevant they can perform necessary
validations. Thus, any explanation of the observed lower
success rate of POC genotyping would not be based on
solid grounds and will be purely speculative; the same
refers to the reasoning for particular statements of the
POC system, such as “failure during the amplification
procedure” or “inconclusive result” as the QC step of the
POC data is not known to us. What we, however, can
recommend based on our experience is to carefully
respect all steps of the preanalytical phase, especially
handling of the swab-stick, performing swab procedure
itself, and keeping temperatures and times as described in
the SPARTAN RX protocol.

In conclusion, our aggregate data on distribution of main
pharmacogenetically relevant CYP2Cl9 variants for
clopidogrel metabolism obtained by two hereby utilised
specific methodologies suggest that there are opportunities
for providing genotyping results in a reasonable time frame
that can facilitate their application in clinical patient
management.
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ABSTRACT

Background: In sarcoidosis, the direction and intensity of immunological reactions involved in disease
pathophysiology is affected by variation in the genes coding for effector and regulatory molecules with
immune functions. This study, therefore, investigates polymorphic variants in genes involved in inflam-
mation, immune reactions, and granuloma formation in context of their plausible association with
sarcoidosis, with specific focus on Greek population.

Methods: A total of 18 single-nucleotide polymorphisms (SNPs) were genotyped in Greek patients with
pulmonary sarcoidosis (n = 103) and in healthy Greek control subjects (n = 100) using multiplexed
MassARRAY (MassARRAY °) iPLEX assay based on MALDI-TOF mass spectrometry.

Results: TGF-3 rs3917200*G variant was associated with sarcoidosis (OR: 3.04 [95% Cl: 1.98-4.69],
p = 2.76*1077). Further, ANXAT1 rs1049550*A variant was associated with sarcoidosis (OR: 0.59 [0.39-
0.89], p = 0.01).

Conclusions: This first study of genetic variation of immune-related genes in Greek patients with
sarcoidosis brings to attention a novel disease ‘susceptibility’ factor: TGF-3 rs3917200*G allele. It also
confirms previously reported ‘protective’ association between sarcoidosis and functional variant ANXAT1
rs1049550%A. Further work is required to validate these findings and to expand investigation of their

KEYWORDS

ANXAT11; genetic factors;
Greek; polymorphisms;
sarcoidosis; TGF-3

plausible relationship with clinical course of the disease.

1. Introduction

Sarcoidosis is a disease with features of altered immune response,
often with multisystemic involvement. Presentation of this disease
is heterogeneous; the mostly presented phenotype is pulmonary
manifestation, which is widespread mostly in populations of
European descent. Course of this disease is also very variable. In
some patients, there is often speedy resolution but in approxi-
mately 15%-20% of cases, there is progress to one of the most
dangerous courses, irreversible pulmonary fibrosis, where the risk of
deterioration, even death is high [1-3].

Etiology of sarcoidosis is still unknown. The genetic factors,
altered immunoregulation, and inflammation leading to gran-
uloma formation have been suggested to have a crucial role in
sarcoidosis pathogenesis [4]. Further, patients with sarcoidosis
often present with hypercalcemia [1].

In this context, this study aimed to determine the implication of
gene variants coding for immune-related molecules such as cyto-
kines, proteins, and receptors involved in antigen presentation and
immunoregulation processes, and also in calcium signalization, to
characterize their possible roles as genetic factors sarcoidosis,
including those contributing to disease course.

According to study in Greek centers enrolling 60% of the
adult population [5], sarcoidosis is the leader between lung
diseases (ILD) in Greece: one of five ILD cases presented with
sarcoidosis [5]. As there has been rather limited information on
immunogenetic background of Greek patients with sarcoido-
sis, we focused our study on this particular population.

2. Patients and methods
2.1. Patients and control subjects

This case-control study comprised 103 sarcoidosis cases (mean
age + standard deviation [SD], 56.6 + 11.6 years; age range, 28—
85 years; male [M]: female [F] ratio, 30:73) and 100 control
subjects (43.5 + 11.9 years 21-72 years, M:F, 30:70); all subjects
were unrelated and of Greek origin. The patients were diagnosed
according to the ATS, ERS, and WASOG statement on sarcoidosis
[6] at the General Hospital for Chest Diseases, Athens; the healthy
control subjects were enrolled at the Laiko General Hospital,
Athens (Department of Immunology and Histocompatibility) as
healthy blood donors. Both patients and control subjects pro-
vided informed consent with participation in the study, which

CONTACT Martin Petrek @ martin.petrek2@fnol.cz @ Department of Pathological Physiology and Institute of Molecular and Translational Medicine, Faculty of
Medicine and Dentistry, Palacky University Olomouc, 77515 Olomouc, Czech Republic

“Current address: Accuscript Consultancy, Ludhiana
© 2020 Informa UK Limited, trading as Taylor & Francis Group


http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/17476348.2020.1784729&domain=pdf&date_stamp=2020-10-13

1066 K. SIKOROVA ET AL.

Article highlights

o We present the first detailed study of genetic variation of immune-
related genes in Greek patients with sarcoidosis.

e We confirm previously reported ‘protective’ association between
functional variant ANXA11 rs1049550*A (Arg230Cys).

e We report a novel, plausible ‘susceptibility’ factor - TGF-33
rs3917200%G.

o Further, polymorphism rs1800629 in TNFA gene is associated with the
more advanced CXR stages in our cohort of Greek sarcoidosis
patients.

o Further work is required to validate these findings and to investigate
in detail their relationship with clinical course of the disease.

was approved by institutional review boards. The study was
carried out from 11 October 2017 to 13 November 2019.

Sarcoidosis cases were followed for a minimum of 2 years
after their diagnosis to observe the development of the dis-
ease and response to the treatment. Patients were treated by
corticosteroids (n = 57); in some cases in combination with
methotrexate (n = 5) this therapy was used in all cases com-
bined with pulmonary hypertension and also in some cases
with extrapulmonary cardiac involvement or in inhalation
form in combination with long-acting 2-agonist (n = 2); in
five cases the treatment was stopped. The remaining 46
patients with sarcoidosis were without any treatment. After
2 years from the diagnosis, the patients were evaluated, i.e. for
the disease status as follows: (a) stabilized patients (n = 87), (b)
remission (n = 13), and (c) progression (n = 3), for patients with
deterioration of the condition. Two of three progressing
patients had extrapulmonary cardiac involvement.

Patients were also evaluated based on the chest X-ray (CXR)
stages (thoracic involvement) using Scadding’s criteria: stage 1
that involved bilateral hilar lymphadenopathy (BHL) only (n = 29),
stage 2 for BHL with pulmonary infiltrates (n = 59), stage 3 with
parenchymal infiltrates only (n = 4), and stage 4 with pulmonary
fibrosis (n = 5); in six patients the CXR stage was not determined.

Some patients have also extrathoracic manifestation such
as cardiopathy based on magnetic resonance imaging findings
(nh = 12), cutaneous sarcoidosis (n = 13), uveitis (n = 8), per-
ipheral lymphadenopathy (n = 4), arthropathy (n = 3), hyper-
calcemia (n = 3), erythema nodosum (n = 2), pulmonary
hypertension (n = 2), and neurosarcoidosis (n = 1).

2.2, Genotyping

DNA was isolated from peripheral blood using arrow automated
extraction system (Isogen Life Science, PW De Meern, Utrecht,
the Netherlands). For polymorphism analysis, a total of 18 plau-
sible gene variants (Table 1) were genotyped using MassARRAY®
method. These 18 gene variants were selected based on the
previous reports for associated with sarcoidosis [7-14]. These
polymorphisms were located in genes involved in antigen pre-
sentation, immunoregulation, calcium signalization, cytokines,
or genes otherwise connected to immune functions.
Genotyping was performed using multiplexed MassARRAY
iPLEX assay followed by MALDI-TOF mass spectrometry
(Agena Bioscience, CA, USA). The steps for assay design
using Assay Design Suite v2.0, polymerase chain reaction

Table 1. List of candidate single-nucleotide polymorphisms (SNPs) investigated
in the study.

Minor
Gene SNPID  allele Chr. Function
ANXATT rs1049550 A 10 Ca2+ dependent
phospholipid-binding
TNF-a rs1800629 A 6  Cytokine (inflammation)
TGF-32 rs1891467 G 1 Cytokine (cell signaling
and SMAD activation)
GREM1 rs1919364 G 15 Cytokine, regulating tissue

differentiation
Immunity and antigen
presentation

HLA-DRA, HLA-DRB5  rs1964995 G 6

NOD2 rs2066844 T 16  Stimulates an immune
reaction

BTNL2 rs2076530 G 6 Regulates activated T cells

HLA-DQAT 12187668 T 6  Immunity and antigen
presentation

CACFD1 rs3124765 T 9 Calcium channel activity

Céorf10 rs3129927 C 6 Immune diseases risk

ATF6B rs3130288 A 6 ER stress and signal
transduction

HLA-DRA rs3135394 G 6  Immunity and antigen
presentation

TAP2 rs3819717 A 6 Membrane transport and
antigen presentation

HLA-DRB1 rs3830135 A 6  Immunity and antigen
presentation

TGF-83 rs3917165 T 14 Cytokine and lung
development

rs3917200 G 14 Cytokine and lung

development

HLA-DPB1 19277357 G 6  Immunity and antigen
presentation

LRRC16A 159295661 C 6  Megakaryocyte and

platelet production

SNP ID, designation of the particular SNP within the reference sequence (rs)
nomenclature; Chr., chromosomal localization; ER, endoplasmatic reticulum.

(PCR) amplification of multiplexed iPLEX assay and MALDI-
TOF MS-based genotyping have been described in our pre-
vious study [15]. In brief, 10 ng of template DNA was com-
bined with the designed primers (Assay design suite v2.0;
https://www.mysequenom.com/Tools) and master mix. The
amplified targeted PCR products were cleaned by SAP enzy-
matic digestion, followed by a single base extension (SBE)
reaction. The SBE product was applied on Spectro-chip by
nanodispenser and genotyped by MALDI-TOF MS-based
MassARRAY platform (Agena Bioscience, San Diego, CA, USA).
In the assay, positive and negative controls were also included.
Results were obtained by MassARRAY Typer 4.0.20 and manu-
ally validated using call cluster plot.

The single-nucleotide polymorphism (SNP) rs3917200 in
the TGF-83 gene was genotyped by TagMan assay using
LightCycler 480 System (Roche, Branford, CT, USA). For this
reaction, 10 ng of template DNA, LightCycler 480 Probes
Master (Roche) and designed TagMan SNP genotyping assay
(ThermoFisher Scientific, USA) were used. The cycling profile
was as follows: 5 min at 95°C; 45 cycles of 10 s at 95°C, 45 s at
60°C, 1 s at 72°C (with acquisition in each cycle), and then 30 s
at 40°C. The data were obtained by endpoint analysis.

2.3. Statistical analysis

The association analysis was performed using allelic model by
two-tailed Fisher exact probability test to estimate p-value,
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odds ratio (OR) and 95% confidence interval (Cl). Each SNP was
tested for Hardy-Weinberg equilibrium (HWE) (> 0.01) using
Pearson’s chi-square (x2) test or Fisher’s exact test. The statis-
tical significance was considered as p < 0.05. Bonferroni cor-
rection of multiple comparisons was performed as
Pcorr = p X18.

The statistical analysis was performed using http://shesis-
plus.bio-x.cn/SHEsis.html and https://www.snpstats.net/start.
htm in combination with http://vassarstats.net/odds2x2.html.

The calculation of the statistical power of the study was
performed using http://osse.bii.a-star.edu.sg/calculation2.php.

3. Results

We analyzed 18 SNPs in 103 Greek sarcoidosis cases and in
100 healthy control subjects. One polymorphism, namely
rs3819717 in TAP2 gene, was not found in HWE in the group
of control subjects and it was, therefore, excluded from further
analysis.

The polymorphism rs3917200*G in the gene for cytokine
TGF-B3 was associated with sarcoidosis on primary level (OR:
3.04 [95% Cl: 1.98-4.69], p = 2.76*1077) and also after correc-
tion for multiple comparison (peorr = 4.97%107%) (see Table 2).
The statistical power of the study sample size for the
rs3917200*G was 96.2%.

The polymorphism rs1049550*A located in the gene
ANXA11 was found associated with sarcoidosis (OR: 0.59
[95% Cl: 0.39-0.89], p = 0.01). However, this association did
not attain significance after correction for multiple comparison
(Pcorr > 0.05) (see Table 2).

Other 16 investigated polymorphisms were not associated
with sarcoidosis compared to healthy controls.

For subanalysis based on CXR stages, the patients were sub-
divided into two groups: the first one comprising patients with
CXR-1, the second one consisting of patients with CXR-2 and
higher. Next, these groups were compared with healthy control
group. An association on primary level as well as after Bonferroni
correction was observed between the polymorphism
rs3917200*G in TGF-33 and patients with CXR-1 (OR: 3.26 [95%

Table 2. Allelic model of association for sarcoidosis risk in Greek population.

Sarcoidosis (n = 103) vs. controls, (n = 100)

Gene SNP p OR [95% Cl]

ANXA11 rs1049550 0.01 0.59 [0.39-0.89]
TNFA rs1800629 0.06 1.99 [0.99-4.01]
TGF-B2 rs1891467 1.00 1.00 [0.66-1.53]
GREM1 rs1919364 0.84 1.04 [0.70-1.54]
HLA-DRA, HLA-DRB5 rs1964995 0.21 0.64 [0.34-1.20]
NOD2 152066844 0.60 1.48 [0.52-4.23]
BTNL2 rs2076530 0.92 0.98 [0.65-1.48]
HLA-DQA1 rs2187668 1.00 0.97 [0.47-1.99]
CACFD1 rs3124765 0.16 1.47 [0.88-2.43]
Cé6orf10 rs3129927 0.14 3.00 [0.80-11.25]
ATF6B rs3130288 0.22 2.68 [0.70-10.25]
HLA-DRA rs3135394 0.14 3.00 [0.80-11.25]
HLA-DRBT rs3830135 0.51 0.71 [0.29-1.72]
TGF-3 rs3917165 0.11 2.31 [0.87-6.14]
TGF-B3 13917200  2.76*1077 ® 3.04 [1.98-4.69]
HLA-DPB1 rs9277357 0.91 1.04 [0.66-1.63]
LRRC16A rs9295661 1.00 1.45 [0.24-8.76]

S SNP 153917200 peorr = 4971075 OR: odds ratio; Cl: confidence interval; Bold
values are significant.
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Table 3. Allelic model of association for sarcoidosis subgroup analysis, based on
the chest X-ray (CXR) stage in Greek patients with sarcoidosis.

