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ABSTRAKT

V poslednich letech doslo k vyraznému rozvoji molekularné genetické diagnostiky
(DNA diagnostiky). Jsou zavadény nové metody a technologie arozsifovano spektrum
genetickych sluzeb. Jelikoz vysledky genetickych testi zarode¢ného genomu mohou
celozivotné ovlivnit zdravi a kvalitu Zivota pacienta i jeho rodiny, je kladen duraz na
neustalé zvySovani kvality poskytovanych diagnostickych sluzeb. Stale vice laboratofi
prechazi z ,,domacich metod* na komer¢ni diagnostické soupravy, ale ¢asto pak svévolné
modifikuji protokoly vyrobce. Proto je pro zajiSténi kvality genetickych testli nezbytné
vSechny metody a technologie pfed zavedenim do rutinni diagnostické praxe fadné

validovat a verifikovat.

V této dizertacni praci jsem se vénovala otdzce vhodnosti a vyuZitelnosti metody
High Resolution Melting (HRM) v diagnostice na zaklad¢ jeji kompletni validace dle
mezinarodnich pozadavkiti normy na fizeni systému jakosti (ISO 15189). Potvrdili jsme
uziteCnost této metody a jeji vyhody pro mutacni skenovani neznamych variant 1
genotypizaci Castych polymorfismi, a to na ptikladu riznych geni (BRCA1l, MTHFR ¢i
CFTR). Zaroven jsme poskytli metodické pokyny a postupy pro usnadnéni diagnostické
implementace této technologie a umoznéni jejiho tispésného vyuziti i v dalSich genetickych
laboratofich, a na ptikladu validace HRM poskytli ndvody a model pro validaci dalSich

DNA diagnostickych metod.

O zvyseni kvality poskytovanych genetickych sluzeb jsme se zasadili i v oblasti
diagnostiky cystické fibrozy (CF). Toto frekventované monogenni onemocnéni je
charakterizovano velkym mnozstvim identifikovanych mutaci v genu CFTR a molekularni
heterogenitou v zavislosti na etnicité probanda, proto je znalost distribuce a ¢etnosti mutaci
tohoto genu v kazdé populaci klicova. Molekularné genetickymi studiemi jsme zmapovali
spektrum mutaci u Ceskych a ukrajinskych pacientd s CF, nebot identifikace obou
kauzalnich mutaci podpofti klinickou diagnozu, umozni pfedpovédét priibéh onemocnéni,
individualn¢ stanovit 1é¢bu, poskytnout spolehlivou prenatalni diagnostiku a stanovit
pienos téchto alel a rizik u dalSich rodinnych pfislusniki. Vysoka populacni zachytnost

umozni zavedeni novorozeneckého skriningu, ktery vyhledd postizené pacienty



v preklinickém stadiu. V¢asné stanoveni diagnézy a brzka aplikace 1é€by ptiznivé ovlivni

prabeh choroby a zaroven snizi naklady na 1écbu.

V soucasné dobé je vénovéana velkd pozornost problematice neplodnosti, nebot’
postihuje az 15% parti a dochdzi k jejimu narGstu. Muz se na neplodnosti paru podili v
ptiblizn¢ 50% piipadd. Po vylouceni rutinné vySetfovanych pfi¢in muzské neplodnosti
(napt. mutace v genu cystické fibrozy, Klinefeltertiv syndrom, strukturalni abnormality Y
chromozomu, prodélané zanéty varlat virem piiusnic, tumor atd.) nadale zistava mnoho
pfipadii neobjasnéno. Proto jsem se vramci tohoto studia zabyvala analyzou
protaminovych genli (PRM1, PRM2), nebot’ plni stézejni funkci pii diferenciaci spermii a
bylo prokdzano, Zze mysi haploinsuficientni pro jeden z protaminovych genii vykazuji
poruchu uspotfadani chromatinu, jaderné integrity a produkuji spermie abnormalni
morfologie a snizené pohyblivosti, které nejsou schopné oplodnit oocyt. Na
reprezentativnim souboru némeckych teratozoospermickych muzi s normdlnim poctem
spermii (simulujici fenotyp PRM-haploinsuficientni mys$i) a muzi se snizenym poctem
spermii, vcetné souboru normozoospermickych muzt jako kontrol, byla provedena
mutacni analyza protaminovych geni zkoumajici vliv pfipadnych mutaci na poruchu
spermiogeneze. Podafilo se nalézt statisticky signifikantni asociaci mezi haplotypem ACC,
tvofenym tfemi Castymi polymorfismy gend PRM1/2, a koncentraci spermii a jejich
celkovym poctem. Homozygotni nosi¢i haplotypu ACC méli dvojndsobné vyssi pocet
spermii neZ muZi bez tohoto haplotypu (45x10%/ml x 24.2x10%/ml). Je mozné, Ze spermie
urceni klinického vyznamu tohoto zjisténi a jeho pfipadného diagnostického vyuziti je

vSak potfeba nalez ovéfit studiemi na dalSich souborech a populacich.

Klic¢ova slova: High Resolution Melting, HRM, validace, cysticka fibroza, CFTR gen,

mutace, muzska neplodnost, protaminy



ABSTRACT

During the last years we have observed a rapid development of molecular genetic
diagnostics (DNA diagnostics). New methods and technologies are rapidly being
introduced and the spectrum of genetic services is gradually extended. Since germline
genetic tests might have lifelong influence health and quality of patient's life, all efforts
should aim at improvement of the overall quality of provided diagnostic services. An
increasing number of laboratories replace their “in-house” developed techniques by the
commercial diagnostic assays, but they often modify manufacturer's instructions.
Therefore, it is necessary to validate and verify all methods and techniques before their

implementation into routine DNA diagnostics.

In this thesis | have focused on evaluation and application of High Resolution
Melting (HRM) in clinical diagnostic practice based on its comprehensive validation,
according to the major international quality assurance standard 1SO 15189. On the model
of selected genes (BRCA1, MTHFR, CFTR) we have confirmed the high utility of HRM for
mutation scanning of unknown variants, as well as genotyping of common variants.
Concurrently, we have provided a list of methodical guidelines which could be applied for
setting up HRM in other genetic laboratories and provided a diagnostic validation strategy
for other DNA diagnostic techniques.

Furthermore, we have contributed to the higher quality of genetic services in the
area of diagnostics of cystic fibrosis. This common life-threatening autosomal recessive
disease is known for a substantial number of mutations in the CFTR gene and for its
molecular heterogeneity based on the patient's ethnicity. Therefore, it is important to
analyse mutation distribution and frequency of CFTR gene mutations among different
populations. In this thesis, | have presented a comprehensive overview of CFTR mutations
at Czech and Ukrainian CF patients, since identification of both causal mutations will
support a clinical diagnosis, allow clinical prognosis, individually assess appropriate
medical treatment, provide a reliable prenatal diagnostics and determine the risk for other
family members. The high population detection rate will enable implementation of CF

newborn screening, which helps to find CF patients before symptom occurrence. Such an



early establishment of CF diagnosis and an immediate application of medical treatment
favourably influence the overall clinical outcome and reduce the costs for treatment in this

disease.

Human infertility is a serious medical and socio-economic issue since it currently
affects approximately 15% of couples and this number is still increasing. The “male factor”
in reproductive failure accounts for 50% of all cases, while many causes still remain
unknown. Therefore, we performed a mutation analysis of protamine genes (PRM1 and
PRM2), as they play a crucial role in differentiation of spermatids. It was demonstrated that
knockout (KO) of either protamine gene in mice results in male infertility due to an
alteration in sperm chromatin assembly and nuclear integrity. These Prml or Prm2
haploinsufficient mice produce sperm exhibiting abnormal morphology, combined with
reduced motility and are thus unable to fertilize an oocyte. We sequenced both genes in
representative groups of German idiopathic infertile patients with distinct teratozoospermia
and normal (resembling the phenotype of the KO mice) or reduced sperm concentration
and in normozoospermic men as a control, in order to investigate the impact of protamine
gene sequence variations on spermatogenesis. We have revealed a statistical significant
association of ACC haplotype, formed by the three common SNPs of PRM1/2 genes, and
sperm concentration/count. Homozygous carriers of ACC haplotype had a twofold higher
sperm concentration and count than men lacking this haplotype (45x106/mL X
24.2x106/mL). Spermatozoa without the ACC haplotype might not be viable or might be
subjected to negative selection. For the clinical impact of this finding and its
implementation to the diagnostics it is necessary to confirm results by other studies on

different cohorts and/or populations.

Key words: High Resolution Melting, HRM, validation, cystic fibrosis, CFTR gene,

mutations, male infertility, protamines
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1. UVOD

1.1 Implementace novych metod do genetické laboratorni diagnostiky na
piikladu HRM

Dosud se v klinické diagnostické praxi rutinné vySetiovala pouze mala ¢ast genu U
omezené skupiny zndmych monogennich onemocnéni. Rovnéz spektrum vysetfovanych
mutaci bylo zpravidla mensi, nez pocet vSech znamych mutaci v konkrétnim genu. To bylo
dano pfedevS§im omezenou technickou kapacitou dostupnych metod ¢i jejich finanéni
nakladnosti. Z tohoto divodu bylo nutné rozvinout nové metody. S tim souvisi potieba
feSit problematiku organizace prace a kontrol jakosti (akreditace podle norem ISO),
potieba stanovit obecnd doporuceni a pokyny pro zavadéni novych molekularné

genetickych metod a jejich validaci.

Za timto ucelem vznikl projekt Eurogentestl (www.eurogentest.org), ktery
v pribéhu let 2005-2010 fesil harmonizaci a standardizaci genetického testovani v
Evropské unii (EU) pomoci integrace roztfisténych narodnich aktivit v této oblasti. Projekt
vytvofil potfebnou infrastrukturu a prostiedky, pokyny a procedury, které mély zajistit
zlepSovani kvality poskytovanych genetickych sluzeb v EU (Macek et al. 2007, Mattocks
et al. 2010). V nasledném projektu Eurogentest2 doslo k zachyceni novych trendd, tj.

predevsim zavadéni sekvenovani nové generace do klinicko-diagnostické praxe.

1.1.1 Validace a verifikace

Vysledky genetickych testid zarode¢ného genomu mohou ovlivnit zdravi a kvalitu
Zivota pacienta i jeho rodiny, proto provadét DNA diagnostiku o dostatecné kvalité je
profesni povinnosti kazdé laboratofe. Dosazeni téchto ptedpokladii napomtlize zavedeni
akreditace, tj. zavedeni systému managementu kvality, podle normy ISO 15189.

Akreditace, neboli ufedni potvrzeni kompetence laboratoie, vyzaduje zavedeni pofadku do
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laboratorni dokumentace, pravidelnou udrzbu a kalibraci piistrojové techniky, ale

predevsim pouzivani fadné validovanych a verifikovanych metod.

Validace je potvrzeni ziskané prostfednictvim poskytnuti objektivnich dikazu, ze
pozadavky na specifické zamyslené pouziti nebo specifickou aplikaci byly splnény.
Potvrzuje, ze méfici postup/systém/vyrobek je schopen plnit pozadavky na né kladené.
Jinak feCeno, Zze uroven méfeni je dostateCna, postupy méfeni korektni a s fadné

provedenou kalibraci.

Rozsah a hloubka validace musi vzdy odpovidat potiebé ziskat dostatek udaji k
rozhodnuti, zda je metoda ¢i technologie skute¢né¢ vhodnéd pro zamysleny tcel. Validace
novych technologii by méla byt provedena pted jejich zavedenim do laboratorniho provozu
v Sirokém m¢éfitku, a to nejlépe na vicero pracovistich v ramci tzv. mezilaboratorni
valida¢ni studie. Dtraz by mél byt kladen na podrobné prozkoumani kritickych parametrti

a limitaci metody 1 na identifikaci moznych zdroji interference.

Metody validované vyrobcem disponujici znaCenim CE vyzaduji niz§i rozsah
validace nez metody typu ,,in-house” vyvinuté samotnou laboratofi a v takovém piipadé
provadime pouze verifikaci, tj. ovéfeni, Ze méfici postup/systém/vyrobek je ve shodé s
hodnotami deklarovanymi vyrobcem a je plné funk¢ni v konkrétni laboratofi. Pfedmétem
verifikace je tedy schopnost realizovat méfici proces v konkrétni laboratofi v daném case a

prostoru.

Molekularn¢ genetické testy se fadi do kategorie testli kvalitativnich, jejichz
diagnostickd ptfesnost je charakterizovina dvéma komponentami: 1/ senzitivitou -
pravdépodobnost pozitivniho vysledku testu v piipadé piitomnosti hledané varianty
testovaného znaku, je vyjadfovana jako pomér mezi spravnou pozitivitou (True Positivity
TP) a souftem spravné pozitivity a falesné negativity (False Negativity FN), tj.
TP/(TP+FN) a 2/ specificitou - pravdépodobnost negativniho vysledku testu v piipadé
nepiitomnosti hledané varianty testovaného znaku, je vyjadfovana jako pomér mezi
spravnou negativitou (True Negativity TN) a souctem spravné negativity a falesné
positivity (False Positivity FP), tj. TN/(TN+FP). Dalsi doporucované valida¢ni parametry
jsou: 1/ opakovatelnost - preciznost méfeni stanovena opakovanim meéteni za totoznych

podminek v kratkém casovém useku (stejny postup, stejny obsluzny persondl, stejny méfici
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systém, stejné pracovni podminky a stejné misto), 2/ reprodukovatelnost - preciznost
méieni v ramci raznych sérii ¢i mezi riznymi laboratofemi v riizném case, 3/ robustnost -
schopnost metody poskytovat pfijatelné vysledky méieni i v ptipadé€, Ze dojde k malym
odchylkam od méficiho postupu ¢i slozeni vzorku (napt. typ izolace DNA, koncentrace

DNA v reakci, zména poctu cykla pii amplifikaci atd.).

1.1.2 High Resolution Melting

Ackoliv je Sangerovo sekvenovani stale povazovano za ,,zlaty“ standard pro zachyt
neznamych mutaci, je potfeba vyvijet nové metody, které by redukovaly naklady a ¢asovou
naro¢nost jednotlivych vySetfeni. Existuje velké mnozstvi metod, které jsou zaloZeny na
bézném laboratornim vybaveni bez nutnosti ndkladné pocatecni investice, které zachyti
zmény v nukleotidové sekvenci DNA a identifikuji tak oblast, ve kterém se mutace
nachazi, ¢imz se minimalizuje potieba sekvenace. Jsou to naptiklad SSCP (single-strand
conformation polymorphism analysis) (Orita et al. 1989), DGGE (denaturing gradient gel
electrophoresis) (Lerman and Silverstein 1987), TGCE (temperature gradient capillary
electrophoresis) (Li et al. 2002a), TTGE (temporal temperature gradient electrophoresis),
dHPLC (denaturing high performance liquid chromatography) (Xiao and Oefner 2001),
HA (heteroduplex analysis) (Highsmith et al. 1999) atd. Dosud bezkonkurenéni
alternativou na poli detekce mutaci se vSak zda byt vysokorozliSovaci analyza kiivek tani
(High Resolution Melting, HRM) (Wittwer et al. 2003, Erali et al. 2008), ktera umoziuje
vysoce vykonné muta¢ni skenovani jednonukleotidovych variant (SNPs, single nukleotide
polymorphisms) i mensich deleci a inzerci (White et al. 2006), genotypizaci (Norambuena
et al. 2009) ¢i metylacni analyzu (Wojdacz and Dobrovic 2007).

Princip této metody spociva v analyze kiivek tani s vysokym rozliSenim. DNA se
za postupné se zvysujici teploty pfeménuje z dvoutetézcové molekuly na jednotetézcovou,
kdy pfitomnost mutace v heterozygotni formé v sekvenci DNA ma za nasledek vyskyt
nekomplementarnich bazi, tj. takova molekula je méné stabilni a denaturuje pii nizsi
teploté. Postupnym tdnim dvoufetézcové DNA se uvoliuje fluorescencni barvivo, jehoz

intenzita je snimana a zaznamenana piistrojem s citlivym fluorescencnim detektorem.
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Vysledkem je tzv. kiivka tani (Obr. 1), ktera popisuje zavislost intenzity fluorescence na
teploté. Tato kiivka se sklada ze tfech ¢asti. Z tzv. pre-melt faze, kdy je v reakci pfitomna
DNA pouze ve dvouietézcové form¢ (dSDNA) a intenzita fluorescence je nejvyssi.
Postupnym zvySovanim teploty dochdzi k denaturaci dvouietézcovych molekul, coz se
projevi prudkym poklesem intenzity fluorescence. Tato faze se nazyva melt faze, tj. faze
tani. Inflexni bod kiivky je oznaCovan jako Tm (teplota tani, melting temperature).
Posledni faze, oznaCovana jako post-melt, je charakteristickd pfitomnosti pouze

jednofetézcovych molekul DNA (ssDNA) a tedy minimalni fluorescenci.

Obr. 1 K¥ivka tani
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manual CorProtocol 6000, Corbett, 2006

HRM vyuziva principu analyzy heteroduplext. Po amplifikaci heterozygotniho
vzorku, ktery nese dvé alely téhoz genu liSici se v jediné bazi, se provede tepelna
denaturace s naslednou reasociaci jednotlivych fetézct. Vzniknou tak Etyfi rizné produkty:
dva homoduplexy vykazujici klasické Watson-Crickovo parovani bazi a dva heteroduplexy
s ,,mismatch®“ parovanim béazi. VSechny c¢tyfi duplexy maji odlisné fyzikalni vlastnosti,
zejména se 1i8i v teploté, pii niz dvoufetézce disociuji (t]. ,.taji*). Vzorek se standardni
,»wildtype® sekvenci ¢i s mutaci v homozygotni formé bude vytvafet pouze jeden typ
homoduplext, kde vSechny baze budou parovat. Po HRM analyze bude kazdy duplex
produkovat charakteristicky disociacni profil, tj. kiivku tani. Pfitomnost heteroduplext

v reakci se projevi snizenim Tm a zménou tvaru kiivky tani. Naproti tomu vzorek s mutaci
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Vv homozygotni form¢ se projevi pouze posunem Tm oproti kiivce standardni. Tyto zmény

jsou malé, ale pomoci HRM pfistroji mohou byt spolehlivé zachyceny (Reed and Wittwer
2004).

HRM spociva v ptipravé PCR v pfitomnosti specialniho fluorescen¢niho barviva,
které je pln¢ saturacni. Tim se redukuje redistribuce barviva béhem denaturace a zachyti se
zmény intenzity fluorescence s vysokym rozliSenim. Tyto barviva lze pouzivat
v koncentracich dostatecné vysokych pro kompletni saturaci vSech dvoufetézcovych

molekul, aniz by to inhibovalo amplifikaci (Wittwer et al. 2003) (Obr. 2).

Obr. 2 Saturaéni model fluorescenéniho barviva pouzivaného pii HRM

Nesaturacni fluorescencni barvicka Saturacni flourescencni barvicka nove
generace
— Y 9! Do mn 00 200; <0
: = =08 o=
q'.’ %,f VeTpla o) (X 41%1‘@
Melting Melting
O - D0 =0
g_¢ o St g
0 .‘ i Q‘ I’H.A.I %1"1".1
) @
Molekuly barvicky preskakuji a ®
redistribuji se do nedenaturovangch Molekuly barvicky se uvolimji z
oblasti denaturovanych oblasti DNA
ZAadna ziména fluorescencniho signala pokles fluorescencniho signdln

White et al. 2006

HRM ptedstavuje rychlou, technicky i finanéné nenaro¢nou, piesto vysoce
vykonnou senzitivni metodu (Er and Chang 2012). Vyzaduje pouze pouziti standardnich
PCR reagenci, specialni dsDNA vazajiciho fluorescencniho barviva a pfistroje
umoziujiciho HRM. Jedna se o metodu v ,,uzaviené zkumavce®, tj. amplifikace i samotna
analyza jsou provedeny ve stejné zkumavce bez potieby dalsi post-PCR manipulace, coz
vyrazn¢ snizuje riziko kontaminace (Gundry et al. 2003). Neni tfeba ani separacni krok,
ktery vyzaduji ostatni skenovaci metody, coz snizuje ¢asovou naro¢nost analyzy. Metoda

je nedestruktivni, PCR produkty je mozné po HRM analyze nasledn¢ pouzit na sekvenacni
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analyzu. Srovnavacich studie potvrdily stejnou nebo vyssi senzitivitu HRM v porovnani se

soucasné pouzivanymi skenovacimi metodami (Chou et al. 2005, White et al. 2006).

HRM je vysoce senzitivni metoda, kterd umoznuje detekovat i jednonukleotidové
zmény. Rizné SNPs vsak ovliviyji teplotu tani (Tm) s rozdilnou intenzitou, proto byly
definovany cCtyii tfidy SNPs. Nejsndze lze detekovat 1. SNP tfidu, tj. substituce C>T a
G>A, které zpusobuji nejveétsi zménu Tm — az 0,5°C. V lidském genomu se tyto zmény
vyskytuji nejcastéji (64 %). Nejhute se detekuji substituce A>T, které zptsobuji velmi
malou zménu Tm — mén¢ jak 0,2°C. Nastésti jsou tyto substituce vzacné, vyskytuji se jen

v 7 % piipadt (Venter et al. 2001).

Byl prokézan vliv délky amplikonu na senzitivitu a specificitu metody, kdy
nejvhodnéjsi pro HRM jsou produkty do 400 bp. V produktech o vétsi délce jsou zmény
Vv profilu tdni zplsobené piitomnosti mutaci mensi, coz vede k faleSné negativité a ke
sniZeni detekéni citlivosti metody. Zaroven vysledky naznacily, Ze neni prokazatelny vztah
mezi pozici SNP v amplikonu a detekéni citlivosti (Reed and Wittwer 2004). Jelikoz Tm
amplikonu se odviji také od iontového slozeni reakéni smési, je velice dulezité izolovat
DNA stejnym extrakénim zpusobem (Liew et al. 2004). DNA vzorky rizného staii a
izolované rozlicnym zpisobem se doporucuji precistit a rozpustit ve stejném pufru.
Hodnotu Tm ovliviiuje 1 koncentrace DNA, proto je dilezité pouzit do vychozi reakce
vzorky DNA o shodnych koncentracich. Vyhodou je monitorovani pribé¢hu amplifikace
pomoci real-time PCR (RT-PCR), jen tak je mozné se ujistit, ze vSechny vzorky dosahly
faze plateau a Ze v analyzovanych vzorcich je stejné mnozstvi DNA bez ohledu na
pocatecni koncentraci v reakci. Stejné tak by méla byt dodrZzena uniformita mezi vzorky 1
v dalSich smérech. Je nezbytné, aby mély vzorky naprosto shodny objem a aby obsahovaly
stejnou koncentraci fluorescenéniho barviva. Disociacni chovani DNA miZe byt ovlivnéno
I solemi, proto musi byt v reakcich pfitomné stejné mnozstvi pufru i MgCl,. Pro robustni a
reprodukovatelnou  HRM je také nezbytné spravné navrzeni primerd, kritickym
parametrem je 1 optimalizace PCR. Ptitomnost primer dimerti, nékterych sekvencnich
motivl (napi.vlasenek) a jinych sekundérnich struktur, nespecifickych produkti, oblasti

s vyrazné nizkym ¢i naopak vysokym obsahem bazi G a C a sekvenci s opakujicimi se
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motivy vyrazné ovliviiuje kiivku tani a vede k falesné pozitivnim vysledkam (Erali and

Wittwer 2010).