CXR Stg. 1 (n = 29) CXR Stg. 2-4

vs. controls (n = 68) vs. controls

(n = 100) (n = 100)
Gene SNP p-value OR p-value OR
ANXATT rs1049550 0.29 0.69 0.01 0.53
TNFA rs1800629 0.57 1.34 0.02 2.50
TGF-B2 rs1891467 0.63 1.18 0.71 0.89
GREM1 rs1919364 0.30 1.37 0.65 0.89
HLA-DRA, HLA-DRB5 rs1964995 0.10 0.34 0.61 0.79
NOD2 rs2066844 0.24 237 0.76 1.24
BTNL2 rs2076530 0.64 1.18 0.47 0.84
HLA-DQAT rs2187668 1.00 0.84 0.84 1.12
CACFD1 rs3124765 0.43 1.38 0.19 1.48
Céorf10 rs3129927 0.32 2.32 0.10 3.58
ATF6B rs3130288 0.32 2.32 0.16 3.10
HLA-DRA rs3135394 0.32 2.32 0.10 3.58
HLA-DRB1 rs3830135 0.53 0.54 0.63 0.72
TGF-33 rs3917165 5.00%103  4.96 0.56 1.48
TGF-B3 rs3917200 1.74*107%5 326 9.52*10°% 295
HLA-DPB1 rs9277357 0.60 0.79 0.53 1.20
LRRC16A rs9295661 1.00 NA 0.40 222

SSNP 153917200 CXR Stg. 1 vs. controls peorr = 3.13*107> TSNP 153917200 CXR
Stg. 2-4 vs. controls peory = 1.71¥107% NA: not analyzed (in one of the
analyzed groups there were present just homozygotes for one allele, not for
the other allele and no heterozygotes); significant values are in bold.

Cl: 1.77-6.02], pcorr = 3.13*1073) and also with CXR-2 and higher
(OR: 2.95 [95% Cl: 1.84-4.75], Pcore = 1.71%107%) (see Table 3).

Further an association on primary level was observed
between SNP rs3917165*T in TGF-3 gene (OR: 4.96 [95% Cl:
1.65-14.95], p = 5.00¥1073) and patients with CRX-1, compared
to healthy control group (Table 3).

In the case of polymorphism rs1049550 (ANXAT11), protec-
tive association was found with CXR-2 and higher (OR: 0.53
[95% Cl: 0.33-0.84], p = 0.01); no association of this poly-
morphism was observed in the group of patients with CXR-1
(Table 3).

Finally, an association was observed between SNP
rs1800629*A in TNFA gene (OR: 2.50 [95% Cl: 1.20-5.21],
p = 0.02) and patients with CRX-2 and higher, compared to
healthy control group (Table 3).

Other subgroups based on distinct clinical phenotypes,
presence of extrathoracic involvement could not be analyzed
due to small numbers of cases.

4. Discussion

We analyzed a panel of 18 SNPs previously reported to impact
events having the main role in sarcoidosis pathogenesis such
as immune and inflammatory processes, fibrotization and cal-
cium signalization. In this context, this is the first study of
genetic variation of functional immune-related gene variants
performed in Greek patients with sarcoidosis. The main obser-
vation was the strong association between sarcoidosis and the
rs3917200*G variant in TGF-33 gene. Further, this study con-
firmed that ANXAT7 rs1049550*A variant, previously reported
in other population, was associated with sarcoidosis as a
whole also in our Greek patients.

TGF-3 gene has been suggested to have antifibrotic effect in
the wound healing [16,17], the polymorphisms in this gene can
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disrupt this mechanism. In this context, polymorphism
rs3917200*G in the gene TGF-f33 was previously described in
association with fibrotic processes [11]. In this study from
German population, a trend was observed connecting minor
allele in this SNP as a factor contributing to formation of lung
fibrosis in sarcoidosis patients [11]. Similar observations regard-
ing this TGF-3 SNP were reported in a Dutch sarcoidosis popu-
lation [13]. In our study, we found SNP rs3917200 in TGF-33 gene
strongly associated with sarcoidosis among Greek sarcoidosis
cases, with more pronounced occurrence of G allele in the
patients. We may, therefore, speculate that the SNP rs3917200
in TGF-B3 might be a possible marker for progressing disease in
sarcoidosis, characterized by involvement of fibrotization pro-
cesses [3]. Extended study with increased proportion of the most
advanced cases is however required to confirm this speculation.

ANXA11 gene is involved in calcium signalization and
apoptosis. It effects granuloma formation and also the main-
tenance of granulomatous inflammation [2]: disruption of
this mechanism could counter-effect sarcoidosis granuloma
development and thus may possibly contribute to prevention
of sarcoidosis onset. The non-synonymous mutation
rs1049550 located in exon 6 of ANXAT1 results in amino
acid change from arginine to cytosine localized on evolution-
ary conserved position 230 of the first annexin domain [18],
with subsequent ANXA11 protein structure disruption. The
protective (i.e. OR < 1) association of this polymorphism with
sarcoidosis was first reported within a genome-wide associa-
tion study performed in German population [18], and was
subsequently replicated in Czech [19], later also Portuguese
[20] and African and European Americans [21] population, in
the latter an association for the disease persistence was
observed.

We also observed an association of the polymorphism
rs1800629 in TNFA gene with more advanced CXR stages
(CXR 2-4), as compared to healthy controls. This associa-
tion between this particular polymorphism and sarcoidosis
in general has been previously reported in other, Czech
population [14] and also in a meta-analysis [22]. However,
these studies did not associate this SNP with the advanced
CXR stages of sarcoidosis. The TNF-a as product of TNFA
gene has an important role in the pathogenesis of sarcoi-
dosis in granuloma formation and polymorphism
rs1800629 could potentially influence the transcription/
production of this gene and thus contribute to disease
development [23,24].

One may argue that the limitation of the study is a low
number of patients investigated. However, this is relative
due to a lower prevalence of this disease in the population
of Greece. The sarcoidosis prevalence in Greece is 5.89/100
000 [5] compared to the global sarcoidosis prevalence
which ranges between 4.7 and 64/100 000 [3]. Further
work, also in other populations, namely of same or similar
ethnic origins is, therefore, required to validate these find-
ings — this could apply for example to Greek Cypriots or
the Greeks from the main diasporas around the world [25].
Greater groups will also enable to investigate a possible
relationship of genetic markers with the clinical course of
the disease. For future investigations it will be also inter-
esting to explore if any of identified gene variants

correlate with the biomarkers that already have been prac-
tical use such as ACE, IL-2 r or chitotriosidase [26,27].

5. Conclusion

This case-control study in Greek population confirmed the pro-
tective association of functional variant ANXA71 rs1049550*A
with sarcoidosis previously reported for Germans and Czechs.
Polymorphism rs1800629 in TNFA gene was also associated
with more advanced CXR stages in our cohort of Greek sarcoi-
dosis patients. Most importantly, we identified a novel plausible
disease risk factor, TGF-B3 rs3917200*G allele, which represents
a target for replication studies in Greek and/or other
populations.

Acknowledgments

The authors thank Prof. Dr. Joannis Mytilineos (Ulm, Germany) for his kind
advice regarding Greek healthy control population.

Author contributions

MP, AR, KA, MCh, AK, EB, and DB contributed to conception and design, and
provision of study materials or patients.. KS, AK, DB, LK, and VZ contributed to
collection, assembly of data, data analysis, and interpretation. MP, KS, AR, KA,
MCh, AK, EB, DB, AK, LK, and VZ contributed to manuscript writing and final
approval of the manuscript.

Declaration of interest

The authors have no relevant affiliations or financial involvement with any
organization or entity with a financial interest in or financial conflict with
the subject matter or materials discussed in the manuscript. This includes
employment, consultancies, honoraria, stock ownership or options, expert
testimony, grants or patents received or pending, or royalties.

Reviewer disclosures

Peer reviewers on this manuscript have no relevant financial or other
relationships to disclose.

Funding

This work was supported by Palacky University [grant number IGA PU LF
2020_004]; Czech Ministry of Health [grant number NV18-05-00134]; and
Czech government [grant number CZ.02.1.01/0.0/0.0/16_019/0000868,
ENOCH].

Data availability statement

The data that support the findings of this study are available from the
corresponding author martin.petrek2@fnol.cz, on reasonable request.

Previous presentations

Part of this work has been presented as an abstract at the International
Conference on Sarcoidosis and Interstitial Lung Diseases - WASOG 2018
(7-9 June), Heraklion, Greece.



References

Papers of special note have been highlighted as either of interest (-) or of
considerable interest (s+) to reader

1.

Dubrey S, Shah S, Hardman T, et al. Sarcoidosis: the links between
epidemiology and aetiology. Postgrad Med J. 2014;90(1068):582-589.

. Mirsaeidi M, Gidfar S, Vu A, et al. Annexins family: insights into their

functions and potential role in pathogenesis of sarcoidosis. J Transl
Med. 2016;14:89.

. Valeyre D, Prasse A, Nunes H, et al. Sarcoidosis. Lancet. 2014;383

(9923):1155-1167.

A paper from The Lancet seminars series reviewing sarcoidosis
epidemiology, pathophysiology, diagnosis and treatment.
Mortaz E, Masjedi MR, Tabarsi P, et al. Immunopathology of sarcoi-
dosis. Iran J Allergy Asthma Immunol. 2014;13(5):300-306.

. Karakatsani A, Papakosta D, Rapti A, et al. Epidemiology of inter-

stitial lung diseases in Greece. Respir Med. 2009;103(8):1122-1129.

. Hunninghake GW, Costabel U, Ando M, et al. Statement on sarcoi-

dosis. Am J Respir Crit Care Med. 1999;160(2):736-755.

. Morais A, Lima B, Alves H, et al. Associations between sarcoidosis

clinical course and ANXA11 rs1049550 C/T, BTNL2 rs2076530 G/A,
and HLA class | and Il alleles. Clin Respir J. 2018;12(2):532-537.

. Rivera NV, Ronninger M, Shchetynsky K, et al. High-density genetic

mapping identifies new susceptibility variants in sarcoidosis phe-
notypes and shows genomic-driven phenotypic differences. Am J
Respir Crit Care Med. 2016;193(9):1008-1022.

«« An extensive study of susceptibility genes in sarcoidosis show-

10.

11.

12.

13.

14.

ing that clinical phenotype may in part reflect the genotype; as
exemplified by proposal of distinct molecular mechanisms for
Lofgren syndrome and non-Lofgren sarcoidosis.

. Fischer A, Ellinghaus D, Nutsua M, et al. Identification of immune-

relevant factors conferring sarcoidosis genetic risk. Am J Respir Crit
Care Med. 2015;192(6):727-736.

A comprehensive study of immune-related genes as suscept-
ibility factors for sarcoidosis which besides HLA-B, HLA-DPB1,
BTNL2, IL23R loci confirmed ANXA11 polymorphism as a sar-
coidosis risk factor, the patients were enrolled from several
ethnically different populations.

Heron M, Van Moorsel CHM, Grutters JC, et al. Genetic variation in
GREM1 is a risk factor for fibrosis in pulmonary sarcoidosis. Tissue
Antigens. 2011;77(2):112-117.

Pabst S, Franken T, Schonau J, et al. Transforming growth factor-8
gene polymorphisms in different phenotypes of sarcoidosis. Eur
Respir J. 2011;38(1):169-175.

Sato H, Williams HRT, Spagnolo P, et al. CARD15/NOD2 polymorph-
isms are associated with severe pulmonary sarcoidosis. Eur Respir J.
2010;35(2):324-330.

Kruit A, Grutters JC, Ruven HJT, et al. Transforming growth factor-f3
gene polymorphisms in sarcoidosis patients with and without
fibrosis. Chest. 2006;129(6):1584-1591.

Mrazek F, Holla LI, Hutyrova B, et al. Association of tumour necrosis
factor-a, lymphotoxin-a and HLA-DRB1 gene polymorphisms with

15.

20.

21.

22.

23.

24,

25.

26.

27.

EXPERT REVIEW OF RESPIRATORY MEDICINE . 1069

Lofgren’s syndrome in Czech patients with sarcoidosis. Tissue
Antigens. 2005;65(2):163-171.

Kishore A, Zizkova V, Kocourkova L, et al. A dataset of 26 candi-
date gene and pro-inflammatory cytokine variants for associa-

tion studies in idiopathic pulmonary fibrosis: frequency
distribution in normal Czech population. Front Immunol.
2015;6:476.

The methodology for single nucleotide polymorphism geno-
typing by MassArray technology, which was used also in the
present study, is described here in detail.

. Gilbert RWD, Vickaryous MK, Viloria-Petit AM. Signalling by trans-

forming growth factor beta isoforms in wound healing and tissue
regeneration. J Dev Biol. 2016;4(2):21.

. Shah M, Foreman DM, Ferguson MW. Neutralisation of TGF-beta

1 and TGF-beta 2 or exogenous addition of TGF-beta 3 to
cutaneous rat wounds reduces scarring. J Cell Sci. 1995;108(Pt
3):985-1002.

. Hofmann S, Franke A, Fischer A, et al. Genome-wide association

study identifies ANXA11 as a new susceptibility locus for sarcoido-
sis. Nat Genet. 2008;40(9):1103-1106.

. Mrazek F, Stahelova A, Kriegova E, et al. Functional variant ANXA11

R230C: true marker of protection and candidate disease modifier in
sarcoidosis. Genes Immun. 2011;12(6):490-494.

Morais A, Lima B, Peixoto M, et al. Annexin A11 gene polymorph-
ism (R230C variant) and sarcoidosis in a Portuguese population.
Tissue Antigens. 2013;82(3):186-191.

Levin AM, lannuzzi MC, Montgomery CG, et al. Association of
ANXA11 genetic variation with sarcoidosis in African Americans
and European Americans. Genes Immun. 2013;14(1):13-18.
Medica |, Kastrin A, Maver A, et al. Role of genetic polymorphisms
in ACE and TNF-a gene in sarcoidosis: a meta-analysis. J Hum
Genet. 2007;52(10):836-847.

Ziegenhagen MW, Benner UK, Zissel G, et al. Sarcoidosis: TNF-a
release from alveolar macrophages and serum level of sIL-2R are
prognostic markers. Am J Respir Crit Care Med. 1997;156(5):1586—
1592.

Ziegenhagen MW, Miiller-Quernheim J. The cytokine network in
sarcoidosis and its clinical relevance. J Intern Med. 2003;253(1):18-
30.

Wikipedia [Internet]. Greek diaspora; 2020 [last updated 18 May
2020]. cited 2020 May 19]. Available from: https://en.wikipedia.org/
wiki/Greek_diaspora

Culver DA, Judson MA. New advances in the management of
pulmonary sarcoidosis. BMJ. 2019;367:15553.

An extensively referenced review of advances in sarcoidosis
diagnosis, prognosis and treatment which also discusses role
of serum and other emerging biomarkers including genetics.
Research questions pertinent for future research on sarcoido-
sis pathomechanisms and management are posed.

Cameli P, Gonnelli S, Bargagli E, et al. The role of urinary calcium
and chitotriosidase in a cohort of chronic sarcoidosis patients.
Respiration. 2020;99(3):207-212.


https://en.wikipedia.org/wiki/Greek_diaspora
https://en.wikipedia.org/wiki/Greek_diaspora

www.nature.com/scientificreports

SCIENTIFIC
REPORTS

natureresearch

HLA-A, -B, -C, -DRB1, -DQA1,
and -DQB1 allele and haplotype
frequencies defined by next
generation sequencingin a
population of East Croatia blood
donors

Stana Toki¢'*, Veronika Zizkova*, Mario Stefani¢?*, Ljubica Glavas-Obrovac?, Saska Marczi?,
Marina Samardzija3, Katerina Sikorova“ & Martin Petrek**

Next-generation sequencing (NGS) is increasingly used in transplantation settings, but also as a
method of choice for in-depth analysis of population-specific HLA genetic architecture and its linkage to
various diseases. With respect to complex ethnic admixture characteristic for East Croatian population,
we aimed to investigate class-1 (HLA-A, -B, -C) and class-Il (HLA-DRB1, -DQA1, -DQB1) HLA diversity

at the highest, 4-field resolution level in 120 healthy, unrelated, blood donor volunteers. Genomic

DNA was extracted and HLA genotypes of class | and DQA1 genes were defined in full-length, -DQB1
from intron 1 to 3’ UTR, and -DRBL1 from intron 1 to intron 4 (lllumina MiSeq platform, Omixon Twin
algorithms, IMGT/HLA release 3.30.0_5). Linkage disequilibrium statistics, Hardy-Weinberg departures,
and haplotype frequencies were inferred by exact tests and iterative Expectation-Maximization
algorithm using PyPop 0.7.0 and Arlequin v3.5.2.2 software. Our data provide first description of 4-field
allele and haplotype frequencies in Croatian population, revealing 192 class-I and class-Il alleles and
extended haplotypic combinations not apparent from the existing 2-field HLA reports from Croatia.
This established reference database complements current knowledge of HLA diversity and should prove
useful in future population studies, transplantation settings, and disease-associated HLA screening.

Croatia is a Mediterranean, crescent-shaped south European country bordering Slovenia in the northwest,
Hungary in the northeast, Serbia in the east, Bosnia and Herzegovina and Montenegro in the southeast, and Italy
along the maritime border. Croatia consists of three major geomorphologic areas, which can be further broken
down into five traditional districts based on history, topography, and economy; Istria and Dalmatia in the north-
ern and southern Croatian littoral, Gorski Kotar in country’s mountainous area, central continental Croatia, and
Slavonia in the Pannonian basin in the east (Fig. 1). Slavonia territory was originally populated by the southern
branch of the Indo-European Slavic populations in the 7% century', and has been a witness of significant pop-
ulation admixture ever since, including the Hungarian migration to Slavonia in 10 century, and the influx of
Islamic and Orthodox Balkan and Asian populations during the Ottoman conquest in 16'" century, causing at the
same time, the continuous shift of Catholics from Bosnia to Slavonia during several centuries®. Under the auspices
of Habsburg monarchy, the settlement of Germans and Austrians in Slavonian urban areas peaks between 18%
and 19th century, while Orthodox Vlachs from Bosnia, immigrating Czechs, Slovaks, Ukrainians, Italians, and
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Figure 1. Map of geographical location of Croatia with representation of Dalmatia, Istria, Gorski Kotar, central
and eastern Croatian regions, five of which (colored in light grey) participated in sample collection. In detail:
Osijek-Baranja county (n = 80), Vukovar-Syrmia county (n =22), Brod-Posavina county (n=9), Pozega-
Slavonia county (n=4) and Virovitica-Podravina county (n=5)%.

Croatians from Gorski Kotar populate rural settlements®. These historic and more recent 20 century migration
events, encompassing emigration of Germans and Austrians from Slavonia, and the settlement of Balkan War vet-
erans from Serbia, Croatian immigrants from Dalmatia, Herzegovina, and most recently also from north Bosnia,
have shaped the genetic diversity of East Croatian population.

Population migration and admixture have an important role in the evolution and diversifying selection of
hypervariable human leukocyte antigen (HLA) molecules involved in innate and adaptive immune responses*.
Two types of HLA molecules, class I and class II, are codominantly expressed on the surface of nucleated and anti-
gen presenting cells, and facilitate peptide antigen presentation, self-tolerance and immune surveillance through
activation of CD8 and CD4 T lymphocytes, respectively. The biological function of HLA molecules is correlated
with high variability of human major histocompatibility (MHC) proteins, which are encoded by the highly pol-
ymorphic gene complex located in the short arm of chromosome 6°. Up to date, 18.691 class I, 7.065 class IT and
202 non-HLA allelic variants (IPD-IMGT/HLA database, release 3.38., https://www.ebi.ac.uk/ipd/imgt/hla/stats.
html)®” have been identified in various human populations and the highest degree of variability was noticed
within exon regions encoding phenotype and peptide-binding preferences of class I (HLA-A, -B, -C) and class I
(HLA-DR, -DQ) HLA molecular isotypes.

Considering important role of HLA molecules in immune response, the HLA gene complex has been
extensively studied in the context of allogeneic transplantation, inflammatory, infectious and autoimmune
disease associations®. The worldwide application of molecular, PCR-based techniques in the clinical settings
(sequence-specific primer (SSP), sequence-specific oligonucleotide (SSO), Sanger sequencing-based typing
(SBT) and most recently, next-generation sequencing (NGS)), also enabled development of the population spe-
cific HLA typing data repositories (The Allele Frequency Net Database)?, and enhanced assessments of popula-
tions migration, diversity and regional HLA specificity. Significant differences in frequency of common and well
documented alleles recently described within European sub-regions, support the role of geographical dispersion
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in development of region specific HLA heritage'®. The inter- and intra-population HLA comparisons made today
are however, mostly constrained to a partial, exon description of HLA genetic variability (1% and 2™ fields of
HLA nomenclature), whereas synonymous (3™ field) and non-coding (4" field) nucleotide variations remain
largely unexplored. In such settings, it remains challenging to accurately build contiguous long haplotypes of
uniformly high resolution even for the largest sample cohorts. The implementation of NGS technologies in HLA
research and routine clinical work, enables however, elucidation of full-length HLA gene sequences, permitting
an in-depth characterisation of population HLA diversity. In this context NGS can overcome limitations of tra-
ditional typing techniques, thereby sustaining optimal HLA matching of donor-recipient pairs for organ and
particularly, haematopoietic stem cell transplantation (HSCT)'!, improved estimates of population structure and
HLA associated disease risk'?!%, and better understanding of demographic history and geographic origin of a
given population’®.

Up to date, HLA allelic and haplotype diversity of a general Croatian population, irrespective of specific geo-
graphical preferences, was estimated in several large cohorts originating from Croatia'®!? and emigrant popula-
tion in Germany®’, as well as few, more isolated populations from particular geographical locations such as island
Krk?!, island Hvar?, Istrian city of Rijeka?® and Gorski Kotar?*. Moreover, several non-frequent, rare and very
rare HLA-A, -B and -DRB1 alleles and haplotypes have been characterized among the unrelated volunteer donors
from the Croatian Bone Marrow Donor Registry (CBMDR)®. In addition, DPB1 allelic diversity was recently
evaluated in 82 Croatian patients who underwent HSCT?. These previous studies were however, based on lower
resolution (1% and 2™ field) HLA typing of selected HLA loci in individuals originating from various Croatian
regions, providing partial insight into the HLA diversity of a general, but not East Croatia population.

The aim of the present study was thus to investigate and describe extended allelic and haplotype diversity of
HLA-A, -B, -C, -DQAL, -DQBI1 and DRBI loci at high-resolution, 4" field level, using high-throughput NGS
technique for HLA typing of 120 healthy, unrelated blood donor volunteers from east Croatia.

Results

NGS sequencing results. We evaluated 120 donors (120 donors x 6 loci x 2 alleles = 1440 alleles), 9 of
whom were excluded from further analysis due to low-performing samples on quality control check [low read
count (<2500bp for class I and <5000 bp for class II genes) and/or low key exon coverage depth (<30)]. The cov-
erage of each locus in the remaining samples (111 donors, 1332 alleles) was calculated by Twin as the percentage
of gene regions covered by reads compared to the whole allele sequence (coverage %). The Omixon Holotype
primer positioning allowed only partial amplification of 3’UTRs and 5'UTRs, and covered exons 2-6 of DQB1
and exons 2-4 of DRBI loci (Fig. 2).

Ambiguous allele calls, which remained unresolvable due to inherent product limitations of the Omixon
Holotype Kit (missing data on SNPs or INDEL variations within the unsequenced 3’ UTR, 5 UTR and intron
1/exon 1 regions), were reported as ambiguous (i.e. DQB1%06:01:01/15), or up to the third field level only (i.e.
DQB1%05:03:01), and are enlisted in Supplementary Table 1. Nevertheless, all amplified exon/intron regions of
each allele in the remaining samples were fully covered (detection %), with an average coverage depth of >140
reads per nucleotide position (Supplementary Table 2). On average, 54359 (Supplementary Table 3) high-quality
reads were produced per sample, of which 91% were subsequently used for final consensus generation after
removing noise reads and PCR crossover artefacts. The average fragment size was 259 bp, and the average read
length 208 bp.

Linkage disequilibrium and HWE estimates. Genotype frequencies of HLA-A, -B, -C, -DRBI, -DQAL1
and DQBI loci did not deviate from Hardy-Weinberg expectations (Supplementary Table 4). Strong link-
age was confirmed between class I, HLA-A, -B, and -C, as well as class II, HLA-DQA1, -DQB1 and DRB1 loci
(Supplementary Table 5 and Fig. 3).

Class | allelic frequencies. The observed frequencies of class I HLA alleles in eastern Croatian population
are reported in Table 1. HLA-A genotyping analysis uncovered 25 different alleles in our sample population, five
of which with frequency >10%. The most commonly observed HLA-A*02:01:01 group alleles (32.43%) were
followed by HLA-A*01:01:01:01 (12.16%), HLA-A*03:01:01:01 (11.71%), HLA-A*24:02:01:01 (11.71%) and
HLA-A*11:01:01:01 (9.91%). Together, these allelic variants comprised 77.47% of HLA-A allelic diversity in our
sample population. Nearly half of the tested individuals (n=59) were positive for HLA-A*02:01:01 allelic vari-
ants, 13 of which were homozygous carriers.

As expected, the highest polymorphism was observed within the HLA-B region, encompassing 39 differ-
ent allelic specificities. The HLA-B*51:01:01 (8.56%), HLA-B*35:01:01 (8.11%) and HLA-B*08:01:01 (8.11%)
were the most frequent alleles, and together with the HLA-B*07:02:01 (6.76%), HLA-B*35:03:01 (6.76%) and
HLA-B*18:01:01 (5.41%) accounted for majority (43.7%) of HLA-B allelic diversity in our population. Notably,
HLA-B*15 (gene frequency, 6.75%), HLA-B*35 (17.57%) and HLA-B*44 (9.91%) allelic families exhibited the
highest variability, each encompassing at least 4 allelic members with different peptide binding motifs. Of interest,
two rare alleles (http://www.allelefrequencies.net, Rare allele detector, score<4) of undefined C/WD status were
also uncovered, namely HLA-B*15:01:06 (0.45%) and HLA-B*44:02:01:03 (0.45%).

The HLA-C genotyping uncovered 26 different allelic specificities within 13 allelic families. The most poly-
morphic was HLA-C*07 group with 6 alleles, covering 27.48% of HLA-C allelic variability. Moreover, 50 subjects,
were positive for either HLA-C*07:01:01 G (14.41%) or HLA-C*07:02:01 G (8.11%) allelic variants®’. Nonetheless,
the most common individual HLA-C representative was the HLA-C*04:01:01:01 (13.96%) allele, followed by
HLA-C*02:02:02 (9.46%), HLA-C*12:03:01 (7.21%) and HLA-C*03:03:01 (5.41%). Rare, but well-documented
HLA-C*07:01:09 allele of undefined C/WD status was also found.
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Figure 2. Shematic representation of HLA-A, -B, -C, -DQA1, -DQB1 and -DRB1 gene regions covered by
Omixon Holotype PCR primers are depicted using Exon-Intron Graphic Maker v.4. (http://wormweb.org/
exonintron)”. Start positions of foreward and reverse primers are marked by green and red arrows, respectively.

Class Il allelic frequencies. Detailed analysis of class Il HLA alleles is presented in Table 2. Among class
IT genes, DRB1 exhibited greatest allelic diversity through 40 alleles, of which HLA-DRB1%16:01:01 (13.51%)
and HLA-DRBI*01:01:01 (10.81%) were most commonly present (>10%). Of interest, HLA-DRB1%16:01:01
allele was twice as frequent as the HLA-DRBI*15:01:01 (6.76%), or HLA-DRBI1%*03:01:01:01 (5.41%). Together
with HLA-DRB1*07:01:01 (9.91%) and HLA-DRBI1*11:01:01:01 (4.5%), these 6 DRBI alleles were responsi-
ble for 50.9% of DRB1 allelic variability. Notably, HLA-DRB1*16 (13.96%) and HLA-DRB1*11 (13.5%) were
the most common allelic families in our donor population. One of the DRB1*¥11 family members was a rare
DRB1%11:01:08 allele, spotted only once. The highest individual variability, however, was detected within the
DRB1*#04 allelic group, which was comprised out of 9 different allelic members, together covering 8.11% of DRB1
allelic variability in our population.