HRM umoznuje, vyjma mutacni skenovani, kdy je nezbytné pozitivni zachyt
sekvenovat, i genotypizaci znamych mutaci a polymorfisml, at’ uz metodou malych
amplikonu (Liew et al. 2004) ¢i s vyuzitim nezna¢enych prob (Zhou et al. 2004). Oproti
béZznym genotypizatnim metodam ma HRM ftadu vyhod - obejde se bez potieby
fluorescencné znacenych prob, nevyzaduje monitorovani amplifikace pomoci RT-PCR a
pomoci jedné proby muze byt detekovano i vice alel (Zhou et al. 2004). Genotypizace
metodou malych amplikont vyuZzivé poznatku, Ze ¢im kratsi je testovany amplikon, tim
ziejmg;jsi je zména Tm mezi jednotlivymi genotypy. Zarovei pouziti malych amplikonti do

50 bp umozni zkraceni amplifika¢nich ¢ast a urychli analyzu (Liew et al. 2004).

Mnoho publikaci dokumentovalo uspéchy HRM. Herrmann et al. (2006) provedli
srovnavaci studii za pouziti riznych HRM pfistroji a fluorescenénich barviv. White et al.
(2006) ve své studii hodnotili senzitivitu a specificitu tii pfistroji pouzivanych pro HRM.
Chou et al. (2005) provedli srovnani detekéni citlivosti HRM s dHPLC. Wittwer et al.
(2003), Liew et al. (2004), Reed and Wittwer (2004), Zhou et al. (2004), Graham et al.
(2005), Willmore-Payne et al. (2005), Dufresne et al. (2006), Margraf et al. (2006),
Montgomery et al. (2007), Gundry et al. (2008), Audrezet et al. (2008) ¢i Grievink and
Stowell (2008) popsali na piikladu riznych gend uspésné pouziti HRM pro mutacni
skenovani ¢i genotypizaci. Zhou et al. (2005) jako prvni popsali mozné paralelni mutacni
skenovani a genotypizaci v jedné reakci, které je umoznéné pouzitim asymetrické PCR.
Pomér primert 1:5 az 1:10 v reakci umozni dostate¢ny vznik dvoufetézcovych produkt

pro skenovani i dostate¢né mnozstvi jednofetézcovych produkti pro nasednuti prob.

Zadna z publikaci se vSak nezabyva tématikou validace HRM a jeji implementace
do diagnostické praxe dle pozadavkd norem fizeni kvality (ISO 15189), proto jsme se
vénovali této problematice vramci evropského projektu EuroGentest. Problematika
validace HRM byla na naSem pracovisti dale rozvijena na modelu genotypizace mutaci
€.677 C>T (rs1801133: C>T,; p.A222V) a ¢.1298 A>C (rs1801131: A>C; p.E429A) v genu
pro methylentetrahydrofolatreduktdzu (MTHFR) a na piikladu muta¢niho skenovani

vybranych exonti genu CFTR u cystické fibrozy.
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1.2 Poruchy plodnosti

V poslednich desetiletich dochazi k nartstu poctu part s poruchami plodnosti. Tyto
poruchy jsou Svétovou zdravotnickou organizaci (WHO) definovany jako stav, kdy
nedojde k otéhotnéni za 12 mésicti nechranéného pohlavniho styku (Zegers-Hochschild et
al. 2009). Udava se, ze pomoc pro poruchu plodnosti vyhleda 15 % para (De Kretser and
Baker 1999), kdy se ptedpoklada priblizné stejny podil zZenského a muzského faktoru na

pri¢iné neplodnosti.

1.2.1 Pi‘ehled pi¥ic¢in poruch plodnosti

Tyto pficiny lze rozdélit do tfech zdkladnich kategorii: negenetické, geneticke a

idiopatické.

U negenetickych pficin je neplodnost zplisobena fyziologickou, anatomickou,
endokrinni, hematologickou ¢i imunologickou poruchou, infekci nebo psychosociéalni
zatézi (Ulcova-Gallova et al. 2002, Wischmann et al. 2001, Walker 2000). U zen mezi
ovarii, oocytll a uteru. Uplatiiuji se 1 negativni vlivy prostiedi, jako naptiklad kontaminace
tézkymi kovy, vliv radiace, alkoholu a drog (Li et al. 2002b). I u muzi hraje vék
vyznamnou roli, kdy velké mnoZstvi bunéénych déleni pfi vzniku spermatogonii poskytuje
prostor pro mozné chyby v replikaci a potomci muzi nad 45 let mohou byt vice ohrozeni
autozomalné¢ dominantnimi poruchami v disledku de novo mutaci, napt. achondroplazii
(Kuhnert and Nieschlag 2004). Negativni dopady na kvalitu ejakulatu a tudiz muzskou
fertilitu ma 1 zvySeny vyskyt umélych estrogenti nebo estrogenim podobnych latek

Vv zivotnim prostiedi a n€které virové infekce (napft. piiusnice).
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Z genetickych pfic¢in, které mohou zpiisobit neschopnosti otéhotnét, jsou to
predevsim numerické a strukturalni odchylky gonozomd, strukturalni aberace autozomu i

odchylky na urovni genu, tj. mutace.

Spravnad diferenciace pohlavi, kterd je determinovdna na zdkladé pohlavnich
chromozomt (X, Y), je zakladnim krokem k dosazeni fertility. Mezi nejCastéjsi piiCiny
aberantni determinace pohlavi patii numerické odchylky gonozomt. Ty jsou pomérné
Casté, kdy mozaiky chromozomu X (45X/46XX, patologicka linie do 10% vsSech
hodnocenych bunck) byva nejéastéjSim cytogenetickym nalezem pifi vySetfovani
infertilnich part. Monozomie X (45,X), tj. Turnertiv syndrom, jenz je jedina monozomie
slucitelna se Zivotem, je vSak daleko vzacnéjsi, protoze 99% postizenych plodl je
spontann¢ potraceno. Pro fenotyp divek s Turnerovym syndromem je typickd kozni
duplikatura v oblasti krku, nizka hranice vlasi, mald postava a opozdéné pohlavni
vyzravani. Inteligence je normalni, pacientky jsou schopné plnohodnotného Zivota, avSak
z divodu ovarialni dysgeneze jsou neplodné. I syndrom 47,XXX patifi mezi klinicky
vyznamné pii¢iny poruch fertility. Zeny s trizomii X nebyvaji fenotypicky abnormalni a
jejich funkéni gonady produkuji gamety, ty vSak ve zvySené mife nesou nadpocetny ¢i
naopak chybéjici chromozom X, coz vede ke vzniku chromozomdlné¢ abnormalniho
potomstva a k opakovanym spontdnnim potratim. Nadpocetny chromozom X v burnikach
s chromozomem Y vede Kkvyvoji chlapce postizeného Klinefelterovym syndromem
(47,XXY). Ti obvykle byvaji vysoci, hubeni, s opozdénym pohlavnim dozravanim a
neplodni, nebot’ se jim v gonadach nevytvari zadné spermie. Kazdy dals$i nadpocetny
chromozom X zplsobuje sniZeni intelektu, zhorSeni dysmorfickych znakll a vyvoje

sekundarnich pohlavnich znaki.

Strukturni abnormality pohlavnich chromozoml jsou vzacnégj$i, avSak vSechny
aberace vedouci k jejich imbalanci (pfedevSim delece) ohrozuji fertilitu, nebot’ jsou
zasazeny dulezité oblasti nesouci geny, které se piimo podileji na tvorbé gonad v muzskou
¢1 zenskou pohlavni zlazu a na jeji schopnosti tvofit gamety. U Zen je nejCastéji nalézan
izochromozom dlouhého raménka X, kdy je dlouhé raménko duplikované, zatimco kratké
chybi. Pacientka je postizena sterilitou v disledku parcialni monozomie kratkého raménka

tohoto chromozomu. Parciélni trizomie dlouhého raménka chromozomu X se nevyznacuje
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abnormalnim fenotypem a gametogenezi tak neovlivituje. U muzi byva fertilita negativné
ovlivnéna delecemi genu SRY (,,sex determining region on chromosome Y*, tj. oblasti
urc¢ujici pohlavi na chromozomu Y), kdy mutace nebo delece tohoto genu vedou ke zvratu
muzského pohlavi na zenské. SRY je exprimovan v podptrnych buiitkdch nediferencované
gonady a aktivuje expresi genu SOX9 (,,SRY [sex determining region Y]-box 9%), ktery
umozni diferenciaci téchto bun¢k v Sertoliho buriky. Tyto buniky plni fadu dulezitych
funkei: a/ indukuji diferenciaci primordialnich zarodeénych bunék ve spermatogonie, b/
produkuji AMH (anti-miillericky hormon), ktery inhibuje tvorbu Miillerova vyvodu a tak
zamezuje vyvoji délohy a vajecnikil, ¢/ indukuji diferenciaci Leydigovych bunék, které
produkuji androgeny (tj. testosteron), jenz prostiednictvim androgenniho receptoru (AR)
Casteéné tidi sestup varlete a jsou tak pln¢ odpovédné za maskulinizaci zevniho genitalu.
Mutace ¢i delece genu SOX9 tedy vedou u jedinct s karyotypem 46,XY K vyvoji zenského
pohlavi, naopak ptitomnost tohoto genu u jedinci s karyotypem 46,XX zpisobi zvrat
v muzské pohlavi. Mutace v genu pro AR (lokalizovaného na X chromozomu) zpiisobuji
syndrom necitlivosti k androgentim, tj. testikularni feminizaci. Jedinctim s chromozomalni
konstituci XY se vyvine Zensky zevni genital, pfestoZe maji varlata a produkuji testosteron.
Zaroven varlata produkuji AMH, diky ¢emuz tito jedinci nemaji délohu. Zvlastni znak je
chybéjici pubické a axilarni ochlupeni, jehoz vyvoj je také zavisly na androgenech. Také
delece jinych ¢asti chromozomu Y miZou byt pfi¢inou muzské neplodnosti. Jsou to
oblasti dulezité pro spravnou tvorbu spermii, oznacované jako azoospermické faktory

AZFa, AZFb, AZFc (Poongothai et al. 2009).

Pti¢inou poruch reprodukce mohou byt i strukturni aberace autozomi. Ty byvaji
balancované, tj. geneticky materidl je v bunikich pfitomen v nezménéném mnozstvi, avSak
je odlisn¢ uspotadan. Tyto piestavby nemaji zadny fenotypicky dopad, znamenaji vSak
riziko pro dal§i generaci z divodu vytvareni nebalancovanych gamet a zvySuji riziko

opakovanych spontannich potratd, intrauterinnich amrti atd.

Vyznamnou roli ve vzniku neplodnosti hraji i zmény na rovni geni, napf. mutace
geni  hormondlni osy ,hypotalamus-hypofyza-gondda-zevni pohlavni  Ustroji“.
Gonadotropiny uvolilujici hormon (gonadotropin-releasing hormon, GnRH) produkovany

hypotalamem reguluje uvoliiovani hypofyzarnich hormonti — gonadotropinli, napf.
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folikulostimula¢niho (FSH) a luteinizacniho hormonu (LH). Tyto hormony maji dilezitou
roli ve stimulaci gonad, sekreci steroidnich hormonti (estrogenii u Zen, testosteronu u
muzt) a produkci gamet (Ciccone and Kaiser 2009). Mutace v LH jsou vzacné (Achard et
al. 2009) a dosud bylo popsano jen nékolik malo mutaci v  podjednotce LH asociovanych
s infertilitou (Weiss et al. 1992, Ramanujam et al. 1999, Valdes-Socin et al. 2004, Lofrano-
Porto et al. 2007, Valdes-Socin et al. 2009, Mafra et al. 2010). Také variantni [
podjednotka (v-LHP), lisici se od klasické alely pfitomnosti dvou jednonukleotidovych
zamén ve druhém exonu genu pro LHP zpusobujici zaménu Trp8Arg a Ilel5Thr, byla
Cast&ji nalézana u neplodnych Zen (Takahashi et al. 1999, Takahashi et al. 2004, Du et al.
2012) a u Zen s ovula¢nimi poruchami (Ramanujam et al. 1999). U chlapct je tato alela
spojovana s pomalejsim tempem pubertalniho vyvoje (Raivio et al. 1996). S poruchami
plodnosti byly asociovany i mutace v genech pro gonadotropinové receptory - FSHR
(Simoni et al. 1999, Ahda et al. 2005) a LHR, kde aktiva¢ni mutace LHR vedou
k pfed¢asné puberté u chlapct (Nagasaki et al. 2010), inaktivaéni mutace maji za nasledek
muzsky pseudohermafroditismus ¢i mikropenis (Latronico et al. 1996, Qiao et al. 2009).
Polymorfismus Ser312Asn (zaména A/G v pozici 935 v 10. exonu genu LHR) je spojovan
s poruchou spermatogeneze u chlapcta (Simoni et al. 2008). Gen pro LHR je také
povazovan za kandidatni gen asociovany s pifed¢asnym ovarialnim selhanim (Knauff et al.

2009).

Mezi Casté genetické piiciny poruch plodnosti patii i cysticka fibroza, kterd se az u
98% nemocnych muzi projevuje obstrukéni azoospermii. Ta je zpusobena agenezi
chamovodi, v disledku ¢ehoz je znemoznén pruchod spermii z epididymis do ejakulacnich
vyvodl (Denning et al. 1968, Ferlin et al. 2007). Cysticka fibroza je dale podrobnéji
rozebrana Vv kapitole 1.2.4.

Kone¢né, nejen mutace ve vySe uvedenych genech mohou vést k reprodukénim
netspéchiim, uplatiuji se 1 mechanismy imprintingu, kdy metylace DNA urcuje, zda je
dany embryonalni gen exprimovan z maternalniho ¢i paternalniho genomu a metylacni
profil je tak nezbytny pro spravny vyvoj zarodku (Emery and Carrell 2006, Kobayashi et
al. 2007). Dalsi z faktort muzské infertility mize byt i aberantni mitochondrialni DNA,

ktera muize zpusobovat problémy s motilitou spermii (Piasecka and Kawiak 2003),
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abnormalni zkraceni telomer (Zalenskaya and Zalensky 2002, Hemann et al. 2001) ¢i

poruchy v kompaktaci jaderné DNA spermii (Venkatesh et al. 2011), které jsou podrobné;ji

probrany v kapitole 1.2.3.

S ohledem na slozitost procest 0ogeneze a spermatogeneze a velkého mnozstvi

gent, které se zde uplatiuji (Obr. 3, Obr. 4) (Matzuk and Lamb 2008), je pochopitelné, Ze i

pfes aktivni snahu poslednich let identifikovat vSechny pfic¢iny neplodnosti, stile velké

procento piipadt zustava neobjasnéno (Nuti and Krausz 2008).

Obr. 3 Prehled geni uplatiiujicich se pFi oogenezi
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Obr. 4 Piehled genu uplatiiujicich se pFi spermatogenezi
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1.2.2 Spermatogeneze a hodnoceni spermiogramu

Spermatogeneze je slozity a vysoce specializovany proces, jehoz podstatou je
transformace nediferencovanych pohlavnich bunck (spermatogonii) ve zral¢ pohlavni
bunky (spermie). Zacina v pubert¢ a za dostatecné stimulace pohlavnimi hormony

(zejména testosteronem) probihd po cely zivot muze.

Tvorba muzskych pohlavnich bun€k probihda za podpory Sertoliho bunék v
semenotvornych kandlcich varlete mimo bfi$ni dutinu, ¢imz se docili o 2-3°C nizsi teploty,
ktera je potfebna pro spravny pribéh tohoto procesu. Spermie nevznikaji v celém varleti
nardz, ale ve vlnach v riznych c&éastech semenotvornych kandlkd probihaji rGzné faze

vyvoje (Obr. 5). Cely proces trva ptiblizn€ 72 dni (+ 2 dny).

Tvorba spermii ma tfi faze: rozmnozovaci, ristovou a zradni. Na pocatku vyvoje
spermii jsou spermatogonie (kmenové bunky), které¢ zlstavaji v semenotvorném kanalku
jedince po cely zivot. Mitoticky se déli a vznikaji primarni spermatocyty (spermatocyty
I. fadu). Ty jsou diploidni, avSak po prvnim meiotickém dé€leni z nich vznikaji haploidni
sekundarni spermatocyty (spermatocyty II. fadu). Ty maji stale zdvojené chromatidy, proto
zadhy dochazi k druhému meiotickému déleni, jehoz produktem jsou haploidni spermatidy.
Po celou dobu =zlstdvaji vyvijejici se pohlavni builky navzijem propojené
cytoplazmatickymi mustky, coz umoznuje synchronizaci vyvoje vzdy jedné populace
pohlavnich buné€k. Spermatidy poté prochazi procesem Spermiogeneze, tj. postupné tpravy
haploidni spermatidy na morfologicky zralou spermii, pfi které dochazi k maximalni
kondenzaci chromatinu diky nahradé histonti za protaminy (viz. kapitola 1.2.3). Béhem
tohoto procesu lze rozeznat tfi vyvojové kategorie spermatid: Casné spermatidy
S kruhovym jadrem, spermatidy s protdhlym jadrem a zral¢ spermatidy s jadrem
kondenzovanym (Dadoune 1995). Vytvoii se bi¢ik, kde centriola funguje jako templat pro
jeho tvorbu. V jeho bazi se koncentruji mitochondrie a vytvari tzv. mitochondrialni spiralu.
Splynutim cisteren Golgiho aparatu vznikne akrozom a spermie se zbavi nadbytecné
cytoplazmy, kterou odvrhuje ve formé rezidualnich télisek, ktera jsou fagocytovana

Sertoliho butikami.
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Spermie po dokonceni spermiogeneze je sice morfologicky zrala (tj. vypada jako

»finalni“ spermie), nicméné neni schopnd rozpoznat, navazat se a oplodnit tak vajicko.

Tyto schopnosti ziskava az v dalSich matura¢nich procesech v nadvarleti. Dochazi zde ke

zméndm ve slozeni a struktufe cytoplazmatické membrany, ktera je obohacena o

cholesterol a dalsi proteiny. Upravuje se také tvar a obsah akrozomu. Nakonec jsou

spermie skladovany v koncové casti nadvarlete (,,cauda epididymis*) do doby, neZ jsou

ejakulovany.

Obr. 5 Spermatogeneze
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http://cikgurozaini.blogspot.cz/2011/06/spermatogenesis-and-oogenesis.html
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Moderni metody 1écby poruch plodnosti umoziuji G¢inné pomoci v prevazné
vetsing pripadl, podminkou je vSak spravna diagnoza. Vysetieni muzské plodnosti vychézi
vzdy z provedeni spermiogramu, tj. analyzy ejakulatu. Z hlediska vysetfovaciho algoritmu

se jedna o zcela prvotni vySetfeni u muzské neplodnosti.

Sperma se odebira po dvoudenni pohlavni abstinenci (del$i abstinence nez 3 dny
neni zadouci) pii peclivém dodrZeni hygieny. Kratsi odstup od piedchozi ejakulace mize
snizit objem ejakulatu a koncentraci spermii. Pii del$i abstinenci mtize byt snizena motilita.
Odbér je proveden do specialni jednordzové sterilni nadobky na andrologickych

pracovistich.

Mezi zakladni parametry vySetfeni spermatu patii vySetfeni stanoveni objemu, pH,
zkapalnéni, dale pak poc¢tu spermii, jejich pohyblivosti (podil pohyblivych/nepohyblivych
spermii, charakter jejich pohybu) a morfologie (podil spermii které maji spravny/Spatny
tvar). V ramci rozsifenych vySetieni lze zjistovat stupen poskozeni DNA ve spermiich

(stupen fragmentace chromatinu) a podil nezralych spermii.

Ke stanoveni objemu ejakulatu je optimalni pouZzit vahy nebo sérologickou pipetu,
ktera je kalibrovand po 0,1 ml. Ke stanoveni koncentrace spermii (pocet spermii na

mililitr) se pouzivaji specialni po€itaci komutrky pro vySetieni spermatu.

Zkapalnéni je pfirozend zména konzistence Spermatu z polotekuté na tekutou. V
gelovité matrix nejsou spermie schopny rovnomérné distribuce, odebrané vzorky proto
maji rozdilné parametry. Teprve po Uplném zkapalnéni se spermie uvolni a jejich
rozptyleni se stane rovnomérnéjsi. Porucha zkapalnéni ztéZuje spolehlivost vySetfeni.
Cerstvy ejakulat je charakterizovan piitomnosti koagula, které je tvofeno sekretem
semennych vacki. Jeho zkapalnéni je vysledkem pilisobeni prostatickych enzymi.
Nepftitomnost koagula mize byt znamkou absence semennych vacka. Porucha zkapalnéni
muze byt projevem deficitu prostatickych enzymt. Viskozita ejakulatu se hodnoti po jeho
zkapalnéni jako schopnost tvofit kapky na Spicce pipety. Pokud se tvofi drobné kapky a
volné padaji, je viskozita normalni. Pokud se kapky netvofi nebo sperma nelze do pipety

natahnout, viskozita je zvysena.
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Pohyblivost spermii mtize byt ovlivnéna mnoha faktory véetné véku pacienta, jeho
zdravotniho stavu, doby od posledni ejakulace, expozice pacienta vliviim zevniho prostiedi
jako je horko nebo toxické latky, dale metody odbéru a zpiisobu zachazeni se vzorkem
v dobé od odbéru do vysetfeni. Vysetfuje se systematicky minimalné¢ 200 spermii V
alespont 5 zornych poli mikroskopu a stanovi se kategorie motility: a/ rychly progresivni

pohyb, b/ pomaly progresivni pohyb, ¢/ pohyb na misté a d/ nepohyblivé spermie.

Pro hodnoceni morfologie spermii je potfeba minimaln¢ dvou natért. Pii vysetfeni

se muzeme setkat s riiznymi tvary spermii (Obr. 6).