The DQALI analysis uncovered 37 individual alleles, most common being HLA-DQA1%*01:02:02 (15.77%),
HLA-DQA1%03:01:01 (7.21%) and HLA-DQA1%*02:01:01:01 (6.76%). The highest allelic diversity was observed
within DQA1*01 and DQA1*05 allelic families, together accounting for 77.47% of DQA1 allelic variability in
our sample population. The most common DQA1*05 representatives were DQA1¥05:01:01.02 (5.41%) and
DQA1*05:05:01:09 (4.5%) alleles. Two rare alleles of undefined C/WD status were also uncovered, namely,
HLA-DQA1%*01:10 and HLA-DQA1%04:01:02:01.

Among 25 different HLA-DQBI alleles observed, the most frequent alleles accounting for 40.99% of DQB1
allelic variability were DQB1%05:02:01:01 (15.77%), DQB1%03:01:01:03 (14.86%) and DQB1%05:01:01:03
(10.36%). These were followed by HLA-DQB1*02:01:01 (7.66%), HLA-DQB1%*03:02:01:01 (7.21%) and
HLA-DQBI1%02:02:01:01 (6.76%) variants. Two most polymorphic allelic families, with at least 5 different allelic
specificities in each, were DQB1*05 and DQB1*06 allelic groups. Of interest, HLA-DQBI1%03:01:01:19 rare allele
of undefined C/WD status was spotted in one donor.
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Figure 3. Heat map of HLA-A~B~C~DRB1~DQA1~DQBI linkage disequilibrium (LD) expressed in terms of
the D’ measure. The upper colour-key represents the range of D’ Bright yellow colours represent lower D’ values,
while dark red colours demonstrate high haplotype LD. R (v3.6.0), packages: gplots, RColorBrewer (http://
www.R-project.org)®®.

Haplotype frequencies. A complete list of predicted three and six locus haplotypes is given in
Supplementary Tables 6-8. In total, 126 HLA-A~C~B haplotypes were observed in our sample popula-
tion (Supplementary Table 6), and the list of 20 most commonly linked allelic combinations (>1%) is availa-
ble in Table 3. Only one HLA-A~C~B haplotype, the ancestral European combination A*01:01:01:01~C*07:
01:01~B*08:01:01, was present in more than 5% of tested individuals. The second, third and fourth most fre-
quent class I haplotypes were A*11:01:01:01~C*04:01:01:01~B*35:01:01 (3.6%) A*03:01:01:01~C*07:02:01~
B*07:02:01 (3.11%) and A*02:01:01~C*06:02:01:01~B*57:01:01:01 (2.7%), respectively. The remaining three-loci
class I haplotypes were observed <5 times in our data set.

The HLA-DRB1~DQA1~DQB1 haplotype diversity is presented in Supplementary Table 7 and those observed >3
times are enlisted in Table 4. Among 75 different haplotypes, DRB1¥16:01:01~DQA1*01:02:02~DQB1%05:02:01:01
(13.51%) was the most frequent in our population. The next high-ranking haplotypes, were DRB1#07:01:01~
DQA1%02:01:01:01~DQB1#02:02:01:01 (5.32%), DRB1%03:01:01:01~ DQA1*05:01:01:02~DQB1%02:01:01 (4.96%),
DRB1#15:01:01~DQA1%01:02:01:01~ DQB1%06:02:01:01 (4.50%) and DRB1#01:01:01~DQA1%01:01:01:01~
DQB1*05:01:01:03 (4.05%).

Of interest, rare DRB1¥01:01:01~DQA1%01:02:01:03~DQB1*05:04, and two tentative
DRB1%*13:01:01:02~DQA1*01:10~DQB1%*06:03:01:01 and DRB1*04:05:01:03~ DQA1%05:05:01:06~DQB1*03:01:01:03
haplotypes (Supplementary Table 8) with no previous entries within the Allele Frequency database so far, were
spotted once.

Among 181 six-loci haplotypes (Supplementary Table 8), 10 appeared in three or more copies (Table 5),
and the most frequent was the ancestral haplotype A*01:01:01:01~C*07:01:01~B*08:01:01~DRB1%03:01:01:01~
DQA1*05:01:01:02~DQB1*02:01:01 (3.6%). Three six-loci combinations (A*02:01:01~C*07:01:0
1~B*18:01:01~ DRB1*11:04:01~DQA1%*05:05:01:09~DQB1*03:01:01:03, A*03:01:01:01~C*07:02:01~
B*07:02:01~DRB1*16:01:01~DQA1%01:02:02~DQB1*05:02:01:01, and A*11:01:01:01~ C*04:01:01:01~
B*35:01:01~DRB1*16:01:01~DQA1%01:02:02~DQB1*05:02:01:01), which have already been reported in Italian
population?, Turkish minority in Germany?’, and Croatian families'®, were also commonly (1.8%) observed.
Haplotypes characteristic for South European populations of Slavic background or admixture were also found",
namely A*02:01:01~C*02:02:02~B*27:02:01:01~DRB1*16:01:02~ DQA1*01:02:02~DQB1*05:02:01:01 (1.8%), and
even more unique A*02:01:01~C*02:02:02~B*27:05:02~DRB1*01:01:01~DQA1*01:01:01:03~DQB1*05:02:01:01
(0.45%), A*02:01:01~C*07:02:01~B*27:05:02~DRB1#01:01:01~ DQA1%01:01:01:01~DQB1*05:01:01:03 (0.45%)
and A*02:01:01~C*07:02:01~ B*27:05:02~DRB1#01:01:01~ DQA1%*01:01:01:03~ DQB1%*03:01:01:03 (0.45%).
Nevertheless, a limited power in identifying low-frequency haplotypes should be noticed in our sample, where
majority of haplotypic combinations were observed only once, and most frequent variants cover only 17.57% of
our population haplotypic diversity.
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Allele HLA-A | n | AF cF Allele HLA-B | n | AF cF Allele HLA-C | n | AF cF
1 A*02:01:01 72 | 3243% | 32.43% | B*51:01:01 19 |8.56% | 8.56% C*04:01:01:01 31 | 13.96% 13.96%
2 A*01:01:01:01 27 | 12.16% | 44.59% | B*08:01:01 18 |8.11% |16.67% | C*07:01:01 25 | 11.26% | 25.23%
3 A*03:01:01:01 26 | 11.71% | 56.31% | B*35:01:01 18 | 8.11% |24.77% | C*02:02:02 21 | 9.46% 34.68%
4 A*24:02:01:01 26 | 11.71% | 68.02% | B*07:02:01 15 | 6.76% | 31.53% | C*07:02:01 18 |8.11% 42.79%
5 A*11:01:01:01 22 1991% 77.93% B*35:03:01 15 | 6.76% | 38.29% C*12:03:01 16 | 7.21% 50.00%
6 A*32:01:01:01 8 3.60% 81.53% | B*18:01:01 12 | 5.41% | 43.69% C*06:02:01:01 15 | 6.76% 56.76%
7 A*23:01:01:01 5 2.25% 83.78% B*15:01:01:01 | 9 4.05% | 47.75% C*03:03:01 12 | 5.41% 62.16%
8 A*25:01:01:01 5 2.25% 86.04% B*27:05:02 9 4.05% | 51.80% C*01:02:01 11 | 4.96% 67.12%
9 A*31:01:02:01 5 2.25% 88.29% B#44:02:01:01 | 9 4.05% | 55.86% C*05:01:01 11 | 4.96% 72.07%
10 | A¥26:01:01:01 4 1.80% 90.09% | B¥27:02:01:01 | 8 3.60% | 59.46% | C*07:04:01 11 | 4.96% 77.03%
11 | A*30:01:01 3 1.35% 91.44% | B*52:01:01 8 3.60% | 63.06% | C*04:01:01:06 9 4.05% 81.08%
12 | A¥68:01:02:02 3 1.35% 92.79% | B¥55:01:01 8 3.60% | 66.67% | C¥12:02:02 8 3.60% 84.69%
13 | A*24:02:01:05 2 0.90% 93.69% | B*57:01:01:01 | 7 3.15% | 69.82% | C*15:02:01:01 7 3.15% 87.84%
14 | A*29:02:01:01 2 0.90% 94.59% | B¥13:02:01:01 | 6 2.70% | 72.52% | C*03:04:01 5 2.25% 90.09%
15 | A*66:01:01:01 2 0.90% 95.50% | B*44:27:01 6 2.70% | 75.23% | C*07:01:02 4 1.80% 91.89%
16 | A*03:01:01:03 1 0.45% 95.95% | B*44:03:01 5 2.25% | 77.48% | C*08:02:01:01 3 1.35% 93.24%
17 | A*03:01:01:05 1 0.45% 96.40% B*15:17:01:01 | 4 1.80% | 79.28% C*14:02:01 3 1.35% 94.60%
18 | A*26:01:01:06 1 0.45% 96.85% B*35:02:01 4 1.80% | 81.08% C*07:18 2 0.90% 95.50%
19 | A*26:08 1 0.45% 97.30% B*38:01:01 4 1.80% | 82.88% C*15:05:02 2 0.90% 96.40%
20 | A*29:01:01:01 1 0.45% 97.75% B*39:01:01 4 1.80% | 84.69% | C*17:03:01 2 0.90% 97.30%
21 | A¥31:01:02:04 1 0.45% 98.20% | B*14:02:01:01 |3 1.35% | 86.04% | C*03:02:02:01 1 0.45% 97.75%
22 | A*33:01:01:01 1 0.45% 98.65% | B*40:01:02 3 1.35% | 87.39% | C*03:04:02 1 0.45% 98.20%
23 | A*33:03:01:02 1 0.45% 99.10% B*40:02:01 3 1.35% | 88.74% C*06:02:01:02 1 0.45% 98.65%
24 | A*68:01:01:02 1 0.45% 99.55% | B¥41:02:01 3 1.35% | 90.09% | C*07:01:09 1 0.45% 99.10%
25 | A*68:02:01:01 1 0.45% 100.00% | B*58:01:01 3 1.35% |91.44% | C*16:01:01 1 0.45% 99.55%
26 B*18:03 2 0.90% | 92.34% | C*16:02:01 1 0.45% 100.00%
27 B*35:08:01:01 |2 0.90% | 93.24%
28 B*37:01:01:01 | 2 0.90% | 94.14%
29 B*49:01:01 2 0.90% | 95.05%
30 B*56:01:01 2 0.90% | 95.95%
31 B*07:05:01 1 0.45% | 96.40%
32 B*07:06:01 1 0.45% | 96.85%
33 B*15:01:06 1 0.45% | 97.30%
34 B*15:10:01 1 0.45% | 97.75%
35 B*27:02:01:04 | 1 0.45% | 98.20%
36 B*44:02:01:03 | 1 0.45% | 98.65%
37 B*44:05:01 1 0.45% | 99.10%
38 B*50:01:01:01 | 1 0.45% | 99.55%
39 B*54:01:01 1 0.45% | 100.00%

Table 1. HLA-A, HLA-B and HLA-C allele (AF) and cumulative frequencies (cF) in the sample of 111
unrelated blood donor volunteers from East Croatia.

Discussion

This study represents the first report of HLA diversity in an east Croatian population of healthy blood donors,
as studied by the next generation sequencing of 6 HLA genes, providing extensive exon/intron coverage with
minimum ambiguity. For the first time, the allele frequencies and the extended six gene haplotypes of Croats were
examined at the 4-field resolution level and compared to the largest repository of HLA class I and class II data in
Croatia, the Croatian bone marrow donor registry (CBMDR).