Obr. 6 Morfologické typy spermii

(1) Normalni spermie je hodnocena jako morfologicky T T TT
normalni, pokud jsou hlavicka, kréek, stiedni oddil a bicik

bez patologickych zmén. Tvar hlavicky je ovalny, akrozom

pokryva 40 — 70 % hlavi¢ky spermie, (2) spermie s malym

akrozomem, (3) spermie a se dvéma hlavickami, (4)

spermie s vakuolou v hlavicce, (5) spermie s kulatou

hlavi¢kou, (6) s kulatou hlavickou bez akrozému, (7) se

ztzenou hlavi¢kou, (8) hruSkovitou hlavickou a (9) se

dvéma biciky (Wwww.repromeda.cz/komplexni-diagnostika-neplodnosti.html)

Vzhledem k pomalé setrvalé tendenci ke snizovani kvality muzského ejakulatu
WHO pravidelné aktualizuje hodnoty pro normozoospermii (WHO, 2010): objem
ejakulatu minimalné 1.5 ml, pH 7.2-8.4, koncentrace spermii minimaln¢ 15 miliéoni na
mililitr, pocet pohyblivych spermii minimalné 40 %, z toho progresivné se pohybujicich

(WHO tfidy a+b) minimalné 32 %. Pocet morfologicky normalnich spermii nad 4%.

Zavérem spermiogramu muze byt diagnéza a/ normozoospermie (veskeré
hodnocené parametry ejakulatu jsou normalni), b/ oligozoospermie (snizeny pocet
spermii), ¢/ azoospermie/aspermie (v ejakulatu  nejsou  zadné  spermie), d/
asthenozoospermie (snizeny pocet pohyblivych spermii ¢i zhorSena pohyblivost spermii),
e/ teratozoospermie (snizeny pocet spermii, které maji normalni tvar) ¢i o f/

nekrozoospermie (spermie v ejakulatu jsou mrtvé).
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1.2.3 Protaminy a muzska neplodnost

Protaminy jsou malé bazické jaderné proteiny zndmé po vice nez stoleti (Miescher
1874). Vyskytuji se u mnoha zivociSnych druhti, kde hraji stézejni roli pii spermatogenezi.
V hlavickach spermii nahrazuji histony a umoziuji vméstnat haploidni paternalni
genetickou informaci do malého jadra spermii. Objem kondenzované DNA v muzskych
zarodecnych bunkach je diky protaminim redukovan na méné nez 10% objemu jadra
bunék somatickych (Braun 2001). Tato kondenzace je nezbytna pro neporusené vyzravani

spermii, transport do oocytu a schopnost jej oplodnit (Jager 1990).

Protaminy kondenzuji paterndlni genom a jadra spermii do kompaktniho
hydrodynamického tvaru, coz umozni rychlejsi pochyb spermii a zvysi jejich
pravdépodobnost oplodnit oocyt jako prvni. ZvySend kondenzace chromatinu zarovei
chrani paternalni genetickou informaci pii transportu reprodukénim traktem pted vlivem
nukledz, mutagenii ¢i jinych genotoxickych faktord a zajiStuje tak stabilitu a integritu
DNA. Daéle se pfedpoklada vliv protaminti pii epigenetickém imprintingu, kdy ovliviiuji
reaktivaci paternalni ¢asti genomu po fertilizaci a umoznujici reprogramovani. Protaminy

se pravdépodobné uplatiuji jako jeden z kontrolnich bodu pii spermiogenezi (Oliva 2006).

Nahrazeni histoni protaminy se odehrava v postmeiotické fazi b&hem
spermiogeneze v nékolika postupnych krocich (Obr. 7). Nejprve je aktivovana transkripce
protaminovych genii (PRM1 a PRM2) a genl pro tranzi¢ni proteiny (TNP1 a TNP2).
Nasledné dochdzi k modifikaci nukleozomu. Specifické lysiny histonit H3 a H4 jsou
hyperacetylavany, ¢imZ se sniZi jejich pozitivni ndboj a tim jejich afinita k DNA. Tato
destabilizace nukleozoml umoZzni vymeénu histonil za tranzicni proteiny. Ty jsou nésledné
nahrazeny fosforylovanymi protaminy (Dadoune 1995, Kurtz et al. 2007). K jejich
fosforylaci dochéazi v okamziku syntézy, kdy fosforylace je pravdépodobné nezbytna pro
spravnou vazbu protamintit na DNA (Oliva and Dixon 1991). Maximalni kondenzace
DNA a finalni maturace spermii je dosaZeno defosforylaci protamini a stabilizaci
protaminovych komplext disulfidickymi mustky mezi cysteiny. Po fertilizaci dojde
k dekondenzaci DNA a reorganizaci chromatinu, tj. k pfestavbé nukleoprotamini na

nukleohistony, ¢imz jsou geny opét transkripéné aktivovany (Oliva 2006).
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Obr. 7 Schematické zobrazeni nukleohistonovo-nukleoprotaminové prestavby
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V hlavic¢kach spermii je protaminy nahrazeno piiblizné 85% histonti, zbytek DNA
zustava asociovan s histony, nejspise z divodu umoznéni reaktivace paternalniho genomu
po fertilizaci ¢i z divodu zachovani imprintingu pfislusnych paternalnich gend (Gatewood

et al. 1990).
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Protaminy se vyznacuji vysokym obsahem aminokyselin s pozitivnim nabojem,
zejména argininu (48% v lidskych protaminech). V sekvenci se déle vyskytuje cystein,
jenz umoziuje tvorbu disulfidickych miistki mezi pfilehlymi molekulami protaminti, ¢imz

dochazi k maximalni stabilizaci nukloeoprotaminovych komplext (Vilfan et al. 2004).

Protaminové geny jsou lokalizované na chromozomu 16 (16p13.13) v sousedstvi
genu TNP2, coz umoziuje koordinaci exprese téchto genu pii spermiogenezi (Viguie et al.
1990, Engel et al. 1992, Martins et al. 2004). Oba protaminové geny PRM1 a PRM2 se
sestavaji ze dvou exont s jednim intronem o délce 91, resp. 163 bp (Domenjoud et al.
1990). Aminokyselinova sekvence PRM1 ¢ita 50 aminokyselin, z nichz 24 jsou argininy a
6 cysteiny, zatimco PRM2 je translatovdn jako 103 aminokyselin dlouhy protein, ktery na
N-termindlnim konci podstupuje Stépeni. Findlni PRM2 protein se skladda z57
aminokyselin, z nichz 27 jsou argininy a 5 cysteiny (Ammer et al. 1986, Carrell et al.
2007).

Predpoklada se rozdilna funkce obou protaminovych proteint, ackoliv pro spravnou
diferenciaci spermatid by mélo byt jejich mnozstvi v hlavickach spermii rovnocenné
vpoméru 1:1 (Balhorn et al. 1988). Studie na knokautovanych mysich, kdy je cilené
vyfazen z ¢innosti pfesné uréeny gen, a studie pacientd s poruchou kondenzace chromatinu
ve spermiich prokazaly, ze deficience nékterého z protaminovych gena ¢i jejich aberantni
pomér vede k poskozeni DNA a snizené kvalité semennych parametrti, ke zhorSené
schopnosti fertilizce, k abnormalnimu embryonalnimu vyvoji a tak ke snizenym tspéchiim
pti IVF technikach ¢i ptimo k neplodnosti (Balhorn et al. 1988, Belokopytova et al. 1993,
Cheuvaillier et al. 1987, de Yebra et al. 1998, de Yebra et al. 1993, Khara et al. 1997,
Carrell and Liu 2001, Carrell et al. 2007, Carrell et al. 2008, Steger et al. 2003, Aoki and
Carrell 2003, Aoki et al. 2005, Aoki et al. 2006b, Cho et al. 2001, Cho et al. 2003, Zhang
et al. 2006).

Velké mnozZstvi studii se pokouSelo prokdzat vztah mutaci a polymorfismil
protaminovych gent k muzské neplodnosti (Schlicker et al. 1994, Tanaka et al. 2003, Aoki
et al. 2006a, Iguchi et al. 2006, Hammoud et al. 2007, Ravel et al. 2007, Kichine et al.
2008, Gazquez et al. 2008, Imken et al. 2009, Jodar et al. 2011, Venkatesh et al. 2011).
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Vysledky jsou vsak nejednoznacné, protichtidné a detekované varianty jsou povazovany

spise za vzacnou pficinu infertility (Tab. 1, Tab. 2).

Tab. 1 Piehled variant detekovanych v genu PRM2 v riznych studiich

Statistically
significant
Mutation differences
Amino described between
Muc lectide acid onlyin  control vs.
change Region change NCBIID patients patients  Comments References
C-512T>0G 3" promaoter region MNA Yes Nao Rare variant Present work
392G A 5 promaoter region MA Mo Mo Polymormphism Hammoud et al. (2007), present work
c-389T>C 5" promater region  NA rs 376374 No No Polymormphism  Hammoud et al. (2007),
present work
311 G=>C 5" promater region  NA rs BOBO76E7  No No Polymormphism  Hammoud et al. (2007),
present work
-3 C=>T 5" promaoter region  NA No No Polymormphism  Present work
C-226 G= A 5" promaoter region  NA rs 74459443 No Mo Polymaormphism Hammoud et al. (2007),
present work
c-123C >0 5" promaoter region  NA Yes Mo Pathogenicity Present waork
unknown
C-BTC>T 5 UTR A Yes No Potential Imken et al (2009)
interference
transcription
cB6T=C Exon 1 Monie Mo Mo Rare variant Acki et al. (2006a), present work
Yes Rare variant Tittelmann et al (2010)
c8IC>T Exon 1 Monie Mo Mo Rare variant Imken at al. (2009)
148 C=>T Exon 1 GlIn=0Ter Yes No Null allele Tanaka et al (2003)
c201 C>T Exon 1 Monie Mo Mo Rare variant Acki et al. (2006a), Imken
et al. (2009), present work
Yes Rare variant Tittelmann et al (2010)
c271+10C>T Intron M rs 74007626 Yes Mo Novel donor Acki et al. (2006a)
splice site?
Yes Yes Mavel donar Imken et al (2009)
splice site?
Nao Nao Rare variant Present work
Yes Rare variant Tittelmann et al (2010)
c271 +17G>C Intron MA Mo Mo Rare variant Imken at al. (2009)
C2M1+19C>T Intron M rs 74007625 Yes Mo Novel donor Acki et al. (2006a)
splice site?
No No Rare variant Imken et al. {2009), present work
Yes Rare variant Tittelmann et al (2010)
c2M1 +27G>0C  Intron M rs 1646022 No Mo Polymormphism Tanaka et al. (2003), Acki et al.
(2006a), Imken & al (2009),
present work
Yes Folymomhism  Tittelmann et al (2010)
c271 +27G> A Intron MA Mo Mo Rare variant Tanaka et al (2003)
C271+29A>GC  Intron M Yes Rare variant Tittelmann & al (2010)
c271 + 102 C= A Intron MA rs 2070923 No Mo Polymomphism  Tanaka eral (2003), Acki et al
(2006a), Imken & al (2009),
present work
Yes Polymomhism  Tittelmann et al (2010)
271 + 106 C = A Intron A Yes Rare variant Tittelmann et al (2010)
c271 + 107 G = A Intron MA Yes Mo MNovel donaor Imken et al (2009)
splice site?
c271 +135C>T Intron MA Yes Mo Nowvel donor Acki et al. (2006a), present work
splice site?
Mo Mo Rare variant Imken at al. (2009)
c30E*61 G = C 3" UTR M rs 79674436 No Mo Abnormal P1/P2 Hammoud et al. (2007)
Mo Mo Rare variant Present work

Jodar et al. 2011
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Tab. 2 Piehled variant detekovanych v genu PRM1 v riznych studiich
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1.2.4 Cysticka fibroza a gen CFTR

Jak jiz bylo uvedeno vyse, mutace v genu cystické fibrézy hraji vyznamnou roli
V patogenezi muzské neplodnosti a jejich vySetfeni tak byva jednim z prvotnich krokt pii
odhalovani pficin poruch plodnosti u muzi. Tyto mutace vSak neovliviiuji pouze

reprodukci, ale u obou pohlavi i funkce celého téla - jeho rist, dychani a traveni.

Cysticka fibréza (CF) predstavuje jedno z nejcastéjSich zdvaznych autozomalné
recesivnich onemocnéni v evropskych populacich, vyskytujici se s incidenci 1:1700-7700,
kde nejvyssi incidence je nalézana v Irsku, nejnizs$i ve Finsku (Lubamba et al. 2012).
Udaje o Getnosti onemocnéni v Ceské republice (CR) se riizni. Zatimco epidemiologické
studie v padesatych a Sedesatych letech minulého stoleti prokazaly postiZzeni u 1 z 2700
novorozencu (Houstek and Vavrova 1962), nedavné studie novorozeneckého screeningu
odhalily incidenci nizsi — 1:4000 pfi zapoéteni vlivu prenatalni diagnostiky (Balascakova
et al. 2009), resp. 1:5000 bez zapocteni tohoto vlivu (Krulisova et al. 2012). Z udaju
vyplyva, Ze kazdy 26.-35. jedinec je zdravym nosi¢em CF a ze se pii primérné ro¢ni

porodnosti 110 000 novorozencti kazdoroéné narodi v CR 20-40 déti s CF.

CF je zéavazné multisystémové onemocnéni charakterizované mnohacdetnym
organovym postizenim respiraéniho, gastrointestinalniho a reprodukéniho systému (Obr.
8). Mezi typické klinické pfiznaky patii chronické sinopulmonalni onemocnéni projevujici
se chronickym kaslem s produkci sputa. Typicka je kolonizace sinobronchidlniho systému
bakterialnimi kmeny Pseudomonas aeruginosa, Staphylococcus aureus, Haemophilus
influenzae ¢i Burkholderia cepacia, jez zpisobuji ireverzibilni poskozeni plic a nasledné
respirani  selhani. Dal§imi klinickymi projevy respiratniho onemocnéni jsou
bronchiektazie, nosni polypy ¢ rozvoj palickovitych prsti. Onemocnéni
gastrointestinalniho traktu je charakterizovdno poruchou vstfebavani Zivin spojenou
s naslednym neprospivanim. Tyto pfiznaky jsou vyvolany poruSenou exokrinni sekreci
pankreatu, ktera postihuje az 90% nemocnych. U zhruba 10-15% novorozencu s CF se
nemoc projevi jako mekoniovy ileus, ktery je zpiisoben stfevni obstrukci abnormalné
vazkou smolkou (Vavrova et al. 2000). Reprodukéni trakt je postizen u téméf vSech muzt s

CF (az 98%)), kteti jsou v dusledku kongenitalni bilateralni absence (ageneze) vas deferens
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(CBAVD) neplodni (Denning et al. 1968). U Zen muze byt snizena schopnost otéhotnét
diky vazkému hlenu v dé€loZznim hrdle, ktery mlze branit proniknuti spermie do d€lozni
dutiny (Oppenheimer and Esterly 1970). Projevy onemocnéni a jejich zavaznost jsou vSak
u jednotlivych pacientd odlisné. Zna¢na variabilita se projevuje jak v pribéhu onemocnéni
dychacich cest, stejn¢ tak v mife postiZzeni pankreatu, kde mize dojit ke kompletni ztrate
jeji exokrinni funkce, oznaCované jako pankreatickd insuficience, pies rizné stupné
poruchy sekrece az po plné zachovani funkce slinivky bfisni (Welsh et al. 2001).
Spole¢nym klinickym ptiznakem pro vSechny nemocné je postizeni funkce potnich zlaz,
kdy je poruSena resorpce chloridii a sodiku ve vyvodech potni zlazy. To vede K jejich
»diagnosticky” zvySené koncentraci v potu, od hrani¢nich hodnot 30-60 mmol/l u
mirnych/atypickych forem CF az kolem 100 mmol/l u pacientt s klasickou CF (Vavrova et
al. 2001, Welsh et al. 2001). Stanoveni koncentrace chloridi v potu, oznacované jako potni

test, je tak povazovano za zlaty standard diagnostiky CF.

Obr. 8 Schematické znazornéni rozsahu postiZeni u pacienti s CF

www.cftrscience.com
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Vyse popsané klinické projevy jsou dusledkem defektu v proteinu CFTR (Cystic Fibrosis
Transmembrane Conductance Regulator), ktery ma funkci chloridového kanalu a je tak
nezbytny pro transport chloridovych iontd, regulaci sodikového kandlu (epithelial sodium
channel - ENaC) a dalsiho chloridového kanalu (outwardly rectified chloride channel -
ORCC) v epitelialnich bunkach, které vystylaji sliznici respiracniho traktu, pankreatické
vyvody a vyvody potnich Zlaz. Pfi absenci, redukci ¢i aberantni funkci chloridového
kanalu v apikdlni membrané specializovanych epitelidlnich bunék je resorpce chloridl
Z lumen exokrinnich 714z a dychacich cest poruSena. Zaroven dochazi ke zvySené resorpci
sodiku, a protoze jej voda nasleduje do bunék, vznikéd tak iontova dysbalance spojena
rovnéz s dehydrataci sliznic exokrinnich zlaz. Iontova nerovnovaha ma rovnéz za nasledek
poruchu funkce faktord vrozené imunity (Obr. 9, Obr. 10) (Rowe et al. 2005, Simpson
2005).

Obr. 9 Model normalni (B) a porusené funkce CFTR kanalu (C) v potnich Zlazach
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Obr. 10 Model normalni (B) a porusené funkce CFTR kanalu (C, D) v respira¢nim
traktu
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Identifikace genu zodpovédného za CF je datovana do roku 1989, kdy byl metodou
pozi¢niho klonovani lokalizovan na dlouhé raménko chromozomu 7 (7q.31.2) a nazvan
Cystic Fibrosis Transmembrane Conductance Regulator (CFTR), tj. transmembranovy
regulator vodivosti (Kerem et al. 1989). Tento gen, zaujimajici oblast zhruba 250 kb, ma
27 exonu (1,2, 3,4, 5, 6a, 6b, 7, 8,9, 10, 11, 12, 13, 14a, 14b, 15, 16, 17a, 17b, 18, 19, 20,
21, 22, 23 a 24, nové 1-27) (Riordan et al. 1989). Z 6,2 kb dlouhé CFTR-mRNA vznika
translaci protein o velikosti 1480 aminokyselin a molekularni hmotnosti 168 kDa (Harris

1992).

CFTR protein se sklada z péti domén. Ze dvou transmembranovych segmentii
MSD1 a MSD2 (membrane spanning domains), které jsou obé tvoieny 6 o-helixy. Ty
vytvareji vlastni chloridovy kanal a ukotvuji ho v apikalni bunééné membrané. Ze dvou
ATP-vazebnych domén NBD1 a NBD2 (nucleotide-binding domains), které svymi
konforma¢nimi zménami reguluji prutok iontl chloridovym kandlem, a z regulacni
domény R, ktera obsahuje velké mnozZstvi nabitych aminokyselinovych zbytkl, které
piedstavuji potencialni mista pro fosforylaci cAMP-dependentni proteinkinazou A (PKA)
(Obr. 11)/(Gadsby et al. 2006, Lyczak et al. 2002).
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Obr. 11 Schematicka struktura proteinu CFTR

Lyczak et al. 2002

Bylo navrZzeno nékolik modeli regulace proteinu CFTR. Podle Carson et al. (1995)
dochézi k vazbé ATP na obé NBD domény v uzavieném stavu. Nasledna hydrolyza ATP
na NBD1 zplsobi otevieni kandlu a ionty mohou prochazet pérem. Kanal je uzavien
uvolnénim produkt hydrolyzy (ADP a Pi). Tento model zaroven ukazuje, ze fosforylace
regulaéni domény ovliviiuje vazbu ATP na NBD domény. Posledni vyzkumy ukazuji, Ze
po navazani ATP na NBDI1 a NBD2 dochazi k dimerizaci téchto domén, jenz vyvola
konformaéni zménu transmembranovych domén MSD1 a MSD2 a zplisobi otevieni kanalu
(Gadshy et al. 2006, Hwang and Sheppard 2009). Otvirani a zavirani kanalu CFTR je
pevné kontrolovano rovnovdhou mezi kindzovou a fosfatdzovou aktivitou a mnozstvim
kanalu, na jeho otvirani se ale miize podilet 1 Ca2+-independenti a Ca2+-dependentni PKC

(proteinkinaza C) (Gadsby et al. 2006, Sheppard and Welsh 1999).

CF je charakterizovana molekularni heterogenitou, o ¢em svédci vice nez 1900
sekvencnich variant nalezenych v genu CFTR v riznych svétovych populacich (Cystic
Fibrosis Genetic Analysis Consortium Dabatase, CFGAC, nov¢ ,,Databaze CFTR1“,
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www.genet.sickkids.on.ca/cftr/). Vétsina mutaci je rozlozena po celé kodujici sekvenci a
postihuje vSechny domény proteinu CFTR (Obr. 12). Mutace v exonech 3-7 postihuji
funkci domény MSD1, v exonech 9-12 porusuji funkci domény NBD1, regula¢ni doménu
postihuji mutace v exonu 13, mutace v exonech 14-18 porusuji funkci domény MSD2 a

v exonech 19-22 narusuji fungovani NBD2 domény (Zielenski 2000).

Obr. 12 Distribuce mutaci v jednotlivych exonech genu CFTR nahlaSenych
vV mezinarodni databazi CFGAC
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Mutace v genu CFTR jsou germindlni (somatické nebyly dosud v literature
popsany) s jednoznaéné ancestralni povahou v jednotlivych rodinach (Morral et al. 1994).
Jejich dlouhodoby vyskyt v dané populaci svédci pro selekéni vyhodu nosicl, napt. vyssi
odolnost k nemocem, které se historicky podilely na postnatalni selekci v lidskych
populacich (cholera, tyfus, riiznd prijmova onemocnéni) (Pohunek and Lebl 2008). Dosud
bylo popsano pouze omezené mnozstvi de novo mutaci s Cetnosti piiblizn¢ 1:1200
ancestralnich alel genu CFTR (Girodon et al. 2008). Jejich pocet je vsak podhodnoceny,
protoze ne vSechny diagnostické laboratofe ovétuji pfitomnost zachycenych mutaci

pacienta u rodicu.

Nejcast€jsimi mutacemi v genu CFTR jsou zdmény aminokyselin (,,miSsense*
mutace), které predstavuji 40% vSech dosud znamych variant tohoto genu. Mutace
zpusobujici posun ¢teciho rdmce (,,frameshift®) se vyskytuji v 16%, mutace zplsobujici

abnormdlni sestfih exonil (,,splicingové™) ve 12%, nesmyslné mutace (,,nonsense*)
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zpusobujici predCasné zarazeni stop kodonu v 8% piipadd. Zhruba 3% mutaci tvori
rozsahlé intragenové delece ¢i duplikace jednoho ¢i vice exonl. Ve 2% piipadi se
vyskytuji delece nebo inzerce nasobkil tfi parti bazi DNA, které neporusuji ¢teci ramec.
Typickym piedstavitelem téchto mutaci je hlavni mutace F508del, ktera vede ke ztraté
kodénu pro aminokyselinu fenylalanin. Zbylé alterace nukleotidové sekvence predstavuji

polymorfismy bez patogenniho potencialu (www.genet.sickkids.on.ca/cftr/).

Posouzeni patogeneze jednotlivych mutaci a predikce jejich klinického dopadu je
velmi obtizné, proto byla navrzena klasifikace péti patogenetickych tfid mutaci na zaklade
expresnich studii ¢i modelové predpovédéném mechanismu jejich molekulérnich dysfunkci
(Obr. 13) (Zielenski and Tsui 1995). Pozd¢ji doslo k rozsiteni o dalsi dvé tridy (Zielenski
2000). Ttidy I-111 jsou spojeny s minimalni aktivitou anebo absenci proteinu CFTR, a tak
s klasickou formou CF a nizkou variabilitou klinického pribéhu CF mezi jednotlivymi
pacienty. Naopak mutace ze tfid IV-VII jsou spojeny s velkou variabilitou klinického
pribéhu CF a jsou vice nalézany u atypickych, monosymptomatickych forem CF, v¢etné
onemocnéni piibuznych CF. Mutace z tfidy 1 blokuji syntézu proteinu CFTR z divodu
zatazeni piedCasného stop kodonu ¢i chybného sestfihu. Disledkem je nepfitomnost
proteinu CFTR na apikalni membran¢ epitelidlnich bunék, protoZe zkracené a dysfunkéni
formy proteinu CFTR jsou rychle degradovany. Mutace z tiidy II redukuji ¢i zcela blokuji
spravnou posttranslacni glykosylaci a vyslednou tercidlni konformaci proteinu CFTR, ktera
je nezbytna pro nésledny transport na apikalni membranu. Dlsledkem je absence proteinu
CFTR. Do III. tfidy patii mutace, které porusuji regulaci proteinu CFTR, ktery je na
apikalni membrané ptitomny. Jednd se hlavné o mutace, které znemoziuji fosforylaci R
domény nebo navdzani ATP na NBDI1 ¢ NBD2 podjednotky. Disledkem je sniZeny
transport chloridovych ionth pies epitelidlni membrany. Mutace ttidy IV postihuji MSD1
nebo MSD2 domény proteinu CFTR, které vytvaii prostorové deformovany iontovy kanal,
v disledku ¢ehoz je snizena jeho propustnost. Ttida V je charakterizovana redukovanou
syntézou, tj. snizenym mnozstvim plné funkéniho proteinu CFTR na apikalni membrané.
Do ttidy VI jsou fazeny mutace ovlivitujici regulaci dalSich iontovych kanalta (ENaC nebo
ORCC) a do tridy VII patii mutace zptsobujici snizenou stabilitu jinak pln¢ funkéniho
proteinu. Jedna se zde pfevazné o nesmyslné a posunové mutace pritomné na konci genu

CFTR (Zielenski and Tsui 1995, Zielenski 2000).
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V posledni dobé doslo k systematické klasifikaci patogenetického dopadu mutaci
pomoci celosvétové kompilace in vitro modelaci a/nebo asociovanych klinickych dat
Vv ramci mezinarodni databaze CFTR2 (,,Clinical and functional translation of CFTR,
www.cftr2.org), ktera umoziuje pomérné presné posouzeni klinického dopadu mutaci u

nov¢ diagnostikovanych piipadi onemocnéni.

Obr. 13 Zakladni patogenetické tfridy mutaci v genu CFTR

Normalni

porucha syntézy  chybna glvkosylace  porucha regulace  snizena wodivost  sniZend syntézs

Zielenski 2000

Ze vSech znamych mutaci v genu CFTR se pouze 5 z nich celosvétoveé vyskytuje
s Cetnosti vetsi nez 1% — F508del (66.8%), G542X (2.6%), N1303K (1.6%), G551D
(1.5%) a W1282X (1.0%) (Estivill et al. 1997). Dalsich zhruba 30 mutaci ma celosvétovou
frekvenci mezi 0.1-1%. Ostatni jsou jiz vzacné a vyskytuji se ojedinéle v jednotlivych
rodindch s CF. Ne&které mutace mohou dosdhnout vysokych cetnosti v izolovanych
populacich v disledku genetického driftu, napt. G551D u keltskych populaci, ¢i efektu
zakladatele, napt. W1282X u Ashkenazi Zida (Bobadilla et al. 2002). Frekvence
celosveétoveé nejcastéjsi mutace F508del (delece 3pb v 10. exonu) je nejvyssi v severni
Evropé (87%) a klesa az na frekvenci 21% v Turecku. Je vice nez 50 000 let stara a odrazi

spole¢ny ptivod populaci (Morral et al. 1994).

V Ceské republice bylo dosud nalezeno 70 mutaci a podafilo se dosahnout vice jak
96% populacni zachytnosti (Balas¢akova et al. 2008). Geneticka a etnicka charakteristika

nejcastejSich mutaci u Ceskych pacienti s CF potvrzuje, Zze nase zem¢ byla kiizovatkou
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vSech hlavnich historickych migraci. Znalost geografické distribuce jednotlivych mutaci
v genu CFTR je dulezita nejen pro porozuméni migraci historickych populaci, ale hlavné
pro smysluplné vySetieni pacienta s podezienim na CF, nebot’ dle etnického pivodu

vySetiované osoby lze vybrat mutace, které jsou pro pfislusSnou populaci relevantni.

Kvli vysokému poctu mutaci v genu CFTR, jejich specifické distribuci a frekvenci
Vv jednotlivych populacich je dilezit¢ mit k dispozici spolehliva molekuldrné geneticka
vySetfeni, kterd stanovi genotyp probanda. To je dulezité nejen pro potvrzeni klinické
diagn6zy onemocnéni, ale i pro budouci prenatalni diagnostiku v dalSich graviditach rodict
probanda, jakoz i genetické vySetfeni pokrevnich pfibuznych ke stanoveni moznosti

pfenaSecstvi danych mutaci.

Efektivni diagnostické nastroje jsou nezbytné, nebot v€asna diagnostika do dvou
mésict zivota vyznamné ovliviiuje prubéh a prognézu tohoto onemocnéni (Sims et al.
2007). Pozdni zahajeni 1é¢by vede jednozna¢né k méné piiznivému celozivotnimu pribéhu
onemocnéni s horsi prognozou preziti. V roce 1959 byl medidn prezivani nemocnych asi 6
meésicl, v souasné dobé v zemich s kvalitni zdravotni péci dosahuje stiedni doba preZiti
témeF 40 let (Pohunek and Lebl 2008). V Ceské republice viak bohuzel doslo v letech
1999-2004 ke zhorseni klinické diagnostiky CF ze strany praktickych pediatri. Median
veéku pii diagnoze se priblizné zdvojnasobil a podil pacientii zachycenych do 1 roku Zivota
poklesl. Pacienti diagnostikovani mezi 1. -10. rokem Zivota Casto piichazeli ve velmi
Spatném nutricnim stavu ¢i s ireverzibilnimi zménami plic (Vavrova 2006). Tyto
skutecnosti vedly v fijnu roku 2009 k zavedeni plo§ného novorozeneckého skriningu CF
v Ceské republice (www.novorozenecky-screening.cz), ktery je zaloZzeny na testovani
hladiny IRT (imunoreaktivni trypsinogen) a na pfipadném molekuldrné genetickém

vySetieni (pouze u jedincu s pozitivnimi hodnotami IRT) (Krulisova et al. 2012).

V nasSich podminkach pouZivdme pifi molekularné genetické diagnostice tzv.
,kaskadovy* ptistup, ktery umoziuje v sestupné fad¢ postupny zachyt od nejcastéjSich
mutaci aZ po ty relativné vzacné. Nejdiive jsou vySetfeny nejcastéjsi mutace genu CFTR
pomoci komeréniho kitu Elucigene CF-EU2v1™, kdy se simultanné testuje 50 mutaci
(CFTRdele2,3/21kb/, 1507del, 2789+5G>A, E60X, F508del, Q890X, P67L, 1677delTA,
3120+1G>A, G85E, V520F, 3272-26A>G, 394delTT, 1717-1G>A, R1066C, 444delA,
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G542X, Y1092X(C>A), R117C, S549N, M1101K, R117H, S549R(T>G), D1152H,
Y122X, G551D, R1158X, 621+1G>T, R553X, R1162X, 711+1G>T, R560T, 3659delC,
L206W, 1811+1.6kbA>G, 3849+10kbC>T, 1078delT, 1898+1G>A, S1251N, R334W,
2143delT, 3905insT, R347P, 2184delA, W1282X, R347H, 2347delG, N1303K, A455E,
W846X, vcetné variant IVS8-T(5/7/9). Pokud se nepodaii odhalit ob¢é kauzalni mutace, ale
pacient vykazuje jasné klinické a laboratorni znamky onemocnéni, jsou indikovana dalsi
roz8ifujici vySetfeni. A to metoda MLPA (Multiplex Ligation-dependent Probe
Amplification, multiplexni amplifikace prob zavisla na ligaci) pro vySetfeni rozsdhlych
intragenovych piestaveb, tj. deleci ¢i duplikaci jednoho nebo vicero exonli v rdmci celého
genu CFTR, které nejsou béznymi metodami zalozenymi na PCR technice zachytitelné.
Posledni studie poukazuji na fakt, ze velké pifestavby mohou tvofit vyznamnou ¢ast
neidentifikovanych alel (cca. 2%), hlavné u ptipadi klasické CF i u CBAVD, zejména u
muzu, ktefi jsou nosi¢i mirné mutace genu CFTR (Taulan et al. 2007, Hantash et al. 2006,
Niel et al. 2004). Nasledné pouzivame muta¢né skenovaci metodu HRM, ktera umoziuje
detekovat jedno- i vicenukleotidové zmény sekvence DNA. ,,Pozitivni* exony genu CFTR
jsou sekvenovany (dle Sangera), aby byla identifikovana konkrétni mutace nebo

polymorfismus, ktery neni soucasti komercnich diagnostickych souprav.

Pfi néalezu patogenni mutace je vzdy dulezité vySetfit i rodi¢e pacienta s CF a
potvrdit tak nosi¢stvi nalezenych mutaci u kazdého z nich. Tim vylou¢ime zaménu vzork,
non-paternitu a/nebo pfitomnost de NOVO mutace, coz je dulezité pro eventualni prenatalni
vySetieni v postizené rodiné. Pfifazeni mutaci k rodi¢im pacienta umozni také cilené
vySetieni piislusné mutace u jejich pokrevnich ptibuznych. U sloZenych heterozygoti 1ze
takto odhalit, zda obé mutace ndhodou nelezi v pozici cis, tj. na jedné alele, anebo zZe se
jednd o novou mutaci. Naopak negativni nalez pii kompletnim vySetfeni genu CFTR
dostupnymi molekularné genetickymi metodami klinickou diagnézu CF nevylucuje, nebot’
soucasné pouzivanymi analytickymi postupy nelze prokéazat viechny mutace CFTR (napf.

intronové sestiithové mutace).
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2. CILE DIZERTACNI PRACE

Molekularn€ geneticka diagnostika (tj. DNA diagnostika) se diky rozvoji a
zavadéni novych vyzkumnych poznatki do rutinni praxe stala v poslednich letech
vyznamnym oborem, ktery prostupuje prakticky vSechny medicinské obory. Podle
kvalifikovanych odhadt trpi v zemich Evropské unie geneticky podminénou chorobou
okolo 30 milionu lidi a genetickd onemocnéni tak predstavuji, diky své chronické povaze,
stale vetsi biemeno pro zdravotnické systémy. Pozornost se proto soustfed’uje na zavadéni
novych technologii pti soucasném zvysovani kvality poskytovanych genetickych sluzeb a

jejich ekonomicénosti.

Na naSem pracovisti a v této dizertani praci jsme se proto vénovali posouzeni
metody High Resolution Melting (HRM) pro jeji diagnostické vyuziti na ptikladu riznych
geni (BRCAl, MTHFR, CFTR), dale DNA diagnostice cystick¢ fibrozy u

sttedoevropskych populaci a odhaleni dalSich moZznych pficin poruch muzské plodnosti.
Cile dizerta¢ni prace zahrnuji:

1/ Posouzeni vyuzitelnosti metody HRM v diagnostice pomoci zhodnoceni
vybranych valida¢nich parametrt na zéklad¢é analyzy 170 variant v genu pro rakovinu prsu
a ovarii (BRCA1), v¢etn¢ shrnuti zkusenosti s touto metodou a vytvoreni smérnic, které by
usnadnily zavedeni této technologie v evropskych dle ISO 15189 akreditovanych

laboratofich.

2/ Poskytnuti konceptu pro validaci novych metod na piikladu genotypizace

vybranych mutaci v genu MTHFR pomoci HRM.

3/ Zhodnoceni piinosu a vyuZzitelnosti metody HRM pro mutaéni skenovani

neznamych variant nejen v DNA diagnostice cystické fibrozy.

4/ Charakterizaci spektra mutaci u pacientd s cystickou fibrozou na zapadni

Ukrajin€ a identifikaci dalSich popula¢né specifickych CF alel, které¢ by zvysily detekéni
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zachytnost, aby byla splnéna kritéria pro zavedeni novorozeneckého skriningu v této

oblasti.

5/ Charakterizaci spektra mutaci u pacientd s cystickou fibrozou v Ceské republice
a poskytnuti dat pro zlepSeni DNA diagnostiky a/nebo novorozeneckého skriningu
ostatnim Ceskym molekuldrné genetickym laboratofim, firmam zabyvajicich se vyrobou
komer¢nich kit pro diagnostické tcely, pro okolni etnicky ptibuzné populace postradajici

oy

vlastni populaéni studie a pro ¢eskou komunitu Zzijici v zahrani¢i (pies 1 milion krajani

vey

zijicich ptevazné v Kanad¢ a USA).

6/ Charakterizaci spektra variant protaminovych genti na souboru némeckych muza

(pacienti a kontroly) a objasnéni jejich vztahu k porucham spermiogeneze.
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3. VYSLEDKY, DISKUZE A PRILOZENE PUBLIKACE

3.1. van der Stoep, et al. (2009) Diagnostic guidelines for high-resolution
melting curve (HRM) analysis: an interlaboratory validation of BRCA1
mutation scanning using the 96-well LightScanner. Hum Mutat. (IF:
5.686)

V ramci své dizertatni prace jsem se podilela na komplexnim multicentrickém
mezinarodnim validaénim projektu pod zastitou projektu EuroGentest, ktery piedstavuje
prvni mezilaboratorni studii zabyvajici se zhodnocenim a validaci metody HRM pro
diagnostické ucely dle normy ISO 15189. Tato studie byla provedena ve spolupraci naseho
pracovisté s Centrem klinické genetiky v Leidenu (Holandsko) a Centrem lidské genetiky

v Leuvenu (Belgie).

Pro posouzeni muta¢niho skenovani a genotypizace metodou HRM za pouZiti
platformy LightScanner™ firmy Idaho Technology byl analyzovan panel klinickych DNA
vzorki znamého genotypu - 170 variant genu BRCA1 a 197 vzorka standardnich kontrol.
Ty pfedstavovaly reprezentativni vybér v§ech dvanacti moznych typl substituci a riznych
ins/del, véetné mutaci v homozygotni formé. Gen BRCA1 byl zvolen s ohledem na velké
mnozstvi identifikovanych mutaci (pies 1600 v roce 2009), které jsou rozptyleny po celé
kodujici sekvenci a jejichz detekce pro diagnostické ucely vyzaduje pouziti rychlé,
spolehlivé a ekonomické pre-sekvenacni (tj. mutacné skenovaci) metody. Hodnocenymi
validacnimi parametry byla senzitivita, specificita, robustnost a mezilaboratorni

reprodukovatelnost.

Celkem bylo ve studii testovano ¢aste¢né noveé navrzenych 66 pard primert, z nichz
bylo vybrano 58 part vedouci k dobré PCR a HRM. Pro optimalizaci anelacni teploty byla
provedena gradientovda PCR. Béhem tohoto rozsahlého testovani byla stanovena kritéria
pro softwarové nastaveni a vyhodnocovani HRM. Byla stanovena doporucena pozice
normalizacnich oblasti a optimalni $ite jejich rozpéti (1-2.5°C), coz mé vyznam pro snizeni
falesné pozitivity. Hladina senzitivity byla pro vSechny testované amplikony doporucena

na 3.0 pfi nastaveni ,,Auto Group“ ,High“. Za optimalni byla povazovana takova
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senzitivita, pfi které byly vSechny varianty detekovany pii maximaln¢ 5% fale$né
pozitivité u vzorkii se standardni alelou. Specificita HRM byla hodnocena na zéaklad¢
analyzy 352 reakci se standardni alelou. Z 58 amplikon bylo na zaklad¢ vysledkt a
stanovenych kritérii zvoleno 40 nejlepSich parti primerG pokryvajicich celou kodujici

oblast genu BRCAL1, které vykazovaly specificitu a senzitivitu 98%.

V dalsim kroku bylo testovano analytické provedeni a mezilaboratorni
reprodukovatelnost na analyze 10 vybranych amplikonti (liSicich se velikosti, obsahem GC
a typem variant) za totoznych podminek. Participujici laboratofe detekovaly vsechny
heterozygotni varianty znacici dobrou reprodukovatelnost HRM. Stejné jako v ptipadé

analyzy vSech 58 amplikontl, nepodaftilo se detekovat homozygotni variantu c.3113A>G.

Jelikoz rizné varianty mohou produkovat stejny profil kiivky tani, je vzdy nezbytné
potvrdit nalez sekvena¢ni analyzou. Né&které polymorfismy se vSak objevuji s velkou
cetnosti, proto bylo za ucelem redukce sekvenovani navrZzeno 9 neznacenych préb pro
detekci cCasto se vyskytujicich heterozygotnich a homozygotnich nepatogennich
polymorfismi genu BRCAL. Na analyze 19 vzorki byla ilustrovana Gispé$néa genotypizace

metodou HRM, kdy vSechny proby detekovaly piisluSny polymorfismus.

Robustnost HRM byla demonstrovana analyzou DNA vzorkl izolovanych ctyfmi
riznymi izolacnimi postupy. Vysledky vyloucily vliv zvolené extrakéni metody na
usp&snost HRM, DNA vzorky z riznych typt izolace tak mohou byt analyzovany v ramci
stejného béhu. Vliv vychozi koncentrace DNA v reakci neprokazal rozdil v GispéSnosti
HRM pfi pouziti az 4x méné DNA nez standardné (tj. 5 ng misto 20 ng DNA v reakci),
kiivky tani se odchylovaly aZ pfi 2.5x vys$i vychozi koncentraci DNA (tj. pfi 50 ng DNA),

coz muze ustit v navySeni falesné pozitivnich vysledk.

Zaveérem byla provedena zaslepena analyza 28 DNA vzorkti (1120 PCR reakci)
porovnavajici vysledky HRM se zlatym standardem, tj. sekvenatni analyzou podle
Sangera. Mutacni skenovani metodou HRM detekovalo v§echny heterozygotni varianty se
100% senzitivitou a genotypizace deviti Castych polymorfism detekovala vSechny
spravné, ¢imz se vyrazné redukovala potieba sekvenace. Pouze 5% PCR reakci vyZzadovalo

naslednou sekvenacni analyzu (tj. vzorky s pozitivnim zachytem pii mutacnim skenovani,
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které nesly jiné varianty nez onéch 9 genotypizovanych polymorfismii a 2 % faleSné

pozitivnich vzork).

Tato studie poukdzala na parametry, které by mély byt pied naslednym testovanim
dalsich geni metodou HRM zvazeny. Bylo proto doporuceno zvolit rozsédhly panel variant
a standardnich kontrol, se zaméifenim na testovani malych deleci, které se zdaji byt
nad 60%), které by mohly negativné¢ ovlivnit senzitivitu HRM a otestovat jind plné

saturacni barviva.

V souhrnu, tato studie poskytla rozsahlou validaci a zhodnoceni metody HRM,
véetné detailniho doporuceni pro spravnou interpretaci ziskanych dat a pro usnadnéni
zavedeni metody HRM v ostatnich diagnostickych laboratotich pro dalsi geny. Déle
poskytla panel primeri a prob pro kompletni skenovani genu BRCAL a genotypizaci
castych polymorfismt, véetné parametrt PCR, HRM a doporuceni pii vyhodnocovéni dat.
Potvrdila vysokou senzitivitu (100%), specificitu (97-98%) i reprodukovatelnost HRM a
tim jeji vhodnost pro diagnostické vyuziti jakozto pre-sekvenacni metody. Nevyhodou
metody je pouze jeji sniZend senzitivita pii analyzovani delSich usekti nad 400 bp, jak jiz
bylo diive publikovano (Reed and Wittwer 2004). Ztoho divodu je pii muta¢nim
skenovani potteba rozdélit rozsdhlé exony na mensSi amplikony. Tim se snizi 1
pravdépodobnost vyskytu vice domén tani, které detekci mutaci a interpretaci vysledki
taktéZ zt€zuji. Velice vyhodné je navrhnout vSechny pary primeri tak, aby byly zakonceny
univerzalnim primerem M13 a aby bylo mozné analyzovat vSechny nardz za identickych

podminek.

Vysledky této studie byly vyuzity i pro obecna doporuceni pro validaci a verifikaci
vSech DNA diagnostickych metod v klinickych laboratofich v ramci projektu Eurogentest
(Mattocks et al. 2010), ktery vsak byl pouze mym vedlejSim projektem a nebude proto

blize diskutovan.
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ABSTRACT: Genetic analysis of BRCA1 by sequencing is
often preceded by a scanning method like denaturing
gradient gel electrophoresis (DGGE), protein truncation
test (PTT) or DHPLC. High-resolution melting curve
(HRM) analysis is a promising and economical method for
high-throughput mutation scanning. The EuroGentest net-
work (www.eurogentest.org) aims to assist with the
introduction of novel technologies in the diagnostic setting.
Therefore, we have performed a thorough and high-
standard interlaboratory evaluation and validation of
HRM, in collaboration with Idaho Technology, the manu-
facturer of the LightScanner™ (LS). Through this detailed
study of 170 variants, we have generated guidelines for easy
setup and implementation of HRM as a scanning technique
for new genes, which are adaptable to the quality system of
an individual diagnostic laboratory. This validation study
includes the description of a BRCAI-specific mutation
screening test using the 96-well LS. This assay comprises 40
amplicons and was evaluated using a statistically significant
elaborate panel of variants and control DNA samples. All
heterozygous variants were detected. Moreover, genotype
analysis for nine common polymorphisms created a fast
screening and detection method for these frequently
occurring nonpathogenic variants. A blind study using a
total of 28 patient-derived DNA samples resulted also in
100% detection and showed an average specificity of 98%,
indicating a low incidence of false positives (FPs).