The comparison of HLA-A allele frequencies between our and CBMDR inventory did not reveal significant
differences, and the ranking hierarchy of the most common A*02:01:01, A*01:01:01:01, A*03:01:01:01, and
A*24:01:01:01 alleles was also the same. Greater differences in frequency rate between general and east Croatian
population were, however, noticed among HLA-B allelic variants. The HLA-B*51:01 allelic group was the most
frequent in both general and east Croatian cohort, but the frequency rank of the remaining HLA-B allelic variants
was different, which was particularly evident for our 6" ranking B*18:01 allele group, previously reported as
the 2" most frequent allelic variant in the CBMDR (8.16%)” and one Croatian family study (8.27%)'®. Among
five different B*18 alleles detected in the Croats so far*®, we observed only two, the B*¥18:01:01 (5.14%) and
the B*18:03 (0.90%), resulting in a B*18:01 distribution closer to those reported in Armenians®’, Germans®,
Austrian and the Turkish minority in Germany®’, Bulgarian Roma individuals®!, and Iranian Kurds®2. Moreover,
the frequency of the 2°¢ most common HLA-B allelic group in our cohort, the HLA-B*35:01 (8.11%, ranked
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Alelle HLA-DRB1 n AF cF Allele HLA-DQA1 n AF cF Allele HLA-DQB1 n AF cF
1 DRBI1*#16:01:01 30 13.51% 13.51% DQA1%*01:02:02 35 15.77% 15.77% DQB1%05:02:01:01 35 15.77% 15.77%
2 DRBI1*#01:01:01 24 10.81% 24.32% DQA1%03:01:01 16 7.21% 22.97% DQB1*03:01:01:03 33 14.86% 30.63%
3 DRB1%#07:01:01 22 9.91% 34.23% DQA1%02:01:01:01 15 6.76% 29.73% DQB1%05:01:01:03 23 10.36% 40.99%
4 DRBI1*#15:01:01 15 6.76% 40.99% DQA1%01:03:01:02 13 5.86% 35.59% DQB1*#02:01:01 17 7.66% 48.65%
5 DRB1%#03:01:01:01 12 5.41% 46.40% DQA1%05:01:01:02 12 5.41% 40.99% DQB1%03:02:01:01 16 7.21% 55.86%
6 DRBI1*#11:01:01:01 10 4.50% 50.90% DQA1%01:02:01:01 10 4.50% 45.50% DQB1%02:02:01:01 15 6.76% 62.61%
7 DRB1%#11:04:01 10 4.50% 55.41% DQA1%*05:05:01:09 10 4.50% 50.00% DQB1#05:03:01 13 5.86% 68.47%
8 DRB1%#14:54:01:02 9 4.05% 59.46% DQA1*01:01:01:01 9 4.05% 54.05% DQB1%06:02:01:01 13 5.86% 74.32%
9 DRBI1%#08:01:01 8 3.60% 63.06% DQA1*05:05:01:04 9 4.05% 58.11% DQB1*06:03:01:01 13 5.86% 80.18%
10 DRB1%¥13:01:01:02 8 3.60% 66.67% DQA1*01:01:01:03 7 3.15% 61.26% DQB1%03:03:02:01 7 3.15% 83.33%
11 DRB1%#13:01:01:01 7 3.15% 69.82% DQA1*01:03:01:01 7 3.15% 64.41% DQB1*04:02:01:01 7 3.15% 86.49%
12 DRB1%¥15:02:01:01 7 3.15% 72.97% DQA1%02:01:01:02 7 3.15% 67.57% DQB1*06:01:01/15 7 3.15% 89.64%
13 DRB1*#11:01:01:03 6 2.70% 75.68% DQA1*01:04:01:01 6 2.70% 70.27% DQB1*06:04:01 4 1.80% 91.44%
14 DRB1%¥13:02:01:02 5 2.25% 77.93% DQA1%05:05:01:01 6 2.70% 72.97% DQB1%03:01:01:05 3 1.35% 92.79%
15 DRB1%#03:01:01:03 4 1.80% 79.73% DQA1%01:02:01:04 5 2.25% 75.23% DQB1*05:01:01:05 3 1.35% 94.14%
16 DRB1%04:01:01:03 3 1.35% 81.08% DQA1%01:04:01:02 5 2.25% 77.48% DQB1*06:03:01:02 3 1.35% 95.50%
17 DRB1%#04:02:01 3 1.35% 82.43% DQA1*05:01:01:03 5 2.25% 79.73% DQB1*03:03:02:02 2 0.90% 96.40%
18 DRB1%04:03:01:01 3 1.35% 83.78% DQA1*01:01:01:02 4 1.80% 81.53% DQB1#*03:01:01:01 1 0.45% 96.85%
19 DRB1%¥10:01:01:03 3 1.35% 85.14% DQA1%#01:05:01 4 1.80% 83.33% DQB1*03:01:01:02 1 0.45% 97.30%
20 DRB1*11:03:01 3 1.35% 86.49% DQA1*04:01:01:03 4 1.80% 85.14% DQB1#*03:01:01:10 1 0.45% 97.75%
21 DRB1%¥12:01:01/12:10 3 1.35% 87.84% DQA1%#05:05:01:02 4 1.80% 86.94% DQB1*03:01:01:19 1 0.45% 98.20%
22 DRBI1%#13:03:01 3 1.35% 89.19% DQA1%*05:05:01:05 4 1.80% 88.74% DQB1%03:02:01:02 1 0.45% 98.65%
23 DRBI1%#04:01:01:01 2 0.90% 90.09% DQA1*01:01:01:05 3 1.35% 90.09% DQB1*05:01:01:01 1 0.45% 99.10%
24 DRB1%#04:05:01:03 2 0.90% 90.99% DQA1%*01:02:01:05 3 1.35% 91.44% DQB1%#05:01:01:02 1 0.45% 99.55%
25 DRB1%#04:08:01 2 0.90% 91.89% DQA1%03:03:01:01 3 1.35% 92.79% DQB1*05:04 1 0.45% 100.00%
26 DRB1%#09:01:02 2 0.90% 92.79% DQA1%03:02:01:01 2 0.90% 93.69%
27 DRB1%#14:01:01 2 0.90% 93.69% DQA1%04:02 2 0.90% 94.60%
28 DRB1%#16:02:01:02 2 0.90% 94.60% DQA1%*05:05:01:06 2 0.90% 95.50%
29 DRBI1%#01:02:01 1 0.45% 95.05% DQA1%05:05:01:08 2 0.90% 96.40%
30 DRB1%03:01:01:02 1 0.45% 95.50% DQA1*01:01:02 1 0.45% 96.85%
31 DRB1%#04:01:01:02 1 0.45% 95.95% DQA1%01:02:01:03 1 0.45% 97.30%
32 DRB1%04:04:01 1 0.45% 96.40% DQA1%01:03:01:06 1 0.45% 97.75%
33 DRB1%#04:15 1 0.45% 96.85% DQA1*01:04:01:03 1 0.45% 98.20%
34 DRB1%#08:04:01 1 0.45% 97.30% DQA1*01:04:01:04 1 0.45% 98.65%
35 DRB1%¥10:01:01:01 1 0.45% 97.75% DQA1*01:10 1 0.45% 99.10%
36 DRB1%#11:01:08 1 0.45% 98.20% DQA1*04:01:02:01 1 0.45% 99.55%
37 DRB1%¥13:05:01 1 0.45% 98.65% DQA1%#05:05:01:03 1 0.45% 100.00%
38 DRB1%14:05:01:02 1 0.45% 99.10%
39 DRB1%#14:54:01:01 1 0.45% 99.55%
40 DRB1%#16:01:02 1 0.45% 100.00%

Table 2. HLA-DRBI, HLA-DQA1 and HLA-DQBI allele (AF) and cumulative frequencies (cF) in the sample
of 111 unrelated blood donor volunteers from East Croatia.

5% in the CBMDR), was more similar to those observed in Turks?, Serbians’, and Italians?’. A strong influ-
ence of south-eastern European populations on the HLA makeup of eastern Croats was further supported by
the high prevalence of the HLA-B*27:02:01:01 variant, which fits well into the B*27:02 frequency gradient
diminishing from the Middle East towards the Central and West European countries. In support, the observed
B*27:02:01:01 frequency (3.6%) seems to be in close agreement with the B¥27:02 cline extending across the
south-eastern Tunisian (5.8%)**, Bulgarian (4.6%)**, CBMDR (2.14%)"7, Czech (1.9%)’, and Polish (1.5%)*® pop-
ulations. The B*44:27:01 allele, an east European marker considered a rare variant according to the “Rare Alleles
Detector” tool’, was also noticed in our cohort at a relatively high frequency (2.7%), contrasting observations
from Croatian HSCT patients (1.18%)"?, Czech National Marrow Donors Registry (0.69%)°, as well as Polish
(0.8%)%, English (0.19%)°¢, and Argentinian blood donors (0.07%)%. As minor allele within the functionally
identical B¥44:02 G group, the B¥44:27 variant has been reported at a relative ratio frequency of >5% among
the B*44:02:01G-positive Bulgarian (36.82%), Hungarian (9.4%), Slovenian (25.60%) and Portuguese (6.17%)
individuals®. In our sample, the B#44:27:01 relative ratio frequency within the B*44:02:01G-positive individuals
(37.5%) sets the local estimate at the upper boundary.

Several ranking differences were detected between the general Croatian and our population at the HLA-C
loci as well. The 1 (C*07:01, AF=21.77%), and the 2" (C*04:01, AF = 15.59%) highest ranking alleles from
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HLA-A~B~C Observed (n) | HF cF

1. A*01:01:01:01 B*08:01:01 C*07:01:01 15.00 6.76% 6.76%

2. A*11:01:01:01 B*35:01:01 C*04:01:01:01 8.00 3.60% 10.36%
3. A*03:01:01:01 B*07:02:01 C*07:02:01 6.89 3.11% 13.47%
4. A*02:01:01 B*57:01:01:01 C*06:02:01:01 6.00 2.70% 16.17%
5. A*02:01:01 B*27:02:01:01 C*02:02:02 5.00 2.25% 18.42%
6. A*02:01:01 B*35:01:01 C*04:01:01:06 5.00 2.25% 20.67%
7. A*02:01:01 B*35:03:01 C*04:01:01:01 5.00 2.25% 22.93%
8. A*02:01:01 B*44:02:01:01 C*05:01:01 5.00 2.25% 25.18%
9. A*03:01:01:01 B*35:03:01 C*04:01:01:01 5.00 2.25% 27.43%
10. | A*02:01:01 B*44:27:01 C*07:04:01 4.00 1.80% 29.23%
11. | A*11:01:01:01 B*52:01:01 C*12:02:02 4.00 1.80% 31.03%
12. | A*02:01:01 B*27:05:02 C*02:02:02 3.89 1.75% 32.79%
13. | A*02:01:01 B*18:01:01 C*07:01:01 3.00 1.35% 34.14%
14. | A*02:01:01 B*52:01:01 C*12:02:02 3.00 1.35% 35.49%
15. | A*03:01:01:01 B*15:01:01:01 C*07:04:01 3.00 1.35% 36.84%
16. | A*23:01:01:01 B*44:03:01 C*04:01:01:01 3.00 1.35% 38.19%
17. | A*24:02:01:01 B*13:02:01:01 C*06:02:01:01 3.00 1.35% 39.54%
18. | A*24:02:01:01 B*35:02:01 C*04:01:01:06 3.00 1.35% 40.90%
19. | A*24:02:01:01 B*51:01:01 C*15:02:01:01 3.00 1.35% 42.25%
20. | A*02:01:01 B*07:02:01 C*07:02:01 2.88 1.30% 43.54%

Table 3. The most frequent (>1%) HLA~A~B~C haplotypes in East Croatia blood donor volunteers (n=111).

No. | HLA-DQA1~DQB1~DRB1 Observed (n) | HF cF

1. DQA1*01:02:02 DQB1#*05:02:01:01 | DRB1#16:01:01 30.00 13.51% 13.51%
2. DQA1%02:01:01:01 | DQB1*02:02:01:01 | DRB1*07:01:01 11.82 5.32% 18.84%
3. DQA1*05:01:01:02 | DQB1*02:01:01 DRB1#03:01:01:01 | 11.00 4.96% 23.79%
4. DQA1%*01:02:01:01 | DQB1%06:02:01:01 | DRB1*15:01:01 10.00 4.50% 28.30%
5. DQA1*01:01:01:01 | DQB1*05:01:01:03 | DRB1*01:01:01 9.00 4.05% 32.35%
6. DQA1%*01:01:01:03 | DQB1%*05:01:01:03 | DRB1*01:01:01 7.00 3.15% 35.50%
7. DQA1*01:03:01:01 | DQB1*06:01:01/15 | DRB1*15:02:01:01 | 7.00 3.15% 38.66%
8. DQA1%*01:03:01:02 | DQB1%#06:03:01:01 | DRB1*13:01:01:01 | 7.00 3.15% 41.81%
9. DQA1%01:04:01:01 | DQB1*05:03:01 DRB1%14:54:01:02 | 6.00 2.70% 44.51%
10. DQA1*05:05:01:09 | DQB1*03:01:01:03 | DRB1*11:04:01 5.00 2.25% 46.76%
11. DQA1%01:01:01:02 | DQB1*05:01:01:03 | DRB1*01:01:01 4.00 1.80% 48.57%
12. DQA1*01:02:01:04 | DQB1*06:04:01 DRB1%#13:02:01:02 | 4.00 1.80% 50.37%
13. DQA1%*01:03:01:02 | DQB1%#06:03:01:01 | DRB1*13:01:01:02 | 4.00 1.80% 52.17%
14. DQA1*04:01:01:03 | DQB1*04:02:01:01 | DRB1*08:01:01 4.00 1.80% 53.97%
15. DQA1%*05:01:01:03 | DQB1%*02:01:01 DRB1%#03:01:01:03 | 4.00 1.80% 55.77%
16. DQA1%02:01:01:02 | DQB1*03:03:02:01 | DRB1*07:01:01 3.82 1.72% 57.49%
17. DQA1%*02:01:01:01 | DQB1%03:03:02:01 | DRB1*07:01:01 3.18 1.43% 58.93%
18. DQA1%02:01:01:02 | DQB1*02:02:01:01 | DRB1*07:01:01 3.18 1.43% 60.36%
19. DQA1*01:01:01:05 | DQB1*05:01:01:03 | DRB1*01:01:01 3.00 1.35% 61.71%
20. DQA1%01:02:01:05 | DQB1*06:02:01:01 | DRB1*¥15:01:01 3.00 1.35% 63.06%
21. DQA1*03:01:01 DQB1#*03:02:01:01 | DRB1#04:01:01:03 | 3.00 1.35% 64.41%
22. DQA1%*03:01:01 DQB1*03:02:01:01 | DRB1%*04:02:01 3.00 1.35% 65.77%
23. DQA1*03:01:01 DQB1*03:02:01:01 | DRB1#04:03:01:01 | 3.00 1.35% 67.12%
24. DQA1%*05:05:01:02 | DQB1*03:01:01:03 | DRB1*11:01:01:01 | 3.00 1.35% 68.47%
25. DQA1*05:05:01:04 | DQB1*03:01:01:03 | DRB1*11:01:01:01 | 3.00 1.35% 69.82%
26. DQA1%*05:05:01:05 | DQB1%03:01:01:03 | DRB1*13:03:01 3.00 1.35% 71.17%
27. DQA1*05:05:01:09 | DQB1*03:01:01:03 | DRB1*¥11:01:01:03 | 3.00 1.35% 72.52%

Table 4. The most frequent (>1%) HLA-DQA1~DQB1~DRB1 haplotypes in East Croatia blood donor

volunteers (n=111).
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No. HLA-A~B~C~DQA1~DQB1~DRB1 n HF cF

1 A*01:01:01:01 B*08:01:01 C*07:01:01 DQA1%05:01:01:02 DQB1#02:01:01 DRB1%03:01:01:01 8.00 3.60% 3.60%
2 A*02:01:01 B*18:01:01 C*07:01:01 DQA1%05:05:01:09 DQB1%03:01:01:03 DRB1%11:04:01 4.00 1.80% 5.41%
3 A*02:01:01 B*27:02:01:01 C*02:02:02 DQA1%01:02:02 DQB1%05:02:01:01 DRB1%#16:01:01 4.00 1.80% 7.21%
4 A*03:01:01:01 B*07:02:01 C*07:02:01 DQA1%01:02:02 DQB1%05:02:01:01 DRB1%16:01:01 4.00 1.80% 9.01%
5 A*11:01:01:01 B*35:01:01 C*04:01:01:01 DQA1%01:02:02 DQB1*05:02:01:01 DRB1%#16:01:01 4.00 1.80% 10.81%
6 A*02:01:01 B*13:02:01:01 C*06:02:01:01 DQA1%02:01:01:01 DQB1%02:02:01:01 DRB1%07:01:01 3.00 1.35% 12.16%
7 A*02:01:01 B*44:27:01 C*07:04:01 DQA1*01:02:02 DQB1*05:02:01:01 DRB1%#16:01:01 3.00 1.35% 13.51%
8 A*02:01:01 B*52:01:01 C*12:02:02 DQA1%01:03:01:01 DQB1*06:01:01/15 DRB1%15:02:01:01 3.00 1.35% 14.87%
9 A*11:01:01:01 B*35:01:01 C*04:01:01:01 DQA1%01:01:01:01 DQB1*05:01:01:03 DRB1%01:01:01 3.00 1.35% 16.22%
10 A*24:02:01:01 B*13:02:01:01 C*06:02:01:01 DQA1%02:01:01:01 DQB1%02:02:01:01 DRB1%07:01:01 3.00 1.35% 17.57%

Table 5. HLA-A~B~C~DRB1~DQA1~DQBI extended haplotypes with estimated haplotype (HF) and
cumulative frequency (cF) of 1% or more in East Croatian blood donor volunteers (n=111).

the CBMDR inventory were ranked 2" (14.41%) and 1°* (18.01%) in east Croatian blood donors, respectively.
The ranking sequence in our cohort continued with C*02:02:02 (9.46%), and C*07:02:01 (8.11%) allele group,
which have been deemed 4™ and 5% highest ranking alleles in the CBMRD. Overall, the ranking hierarchy of
HLA-C allele groups in our sample was more similar to the one reported for Greece, and the Turkish minority in
Germany?.