Hum Mutat 30:1-11, 2009. © 2009 Wiley-Liss, Inc.

KEY WORDS: high-resolution melting curve analysis;
HRM; BRCA1; diagnostic validation

Introduction

The BRCAI gene (MIM# 113705) is involved in susceptibility
to breast and ovarian cancer with a very high penetrance rate
[Castilla et al., 1994; Claes et al., 2003; Couch and Weber, 1996;
Deffenbaugh et al., 2002; Easton et al., 1995; Ford et al., 1998].
Approximately 3 to 5% of breast cancers are caused by germline
mutations in the breast cancer genes BRCAI and BRCA2
[Beck et al., 1993; Guldberg and Guttler, 1993; Narod and

Additional Supporting Information may be found in the online version of this article.
*Correspondence to: Nienke van der Stoep, Center for Human and Clinical
Genetics, Leiden University Medical Center, Leiden, The Netherlands.

E-mail: nvdstoep@lumc.nl

Foulkes, 2004]. After the BRCAI and BRCA2 (MIM# 600185)
genes were identified, genetic testing became available and is now
routinely offered to women from high-risk families. Over 1,590
different heterozygous mutations have been reported in the
BRCAI gene; these mutations have been named the “Breast
Cancer Information Core” (BIC) of the Breast Cancer Mutation
Database, hosted by the National Human Genome Research
Institute (NHGRI) (http://research.nhgri.nih.gov/projects/bic)
[Ozcelik et al., 1996; Goldgar et al., 2004]. Mutations are scattered
over all exons; therefore, genetic tests for this gene require a
mutation scanning analysis of the entire coding region of the
BRCAI gene. In most diagnostic laboratories, this procedure is
currently performed using direct sequence analysis, often preceded
by denaturing gradient gel electrophoresis (DGGE) [Beck et al.,
1993; Guldberg and Guttler, 1993], protein truncation test (PTT)
[den Dunnen and van Ommen, 1999; Ozcelik et al., 1996], or
denaturing high-performance liquid chromatography (DHPLC)
[Gross et al., 1999; Liu et al., 1998]. However, all these techniques
are time-consuming and/or expensive. Moreover, considering the
increasing number of requests for BRCAI scanning tests, the
demand for a fast and reliable scanning technique is high.

High-resolution melting curve (HRM) analysis is a potentially
useful new method for fast genotyping and high-throughput
mutation scanning of disease-related genes in genome diagnostics
[Herrmann et al., 2006; Montgomery et al., 2007; Wittwer et al,,
2003]. The procedure is simple and consists of PCR, followed by a
short melting step and subsequent analysis. This post-PCR
analysis method scans entire amplicons and detects sequence
variations using a saturating double-stranded DNA (dsDNA)
binding dye, such as LCGreen Plus (Idaho Technology, Salt Lake
City, UT) [Wittwer et al., 2003]. The melting profile of the PCR
product depends on its GC content, length, sequence, and
heterozygosity, and mutations in the sequence will give rise to
heteroduplexes that change the shape of the melting curve when
compared to the wild-type (wt) melt profile [Herrmann et al,
2006; Montgomery et al., 2007; Wittwer et al., 2003]. Although
several tests using this new technique have been described; we
present the first interlaboratory assessment study for diagnostic
use that includes a thorough evaluation and validation of HRM
analysis on the LightScanner™ (LS) (Idaho Technology), which
employs a statistically significant large panel of more than 150
variants for BRCAI only. This ensures that the number of variant
samples tested is large enough that, under the assumption that the
sensitivity point estimate will be 100%, the lower bound of the
95% confidence interval will be at or above 98%.

Moreover, we composed a list of diagnostic guidelines that can
also be applied for setting up and interpreting HRM scans for

© 2009 WILEY-LISS, INC.
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other genes, and we describe a validated HRM test for the BRCAI
gene using the 96-well LS that includes genotype analysis of nine
common polymorphisms.

Materials and Methods
Interlaboratory Validation by EuroGentest

EuroGentest is a European Network of Excellence aiming at
harmonizing genetic testing services throughout Europe. One key
objective of EuroGentest is to set up evaluation and validation
programs for new techniques and tests in diagnostics. In this
respect, we performed this validation study for HRM for BRCAI on
the 96-well LS in close collaboration with the Center for Human
Genetics in Leuven (Belgium), the Institute of Biology and Medical
Genetics in Prague (Czech Republic), the LS manufacturer Idaho
Technology, and the LS distributor BIOKE (Leiden, the Nether-
lands). Validation of the HRM technology was performed according
to international guidelines ISO15189, Medical laboratories.

DNA Samples

DNA samples used for the initial validation study were all
patient-derived and isolated from whole blood using the PURE-
GENE™ nucleic acid purification method on the Autopure LS
robotic workstation (Gentra Systems, Minneapolis, MN) accord-
ing to validated diagnostic isolation procedures; the samples were
diluted to 10 ng/pl. DNA concentrations were measured using the
Nanodrop®™ ND-1000 Spectrophotometer (Isogen Life Science,
Ijsselstein, The Netherlands).

Robustness of the HRM tests was evaluated further by using
DNA samples isolated by four different DNA isolation procedures,
including the Autopure LS (Gentra), the Chemagen procedure
(Chemagen AG, Baesweiler, Germany), manual phenol extraction,
and the QIAamp“‘; DNA Kit (Qiagen, Venlo, The Netherlands).

The panel of DNA samples tested for BRCAI included 170 variants
and 197wt controls, which were all verified by direct sequencing
using the Big Dye Terminator method (Applied Biosystems,
Nieuwerkerk a/d Ijssel, The Netherlands). Supp. Table S1 lists all
variants tested and indicates the classification, type, and distribution
of the mutations. Mutations are indicated according to HGVS
mutation nomenclature guidelines and DNA mutation numbering
system used is based on cDNA sequence. For the blind tests, 28
patient-derived DNA samples were selected, together with two wt
control samples. Note that 2 of the 28 patient-derived DNA samples
were also included in the evaluation of the cohort of variants.

Note: We have consent from the patients to use the DNA that
remains after diagnostic testing in the framework of quality of care
(re)assessment; we comply with the Federation of Biomedical
Scientific Societies (FMWYV) Code: “Proper for Proper Secondary
Use of Human Tissue” (2002).

All gradient PCR assays for optimization of the PCR annealing
temperature (Ta) were performed using a pool of four individual
Autopure-derived genomic DNA samples at a concentration of
10 ng/pl. This way all PCR optimization results were obtained
from a mixed DNA sample that represents an average DNA purity
as obtained upon isolation by the Autopure LS.

Validation Criteria for Determining Sensitivity and
Specificity of the Technique

Validation of a mutation scanning method is limited to the
assessment of a selected panel of variants. It is unfeasible and
technically impossible to validate all possible occurring variants

2 HUMAN MUTATION, Vol. 30, No. 0, 1-11, 2009

that can arise; therefore, a statistically reliable number of variants
needs to be tested for the validation to establish the sensitivity of
the method at a chosen confidence level. According to the “rule of
three” we can say with a confidence interval of 95% that the
probability of detecting a false negative, given a study of n samples
with no false negatives, is 3/n [Hanley and Lippman-Hand, 1983].
Consequently, if we take the conservative point of view that the
lower bound of the 95% confidence interval of the test sensitivity
should be at or above 98%, then we would have to achieve perfect
detection of at least 150 variants.

Because all possibly occurring mutations cannot be tested, it is
important to select and examine a representative assortment of
variants that comprises all types of substitutions and/or small
deletions and insertions at various locations in the amplicon. We
included variants at various locations ranging from 2 bp away from
the PCR primer (e.g., c.4837A>G in MEX16B) to the middle of the
amplicon, representing all 12 possible types of substitution (75%)
and different nucleotide insertions, duplications, deletions, or indels
of 1 to 62bp (25%). Moreover, although only heterozygous variants
are considered to be potential pathogenic mutations for the BRCAI
gene, we have also included a set of 14 individual homozygous
variants to examine their detection efficiency.

Selection Primer Sets

A large panel of 66 primer pairs was evaluated for HRM of
BRCAI. The primers were newly designed or derived from current
primer sets in use for DGGE and sequence analysis of BRCAI. All
primer sets contain an M13 forward and reverse sequence tail,
respectively, in order to allow direct sequencing analysis, and were
synthesized by Biolegio (Nijmegen, The Netherlands). The design of
most new primers was performed using the LightScanner Primer
Design software package, version 1.0 (PD-v1.0; Idaho Technology).
Primers were completely homologous to the reported BRCAI gene
sequence, accession L78833, NM_007294.2, NT_025965.11. The
nucleotide sequence of the primers was judged according to the
criteria described in Supp. Table S2A. The final selection of validated
primer set is shown in Supp. Table S3.

Optimization of HRM PCR

Optimal PCR Ta for all primer sets was evaluated using a gradient
PCR setup of 55°C to 67°C on the MJ-PTC 200 PCR machine (Bio-
Rad Laboratories B.V., Veenendaal, The Netherlands). The PCR was
performed in a 10-pl volume using 20 ng of genomic DNA, 4 pl LS
Mastermix (LCGreen™ Plus dye), 3 pmol forward primer, 3 pmol
reverse primer, and water (molecular grade) (Supp. Table S4).
Mineral oil (15l per reaction), necessary for the LS melt step was
already added before starting the PCR. The PCR was initiated with a
10-min hold at 95°C. Thermal cycling consisted of a 20-second hold
at 95°C, a 30-second hold at the indicated Ta (in Supp. Table S3),
and a 40-second hold at 72°C for 40 cycles. Finally, reactions were
elongated for 5min at 72°C and heteroduplexes were generated by
adding a step at 95°C for 1 min and cooling the reactions to 25°C.
Ramp speed of the PCR machine was set at 2.5°C/second.

Only primer sets that fulfilled the criteria as described in
Supp. Table S2B were qualified for further HRM evaluation and
the most optimal Ta was selected.

Genotype Analysis of Common Polymorphisms

Nine unlabeled oligonucleotide probes were designed and
examined for the detection of heterozygous and homozygous
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frequently occurring polymorphisms of BRCAI. Probes and
characteristics are listed in Supp. Table S5. Probe criteria were
set as described previously and indicated in Supp. Table S2C
[Montgomery et al., 2007]. All probes carried a block at the 3" end
omitting participation in the PCR reaction and 3’ exonuclease
activity. We tested both the 3’ phosphate- and the 3'-C3 carbon
(phosphoramidite)-spacer block. In addition we examined HPLC
purified probes and compared results. All unlabeled probe-
containing PCR reactions were performed using an asymmetric
dilution of the forward and reverse primers of 1:5 at the same final
primer concentration of 6 pmol, as used for the standard PCR and
5-pmol probe. Different numbers of PCR cycles were tested and all
PCR reactions were performed as depicted in Supp. Table S4 using
the optimal Ta (Supp. Table S3).

Optimization and Defining Instrument Setting Per
Amplicon on the LS

PCR reactions were carried out on the Biometra thermocylcer
(Westburg, Leusden, the Netherlands) as described above using
4titude Framestar plates (BIOKE) as recommended for HRM on the
LS. Subsequently, samples were melted in the LS type HR96 (Idaho
Technology and BIOKE) according to operating instructions using
two different melt ranges of either 55°C to 98°C or 70°C to 98°C at a
hold temperature of 50°C and 65°C, respectively.

The basic data analysis of the melt curves was performed using
the supplied Call IT 1.5 Software according to the LS manual
supplied by Idaho Technologies.

Both gene scanning and genotyping by HRM are performed by
simple analysis of a single melting profile. Sequence variants are
identified as groups that exhibit similar melting profiles and, if
applicable, these groups can be genotyped for frequently-
occurring polymorphisms. The scanning settings were assessed
per amplicon by analyzing both the selected wt and all variant
DNA samples (as listed in Supp. Table S1) and according to the
guidelines described in this study.

Interlaboratory Testing of 10 Selected Amplicons

Interlaboratory performance of the test was evaluated in two
laboratories using 10 different amplicons. Selected samples and
matching amplicons are listed in Table 1. LS Mastermix, 10 primer
sets and 37 DNA samples, including 22 wt samples and 27 variant
samples, were sent to both laboratories indicated. Note that several
variant DNA samples were used as wt control for other fragments.
The Center of Human Genetics in Leuven performed additional
validation experiments by testing a set of 19 DNA samples purified
by Chemagen as indicated in Table 2. All PCR reactions were carried
out on either the PTC200 (Bio-Rad) or the Biometra Thermocycler
(Westburg) using the same conditions as defined by the diagnostic
laboratory in Leiden. All plates were melted in the LS and the raw
data files were evaluated by both laboratories themselves and sent to
Leiden for reevaluation using the specifically defined Call IT 1.5
amplicon scanning settings of Leiden.

BRCAT1 Blind Tests for 28 Patient-Derived DNA Samples

The blind tests included two complete BRCAI mutation
scanning rounds using a selection of the 40 best performing
primer sets that encompass the entire BRCAI gene. Two series of
each 14 patient-derived DNA samples, one negative wt control
and one blank control were tested. The 40 amplicon reactions
were distributed over seven 96-well plates according to their Ta, in
groups of six amplicons, as depicted in Supp. Figure SI.

Table 1. Interlaboratory Validation for BRCA1: EUGT Test-Set

Wts Variant Length
Exon  Amplicon  GC% tested® Mutation® classification  (bp)
3 MEX3 35 2 c.81-6T>A MUT 347
8 MEX 8 39 2 C.442-34T>C POL 320
¢.536A>G;
€.442-34T>C UV+POL2
C.442-34T>C POL2
11 MEX 11A-L 39 2 c.1067A>G POL2 625
c.1067A>G POL
c.825C>T uv
c.1016delA MUT
7 MEX 7 34 2 ¢.302-3C>G MUT 279
c.441G>C UV (1X)
¢.302-41T>C uv
9 MEX 9 31 2 c591C>T POL 187
c.548-17G>T uv
11 MEX 11] 36 2 c3113A>G POL 378
c3113A>G;
c3119G>A POL
c3113A>G POL2
€.2989_2990dupAA  MUT
11 MEX 11-6 37 2 c.1648A>C uv 320
c.1621C>T MUT
c.1525A>G uv
11 MEX 11-7 37 2 c.1865C>T uv 272
11 MEX 11-8 40 3 c.1961delA MUT 254
€.2019delA MUT
c.2014A>T MUT
11 MEX 11-5 38 3 ¢.1292dupT MUT 316
c.1456T>C uv
¢.1289dupA MUT

MUT, heterozygous pathogenic variant; UV, unclassified variant; POL heterozygous
polymorphism; POL2, homozygous polymorphism.

“Number of wild type samples tested.

®Mutations are indicated according to HGVS mutation nomenclature guidelines and
DNA mutation numbering system used is based on cDNA sequence NM_007294.2.
Nucleotide numbering reflects cDNA numbering with +1 corresponding to the A of
the ATG translation initiation codon in the reference sequence, according to journal
guidelines (www.hgvs.org/mutnomen). The initiation codon is codon 1.

The analysis was carried out applying the selected and fixed
scanning settings obtained from the primary evaluations study. In
addition all these plate specific settings were saved per plate as
specific “Scanning Analysis” and “Genotype Analysis,” including
the subset annotation, localization of lower and upper normali-
zation settings, and “Auto Group” sensitivity level for the analysis
of the amplicon and, if applicable, the same was done for the
genotype analysis using the unlabeled probe.

Results

Selection of BRCAT Primer Sets and Primary Optimization

In total we evaluated a panel of 66 primer pairs for HRM
analysis of the BRCAI gene that often included two or more
overlapping sets per region. Based on criteria mentioned in
Supp. Table S2A and B, the 58 sets gave rise to good PCR and
HRM results. Products that gave either low yield, additional side
products, poor melting curves, or more than two melting domains
were disqualified. All primer sets that were designed using the IT
PD-v1.0 performed very well. Primers that performed poorly in
HRM analysis were designed before applying less stringent criteria
or had an amplicon length of 420 bp and longer. In addition, these
primers often scored poorly when judged by the PD-v1.0 or gave
rise to many hits with other genomic regions upon a NCBI BLAST
search.
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Table 2. Interlaboratory Validation for BRCA1: DNA Samples

Leuven
Exon  Amplicon Wts Mutation” Variant Length
tested® classification (bp)
3 MEX3 2 c.133A>C uv 347
8 MEX 8 2 €.442-34T>C POL 320
€.442-34T>C POL2
€.470_471delCT MUT
11 MEX 11A-L 2 c.693G>A uv 625
c.744C>G uv
c.844_850dupTCATTAC MUT
c.1016delA MUT
7 MEX 7 2 c.441G>C uv 279
9 MEX 9 2 c.591C>T POL 187
11 MEX 11] 2 €.2920T>C uv 378
c.3119G>A POL
11 MEX 11-5 2 €.1292delT uv 317
c.1418A>G uv
c.1525A>G uv
11 MEX 11-6 2 c.1487G>A POL 320
11 MEX 11-7 2 c.1865C>T uv 272
11 MEX 11-8 2 c.1878A>G POL 254
¢.2005A>T uv

MUT, heterozygous pathogenic variant; UV, unclassified variant; POL heterozygous
polymorphism; POL2, homozygous polymorphism.

“Number of wild-type samples tested.

"Mutations are indicated according to HGVS mutation nomenclature guidelines and
DNA mutation numbering system used is based on cDNA sequence NM_007294.2.
Nucleotide numbering reflects cDNA numbering with +1 corresponding to the A of
the ATG translation initiation codon in the reference sequence, according to journal
guidelines (www.hgvs.org/mutnomen). The initiation codon is codon 1.

Evaluation and Defining Guidelines for Optimal HRM
Analysis Per Amplicon on the LS

In order to perform a thorough and elaborate analytical
evaluation of various amplicons, we initially extensively examined
all 58 well-performing primer sets for the detection of variants
through HRM using the elaborate panel of 170 variants and 197
negative control (wt) patient-derived DNA samples as listed in
Supp. Table S1. Some variants and many wt samples could be used
for multiple amplicons resulting in a total of 248 and 352 different
variant (including homozygous variants) and wt control HRM
reactions, respectively. All melting curves were analyzed using the
software program Call IT version 1.5. First, subsets were selected
per amplicon, the “Curve Shift” setting was left at the default
setting of 0.050 and the grouping of the curves was performed
using the “Auto Group” option at high sensitivity. During our
examination of all 58 primer sets, we established additional critical
criteria for adjusting instrument and software settings to create
optimal HRM analysis per amplicon on the LS. An overview is
given in Supp. Table S6. This includes the positioning of
normalization bars and defining relative fluorescence levels and
sensitivity levels, but also criteria related to the melting curve
profiles that need to be fulfilled. The following guidelines were
established. First of all we tested the criteria of the lower and
upper normalization bars and concluded that the optimal width
per set of bars should be in a range of 1°C to 2.5°C. The location
of the bars should be close around the melt domain and can be
adjusted to optimal position by establishing a straight horizontal
line at the start of the normalized melting curve
(Fig. 1). Figure 1A illustrates the optimization of MEX11-13E,
the left column shows the result of melting curves upon incorrect
setting of the normalization regions. The obtained aberrant
normalized melting curve profiles are indicated with a red circle in
plot 2, and plot 3 shows the subsequent incorrect variant calling.
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The right column depicts the correct normalization setting.
Variant curves and congruent mutations are called correctly and
are indicated in lower right of plot 6. Note sensitivity levels were
kept fixed at 3.0 (“Auto Group” high). Figure 1B shows a similar
comparison of correct and incorrect normalization settings for
amplicon MEX11-15; again sensitivity levels were kept fixed at 3.0.

The optimal sensitivity level was determined by analyzing all
170 different variants and 197 different wt samples for the 58
amplicons. The level of sensitivity at the “Auto Group” menu
option was adjusted for each individual amplicon and all
amplicons were set at sensitivity “High.” The maximum sensitivity
level that can be applied was established by testing a series of 5 to
10 individual wt curves and allowing a limited detection of 0 to
5% (average) false positives (FPs). We recommend designing new
primers for sets that yield a maximum sensitivity level below 2.7.
Subsequently, the minimum sensitivity of the amplicon was
established by analyzing the available variants. Again, new primers
were designed for sets that yielded a sensitivity level below 2.7.
Optimal sensitivity was reached when all variants could be
detected and no more than an average of 5% FP reactions were
observed in the wt series (excluding reactions that fail in the PCR).

Both the “Normal” and “High” sensitivity levels were evaluated
for all variants. Although the vast majority of variants could easily be
detected using a “Normal” sensitivity setting at the “Grouping”
standard, “Auto Group” at level “Normal” 2.7, some variants were
only visible at a sensitivity level “High.” Several of these less easily
detectable variants were homozygous variants. However, also some
heterozygous variants, such as ¢.135-15_135-12delCTTT and
.2898delT in the respective amplicons MEX05 and MEX11IB could
only be detected using the “Auto Group” “High” sensitivity setting.
Figure 2 depicts the analysis of these variants and compares the
results obtained with “Normal” and “High” sensitivity. Clearly,
grouping of all curves needs to be performed at high sensitivity level
to be sure these variants are detected. Due to this observation we
chose to select a “High” sensitivity level for all amplicons to
accomplish a detection level as optimal as possible and to reduce the
risk of missing important pathogenic mutations such as ¢.2898delT.

In general, “Auto Group” sensitivity level “High” was often set
higher than 2.7 to reach the most optimal and stringent detection
level. In case few variants were available, we focused mainly on the
quality of the detection by using a large panel of negative control
samples and selected only primer sets that yielded wt melt curves
that were located closely together and gave few FPs, never more
than 5%. Figure 3 shows the importance of testing a large series of
wt samples. Both plots depict HRM of 15wts; however, only
amplicon B gave rise to wt melt curves that are in close range of
each other and that were all correctly called by the software. In
contrast, amplicon A results in wt curves that are much more
broadly dispersed from one another and give rise to four FP
reactions. The latter result would give rise to a low sensitivity level
and subsequent potential loss in variant detection.