Compared to class I, class II loci exhibited a higher level of heterozygosity at the 4-field level (molecular
variation in introns and UTR regions), allowing us to see three or more different allelic variants within the par-
ticular 3-field G allelic group. For instance, the highest allelic variability was found within the DQA1*05:05:01 G
(8 different alleles), DQA1*01:01:01 G (5), DQA1*01:02:01 G (5), DQA1*01:04:01 G (5), DQB1*03:01:01 G
(6) and DQB1*05:01:01 G (4), whereas up to 3 allelic variants were revealed within the DRB1*03:01:01 G,
DRB1*04:01:01 G, DRB1#11:01:01 G and DQA1%*03:01:01 G group®’.

Compared to Croatian general population and neighbouring nations, the frequency and order of DRB1*16:01
(13.96%) and DRB1#03:01 (7.66%), the 1* and 5" most common DRBI allele groups in our cohort, were
opposite to CBMDR allelic hierarchy (9.41% (4™) and 10.01% (1), respectively), but similar to East European
(Bulgaria 15.5%, 8.18%, respectively)**, and Mediterranean populations (Macedonia 14.9%, 6.7% and Greece
11.5%, 6.5%, respectively)**~#!. At the same time, the frequency ratio of DRB1%*11:01:01:01 and DRB1%¥11:04:01
alleles in our sample was in concordance with the CBMDR data, confirming equal frequency rate of these two
alleles across Croatia, in contrast to higher DRB1¥11:01 prevalence in the north, and DRB1¥11:04 in the south
of Europe'’. In line with the high prevalence and LD patterns of DRB1¥16:01:01, DQA1%*01:02:02 (15.77%)
and DQB1*05:02:01:01 (15.77%) alleles were the most commonly observed DQA1 and DQB1 variants at the
4-field level among east Croatian blood donors. However, looking at the 2-field level, DQA1*01:02 (24.32%),
DQA1%#05:05 (17.1%) and DQB1*03:01 (18.01%) allelic families were found at a higher frequency, emphasizing
significant allelic heterogeneity within the particular allelic group. The most striking observation was a high fre-
quency of the DQA1%05:05 allele (17.1%), a common South-European allelic variant (EFI CWD catalogue v.1.0.)
that has been reported at much lower frequency only in the autochthonous Croatian population from the Gorski
Kotar (2.4%)?, but not in the CBMDR database. Thus far, the DQA1*05:05 allele has been reported for a handful
of European populations’, and the frequency observed in our cohort is currently surpassed only by the prevalence
observed among Czechs (20.6%)*, north Italians (30.5%)° and Greeks (32.5%)*. Additional differences at the
DQBI locus were noticed after comparing DQB1*05:02 and DQB1*02:01 frequencies, with DQB1*05:02 being
more prevalent in eastern (east vs. general CRO; 15.77% vs. 8.53%) and DQB1%¥02:01 in general Croatian popu-
lation (east vs. general CRO; 7.66 vs. 12.94%), partly reflecting a positive, North-West to South-East gradient of
DQBI1*05:02 frequencies. In contrast, an inverse distribution was observed for DQB1*02:01 across Europe, with
the highest DQB1*05:02 and DQB1*02:01 prevalence observed in Greeks (19.8%)** and Englishmen (33%)*,
respectively.

The haplotype distribution in our cohort is in close agreement with previously reported class I and class
II associations in CBMDR and Croatian families, with few interesting differences found in our population
of eastern Croats. Next to the pan-European (A*01:01:01:01~C*07:01:01~B*08:01:01~DRB1*03:01:01:01~
DQA1%*05:01:01:02~DQB1#02:01:01) and Mediterranean (A*02:01:01~C*07:01:01~B*18:01:01~
DRB1%#11:04:01~DQA1%05:05:01:09~DQB1*03:01:01:03) haplotypes, two notable exceptions were extended
A*03:01~C*07:02~B*07:02~DRB1#16:01 and A*11:01~B*35:01~C*04:01~DRB1*16:01 variants, both com-
monly observed in Macedonian families?, as well as Austrian, Croatian, Bosnian-Herzegovinian, Italian,
Romanian, Greek and Turkish minority in Germany?, but not in the CBMDR" or Croatian family study'®
(Table 5), where A*03:01~B*07:02 was more frequently found with DRB1*15:01, and A*11:01~B*35:01
with DRB1*#01:01. Moreover, DRB1*¥11:01, -*11:04, -*12:01 and -*13:03 alleles were more frequently asso-
ciated with DQA1*05:01~DQB1%03:01 haplotype in general, but not east Croatian population, where
above-mentioned DRBI alleles were in strong linkage disequilibrium with DQA1*05:05~DQB1%03:01 com-
bination (Supplementary Table 8). Similar linkage patterns were, however, noticed by comparing extended
A*02:01~B*27:02~C*02:02~ DRB1*16:01~DQA1#01:02~DQB1*05:02 (1.8%) and A*02:01~B*27:05~C*02:02~
DRB1*#01:01~DQA1*01:01~DQB1%05:02 (0.45%) haplotypes with the CBMDR and Southeast European haplo-
type inventory available from the German Bone Marrow Donor Registry (DKMS)*. Compared to our database,
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the A*02:01~B*27:02~C*02:02~DRB1*16:01 haplotype was more frequent only in Bulgarians (2.73%), but
more similar to CBMDR (0.74%)"7, Polish (1%), Bosnian and Herzegovinian (0.9%), and Croatian (0.834%)
minority in Germany®.

The A*02:01~B*27:05~C*02:02~DRB1*01:01, was observed at lower frequency in Polish (0.27%),
Austrian (0.12%), Bosnian and Herzegovinian (0.065%), Greek (0.026%) and Romanian (0.067%) minor-
ity in DKMS?°, compared to CBMDR (0.85%) and our cohort (0.45%), possibly supporting local ori-
gin of this haplotype. Moreover, it was interesting to see a relatively high prevalence of the extended
A*02:01~B*44:27~C*07:04~DQA1*01:02~DQB1*05:02~DRB1*16:01 (1.35%) haplotype, for whom there is no
population data in Allele Frequency Net database. Recent study performed in B*44-positive Croatian subjects
reported a very strong and almost exclusive linkage disequilibrium between B*44:27 and C*07:04 alleles, whereas
B*44:02, -*44:03 and -*44:05 were more commonly seen in association with C¥05:01, -*04:01 and -*02:02, respec-
tively?”. This is in complete agreement with the B*44 extended haplotypes found in our cohort [A*02:01:01~B*4
4:02:01:01~C*05:01:01~DRB1*13:01:01:01 (0.9%), A*23:01:01:01~B*44:03:01~C*04:01:01:01~DRB1*07:01:01
(1.35%), and A*02:01:01~B*44:05:01~C*02:02:02~DRB1*01:01:01 (0.45%)]. Our data further coincided with the
DKMS reports on the A*24:02~C*15:02~B*51:01~ DRB1¥16:01~DQB1*05:02 and A*24:02~C*06:02~B*13:02
~DRB1*07:01~DQB1*02:02 haplotype frequency in Croatian, Greece, Bosnian and Herzegovinian and Polish
minority in Germany?®. In addition, several extended variants of common Mediterranean and Southeastern
European haplotypes were also observed in our population; but at a lower frequency; namely the A*02:01:01:
01~C*12:03:01~B*51:01:01~DRB1*11:01:01:01 ~DQB1*03:01:01:03 (0.45%) and A*24:02:01:01~C*04:01:01:0
6~B*35:02:01~ DRB1*11:04:01~DQB1%*03:01:01:02 (0.45%), which were most frequent in Greece*!, Albania“®,
Italian and Turkish minority in DKMS? (reduced haplotype variant); and the A*02:01:01~C*02:02:01~B*51:01:
01~DRB1%#13:01:01:01~DQB1%¥03:01:01:19 (0.45%) variant, most frequently found in Bulgarians (reduced haplo-
type variant)*. Significant influence of Central and Western European countries on the east Croatian HLA profile
is nonetheless also evident through higher prevalence of two extended, common European haplotypes, the A*1
1:01:01:01~C*04:01:01:01~B*35:01:01~DRB1#01:01:01~ DQA1*01:01:01:01~DQB1*05:01:01:03 (1,35%) and
A*02:01:01~C*06:02:01:01~ B*13:02:01:01~DRB1*07:01:01~DQA1%02:01:01:01~DQB1*02:02:01:01 (1.35%),
which occur at similar frequency in Swedish’, Polish*>, CBMDR’, Austrian, Italian and the Portuguese minority
population from the DKMS inventory?.

In conclusion, the present study provides an in-depth characterisation of HLA diversity in eastern Croats,
revealing distinctive allele and haplotype detail consistent with the complex population history of the studied
geographic region. The data complement and refine the existing estimates of HLA diversity in the Croatian popu-
lation, increase population and geographic coverage by NGS data, and add granularity to clinically and genetically
relevant HLA data. The study represents a useful reference for population and HLA-disease association studies;
however, larger sample size and sequence coverage, particularly for the DQB1 and DRB1 genes, remain a prereq-
uisite for the future studies.

Materials and Methods

Subjects. The study collection consisted of 120 healthy, unrelated, blood donor volunteers (34 female, 86
male, 20-61 years of age, median age 36 years) originating from five eastern Croatia counties; Osijek-Baranja
county (n=80), Vukovar-Srijem county (n=22), Brod-Posavina county (n=9) Pozega-Slavonia county (n=4)
and Virovitica-Podravina county (n=5). All participants were recruited during voluntary blood donations in
county Red Cross branches or at the Clinical Institute of Transfusion Medicine, Osijek University Hospital. Prior
to the blood sampling, completed health questionnaire forms were collected from all donors, to select individu-
als with no personal of family history of various autoimmune and cardiovascular diseases, stroke or carcinoma.
Informed consent in written form was collected from all subjects. All investigations were conducted in accord-
ance with the 1964 Declaration of Helsinki and subsequent legal instruments. Ethical approval was provided by
the University Hospital Osijek Ethics Committtee (No. 25-1:831-3/2015).

DNA extraction and quantification. Genomic DNA was extracted from 200 pl peripheral blood samples
mixed with EDTA, using High Pure PCR Template Preparation Kit (Roche Diagnostics, Mannheim, Germany)
according to the instructions in the manufacturer leaflet. Quantity and quality of isolated genetic material was
verified by OD,4,/OD,gy > 1.8 and OD,4,/OD,;, > 1.6 measurements performed on IMPLEN NanoPhotometer
P-Class P-330 (IMPLEN GmbH, Munich, Germany).

Long-range PCR amplification, pooling and clean-up of PCR products. HLA genotypes for HLA-A,
-B,-C, -DRBI, -DQA1, and -DQBI loci were determined using high-resolution Omixon Holotype HLA 96/7 and
24/7 (Omixon Biocomputing Ltd, Budapest, Hungary) configuration kits on Illumina MiSeq next-generation
sequencing platform. The Omixon Holotype PCR primers allowed amplification of the entire HLA-A (5'UTR
nucleotide position: —78; 3'UTR nucleotide position: 3081), -B (5'UTR: —35; 3'UTR: 2680), -C (5'UTR: —122;
3'UTR: 2915), and -DQA1 (5’UTR: —281; 3'UTR: 5750) loci. Class II sequence analysis evaluated nucleotides
from intron 1 to 3’ UTR of HLA-DQBI (intron 1: 645; 3'UTR: 6469), whereas ~-DRB1 locus was sequenced
from intron 1 (nucleotide position 4753) to intron 4 (nucleotide position 9135) (Fig. 2). The HLA genotyping
workflow was initiated by long-range PCR amplification of class I and class I HLA loci in a separate, sample and
locus specific 25 ul reactions, comprising 2.5 ul of PCR buffer, 1.25 ul of ANTP mix, 2 ul of locus specific primers,
0.4pl of LR PCR enzyme, and 5 ul of genomic DNA (230 ng/pl). Combined DQB1 enhancer (5.6 ul/sample) was
added to the DQB1 master mix only. The conditions for class I gene amplification on Mastercycler nexus thermal
cycler (Eppendorf, Hamburg, Germany) were set as follows: 95 °C for 3 min, followed by 35 cycles of 95 °C for
155, 65°C for 30s and 68 °C for 5min, and a final incubation at 68 °C for 10 min. For class II genes, the conditions
were: 95°C for 3 min, 35 cycles of 93°C for 155, 60 °C for 30's and 68 °C for 9 min, followed by final extension at
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68°C for 10 min. Amplicon size was validated by 2% agarose gel electrophoresis and DNA quantitated on EnSpire
Multimode plate reader (PerkinElmer, Waltham, MA, USA) using QuantiFluor fluorescent dsDNA staining sys-
tem (Promega, Madison, Wisconsin, USA). All six amplicons from one individual sample were pooled into a final
35ul volume on a fresh 96-well PCR plate, and purified from residual primers and unincorporated nucleotides
with the use of ExoSAP-iT enzyme mix (Affymetrix Inc., Santa Clara, CA, USA).

Library construction, normalisation and sequencing on MiSeq. Library preparation, in the next
few steps, included fragmentation of each six-locus amplicon pool, fragment end repair and ligation with
sample-specific indexed adaptors. Equal aliquots of indexed sample-specific libraries were subsequently com-
bined into a 900 ul pooled library volume and mixed with 900 pl of the AMPure XP beads (Beckman Coulter,
Beverly, Massachusetts, USA) to carry out magnetic bead-based library cleanup. Pooled library fragments ranging
between 650 and 1300 bps in size were subsequently selected on Pippin Prep instrument (Sage Science, Beverly,
Massachusetts, USA). The concentration of the size selected library was determined on LightCycler 480 II (Roche
Diagnostics, Mannheim, Germany) real-time PCR instrument using KAPA Sybr Fast qPCR Master Mix (KAPA
Biosystems, Boston, Massachusetts, USA) and DNA standards ranging from 0.02 pM to 20 pM concentrations.
Prior to sequencing, library was diluted to a 2nM concentration, loaded on a MiSeq flow cell (Illumina, San
Diego, CA, USA) and sequenced in a single 500 cycle (V2) paired-end sequencing run. Collected reads were
exported in fastq format and analysed with the Omixon Twin software v3.0.0. and the IPD-IMGT/HLA database
Release 3.30.0_5 (November 2017).

Data analysis. The best matching alleles were selected according to the alignment statistics (described in sec-
tion 4.6), and homology to alleles available in the IMGT/HLA 3.30.0_5 database®’. If more than one allele call was
available for a specific locus, the ambiguity was resolved by re-analysis of increased number of reads processed
from the input files. The remaining ambiguous allele calls (presented in Supplementary Table 1) were referenced
against the “Omixon Holotype HLA and Omixon HLA Twin known product limitations” (missing data on SNPs
or INDEL variations within the unsequenced 3’ UTR, 5/ UTR and intron 1/exon 1 regions), and were hence
reported as ambiguous (i.e. DQB1*06:01:01/15) or up to the third field level only (i.e. DQB1*05:03:01). The
Common and Well-Documented (CWD) allele catalogue (version 2.0.), and “Rare Allele Detector” tool (www.
allelefrequencies.net), were used for the identification of rare HLA alleles. Nine out of 120 samples were excluded
from this study due to Omixon Twin quality control failure. HLA-A, -B, -C, DRB1, -DQA1, -and -DQB1 loci were
successfully sequenced in all remaining samples (n=111).

Quality control (QC) metrics. The Omixon Twin software combines statistical alignment and de novo
assembly algorithms for robust allele calling. The default minimum number of reads required for reliable locus
mapping was set at >2500 for class I, and >5000 for class II loci. A read length of 200bp or greater was a prereq-
uisite for passing QC criteria, and together with additional quality metrics (read quality, noise ratio, consensus
phasing, allele imbalance, crossmapping reads, mismatch count) assured the accuracy and confidence of allele
assignments. The minimum exon/intron coverage threshold supporting the consensus sequence at the weakest
position was set at >30 reads.

Statistics. Allelic frequencies were determined by direct counting. Arlequin version 3.5.2.2%° was used
to calculate expected and observed heterozygosity, exact deviations from Hardy-Weinberg equilibrium (a
modified version of the Markov-chain random walk algorithm described by Guo and Thomson, 10° steps in
Markov chain, 10° dememorization steps)®’, and maximum-likelihood haplotype frequencies (an iterative
Expectation-Maximization algorithm, convergence criterion € = 107, maximum number of iterations = 1000,
50 random initial conditions)®'. A series of linkage disequilibrium (LD) measures (D'***?, Wn>*) was provided for
each pair of loci by using the Pypop 0.7.0 software®. The empirical P-values were obtained by permutation testing
(1000 randomizations).
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Background. Several studies indicated that antipsychotic treatment response and side ef-
fect manifestation can be different due to inter-individual variability in genetic variations.

Aim of the study. Here we perform a case-control study to explore a potential association
between schizophrenia and variants within the antipsychotic drug molecular targets
(DRD1, DRD2, DRD3, HTR2A, HTR6) and metabolizing enzymes (CYP2D6, COMT)
genes in Armenian population including also analysis of their possible relationship with
disease clinical symptoms.

Methods. A total of 18 SNPs was studied in patients with schizophrenia (n = 78) and
healthy control subjects (n = 77) using MassARRAY genotyping. Results: We found that
two studied genetic variants, namely DRD2 rs4436578*C and HTR2A rs6314*A are un-
derrepresented in the group of patients compared to healthy subjects. After the correction
for multiple testing, the rs4436578*C variant remained significant while the rs6314*A
reported borderline significance. No significant differences in minor allele frequencies
for other studied variants were identified. Also, a relationship between the genotypes
and age of onset as well as disease duration has been detected.

Conclusions. The DRD2 rs4436578*C genetic variant might have protective role against
schizophrenia, at least in Armenians. © 2019 IMSS. Published by Elsevier Inc.

Key Words: Association, Schizophrenia, Genetic variant, Antipsychotic treatment, Dopamine,

Serotonin, Metabolizing enzyme.

Introduction

Several studies and clinical practice indicated that treat-
ment response to antipsychotic drugs and the occurrence
of side effects even in case of identical treatment can be
different (1). This is mainly due to large inter-individual
variability in genetic variations playing a substantial role
among the factors that influence treatment efficacy (disease
progression and outcome) (2). Studies of siblings and twins
showed that variations in genes coding for molecular

Address reprint requests to: Roksana Zakharyan, Senior Researcher
Laboratory of Human Genomics and Immunomics Institute of Molecular
Biology NAS RA, Russia; Phone: 437495542066, FAX:
+37410282061; E-mail: r_zakharyan@mb.sci.am

targets and metabolizing enzymes of antipsychotic medica-
tions can significantly influence clinical outcome and side
effects manifestation (2—8). In particular, one of drug
metabolizing  enzymes, catechol-O-methyltransferase
(COMT), was considered as a key regulator of prefrontal
cortex dopamine availability and also explored in relation
to cognitive and executive functioning altered in schizo-
phrenia (9—12). Moreover, it was shown that dopamine
(D) receptor polymorphisms can contribute to positive
symptom reduction, while negative symptom improvement
was influenced by polymorphisms of genes involved in 5-
HT neurotransmission (13). In addition, dopamine DI,
D3, D4, and D5 receptor polymorphisms were associated
with treatment response and increased risk for treatment
tolerance (5). Based on these and other findings several
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antipsychotic treatment predictive tests such as Ampli-
chip® CYP450 Test, DMET™ Plus Panel, the Genecept™
Assay, the Genomas HILOmet PhyzioType™ System, and
the GeneSight® Test based on the genes involved in drug
metabolism such as cytochrome P450 family enzymes,
were validated and introduced (14). These tests are mainly
designed based on the knowledge about polymorphisms
and their rates in populations present in the 1000 Genomes
and HapMap projects, and thus, the accuracy of these ge-
netic tests in other, specific populations is unknown. Impor-
tantly, up to date there is no published data about the
prevalence of those mutations in Armenians.

Here we perform a case-control study to explore a poten-
tial association of genetic variants within the antipsychotic
drug molecular targets (DRDI, DRD2, DRD3, HTR2A,
HTR6) and metabolizing enzymes (CYP2D6, COMT) with
schizophrenia in Armenian population and their possible
relationship with disease clinical symptoms.

Materials and Methods
Study Population

In this study 78 patients with schizophrenia and 76 healthy
control subjects were enrolled. Clinical and demographic
data of the subjects enrolled in shown in Table 1. All pa-
tients were unrelated individuals of Armenian nationality
recruited from the National Center of Mental Health Care
of the Ministry of Health of the Republic of Armenia
(MH RA) and Department of Psychiatry of the Yerevan
State Medical University. The diagnosis of paranoid schizo-
phrenia was made by two independent experienced psychi-
atrists, according to the presence of the relevant symptoms
(ICD-10 code: F20.0) (15). All patients were treated with
typical and/or atypical antipsychotics. Healthy control sub-
jects were recruited among the blood donors of the Hema-
tology Center after prof. R. Yolyan MH RA. Exclusion
criteria for all study subjects included any serious neurolog-
ical, endocrine, oncological, inflammatory, autoimmune,
cerebrovascular, cardiovascular, metabolic or other disor-
der. All subjects gave their informed consents to participate

Table 1. Clinical and demographic data of subjects involved in the
current study

Parameter SCZ Controls
Number of subjects involved 78 76
Age (M £ o), years 489 + 11.7 38.1 £ 10.8
Minimal age 20 23
Maximal age 70 65
Male/female 60/18 33/44
Age of disease first manifestation 29.0 £ 9.8 -

M = o), years
Duration of disease (M + o), years 199 + 12.0
Family history of schizophrenia 36/42

in the study, which was approved by the Ethical Committee
of the Institute of Molecular Biology of the National Acad-
emy of Sciences RA (IRB #00004079).

Collection of Blood Samples and Genomic DNA
Extraction

A total of 5 mL of the EDTA anticoagulated venous blood
was collected from each patient and healthy control subject.
Genomic DNA was isolated from peripheral blood leuko-
cytes according to the modification of salting out method
with a simple introduction of chloroform step and stored
at —30°C until further use at the Laboratory of Human Ge-
nomics and Immunomics, Institute of Molecular Biology of
the National Academy of Sciences RA. For all extracted
DNA samples measurements of concentrations and purity
have been performed. Only highly purified samples with
A260/A280 ratio within the 1.8—2.0 range and concentra-
tion more or equal to 10 ng/ul were enrolled in this study.
The working concentration was adjusted if applicable to
10 ng/ul using dilution of initial samples.

SNP Selection in Candidate Genes

Single nucleotide polymorphisms (SNPs) within the genes
coding for dopamine (DRD1, DRD2, DRD3) and serotonin
receptors (HTR2A, HTRG6) as well as antipsychotic drug
metabolizing enzymes CYP2D6 and COMT have been
selected based on either SNP-drug response association re-
ported in the Clinical Pharmacogenetics Implementation
Consortium (PharmKB, http://www.pharmgkb.org/page/
cpic) database or based upon previously determined associ-
ations with treatment response in candidate-gene and/or
genome wide association studies (1—3,5—8,16,17). Initial
selection resulted in 42 SNPs (Supplementary Table 1).
We performed initial evaluation of minor allele fre-
quency (MAF) for these 42 polymorphisms based on the
GWAS dataset on 99 available Armenian subjects (18). A
total of 21 SNPs were not annotated in microarray chip
used in the initial publication, so we obtained MAF data
for them from 1000 Genomes European population using
LDlink application for exploring population-specific
variant and haplotype structure (19). Next, we selected
SNPs with MAF greater or equal 0.1. Finally, using
SNPclip module of the LDlink software we have pruned
the list of variants to retain the most representative ones
(R? threshold for LD pruning = 0.5) resulting in 12 SNPs.
To this list, 6 SNPs were further added based on functional
effect demonstration using various functional assays (20).
Finally, an assay control panel containing 4 SNPs of the
CYP2D6 gene, namely, rs28371725 (with common allele
CYP2D6%41), 116947 (common allele CYP2D6%*17),
rs3892097 (common allele CYP2D6%*4), and rs1065852
(common allele CYP2D6%*10) was also used. The resulting
SNP panel and their minor allele frequencies in 1000
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Genomes or healthy Armenians are presented in the
Supplementary Table 2.

Assay Design, PCR Amplification and Genotyping

The panel construction and genotyping were performed ac-
cording to the protocol described elsewhere (21). Briefly, an
input list of 18 selected SNP IDs (rsSNP of each target) was
provided and the following steps were performed: (a) the
sequence for each rsSNP was retrieved from database and
formatted accordingly, (b) the proximal SNPs for each
rsSNP were identified from database, (c) optimal primer
areas were identified that result in a unique amplicons con-
taining a target for the extension primer. To avoid extension
primer rejection due to insufficient known bases, the prox-
imal base was replaced with inosine. (d) Finally, PCR and
extension primers were designed and checked for false
priming, hairpin/dimer formation. The primer multiplexes
with mass separation of analytes (alleles) were created.
For PCR amplification and single base extension (SBE) re-
action, the primer pairs along with the extension primers
were designed using Assay design suite v2.0. All primers
used in this study are presented in Supplementary Table 3.

These primers were multiplexed and genotyped using
Sequenom MassARRAY platform integrating iPLEX®
SBE reaction and MassARRAY® technology (Agena
Bioscience, San Diego, CA, USA). The assay consists of
an initial locus-specific PCR amplification followed by
SBE using mass-modified dideoxynucleotide terminators
of an oligonucleotide primer that anneals immediately up-
stream of the target polymorphic site. The distinct mass
of extended primer traces the alternative alleles using Mas-
sARRAY Typer 4.0.20. For quality control (QC) step, we
determined data missing rate per individuals and missing
rate per SNP. Also, for QC of SNP genotyping, positive
and negative template control samples were included in
each assay plate. As a positive control a commercially
available DNA was used, while purified water serves as a
negative control.

Statistical Analysis

The distribution of genotypes in cases and controls for each
SNP was tested for correspondence (p >0.05) to Hardy-
Weinberg equilibrium (HWE) by Pearson’s ? test. Disease
trait SNP association was tested using logistic regression
model with age and gender included as covariates. Analysis
assuming additive, dominant and recessive models was per-
formed. For multiple testing adjustment Bonferroni, and
Benjamini & Hochberg metrics were used. All calculations
were performed using PLINK whole genome association
analysis toolset version 1.09 (22). Logistic regression anal-
ysis accounting for additive, dominant and recessive
models was calculated with following options:
Assuming Additive Model:

/plink —-noweb —file data/data —no-parents —no-sex
—allow-no-sex —adjust —logistic —covar data/data.cov

Assuming dominant model:

/plink —-noweb —file data/data —no-parents —no-sex
—allow-no-sex -—adjust -logistic —dominant —covar
data/data.cov

Assuming recessive model:

/plink —noweb -file data/data —no-parents —no-sex
—allow-no-sex -adjust -logistic -recessive —covar
data/data.cov

Where data.ped, data.map and data.fam contains geno-
types and case-control status information, and data.cov con-
tained gender and age information as covariates. Adjusted p
*/-values <0.05 were considered significant. The power of
association under different models was calculated using
“genpwr”” R package (23).

In order to evaluate the association between studied
SNPs and treatment prescription, drug dosages were con-
verted into haloperidol and risperidone equivalents using
a standardized method for comparing exposure to various
antipsychotic medications of first- and second-generation
(24). Quantitative trait association with drugs as well as
age of onset and disease duration was performed using
PLINK quantitative trait linear association (22). Linkage
disequilibrium (LD) between investigated loci were calcu-
lated using SNP analyzer 2.0.

Results
Case-control Association Study

Here we studied antipsychotic drug response-associated 22
SNPs in the drug molecular targets and metabolizing enzymes
genes in patients with schizophrenia and healthy subjects.