Evaluation Results Using All 58 Amplicons

Evaluation of HRM for all 58 amplicons applying the general
guidelines described in the previous section and using the panel of
variant and wt DNA samples resulted in the detection of all tested
heterozygous variants representing 220 analyses (+28 homozygous
variant analyses). This data was in full coherence with the results
obtained by sequence analysis. According to the “rule of three” this
results in a sensitivity of at least 98.6% with a confidence interval of
95%. Of the homozygous variants, only one could not be detected
by two different primer sets (MEX11] and MEX11-13C), namely
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Figure 1. A B: Adjusting “Normalize Setting” for optimal melt curve analysis. Evaluation of optimal adjustment of normalization bar settings is

illustrated for two amplicons. A: MEX11-13E: HRM analysis of 12wt DNA samples and three variant samples of amplicon MEX11-13E. First left
column depicts results of melting curves upon incorrect setting of normalization bars, resulting in aberrant normalized melting curve profiles as
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detected. Note that sensitivity levels are kept fixed at 3.0. B: MEX11-15: HRM analysis of 14 wt DNA samples and one variant sample of amplicon
MEX11-15. First left column depicts results of melting curves upon incorrect setting of normalization bars, resulting in aberrant normalized
melting curve profiles as indicated with a red circle (2). Lowest plot 3 shows subsequent incorrect variant calling. Right column depicts correct
normalization setting. Variant curves and congruent mutations are called correctly and are indicated in lower right plot (6). No FPs are detected.

Note that sensitivity levels are kept fixed at 3.0.

¢3113A>G. In total, 26 out of 28 homozygous variants reactions
were detected, representing 14 unique homozygous variants. This
results in a detection ratio of 93%. In Supp. Figure S2 the variant
detection by several amplicons is illustrated, including MEX07 (A),
MEX08 (B), MEX11-10 (C), MEX16B (D), and MEX24 (E). For
amplicon MEX11-10, seven different variants were tested, including
the homozygous polymorphism ¢.2082C>T and several different
deletions ranging from 1 to 5 nucleotides. Another homozygous
polymorphism (POL2), c.4837A>G, is shown for amplicon
MEX16B, of which the melt curve is relatively close to the wt

curves but clearly visible and reproducibly detected. This poly-
morphism is located only two nucleotides from the start site of the
forward primer located at c.4835. For the other amplicons the
variants are shown in triplicate or duplicate to illustrate repeatability
of the tests. All identical variants grouped nicely together at the
indicated sensitivity levels.

The specificity of the HRM for all amplicons was addressed by
evaluating a total of 197 different wt DNA samples. This resulted in
352 wt reactions for the complete evaluation of all 58 amplicons. In
total, 12 FP reactions were observed (3.4%), resulting in a specificity
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Figure 1.  Continued.

of 96.6%. The detection of FPs varied per amplicon and overall a
good reproducibility of the melt curves per amplicon was observed
using this broad panel of Gentra-derived DNA isolations.

Eventually, based on our results and the described criteria for
primers and HRM analysis, we subsequently selected the 40 best-
performing primer sets that encompassed the entire coding region
of BRCAI. This primer selection is depicted in Supp. Table S3 and
results in an increased specificity of 97.6% and a sensitivity of at
least 98.3% with a confidence interval of 95% (180/180
heterozygous variant reactions). Supp. Table S7 gives an overview
of the LS software settings applied.

Interlaboratory Testing of 10 Selected Amplicons

Next, we tested the analytical performance and reproducibility
of a selection of primer sets in two other laboratories
(EuroGentest member). For this interlaboratory performance test
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we selected 10 different amplicons ranging in size, GC content,
and HRM performance, including variants that gave melt profiles
close to the wt control melt curve (Table 1). Apart from amplicons
that harbored variants that were easily detected, we also included
the largest amplicon MEX11A-L tested (625-bp-long) and the
amplicon MEX11] that harbors the homozygous variant
¢.3113A>G, which could not be detected in the evaluation
studies performed in Leiden. In both laboratories all tests were
performed with identical consumables, samples, and PCR
conditions as described in Materials and Methods. All HRM
reactions were examined as described in Materials and Methods
with “Auto Group High.” Both laboratories detected all hetero-
zygous variants, indicating good reproducibility of the HRM tests.
Again the homozygous variant ¢.3113A>G could not be detected
by amplicon MEX11]. For the large amplicon MEXIIA-L
(624-bp-long) all variants were correctly detected, including the
one nucleotide deletion of variant c.1016delA that displays a melt
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at standard “Auto Group” and sensitivity is set at High level 3.

curve which is close to the wt curves and that is occasionally not
detected at normal sensitivity. Examination of all raw data from the
LS melt files using the instrument settings defined by Leiden gave rise
to identical results, indicating good reproducibility of LS perfor-
mance and test results in general from all the different laboratories.

In addition to repeating the DNA samples from Leiden, Leuven
performed additional validation experiments by testing a set of 19
additional DNA samples purified by Chemagen in combination
with the wt control DNA samples from Leiden purified with the
Gentra method (Table 2). Again all variants were detected. This
implies that this DNA extraction method does not interfere with
the HRM results and samples isolated by both these methods can
be combined in one test.

In conclusion, these results indicate good interlaboratory
reproducibility, even for more critical amplicons such as the large
625-bp fragment for exon 11, and show little influence of the DNA
purification method.

Genotyping of Common BRCA1 Polymorphisms

BRCALI is known for harboring several common polymorphisms,
resulting in the recurrent detection of variants for several amplicons.
Because HRM has shown that different variants can group into the
same melting curve profile, one can never conclude that variants that
are detected as one group (color) all represent the same known
variant and/or polymorphism. Consequently confirmation by
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sequence analysis would be essential for all variants detected.
However, for BRCAI this would result in the sequence analysis of
all detected polymorphisms, which occur in around 10 to 20% of the
PCRs. Therefore, we designed and tested nine unlabeled probes to
identify the frequently-occurring polymorphisms of BRCAI, to avoid
unnecessary sequence analysis upon detection of these nonpatho-
genic variants. In Supp. Table S5, we listed the probes and the
corresponding amplicon used for this study. All probes were
complementary to the reverse strand except for amplicon MEX11-
4, and were designed using the criteria described by Wittwer et al.
[2003] and in Supp. Table S2C. Due to the overlap of some
amplicons, the presence of several polymorphisms was confirmed
both directly and indirectly through probe analysis of the overlapping
amplicon. For example, POL ¢.4837A>G occurs both in MEX16A
and MEXI16B, but is only confirmed by probe analysis for MEX16A.
Previous studies performed their genotype PCRs using 50 to 55
cycles; however, by using a slightly higher end concentration of
primers, we obtained correct and good genotype results at 40
cycles. This made combination of amplicons with and without
probes on the same plate feasible even though the unlabeled probe
genotyping requires an asymmetric PCR. Finally, all probes
correctly detected their specific polymorphism as illustrated for
polymorphisms ¢.4308 T >C and ¢.4837A>G. of exon 13 and 16,
respectively, in Supp. Figure S3A and B. Both the 3’ phosphate-
and a 3/-C3 carbon-spacer block gave good and similar results.
However, due to better stability (especially at 4°C) the Idaho
Technology research team recommends employing the C3-block.
The use of HPLC purified probes did slightly improve the
grouping and subsequent detection of the polymorphisms.

Robustness: The Effect of DNA Purification, Concentration,
and Sample Variation

To determine the effect of the DNA isolation method, we
compared the results of several HRM tests using DNA samples
purified by different methods including phenol extraction, Qiagen
columns purification, and automated Chemagen and Gentra
(Autopure) DNA isolations. PCR and HRM analysis criteria were
identical for all tests as described above. Results showed that the
DNA isolation method applied did not specifically influence the
HRM results and differently-isolated DNA samples could easily be
examined and compared in one test. The minor signal variation
among the samples was similar to the signal variation observed in
series of identically isolated DNA samples.

In addition to the variation in DNA isolation methods, we also
examined the influence of different DNA concentrations for the
detection of wt samples and variant samples. Three amplicons,
MEX07, MEX11-13C, and MEX11-13F, were evaluated in duplex
using a DNA concentration range of 50, 20, 10, and 5ng per
reaction. For each amplicon, two wt control DNA samples were
tested together with one variant. We observed no deviating results
when using 20, 10, or 5ng per reaction and all curves correctly
grouped together; only the reactions that contained an input of
50 ng DNA per reaction occasionally (3/18), gave rise to a slightly
deviating curve (data not shown).

In conclusion, HRM is a robust assay and the detection of
variant or wt samples is not hampered when HRM reactions
contain four times less DNA than usual (down to 5ng). An input
of a higher amount of DNA (2.5x) can occasionally result in a
deviating curve and therefore could give rise to an FP reaction.
Note that if samples give rise to poor amplification results this will
always result in an aberrant melt curve, indicating that further
analysis for this sample is necessary.

8 HUMAN MUTATION, Vol. 30, No. 0, 1-11, 2009

Guidelines for Interpretation of HRM Data

The analysis of both the amplicon melt curves and, if applicable,
the additional probe melt curves, results in a large set of data that
requires correct interpretation. The combination of probe data and
amplicon data especially needs extra attention. Based on all our
observations during this elaborate evaluation study, we propose a list
of guidelines that can be applied for the interpretation of the HRM
data, which is described in detail in Supp. Table S8. In principle, all
curves that deviate from the wt curve and appear in a different color
in the difference plots using validated fixed settings potentially
contain a variant in the sequence and need to be sequenced. This can
be done directly on the HRM PCR sample. In case aberrant melt
curves are visible for some reactions, repeating the melt step of the
same plate again can improve the results (for details see Supp. Table
S$8). Standard rule is that once a sample is tested as a wt curve, the
sample will not contain a heterozygous variant even if it shows some
deviation in the other melt step.

Note that the unlabeled probe genotype analysis will only confirm
the presence (heterozygous or homozygous) or absence (wt) of the
examined common polymorphisms. But it does not exclude the
presence of an additional variant in the total amplicon and the results
should always be combined with the melt results of the complete
amplicon. More general aspects are indicated in Supp. Table S8.

Final Validation Step: Blind Tests Using 28 DNA Samples
and the 40 Best-Performing Primer Sets

Finally, we performed two complete BRCAI specific HRM
mutation scans using the 40 best-performing primer sets and two
series of 15 DNA samples each, including one wt control. Again,
we compared the performance of the HRM method with the
current “gold standard” for mutation detection; i.e., sequence
analysis. PCR reactions were performed as described previously
and analyzed using the same fixed scanning analysis settings that
were defined during the assessment of the large cohort of variants.

All 18 heterozygous variants, also identified with sequence
analysis, were detected in the blind studies and include pathogenic
mutations, unclassified variants, and infrequent polymorphisms
resulting in 100% detection (see Supp. Table S9A and B). In
addition, genotype analysis for nine common polymorphisms
detected all 154 polymorphisms correctly and omitted sequence
analysis of an additional 147 (13%) polymorphism-containing
reactions. Note that upon probe detection of only one homozygous
polymorphism in one series of 14 samples it was essential to
sequence this PCR since we can never exclude the presence of an
additional mutation in such samples. We detected 1.4% (8/560) and
2.5% (14/560) of FPs and three and four negative reactions (no
product) per series, respectively, resulting in an average specificity of
98%. Table 3 shows a summary of all data and demonstrates that in
total (two series) only 54 out of 1,120 PCR reactions (4.8%) would
require subsequent sequence analysis. Indicating the large reduction
in sequence analysis realized after prescanning the samples with
HRM and applying genotype analysis for nine common poly-
morphisms. Due to the presence of M13 tags, sequence analysis
could be performed directly on the HRM PCR reactions.

In summary, we again observed good reproducibility and high
specificity of the selected primer sets using the previously fixed
instrument settings.

Discussion

In this study we have not only performed an extensive
evaluation and validation of HRM on the IT LS, but we also
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Table 3. Summary of Two Blind Studies (28 Samples)*
Series 1 [% (n)]* Series 2 [% (n)]*

New VAR 1.6 (9) 1.6 (9)

FP 1.4 (8) 2.5 (14)
N.R 05 (3) 0.7 (4)

EN 0 (0) 0 (0)
POL/POL2 11.8 (66) 15.7 (88)
Single POL2" 1.3 (7) -

Total sequence reactions® 4.8 (27) 4.8 (27)

New VAR, total of variants detected excluding the common polymorphisms; FP, false
positive; N.R., no reaction and/or no clear melting curve observed; FN, false negative;
POL, heterozygous polymorphism; POL2, homozygous polymorphism.

*PCR reactions per series = 560.

“Percentage of total samples analyzed per series (number of reactions in parentheses).
PProbe-mediated detection of a single POL2 per set of 14 reactions.

“Total number of reactions that would need subsequent sequence analysis.

include an interlaboratory assessment of HRM, a genotype analysis
of nine common polymorphisms, the validation of a primer set for
BRCAI mutation scanning, and most of all a list of diagnostic
guidelines that can be applied for setting up HRM for other genes.

Previous studies have compared different HRM platforms and
examined many individual HRM tests for specific mutations or
small sets of samples [De et al., 2008; Takano et al., 2008; Reed and
Wittwer, 2004], but these studies did not include interlaboratory
testing nor such an elaborate panel of selected and validated
variant and wt samples for one gene that were all verified by
sequence analysis. A recent literature study reviewing the quality
of various scanning techniques for BRCAI and 2, indicated the
need for more statistically significant studies that thoroughly
verify the diagnostic accuracy of new mutation scanning
techniques that include confidence intervals of the results
[Gerhardus et al., 2007]. Therefore we tested a panel of variants
exceeding the minimal number of 150 samples in order to reach a
satisfactory lower bound of the 95% confidence interval of the
assay sensitivity.

In this study, we compared HRM analysis with sequence
analysis, which is the current gold standard for mutation detection
in most diagnostic laboratories. Our study, using 170 individual
variant and 197 individual wt DNA samples, indicate that HRM
analysis is a highly sensitive method that detected all heterozygous
mutations (157 samples) with a sensitivity of 100%. This results in
a final statistical sensitivity point estimate of 100% with a 95%
confidence interval of 98.3 to 100.0% (for 180 heterozygous
variant reactions) when using the 40 selected primer sets. In total
58 amplicons, were thoroughly evaluated and this resulted in 248
different variant analyses and 352wt analyses. Using the large
panel of amplicons we already observed a specificity of 96.6%.
This was increased to an average of 98.1% in the final blind test,
which includes large sets of wt sequence-encoding amplicons and
employs the selected 40 best-performing primer sets. Common
BRCA1 polymorphism could be easily detected using nine specific
unlabeled probes that harbored the SNP, omitting unnecessary
sequence analysis of 10 to 20% reactions per series. Evaluation in
two independent diagnostic laboratories of 10 different amplicons
that vary in size, melt profiles, and GC content yielded identical
results. Moreover, the raw data files from these laboratories were
analyzed using settings selected by Leiden, and again equal results
were obtained, indicating good reproducibility of the melt file
profiles derived from the individual LS instruments.

Based on this evaluation study, we composed a list of diagnostic
guidelines for setting up, analyzing, and interpreting HRM for
new genes, as summarized in Supp. Tables S2, S6, S7, and S8. This
way, our extensive evaluation can not only greatly facilitate the set

up for BRCAI but also of new mutation scanning tests in
diagnostic laboratories using HRM and will avoid the evaluation
of very large panels of variants.

However, the following critical issues will also need to be
initially addressed when setting up a new test. First, HRMC testing
for a new gene is only valuable when a large part of the samples
and amplicons generate wt sequences and/or harbor the repetitive
detection of a common polymorphism. In case a specific exon or
DNA fragment of the gene can contain many different variants it is
recommended to perform direct sequence analysis for this
particular gene region. Second, the current evaluation concerns
a gene with amplicons that have an average GC content ranging
from 31% to 54%. Previous studies have shown that high GC
content (>60%) can be a critical factor in obtaining optimal PCR
and HRM results (Technology Assessment on HRM as reported
by Helen White, National Genetics Reference Laboratory [NGRL],
Wessex, United Kingdom; http://www.ngrl.org.uk/Wessex/down
loads_reports.htm). Similarly, low GC content can also limit the
detection of variants and most of all reduce sensitivity. Conse-
quently, we recommend performing a more elaborate variant
analysis for such high-GC- or low-GC—containing amplicons to
evaluate the sensitivity and reproducibility of the tests while using
fixed scanning settings. Reducing the size of the amplicon to
200bp or even less can be one option to increase the mutation
detection sensitivity. Again, more related technical details can also
be found in the study by Helen White (NGRL).

Third, although we and others have shown that many
homozygous variants can be detected, it is essential to realize
that not all are found. Hence the detection of these variants will
always require spiking with other (wt) PCR reactions. Finally, it is
important to note that changing the reagents indicated in this
study can lead to poor results. The dye is an especially crucial
factor and should always be saturating. Today many more dyes are
available and are also being evaluated for HRM. However,
although it has been shown that several dyes give rise to good
reproducibility for detection of specific known variants, so far
their performance for mutation scanning analysis has not been
shown in an statistically valuable study. Clearly this latter type
of analysis demands excellent performance quality; therefore,
we recommend thorough evaluation tests when using a new
fluorescent dye.

An important guideline that resulted from our study is the
evaluation of large series of wt samples per amplicon. The wt melt
curves should always cluster close to each other for each amplicon
in the difference plot. This way high sensitivity levels can also be
selected when no variants are available for evaluation, and variant
curves located close to the wt curve can be detected; moreover, it
circumvents the detection of frequent FP scores. We recommend
reevaluating the results again after performing the first series of
diagnostic scanning tests. Note that when wt samples give large
variation in the individual curves and adjustment of Ta or Mg
concentration give no improvement, one should always consider
developing new primer sets. Do note that this applies for
amplicons which fall in the indicated GC content range tested
in this study.

Based on our evaluation, we selected the “Auto Grouping” at
“High” sensitivity level from the software menu. Although the fast
majority of variants could easily be detected using the “Normal”
sensitivity setting, some variants were only visible at this
high setting. Several of these undetectable variants were homo-
zygous variants; however, two heterozygous variants, namely
€.135-15_135-12delCTTT and c.2898delT could also only be
detected using the “High” sensitivity setting. Due to this
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observation, we choose to select this level for all amplicons to
accomplish a detection level as high as possible and to reduce the
risk of missing important mutations such as c.2898delT. Because
we selected for amplicons that have their wt melt curves in close
range, we could easily increase the sensitivity level and only
observed a very moderate increase of FPs compared to “Normal”
sensitivity. Correspondingly, we observed a high specificity of 98%
in the final blind tests using the “High” sensitivity levels for all
amplicons, which is similar to the specificity found in the study by
De Leeneer et al. [2008], who applied a “Normal” sensitivity level.
Unfortunately, the two critical “del” mutations that needed a high
sensitivity level in our investigation were not tested in this
particular study. It may be that lower sensitivities could be applied
to some amplicons and that the adjustment might be amplicon-
dependent. However, since both examples concern small deletions,
which occur less frequently than the substitutions during
mutation scans for BRCAI, they were present less often in our
cohort and could not be tested for all amplicons. Future tests
using additional high numbers of such variants will need to
confirm whether this is indeed applicable and not intrinsically
related to the detection of some small deletions. Do note that
26 deletion variants in our variant panel are detected at
normal sensitivity level, although c.1961delA is also closer to
the wt curves at normal sensitivity. Because all 130 substitutions
(including all possible nucleotides at various locations)
were detected as close as up to two nucleotides away from the
primer, it appears that, in general, deletions are more critical to
detect and it is advisable to evaluate this type of variants more
extensively.

In our study we noticed that some melt profiles could be
significantly improved upon repeating the melt step in the LS.
Such second melts can reduce the detection of FP samples in the
test, as explained extensively in point 2 of Supp. Table S8.

Note also that the software can not always discriminate different
variants in the same amplicon. Therefore, common polymorphisms
should never be judged only by their similarity in melt profiles, but
should always be confirmed by probe or sequence analysis to
exclude the presence of a mutation with an identical melt profile.
Also in our study, the overlap in melt profiles was
not always simply explained by similarity of the substitution
and short distance in location of the two variants. For example,
c2014A>T could not be discriminated from ¢.2019delA in
amplicon MEX11-8, and ¢.1067A>G resulted in a similar melt
profile as ¢.1209dupT in amplicon MEX11-4. However, in contrast
to the observation in a previous study [De et al, 2008], we
were able to distinguish the SNPs ¢.3113A>G from c.3119G>A
and the pathogenic mutations ¢.2934T > G and ¢.2989_2990dupAA
(data not shown). The latter two could also be easily distinguished
at normal sensitivity level. This indicates first of all the obvious
influence of elevating the sensitivity level from “normal” to “high”
sensitivity for better distinction of variants, but also the influence of
using different primer sets for the same gene region. The latter
suggests that a small shift in nucleotide composition of the
amplicon tested can significantly improve the detection. Notably,
the mutation ¢.2989_2990dupAA is located only 20bp away from
the reverse primer in MEX11I-B, whereas the other one is more or
less in the middle of the amplicon, which could perhaps explain the
clear difference in melt profiles.

As indicated, we used the “Primer Design” (PD-v1.0) software
as supplied by Idaho Technology for the design of 10 new primer
sets to replace either moderate performing primers or omit the
presence of a rare SNP under the primer. All sets were indicated in
green by the PD primer list (indicating a theoretical good quality)
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and gave very good PCR products and HRM results. Therefore, we
can recommend using the PD software for the design of new
primer sets. Of course primers still need to be examined for SNPs
and number of hits in a BLAST or BLAT search.

In summary, we conclude that HRM is a rapid and sensitive
post-PCR mutation scanning method that can easily be applied in
diagnostics to scan genes for various mutations. All results were in
coherence with the earlier sequence data, indicating at least a
similar sensitivity level when compared to this technique. The use
of M13 tags greatly facilitates the direct sequence analysis of
samples that show a variant melt curve and create a fast workflow.
We do recommend taking note of the critical features mentioned
in this study, which should be specifically addressed when
applying HRM for mutation scanning analysis.

We have summarized all recommendations and guidelines
that can be considered when setting up and performing HRM
for other genes in the online supporting information. Finally,
we supply a validated set of PCR primers for mutation scanning
analysis of the BRCAI gene on the LS using identical test
conditions.
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Supp. Table S1A and B.

Supp. Table S1A. list of BRCA1 variants

Exon | Mutation® classification variant $ type of variant &
2 c.-7G>A uv Sub
¢.-19-22A>G uv Sub
¢.34C>A MUT Sub
.68_69delAG MUT Del
¢.68dupA MUT Dup
3 c.81-6T>A MUT Sub
¢.133A>C uv Sub
5 ¢.135-15_135-12delCTTT uv Del
¢.211A>G uv Sub
¢.212+5A>G uv Sub
6 €.213-26 G>A uv Sub
¢.213-12A>G MUT Sub
c.288C>T POL Sub
€.220C>T MUT Sub
¢.232delA MUT Del
7 ¢.302-41T>C uv Sub
¢.302-3C>G MUT Sub
¢.314A>G uv Sub
€.396C>A uv Sub
¢.441G>C uv Sub
8 €.442-34C>T POL Sub
€.442-34C>T POL2 Sub
¢.470_471delCT MUT Del
¢.547+14delG uv Del
¢.536A>G + ¢.442-34C>T UV + POL2 Sub
9 ¢.548-17G>T uv Sub
¢.557C>A uv Sub
¢.591C>T POL Sub
¢591C>T POL2 Sub
€.593+25A>T uv Sub
10 €.594-34T>C uv Sub
€.594-2A>C+ ¢.641A>G UV + POL Sub
11 €.693G>A uv Sub
¢.736T>G POL Sub
¢.744C>G uv Sub
¢.825C>T uv Sub
¢.981A>G uv Sub
¢.1065G>A uv Sub
¢.1067A>G POL2 Sub
¢.1067A>G POL Sub
¢.1016delA MUT Del
¢.1209dupT MUT Dup
¢.1289dupA MUT Dup
€.1292delT MUT Del
¢.1292dupT MUT Dup
¢.1456T>C uv Sub
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¢.1411dupC

¢.1418A>G

c.1487G>A

¢.1525A>G

c.1621C>T

.1648A>C

c.1865C>T

¢.1878A>G

c.1961delA

¢.2005A>T

c.2014A>T

¢.2019delA

¢.2014A>T +¢.2082C>T
¢.2077G>A +¢.2082C>T
€.2077G>A + ¢.2082C>T
¢.2077G>A + ¢.2082C>T
€.2082C>T

€.2082C>T
€.2156_2157delAA
€.2197_2201delGAGAA
¢.2311T>C + ¢.2612C>T
¢.2311T>C + ¢.2612C>T
€.2338C>T

€.2338C>T +¢.2612C>T
€.2338C>T +¢.2311T>C +
¢.2612C>T

€.2338C>T +¢.2311T>C +
€.2612C>T

€.2359dupG

€.2521C>T

€.2522G>A

€.2612C>T

¢.2612C>T

€.2599C>T +¢.2612C>T
€.2685_2686delAA
€.2733A>G

€.2898delT

€.2920T>C

€.2934T>G
€.2989_2990dupAA
€.3024G>A

¢.3113A>G

¢.3113A>G

¢.3113A>G + ¢.3119G>A
¢.3119G>A
€.3328_3330delAAG
c.3418A>G
€.3436_3439delTGTT
€.3481_3491delGAAGATACTAG
€.3485delA

€.3485delA + ¢.3548A>G

MUT
uv
POL
uv
MUT
uv
uv
POL
MUT
uv
MUT
MUT
POL + POL
POL + POL
POL + POL2
POL2 + POL2
POL
POL2
MUT
MUT
POL+ POL
POL2 + POL2
MUT
MUT + POL

MUT + POL2 + POL2

MUT + POL + POL
MUT
POL

uv
POL
POL2
MUT
MUT
uv
MUT
uv
MUT
MUT
uv
POL
POL2
POL + POL
POL
uv
uv
MUT
MUT
MUT
MUT + POL

Dup
Sub
Sub
Sub
Sub
Sub
Sub
Sub
Del
Sub
Sub
Del
Sub
Sub
Sub
Sub
Sub
Sub
Del
Del
Sub
Sub
Sub
Sub

Sub

Sub
Dup
Sub
Sub
Sub
Sub
Sub
Del
Sub
Del
Sub
Sub
Dup
Sub
Sub
Sub
Sub
Sub
Del
Sub
Del
Del
Del
Del + Sub
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€.3548A>G POL Sub
€.3548A>G POL2 Sub
€.3627A>G ¢.3548A>G Uv + POL2 Sub
€.3627A>G uv Sub
€.3640G>A uv Sub
€.3640G>T MUT Sub
€.3748G>T MUT Sub
€.3770_3771delAG MUT Del
€.3820_3821insG MUT Ins
¢.4039A>G POL Sub
¢.4039A>G POL2 Sub
.4065_4068delTCAA MUT Del
12 c.4183C>T MUT Sub
¢.4165_4166delAG MUT Del
13 ¢.4186C>T + ¢.4308T>C MUT+ POL Sub
¢.4308T>C POL Sub
.4308T>C POL2 Sub
¢.4327C>T +¢.4308T>C MUT + POL Sub
14 ¢.4358-11T>C uv Sub
€.4391delCinsTT MUT Del/lns
c.4416_4417delTTinsG MUT Del/lns
.4483delA MUT Del
15 ¢.4535G>T POL Sub
€.4599T>C uv Sub
¢.4600G>A uv Sub
c.4644G>A POL Sub
16 .4689 C>G MUT Sub
c.4812A>G uv Sub
€.4837A>G POL Sub
¢.4837A>G POL2 Sub
€.4951T>C + ¢.4837A>G UV + POL Sub
¢.4951T>C uv Sub
€.4956G>A + ¢.4837A>G POL + POL Sub
€.4986+5G>T uv Sub
€.4986+5G>T+ ¢.4837A>G UV+POL Sub
¢.4691T>C uv Sub
17 .4987-92A>G + .4987-68A>G* POL Sub
.4987-92A>G + .4987-68A>G* POL2 Sub
.4987-20A>G POL Sub
¢.5030_5033delCTAA MUT Del
¢.4987-75A>G + ¢.4987-90A>G* POL + POL Sub
18 ¢.5075-53C>T + ¢.5152+66G>A* POL + POL Sub
€.5075-53C>T + €.5152+66G>A* POL+ POL2 Sub
€.5095C>T MUT Sub
€.5096G>A + ¢.5075-53C>T +
¢.5152+66" UV + POL + POL Sub
€.5096G>A uv Sub
¢.5152+20T>A uv Sub
¢.5152+66G>A* POL Sub
¢.5152+66G>A* POL2 Sub
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¢.5152+73A>G* POL Sub
19 €.5153-45C>T uv Sub
¢.5158A>G uv Sub
€.5177_5180delGAAA MUT Del
¢.5177_5178delGA MUT Del
20 €.5239C>T MUT Sub
¢.5251C>T MUT Sub
€.5266dupC MUT Dup
c.5277+1G>A MUT Sub
21 €.5300G>C uv Sub
¢.5430dupG MUT Dup
22 €.5341G>T MUT Sub
€.5406+5G>A MUT Sub
€.5406+8T>C uv Sub
23 ¢.5407-25T>A uv Sub
€.5467G>A uv Sub
€.5449G>T MUT Sub
€.5467+21dupT uv Dup
24 €.5468-10C>A uv Sub
€.5485dupG uv Dup
€.5503C>T MUT Sub
€.5503_5564del MUT Del
¢.5513T>G uv Sub
¢.5559_5560insA MUT Ins
¢.5585A>T uv Sub
¢.*36C>G uv Sub

" Mutations are indicated according to HGVS mutation nomenclature guidelines and DNA mutation
numbering system used is based on cDNA sequence. Nucleotide numbering reflects cDNA numbering
with +1 corresponding to the A of the ATG translation initiation codon in the reference sequence,

according to journal guidelines (www.hgvs.org/mutnomen). The initiation codon is codon 1.

S MUT is pathogenic variant, UV is unclassified variant, POL is heterozygous polymorphism and POL2 is

homozygous polymorphism.
& Sub is nucleotide substitution, Del is deletion, Dup is duplication, Ins is insertion

* For these amplicons the indicated POLs were tested using two sets of primers, one that generate a
large amplicon including the POLs and one final selected set that amplifies an amplicon excuding the
POLs. The first primer set for the large amplicon detected all POLs and the second set only those POLs

that are included in the amplicon.

Supp. Table S1B. distribution of types of mutations of BRCA1

Summary* Total Subs Total Dels Total Dup/ins
Amount+ 130 28 15
Percentage+ 75% 16% 9%

" Note that in this summary the 2 variants that have a combination of Del and Dup/Ins occurring in one
sample were counted double at both the Dels and the Dup/Ins, similar the combination of Del and Sub is

counted double.
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Supp. Table S2. Criteria for set up and optimization HRM PCR

Supp. Table S2A. Primer design criteria:

1.

Primers have to be specific for the target as judged by a genome sequence
database analysis program such as the BLAST analysis of the NCBI website
(http://www.ncbi.nlm.nih.gov/blast/Blast.cgi).

Primers should not contain common/frequent Single Nucleotide
Polymorphisms (SNPs) and SNPs should be avoided in primer sets that
amplify a single exon-region and do not have an overlap with other primer
sets. All SNPs were evaluated using the program ‘Diagnostic SNP Check’
supplied by the National Genetics Reference Laboratory (NGRL) Website
(Manchester) which employs the latest build dbSNP (build 127 at
http://www.ncbi.nlm.nih.gov/SNP/index.html) of the human genome from
NCBI.

The primer length should be no longer than 30 nucleotides excluding the
length of the M 13 tail.

The region amplified should be preferentially 250-350 bp and not exceed
420 bp.

Supp. Table S2B. PCR-product and basic HRM criteria

1.

Primer sets should give an optimal PCR product (see point 2) and
reproducible melt curves that group together (same auto group/colour curve
in Group menu) at a broad range of annealing temperatures as judges by the
LightScanner software. Select optimal Ta within this region.

2. PCR reaction should be at plateau phase/saturated, and result in a high
fluorescent product (> 500) as measured by HRM

3. PCR product should give no more than two melting domains in the melting
curve upon HRM analysis.

4. Purity of the PCR product needs to be examined upon optimization on

agarose gel and solely reactions that generate the correct size product and
do not contain additional bands, such as primer dimers, are acceptable.
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Supp. Table S2C. Criteria for probe design for Genotype analysis of common
polymorphisms
1. The Tm was kept below 70°C reducing interference with the polymerase
extension step,
Length of probe was around 30 bp.
3. GC content of probe was in a range of 45 to 55%.
The frequent occurring SNP was included in the probe to create most
optimal detection of the polymorphism (POL) and potential other variants
under the probe.
5. All probes must carry a block at the 3’ end omitting participation in the
PCR reaction and 3’ exonuclease activity. A phosphoramidite 3’-C3 carbon
-spacer block is recommended, due to better long term stability.
6. The use of HPLC purified probes is recommended.
Supp. Table S3
Supp. Table S3. HRM primer list for BRCA1
Exon Primer name primer sequence 5'-3™ Ta/cycli$ 'Ll\_n;relg'?ﬁ#n CE/S
MEX2 BR1EX2F-M13-2 TGTAAAACGACGGCCAGT gaagttgtcattttataaacctit 61/40 294 32
BR1EX2R-M13-2 CAGGAAACAGCTATGACC tgtgtctittcticcctagtatgt
MEX3 BR1EX3F-M13 TGTAAAACGACGGCCAGT ttgaggccttatgttgactcag 66/40 347 35
BR1EX3R2-M13 CAGGAAACAGCTATGACC tgaaatggagttggatitttcg
MEX5 BR1EX5F-M13 TGTAAAACGACGGCCAGT ttcatggctatttgectttty 61/40 292 31
BR1EX5R-M13 CAGGAAACAGCTATGACC tgatgaatggttitataggaacg
MEX6 BR1EX6F-M13 TGTAAAACGACGGCCAGT ggttttctactgttgctgcatct 59/40 318 35
BR1EX6R2-M13 CAGGAAACAGCTATGACC gaaagtaattgtgcaaacttcctg
MEX7 BR1EX7F-M13 TGTAAAACGACGGCCAGT gggttictcttggttictttga 59/40 279 34
BR1EX7R3-M13 CAGGAAACAGCTATGACC agaagaagaaaacaaatggttt
MEX8 BR1EX8F-M13 TGTAAAACGACGGCCAGT ticaggaggaaaagcacagaa 66/40 320 39
BR1EX8R-M13 CAGGAAACAGCTATGACC cacttcccaaagetgectac
MEX9* BR1EX9F3-M13 TGTAAAACGACGGCCAGT acccttttaattaagaaaacttttat 63/40 217 30
BR1EX9R3-M13 CAGGAAACAGCTATGACC aaagagagaaacatcaatcct
MEX10 BR1EX10F-M13 TGTAAAACGACGGCCAGT tggtcagctttctgtaatcgaa 61/40 318 39
BR1EX10R-M13 CAGGAAACAGCTATGACC aaggtcccaaatggtcttca
MEX11A* BR1EX11AF2-M13 TGTAAAACGACGGCCAGT gttgatttccacctccaagg 63/40 384 37
BR1EX11A2-M13R4 CAGGAAACAGCTATGACC gtttgcttttattacagaattcagcc
MEX11C BR1EX11C-M13F TGTAAAACGACGGCCAGT tcatgccagctcattacage 63/40 414 41
BR1EX11C-M13R CAGGAAACAGCTATGACC tcagactccccatcatgtga
MEX11-4 BR1EX11-4F-M13 TGTAAAACGACGGCCAGT gtgtgagagaaaagaatgg 59/40 257 40

BR1EX11-4R-M13

CAGGAAACAGCTATGACC catctacctcatttagaacg
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Exon Primer name primer sequence 5'-3" Talcycli® 'Ll\_rgﬁgfr?#n (E/OC

MEX11-5 BR1EX11-5F-M13 TGTAAAACGACGGCCAGT gaatcaaatgccaaagtage 59/40 316 38
BR1EX11-5R-M13 CAGGAAACAGCTATGACC ggacgctcttgtattatctg

MEX11-6 BR1EX11-6F-M13 TGTAAAACGACGGCCAGT attataggagcatttgttac 59/40 320 37
BR1EX11-6R-M13 CAGGAAACAGCTATGACC tittcgagtgatictattgg

MEX11-7 BR1EX11-7F-M13 TGTAAAACGACGGCCAGT caaaaggtgatictaticag 59/40 272 37
BR1EX11-7R-M13 CAGGAAACAGCTATGACC attaggtgggcttagattic

MEX11-8 BR1EX11-8F-M13 TGTAAAACGACGGCCAGT caggcatattcatgcgcettg 59/40 254 40
BR1EX11-8R-M13 CAGGAAACAGCTATGACC tacttgtctgticatttgge

MEX11-10* BR1EX11-10F2-M13 TGTAAAACGACGGCCAGT aggtaaagaacctgcaac 61/40 333 38
BR1EX11-10R2-M13 CAGGAAACAGCTATGACC atactgctactctctacagat

MEX11H BR1EX11H-M13F TGTAAAACGACGGCCAGT gtggagaaagggttttgcaa 66/40 420 40
BR1EX11H-M13R2 CAGGAAACAGCTATGACC cctctictgcatttcctggat

MEX11l-A* BR1EX11I-AF-M13 TGTAAAACGACGGCCAGT gtatccattgggacatgaag 66/40 347 41
BR1EX11I-AR-M13 CAGGAAACAGCTATGACC gaccaaccacaggaaagcct

MEX11|-B* BR1EX11I-BF-M13 TGTAAAACGACGGCCAGT caagcctgtacagacagtta 66/40 317 38
BR1EX11-13BR-M13 CAGGAAACAGCTATGACC caggtgacattgaatgttcc

MEX11-13C BR1EX11-13CF-M13 TGTAAAACGACGGCCAGT aaaatctgctagaggaaaac 59/40 246 37
BR1EX11-13CR-M13 CAGGAAACAGCTATGACC catcactggaacctatttc

MEX11-13D BR1EX11-13DF2-M13 | TGTAAAACGACGGCCAGT gttccagtactaatgaagtgggct 59/40 285 37
BR1EX11-13DR-M13 CAGGAAACAGCTATGACC ctgaaatcagatatggagag

MEX11-13E BR1EX11-13EF-M13 TGTAAAACGACGGCCAGT tgaagaagtagttcagactg 59/40 276 39
BR1EX11-13ER-M13 CAGGAAACAGCTATGACC aaagggctaggactcctgct

MEX11-13F BR1EX11-13FF-M13 TGTAAAACGACGGCCAGT agtcatgcatctcaggtttg 59/40 268 43
BR1EX11-13FR-M13 CAGGAAACAGCTATGACC ataagttctcttctgaggac

MEX11-14 BR1EX11-14F-M13 TGTAAAACGACGGCCAGT ctticacccatacacatttg 59/40 273 41
BR1EX11-14R-M13 CAGGAAACAGCTATGACC tgcagtcatttaagctattc

MEX11-15 BR1EX11-15F-M13 TGTAAAACGACGGCCAGT gagtgtctgtctaagaacac 59/40 217 38
BR1EX11-15R-M13 CAGGAAACAGCTATGACC tatttgcagtcaagtcticc

MEX11N BR1EX11N-M13F TGTAAAACGACGGCCAGT taatattggcaaaggcatctca 61/40 387 41
BR1EX11N-M13R CAGGAAACAGCTATGACC gctccccaaaagceataaaca

MEX12* BR1EX12F3-M13 TGTAAAACGACGGCCAGT cagcaagttgcagegtt 63/40 251 44
BR1EX12R3-M13 CAGGAAACAGCTATGACC atacatactactgaatgcaaaggac

MEX13* BR1EX13F3-M13 TGTAAAACGACGGCCAGT aatggaaagctictcaaagtatt 63/40 341 41
BR1EX13R2-M13 CAGGAAACAGCTATGACC ccttactcttcagaaggagat

MEX14* BR1EX14F2-M13 TGTAAAACGACGGCCAGT ctaacctgaattatcactatc 63/40 348 34
BR1EX14R2-M13 CAGGAAACAGCTATGACC gtgtataaatgcctgtatgca

MEX15* BR1EX15F5-M13 TGTAAAACGACGGCCAGT ctttcacaattggtggceg 63/40 346 42
BR1EX15R4-M13 CAGGAAACAGCTATGACC ccagaatatctttatgtaggaticag

MEX16A BR1EX16AF-M13 TGTAAAACGACGGCCAGT gaccagaacttigtaattc 59/40 296 46
BR1EX16AR-M13 CAGGAAACAGCTATGACC cccagcagtatcagtagtat

MEX16B BR1EX16BF-M13 TGTAAAACGACGGCCAGT aaagttgcagaatctgcce 63/40 273 43
BR1EX16R2-M13 CAGGAAACAGCTATGACC cataaaactctttccagaatgtty

MEX17* BR1EX17F4-M13 TGTAAAACGACGGCCAGT actagtattctgagctgtgtge 66/40 249 37
BR1EX17R3-M13 CAGGAAACAGCTATGACC cctcgecteatgtggtt
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Exon Primer name primer sequence 5'-3" Talcycli® 'Ll\_rgﬁgfr?#n (E/OC

MEX18* BR1EX18F2-M13 TGTAAAACGACGGCCAGT ctttagcttcttaggacagcea 63/40 242 38
BR1EX18R2-M13 CAGGAAACAGCTATGACC aaatgcaattctgaggtgtta

MEX19 BR1EX19F-M13 TGTAAAACGACGGCCAGT ttgtgaatcgcetgacctctct 66/40 247 37
BR1EX19R-M13 CAGGAAACAGCTATGACC ggtgcattgatggaaggaag

MEX20 BR1EX20F2-M13 TGTAAAACGACGGCCAGT ctggcctgaatgcecttaaat 63/40 266 46
BR1EX20R2-M13 CAGGAAACAGCTATGACC cagagtggtggggtgagatt

MEX21 BR1EX21F2-M13 TGTAAAACGACGGCCAGT agattttccttctctccattce 63/40 227 50
BR1EX21R2-M13 CAGGAAACAGCTATGACC ccatcgtgggatcttgctta

MEX22* BR1EX22F3-M13 TGTAAAACGACGGCCAGT tcccattgagaggtettgct 66/40 333 48
BR1EX22R3-M13 CAGGAAACAGCTATGACC gagaagacttctgaggctac

MEX23 BR1Ex23-M13F2 TGTAAAACGACGGCCAGT gatgaagtgacagttccagtag 59/40 225 50
BR1EX23R-M13 CAGGAAACAGCTATGACC gtgataaaccaaacccatgc

MEX24 BR1EX24F3-M13 TGTAAAACGACGGCCAGT cctagtccaggagaatgaatiga 63/40 282 54
BR1EX24R2-M13 CAGGAAACAGCTATGACC ctggaaaggccactttgtaa

* Primers ‘redesigned’ using Primer Design Software (IT)
$ Ta/Cycli is optimal PCR annealing temperature (Ta) and number of PCR cycles
# amplicon length in bp includes primer sequence and M13 tails.

Supp. Table S4

Supp. Table S4. Composition of HR-MC PCR reactions
no probe with probe
Number of reactions: [("])] (ul)
LS mastermix 4 4
Mol. grade water 3.4 3.4
Primer F (10 pmol/ pl) 0.3 0.1#
Primer R (10 pmol/ pl) 0.3 0.5#
Probe (10 pmol/ ul) - 0.5
DNA (10 ng / pl) 2 2
Total volume 10 10
Mineral oil 15 15

# NB. The genotype analysis of c.1067T>C for amplicon MEX11-4 was performed using the opposite ratio
of forward and reverse primers (5:1), because this probe is targeted to the forward strand.
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Supp. Table S5

Supp. Table S5. List of BRCA1 probes used for Genotyping frequent polymorphisms

amplicon | Probe sequence SNP alleles | location | length | GC% | Tm°C
MEX08 BR1EX08_442-34-B* GCCAATAATTGCTTGACTGTTCTTTACC 15799923 C>T 0.442-34 8 3 66
MEX11-04# | BR1EX11_1067-B* CTGAGCATGGCAGTTTCCGCTTATTCC r$1799950 | T>C 01067 2% 50 68
MEX11-10 BR1EX11_2082-B* GACATGACAGTGATACTTTCCCAGAG 51799949 | C>T 0.2082 2% 46 66
MEX11H BR1EX11_2311-B* GTAGCAGTATTTCACTGGTACCTGGTAC 1516940 T-C c.2311 28 46 68
MEX11IA BRIEX11_2612-B* GCGCCAGTCATTTGCTCTGTTTTCA 5799917 | C>T c.2612 25 48 66
MEX11-13C | BRIEX11-13c_3113-B* GAAAATGTTTTTAAAGGAGCCAGCTCAAGC | 1810941 A>G c3113 30 40 68
MEX11-13E | BRIEX11_3548-B* TAGCAARAGCGTCCAGAGAGGAGAGCT 1516942 A>G c.3548 27 48 68
MEX13 BRIEX13_4308.B* CATAAGTGACTCCTCTGCCCTTGAGGA rs1060915 | T>C .4308 27 52 69
VEX{6A BRIEX{6A_4837-B° CCCAGGGTCCAGCTGCTGCTCATA rs1799966 | A>G .4837 24 63 71

*B is C3 carbon (phosphoramidite)-spacer block as described in Material and Methods
# Note this probe is specific for the forward strand.