Genotyping was not successful and low signal was ob-
tained for four SNPs (COMT rs165599, COMT rs933271,
DRD?2 131076560, and HTR2A rs6311) out of all studied.
The distribution of genotypes of 17 SNPs complied with
HWE both in the patients with and controls, while CYP2D6
rs1135840 was not (Supplementary Table 4). Genotyping of
control panel was successful in all samples.

A logistic regression analysis was performed using three
different models (additive, recessive, dominant). Two out of
17 studied SNPs were associated with schizophrenia
(Table 2). Further information for 15 remaining genetic var-
iants is shown in Supplementary Tables 5—7.

After multiple corrections only DRD2 gene
rs4436578*C variant remained significant while the
rs6314*A showed borderline significance. We found that
this variant is associated with schizophrenia in Armenians
and might have a protective effect against the disease.

LD values for all studied SNPs are presented in the
Supplementary Table 8. According to the data obtained,
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Table 2. Association table for the DRD2 gene rs4436578 and HTR2A genetic variants using additive, dominant and recessive models adjusted for age and

gender

Chr.N SNP Location Minor Model NMISS OR SE 95% CI1 Stat P BONF FDR_BH
11 rs4436578 113436043  C additive 154 023 045 0.10-0.56 -3.27  0.0001 0.02 0.02

11 rs4436578 113436043 C dominant 154 020 049  0.08-0.51 —3.33  0.0009 0.02 0.02

11 154436578 113436043 C recessive 154 0.30 1.80 0.01-10.36 —0.66 0.51 1.00 1.00
13 rs6314 46834899 A additive 154 028 049 0.11-0.73 —-2.59 0.01 0.17 0.09
13 rs6314 46834899 A dominant 154 023 055  0.08-0.67 -2.68  0.01 0.13 0.07

13 rs6314 46834899 A recessive 154 0.27 1.60  0.01-6.29 —0.81 0.42 1.00 1.00

Odds ratios (OR), standard error (SE), 95 CI%, Bonferroni and FDR-corrected p-values are presented.

strong linkage between the rs6280 and rs167771 (chr.3),
rs1079597 and rs1079598 (chr.11), rs2020917 and
rs5993883 (chr.22). The strongest association for the
rs1065852 and rs3892097 (chr.22) was detected.

Association of Prescribed Treatment with the Genotypes
Obtained

The patients enrolled were treated with a variety of drugs
including quietapine, triphtazin, haloperidol, clozapine,
fluphenazine, levomepromazine combined with anxiolytics.
To make abovementioned correlations between standard
homozygotes and minor allele carriers (if applicable) for
studied SNPs, all dosages prescribed by psychiatrist(s) were
converted to haloperidol equivalents using a standardized
method for comparing exposure to various antipsychotic
medications of first- and second-generation (24). Our anal-
ysis showed that only when comparing the mean treatment
dosage of haloperidol for rs6280 CC homozygotes vs. T
allele carriers, a significant difference was obtained
(249 £+ 0.64 mg/d vs. 1.04 £ 0.36 mg/d, p = 0.039).
Further, the mean dosages prescribed were converted to ris-
peridone equivalents and potential associations with geno-
types (standard homozygotes vs. minor allele carriers and
standard allele carriers vs. minor homozygotes) using the
same method was explored. None of the genotypes obtained
was associated with the converted risperidone dosages (p
>0.05). According to the literature data available, there
is no study on the relationship between the rs6280 geno-
types and treatment response to haloperidol in schizo-
phrenia patients. However, it was shown that
schizophrenia patients with CC genotype had poorer
response to clozapine compared with TT genotype (25).
Also, this genetic variant was associated with the DRD]I
rs686 polymorphism in the same study (25). In patients
with autism, Correia CT, et al. for the first time reported
that the rs6280 C allele had greater symptom improvement
and increased response to risperidone (26) whereas another
study indicated decreased intolerability of methylphenidate
(27). Also, predictors of clinical improvement with risperi-
done therapy among the HTR2A c.—1438G >A, DRD3
Ser9Gly, HTR2C ¢.995G >A, and ABCBI 1236C >T
polymorphisms were found (26). In case of treatment with
olanzapine, CC was previously associated with greater

positive symptom improvement and positive symptom
remission in schizophrenia (28). The C allele carriers had
decreased risk of gastrointestinal toxicity in patients with
Parkinson’s disease treated with levodopa (29) while in
Chinese patients this genotype was associated with
decreased response to pramipexole (30). In Slovenian pa-
tients the DRD2 gene 1s1799732 (studied here) and
DRD3 gene rs6280 variants weren’t associated neither with
clinical symptoms nor the occurrence of treatment-resistant
schizophrenia during antipsychotic treatment (31). These
differences might appear due to the fact that relatively
low dosages of the prescribed antipsychotics, converted to
risperidone or variability between populations.

Association with Clinical Data

Relationship between the clinical-demographic data of pa-
tients and studied parameters has been performed. Correla-
tion analysis carried out has identified that the genotypes
are linked to the disease onset and duration. In particular,
we found that the rs6314*A minor allele and
rs5030655*del are positively correlated with disease dura-
tion (p = 0.03 and 0.11, respectively). Positive correlations
between the age of schizophrenia onset and lorazepam pre-
scribed (p = 0.033), family history of schizophrenia
(p = 0.045) and the S5SHTR6 r1s1805054*T allele
(p = 0.009) were detected.

Discussion and Conclusions

Pharmacogenetic approaches are widely used in the devel-
oped countries to achieve the most optimal treatment
response reducing disease symptoms and minimizing mani-
festation of side effects (1). Such genetic factors as variants
for drug metabolizing enzymes and molecular targets, play
an important role in individual response and treatment effi-
cacy (2). Therefore, studies focused on the identification of
pharmacogenetic markers that contribute and predict anti-
psychotic treatment response might assist the development
of genetically-driven approaches for moving to a personal-
ized medicine particularly in schizophrenia research.

In this study we assessed the potential association of
schizophrenia with 18 SNPs within the antipsychotic drug
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molecular targets and enzymes and found that the DRD2
gene rs4436578*C allele might have a protective effect
against this disease and the HTR2A gene rs6314*A variant
might have borderline significance.

Growing evidence suggest that molecular mechanisms
responsible for dopamine transmission are altered in a num-
ber of psychiatric disorders including schizophrenia (32).
Dopamine dysregulation together with glutamate, GABA,
acetylcholine, and serotonin alterations are involved in
schizophrenia during different stages of the disease (32). Ac-
cording to the dopamine theory of schizophrenia, hyperac-
tivity of DRD2 receptor neurotransmission in subcortical
and limbic brain regions is responsible for positive symp-
toms of this disease, while negative and cognitive symptoms
are related to the hypoactivity of DRDI receptor neurotrans-
mission in the prefrontal cortex (33). Besides, DRD2 antag-
onism was considered as an essential pharmacological target
for antipsychotic drugs, therefore, affecting its therapeutic
efficacy depending on their inhibitory potency (34). The
pioneer study by Carlsson and Lindqvist propose dopamine
receptor blockade by chlorpromazine and haloperidol (35).
The increased subcortical release of dopamine leads to the
manifestation of disease positive symptoms such as halluci-
nations and delusions, most probably, through a disturbed
cortical pathway (36). A recently performed gene-gene inter-
action analysis has identified a significant four-way interac-
tion of SNPs included DRD2 gene rs4436578 with verbal
fluency in healthy subjects (37).

It has been reported that among others the DRD2 gene
rs4436578 SNP has an effect on antipsychotic drug-
induced weight gain in long-term treated schizophrenia pa-
tients and that the rs4436578 CC together with C allele con-
taining haplotype have been considered as a risk factor for
weight gain (38,39).

So far, Kaur G, et al. (2017) has studied the effect of the
DRD2, 5HT2A, and CYP2D6 gene polymorphisms on
response to risperidone in Indian patients with schizo-
phrenia (40). It has been shown that the presence of certain
genotypes of the DRD2 and 5HT2A in patients are more
likely associated with non-response to risperidone (40).
Also, it has been shown that the DRD2 TaqlA
(rs1800497 C >T) genotype has no effect on the number
of cigarettes smoked per day by patients with schizophrenia
but female smokers with GG genotype smoked more
compared to A allele carriers (41). Another SNP, C957T
(rs6277), within the same gene has been linked to the exec-
utive functioning and early life stress. In particular, it has
been detected that rs6277 CC homozygotes have signifi-
cantly reduced performance in spatial working memory,
planning, and those with early life stressful experience
exhibit impaired performance in the processing test (42).
Alladi CG, et al. (2017) has studied schizophrenia patients
treated with risperidone during 4—8 weeks and has found
that the DRD2 gene —141C (rs1799732) Del carriers are
significantly associated with increased prolactin levels in

response to treatment (43). Later with bigger sample size
and additional polymorphisms enrolled they showed no as-
sociation of TaqlA and HTR2A —1438 G/A, 102T/C and
HTR2C —759 C/T with antipsychotic response to risperi-
done (44). For the same polymorphism Takase M, et al.
(2017) has recently found a relationship between Del car-
riers and high-dose pharmacotherapy in schizophrenia (45).

Previously, a rs1076560 regulatory polymorphism of the
DRD?2 gene has been identified as a genetic risk factor for
schizophrenia and has been involved in schizophrenia inter-
mediate phenotypes in the meta-analysis (46). Concerning
the second positive finding of this study, a meta-analysis
has indicated the rs6311 (—1438A/G) polymorphism of the
HTR2A gene as a risk factor for schizophrenia but not major
depressive or bipolar disorders (47). Importantly, the depen-
dence of association from the ethnic origin of the study pop-
ulation has been detected (47). No association of another
SNP (rs6313, T102C) of the same gene has been found in
Chinese large samples with schizophrenia, bipolar disorder,
and major depressive disorder (48). While no allele or geno-
type association has been detected, the combination of the
HTR2A gene rs6311/rs6313 polymorphisms shows to predict
negative symptoms performance in case of aripiprazole treat-
ment in schizophrenia patients (49). Recently, rs6313*C
allele carriers were considered as having higher risk of
schizophrenia development in Greek patients with schizo-
phrenia (50). Nisenbaum LK, et al. (2016) has found that
the HTR2A gene rs7330461 TT genotype is consistently
associated with an increased treatment response to pomaglu-
metad methionil compared to the AA genotype in Caucasian
patients with schizophrenia (51). So far, rs1124491 and
1s9567733 SNPs of the DRD2 and HTR2A genes, respec-
tively, have been linked to the risk of antipsychotic
treatment-induced extrapyramidal syndrome (52). Pelka-
Wysiecka J, et al. (2013) has shown that more (31 vs.
17%) Val/Val homozygous of the COMT gene 1s4680 SNP
were found in the non-deficit schizophrenia (NDS) compared
to the deficit schizophrenia subgroup suggesting that these
genetic factors must be taken into account when analyzing
the reasons for the differentiation of schizophrenia subtypes
(53). Study of COMT-DRD4 interaction indicated that
schizophrenia patients carrying Met allele and one or two
DRD4 120 bp alleles had better response to clozapine (54).
So far, an association of the CYP2D6*4 1846G > A genetic
variant and CYP2D6 AA genotype with tardive dyskinesia in
chronic schizophrenia patients has been detected (55).

To date, a number of studies were focused on the assess-
ment of disease onset as a potential predictor of schizo-
phrenia on clinical outcome. However, contradictory data
were obtained, suggesting both positive and negative
impact (56—58). Menezes NM, et al. later concluded that
age of onset have no effect on clinical outcome (59). How-
ever, in original long-term studies, earlier age at onset has
been associated with lower probability of symptomatic
remission (57) and having more hospital admissions after
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over 10 years since onset (60). Even with these inconsistent
findings, it is not uncommon that in clinical textbooks onset
early in life is regarded as a predictor for a poorer outcome.

Concerning the pharmacogenetic results, we have found
that in case of DRD3 rs6280, DRD]I rs265981, and DRD2
rs1079598 genotypes the prescribed treatment was in
concordance with the recommended ones according to the
clinical database. The application of pharmacogenetic
approach widely used in the developed countries nowadays
in mostly under development in low and middle income
countries such as Armenia. Here, psychiatrists usually use
trial-error approach in order to find the most appropriate
treatment maximally suppressing disease symptoms and
minimizing the manifestation of side effects. The compari-
son of the prescribed and recommended treatments
described above suggested that, in fact, psychiatrists recom-
mend the most optimal treatment but using a time-
consuming approach instead of genetically-driven one.

Impairments in the dopamine system result from dopa-
mine dysfunctions in the substantia nigra, ventral tegmental
region, striatum, prefrontal cortex, and hippocampus. The
“original dopamine hypothesis states that hyperactive
dopamine transmission results in schizophrenic symptoms.
Blockage of dopamine receptors by chlorpromazine and
haloperidol is the basic concept in psychiatry, and it has
been shown that the positive symptoms of schizophrenia
(hallucinations, delusions) are related to increased subcor-
tical release of dopamine (61,62). The HTR2A gene
rs6314*A (Tyr) allele has been previously showed lowered
antipsychotic binding affinity and decreased drug potency.
Further, it has been detected that Tyr allele was significantly
associated with poor response to clozapine treatment
compared to the His allele (63—65). So far, Terzic T,
et al. (2016) have evaluated the potential relationship be-
tween the rs6280 SNP and treatment prescribed to patients
with psychopathological problems. Genotypes CT+TT are
not associated with response to antipsychotics in people
with schizophrenia as compared to genotype CC (31).

Further studies in larger sample size are required to iden-
tify pharmacogenetic markers of schizophrenia that might
contribute to the development and implementation of
genetically-driven treatment approaches in psychiatry in
Armenia in the future.

In our study, we found underrepresentation of the DRD2
rs4436578*%C and HTR2A r1s6314*A variants in patients
with schizophrenia, however, after multiple corrections on-
ly rs4436578*C remains significant and might have a pro-
tective role against the disease. These results contribute to
current puzzle of schizophrenia causal variants. A relation-
ship between the genotypes and age of onset as well as dis-
ease duration were detected.

It should be noted that this study has some limitations.
Namely, relatively small size of control and diseased sub-
jects was enrolled. Second, the limited number of SNPs
was selected based on either SNP-drug response association

reported in PharmKB database or based upon previously
determined associations with treatment response in
candidate-gene and/or genome wide association studies
mentioned in the manuscript. Finally, the important role
of other genetic variants without the same genes not studied
here must be additionally tested to extend the existing
knowledge on contributory genetic factors  of
schizophrenia.
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