Supp. Table Se6.

Supp. Table S6. Guidelines for HRM analysis for detecting heterozygous

variants

(LS software program: Call IT version 1.5)

1. Subset menu: Select subsets per amplicon.

2. Negative Filter menu: Check fluorescent signal of products (>500) and no
template control (< the end fluorescent value of the melted PCR products
at 98°C)

3.A Normalize menu:

A) The optimal width per set of the lower and upper normalization bars
should be in a range of 1 to 2.5 degrees Celsius.

3B B) The location of the bars should be close around the melt domain and
can be adjusted to optimal position by establishing a straight horizontal
line at the start of the normalized melting curve (see study Figure 1)

4. Curve Shift menu: Leave ‘Curve Shift’ setting at the default setting of
0.050.

5.A Grouping menu:

A) Group the curves for each individual amplicon using the standard
‘Auto Group’ option and select Sensitivity High.
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5.B B) The optimal sensitivity level can be examined by analyzing at least 5-
10 wt control DNA samples and various variant DNA samples that
preferentially include variants that harbour 1 nucleotide deletion.

5.C C) The maximum sensitivity level that can be applied was established by
testing the series of 5-10 individual wt curves and allowing a limited
detection of 0 to 5 % (average) false positives. We recommend designing
new primers for sets that yield a maximum grouping-sensitivity level
below 2.7.

5.D D) It is essential that Wt melt curves appear closely grouped together in
the difference plot (see also Figure 2). This will allow selection of high
sensitivity levels and subsequent detection of modest deviating DNA
variants.

5.E E) The minimum sensitivity of the amplicon can be established by
analyzing the available variants. Again new primers were designed for
sets that yielded a sensitivity level below 2.7. In case of AT rich
amplicons, splitting up fragments and thus choosing a smaller sized
amplicon can significantly increase the sensitivity value and subsequently
improve the detection level of variants.

5.F F) Based on the evaluation of wt’s and variants, we recommend using the
highest sensitivity value possible. The optimal sensitivity is reached when
al variants are detected and no more than 0-5 % false positive reactions
are observed in the wt series (excluding reactions that fail in the PCR).
Again make sure wt curves are closely grouped in difference plot.

$Note these guidelines are based on the described evaluation and validation study of
the indicated amplicon set for the BRCA1 gene using the LightScanner mastermix for
PCR and the LightScanner for melting the plates. More GC rich and especially AT
rich amplicons may require more stringent sensitivity settings.
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Supp. Table S7.

Supp. Table S7. Overview of LightScanner software settings of validation

study
Lower Normalize settings* | Upper Normalize settings*

Amplicon Lower Min | Lower Max | Upper Min | Upper Max | Ta/cycli Sensitivity$
MEX02 74.1 77.7 86.6 88.8 61/40 3.5
MEX03 78.2 80.2 87.3 88.5 63/40 3,0
MEXO05 74.4 77.7 85.5 86.5 61/40 3.2
MEXO06 78.7 81.1 87.4 88.4 59/40 3,0
MEX07 78.1 80.4 86.5 87.5 59/40 3.1
MEXO08 77.6 79.6 89.2 90.2 66/40 3.3
MEX09 75.2 77.6 84.9 85.9 63/40 3.5
MEX10 78.1 81.1 88,0 89,0 61/40 3.3
MEX11A 78.2 80.2 89.3 90.3 63/40 3,0
MEX11C 80.5 83,0 89,0 90.4 63/40 3.3
MEX11-4 80.3 82.2 87.9 88.9 59/40 3,0
MEX11-5 78.5 81,0 86.7 88.5 59/40 2.9
MEX11-6 77.3 79.8 87.5 88.5 59/40 3.5
MEX11-7 79.6 81.2 87.6 89.1 59/40 3,0
MEX11-8 79.1 81.3 88.5 90,0 59/40 3.5
MEX11-10 78.7 80.7 87.3 88.3 61/40 3.0
MEX11H 80.0 82.0 88.5 89.5 66/40 3.1
MEX11IA 80.1 82.1 88.6 89.6 66/40 3.4
MEX11IB 79.3 80.3 87.7 88.7 66/40 3.2
MEX11-13c 78.4 80.4 86.3 88.8 59/40 3.2
MEX11-13d 77.2 80.1 87.4 88.4 59/40 3.0
MEX11-13e 78,0 80,0 88.4 89.9 59/40 3.0
MEX11-13f 80.9 82.7 89.5 90.5 59/40 3.1
MEX11-14 79.1 80.8 88.8 89.8 59/40 3.5
MEX11-15 78.8 80.6 87.1 88,0 59/40 3,0
MEX11N 79.9 82.6 88.7 90.4 61/40 3.1
MEX12 81,0 82.4 90,0 91,0 63/40 3.1
MEX13 79.8 81.9 89.9 90.9 63/40 3.0
MEX14 78.4 79.8 86.6 87.8 63/40 3,0
MEX15 78.6 79.9 89.7 90.7 63/40 3.8
MEX16A 81.3 83.3 90.7 91.7 59/40 2.9
MEX16B 77.6 80.2 90.4 914 63/40 3,0
MEX17 77.8 79.8 86.2 87.2 66/40 3.3
MEX18 78.4 80.9 87,0 88.4 63/40 3.1
MEX19 76,0 79.4 87.9 89,0 66/40 3.2
MEX20 83.5 84.8 89.8 90.7 63/40 3,0
MEX21 82.5 83.9 91.2 92.2 63/40 2.9
MEX22 82.6 84.2 90.7 91.7 66/40 2.9
MEX23 82.3 84.1 91.2 92.2 59/40 3,0
MEX24 83.5 84.8 93.8 94.8 63/40 2.9

* Note that all normalization settings were good reproducible and applicable for all tests
performed during this evaluation and validation study in Leiden and also using the raw data

11
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obtained from Leuven and Prague. However, after replacing the LightScanner in Leiden with a
new machine in 2008 all Melt temperatures appeared to make a shift of ~0.3 (ranging from 0.2-
0.5) °C, requiring a overall shift in normalization settings of the same average value. Most
amplicons were not affected by this change, but some like MEX11-10 appeared to have settings
that were more sensitive for this change. Therefore we recommend verifying and if necessary
adjusting all suggested normalization bar settings per amplicon.

$ Advised sensitivity based on evaluation of reported variants and large series of wt DNA
samples.

NB. All probes were analyzed using Normal sensitivity 1.0

12
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Supp. Table S8.

Su

pp. Table S8. Guidelines for interpretation of HRM data®

In principle all curves that deviate from the wt curve and appear in a different color in the
difference plots using selected fixed settings, potentially contain a variant in the sequence
and need to be sequenced. (This can be done directly on the HRM PCR sample).

In case aberrant melt curves are visible in the plots, for example due to air bubbles in
reaction, it is recommended to repeat the melt step. Often this will improve the melt curve
of the aberrant reaction and confirm whether this sample is wt after all or contains a variant.
When performing a second melt for the same plate, melting curves can deviate from wt-
curves in one melt and be wt in the second melt (or vice versa). Standard rule is that once a
sample is tested as a wt curve, the sample will not contain a heterozygous variant even if it
shows some deviation in a new melt step.

Common polymorphisms can be confirmed by using a genotype reaction and analysis. This
avoids repeatedly sequencing of know polymorphisms. The genotype analysis will
distinguish wt from heterozygous polymorphism (POL) and homozygous polymorphism
(POL2).

Note that the homozygous polymorphism are not always detected in the complete amplicon
melt-analysis by the software tool ‘expert scanning’ and can appear in this analysis step as a
wt curve profile.

Analysis of polymorphisms in the unlabeled probe melt can only confirm the presence of
the common POL/POL2, but does not display, and thus not exclude, the presence of other
additional variants in the amplicon, unless the variant is under the probe (this will be clearly
visible as a deviating curve).

Therefore it is essential to check the ‘expert scanning’ melt-data of the complete amplicon
to see if there is a deviating curve among the POL/POL2 curves.

In general (assuring no family members are tested in the same scanning round) the presence
of solely the common POL(2) and no additional variants within the fragment can only be
confirmed as follows:

A) The unlabeled probe analysis confirms the POL (or POL2).

B) The ‘expert scanning’ result of the complete amplicon groups all the POL
containing samples in the same ‘Auto Group’ (same color curve).

C) The analysis of the complete amplicon melt (‘expert scanning’) of all samples
examined, there are at least 2 or more POL-curves detected. In case the ‘expert
scanning’ analysis locates one of the POL containing curves in a different autogroup
the sample needs to be sequenced to check for additional variants.

The same POL can be present in overlapping amplicons but only needs to be confirmed in
one of the amplicons/subsets. In this case the probe analysis of one amplicon can be used

for both (overlapping) amplicons to confirm the presence of the common POL.
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$ Note these guidelines only apply assuming that the chosen fixed scanning settings used to
analyze the HRM data have been well evaluated during a primary validation of the selected primer
sets, using various wt and variant samples, and the described HRM indicated criteria are all meet.

# Do note that although in some cases the initial melt can be clearly disturbed for technical
reasons and give rise to a completely aberrant melting curve that has to be excluded from the
analysis, in other cases the deviation was more subtle and could be due to a lower heteroduplex
formation or other factors. Based on our analysis of the large panel of wt samples (often in
duplicate) we noticed that in all cases where FP samples gave deviating curve in one melt and
showed a wt curve in the second melt step, the reaction represented a wt DNA sequence.

72



van der Stoep et al., Human Mutation

Supp. Table S9A and B

Supp. Table S9A. Overview variants& found in BRCA1 scan serie 1

DNA code

amplicon

classification$

variant”

D1.06.09146

D1.06.09111

D1.06.09111

D1.06.09146

D1.06.09146

D1.06.09052

D1.06.08830

D1.06.08794

D1.06.08794

MEX08

MEX11C*

MEX11-4*

MEX11-5

MEX11-6

MEX11-10

MEX11-10

MEX11-10

MEX11-13E

UV + POL

POL

POL

POL

POL

POL+ POL

POL+ POL

POL+ POL2

uv

c.536A>G,
p.Tyr179Cys + c.442-
34T>C
c.1067A>G,
p.GIn356Arg
c.1067A>G,
p.GIn356Arg
c.1456T>C,
p.Phe486Leu
c.1648A>C,
p.Asn550His
c.2077G>A,
p.-Asp693Asn +
c.2082C>T,
p.Ser694Ser,
c.2077G>A,
p.Asp693Asn +
c.2082C>T,
p.Ser694Ser
c.2077G>A,
p.Asp693Asn +
€.2082C>T (pol2),
p.Ser694Ser
c.3418A>G
p.Ser1140Gly

Supp. Table S9B. Overview variants& found in BRCA1 scan serie 2

DNA code amplicon classification® | variant®
c.557C>A
D1.06.09559  MEX09 uv p.Ser186Tyr
. c.1067A>G,
D1.06.09150 MEX11C POL p.GIn356Arg
. c.1067A>G,
D1.06.09150 MEX11-4 POL p.GIn356Arg
c.2077G>A,
) p.Asp693Asn+
D1.06.09512  MEX11-10 POL + POL c.2082C>T,
p.Ser694Ser
@ c.3113A>G,
D1.06.09431 MEX11-13C POL p.Glu1038Gly
c.4039A>G,
D1.06.09396  MEX11N POL p.Arg1347Gly
D1.06.09559  MEX22 uv c.5406+8T>C
D1.06.09559  MEX24 uv c.*36C>G
D1.06.09598  MEX24 MUT c.5503_5564del62,
p.Arg1835fs

15

% Mutations are indicated according to HGVS mutation nomenclature guidelines and DNA mutation
numbering system used is based on cDNA sequence. Nucleotide numbering reflects cDNA numbering
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with +1 corresponding to the A of the ATG translation initiation codon in the reference sequence,
according to journal guidelines (www.hgvs.org/mutnomen). The initiation codon is codon 1.

$ MUT is pathogenic variant, UV is unclassified variant, POL is heterozygous polymorphism and POL2
is homozygous polymorphism.

& Variants represent the melt curves that deviate form the wt melt curves in the difference plots and do
not fall into the frequent polymorphism groups.

*  This POL was also identified by probe in MEX11-4, but because no second reaction with a POL curve
was detected the presence of an extra variant could not be excluded and therefore is considered a VAR
and demands to be verified by sequence analysis.

@ This melt curve, although close to ¢.3113A>G-pol curves, didn't group with these pol containing
meltcurves and therefore was considered as a variant, however sequence analysis revealed it did only
contain the polymorphism.

1 2 3 4 L 6 7 o 9 10 " 12
A | IMTH 8 T L g T o, g T o 8 T L g T o g
B 1 4 1 9 1 9 1 4 1 9 1 9
G 2 10 2 10 2 10 2 10 2 10 2 10
1] 3 ikl 3 11 3 11 3 il 3 1 3 11
E 4 12 4 12 4 12 4 12 4 12 4 12
F 5 13 5 13 5 13 5 13 5 13 5 13
G G 14 G 14 B 14 6 14 E 14 B 14
H 7 M.T. i BL 7 MT. 7 M.T. i MLT. 7 MT.

ampl. A ampl. B ampl. C ampl. D ampl. E ampl. F

Supp. Figure S1. Generic 96-well plate set up for blind study of complete BRCA1 scan

Overall 96 well plate layout is shown for the BRCA1 blind tests. Each plate contains the analysis
of 6 amplicons for 14 DNA samples and includes a wt and a water control. Abbreviations; wt,
wild type; N.T., no template (or Blank); BR1 ampl., BRCA1 specific amplicon/primer set.
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Supp. Figure S2A-E. HRM illustrated for amplicons MEX07, MEX08, MEX11-10,
MEX16B and MEX24.

The mutation detection analysis for amplicons MEX07, MEX08, MEX11-10, MEX16B and
MEX24 is illustrated in plots A, B, C, D and E respectively. For each amplicon the raw melting
data before normalization as depicted in the Negative Filter menu is shown on the left. The
meltcurve Grouping results and sample annotation (a to h) after normalization as obtained with
Expert Scanning are shown on the right and include the 96-well sample selection plot and the
corresponding difference plot with all the meltcurves. All variants tested are also listed in Supp.
Table S1. As shown all variants are clearly detected and no false positive curves were observed.
All grey curves labeled a are in each plot the wt samples. The following variants are displayed:
For MEX07, b= ¢.302-41C>T ; c¢= ¢.302-3G>C ; d= ¢.441G>C; MEXO08, b= [c. 536A>G] + [c.
442-34T>C] ( UV, pol2) ; c= c. 442-34T>C (pol2) ; d= c. 442-34T>C (pol); MEX11-10,
b=[c.2077G>A] + [c.2082C>T]; c= ¢.2197 2201delGAGAA (well C1 and well C2); d=
¢.2082C>T (pol2); e= ¢.2156_2157delAA; f= [c.2082C>T] + [c.2014A>T]; g= ¢.2019delA; h=
¢.2077G>A; MEX16B, b= [c.4951T>C] +[4837A>G]; c= c.4837A>G (POL2); d= [c.4956G>A]
+ [4837A>G]; e= c.4837A>G (POL); f= [c.4986+5G>T]+ [4837A>G] and MEX24, b=
¢.5559 5560insA; c= ¢.5585A>T; d= ¢.5503C>T; e= ¢.5503 5564del62. Grouping standards
were all at Auto Group High Sensitivity and sensitivity levels are indicated in Supp. Table S7.

Supp Figure S2A.
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Supp. Figure S2B
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Supp. Figure S2D

D

Negative Filter

MEX16B (273 bp)

Expert Scanning

Welilng Curves

10| e i) bl 3

Flusiiscence

B

7|8ala|w|n|iz| [l a

| I3

N

| K]

B

W vegaiive

Difference Curves

Supp. Figure S2E
E MEX24 (282 bp)
Negative Filter Expert Scanning
T | z|s|e]s|s|z|e]ls[w[n[z Mo
A e
B M-
B el
o -
= W Hegaiive
F
G
H
o1sb ,//\
E [ // ‘llk ]
oF / —

19



van der Stoep et al., Human Mutation 20

Supp. Figure S3A and B. Probe analysis of exon 11-13F, for POL ¢.3548A>G and exon 16
for POL c.4837A>G.

HRM was performed using 14 DNA samples and 1 wt control located at the upper left well in the
first column. The dark well located at bottom of the right column contains blank control and was
excluded from analysis (had no product). Shifted melting curves and Difference plots are shown
for the ‘Expert Scanning’ analysis of A, amplicon MEX11-13F and B, amplicons MEX16A and
MEX16B. Normalized melting curves and Normalized melting peaks are shown for the
‘Unlabeled Probe’ analysis of A, probe BR1IEX11 3548-B and B, Probe BRIEX16A 4837-B.
As shown all heterozygous (POL) and homozygous (POL2) containing samples were clearly
detected by both ‘expert scan’ and the ‘Unlabeled Probe’ analysis and are depicted in red and
blue respectively. WT samples are depicted in grey. Allocation of DNA samples is similar for all
amplicons shown and the ‘grouping’ (clustering) of the melt curves is shown for both the ‘Expert
Scanning’ and the ‘Unlabeled Probe’ analysis on the right of the plots.
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Supp. Figure S3B
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3.2. Norambuena, et al. (2009) Diagnostic method validation: High
resolution melting (HRM) of small amplicons genotyping for the most
common variants in the MTHFR gene. Clin Biochem. (IF: 2.076)

Tato prace demonstruje uspésné vyuziti HRM pro genotypizaci zndmych variant
metodou malych amplikont za pouziti platformy LightCycler 480 firmy Roche a poskytuje
podrobné zhodnoceni valida¢nich parametri vyZadované pro =zavedeni novych
diagnostickych metod dle normy ISO 15189. Na klinickych DNA vzorcich znamého
genotypu, na prikladu vybranych variant v genu pro methylentetrahydrofolatreduktazu
(MTHFR) c.677 C>T (rs1801133: C>T; p.A222V) a ¢.1298 A>C (rs1801131: A>C;
p.E429A), byla vramci validace testovana senzitivita a specificita HRM, dale jeji
reprodukovatelnost, opakovatelnost a robustnost.

Mnoho publikaci popsalo GspéSnou detekci heterozygotnich variant pomoci HRM
(Er and Chang 2012), avsak detekce homozygotnich vzorktu je komplikované&jsi, nebot
profil kiivky tani se od standardnich ,,wildtype* vzorki nelisi svym tvarem, pouze mirnym
posunem V teploté tani, coz miize vést k falesné negativnim vysledkiim. Resenim je pii
mutacnim skenovani tvorba sekundarnich heteroduplexti, kdy jsou testované vzorky
smichany s ,wildtype“ vzorkem vpoméru 1:1 a znovu zanalyzovany. V piipadé
genotypizace navrhli elegantni feSeni Grievink a Stowell (2008) pouzitim malych
amplikonti, tj. bez potieby pridavat exogenni DNA do reakce. ZmenSenim délky
analyzovaného amplikonu se zvétsi rozdil mezi profily kiivek tani, coz zvysi senzitivitu
metody a umozni bez problému detekovat i homozygotni varianty, coz se podafilo i
Vv nasem piipad¢. Limitaci genotypizace metodou malych amplikontli je moznost ovlivnéni
analyzy interferenci jinou neoc¢ekavanou variantou, proto je nezbytné navrhnout co mozna

nejkrats$i amplikony.

Velmi detailn€ se prace vénuje posouzeni robustnosti metody (vlivu koncentrace
DNA, zmény anelacni teploty a poctu cykli PCR ¢i vlivu operatora), jez je dulezita pro
moznou implementaci metody v ostatnich laboratofich, které disponuji odlisSnym zadzemim

a podminkami.
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Vyjma precizniho zhodnoceni analytickych parametrt HRM a popsani metodologie
validace prace shrnula vyhody této metody, kterda se vyznacuje vysokou detekéni
spolehlivosti, jednoduchosti a financni nenarocnosti. To ji predisponuje k Sirokému

roz$ifeni a uplatnéni v rutinnim provozu mnoha diagnostickych laboratofi.
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Abstract

Objectives: According to OECD guidelines methods implemented in a diagnostic laboratory should be properly validated prior their
implementation. For this purpose we selected genotyping by High Resolution Melting (HRM) of small amplicons using common variants in

MTHFR as a model.

Design and methods: We selected previously typed samples on which selected analytical validation-related parameters relevant to DNA
diagnostics — specificity, sensitivity, precision, robustness and ability to perform reliable calls were evaluated.

Results: Correct genotype was assigned in 375/381 (98.4%) for ¢.677 C>T (rs1801133: C>T; p.A222 V) and in 102/104 (98.1%) for c¢.1298
A>C (rs1801131: A>C; p.E429A) of all cases. Low analytical failure rate and very high specificity/sensitivity were achieved. Similarly, precision

and robustness were consistent.

Conclusions: We have successfully validated HRM of small amplicons using common MTHFR variants as a model. We proved that this
technique is highly reliable for routine diagnostics and our diagnostic validation strategy can serve as a model for other applications.
© 2009 The Canadian Society of Clinical Chemists. Published by Elsevier Inc. All rights reserved.

Keywords: DNA diagnostics; Genotyping; High resolution melting (HRM); Diagnostic validation; Methylenetetrahydrofolate reductase gene (MTHFR);
Organization for Economic Cooperation and Development (OECD) guidelines; Small amplicons

Introduction

Although direct DNA sequencing is considered as a “gold
standard” for genotyping of known or unknown mutations, it still
remains relatively expensive, laborious and time consuming.
Different methods have been developed to simplify the detection of
novel mutations, with the most common techniques being based on
restriction enzyme analysis [1], allele/specific amplification [2],
ligation based assays [3], single-base extension [4], fluorogenic
ASO hybridization probes [5,6] and pyrosequencing [7].

High Resolution Melting (HRM) is a simple, rapid and low-
cost mutation scanning method [8—11]. Its advantage is the fact
that PCR amplification and melting curve analysis are per-
formed within the same tube or plate, without any post-PCR

* Corresponding author. Fax: +420 2 2443 3520.
E-mail addresses: patynorambuena@gmail.com (P.A. Norambuena),
milan.macek.jr@lfmotol.cuni.cz (M. Macek Jr.).

processing. This feature is particularly important for a routine
diagnostic setting. HRM is based on computer analysis of DNA
melting transitions, whereby it is possible to record more than
25 readings per 1 °C [12], via monitoring of the change in
fluorescence that results from gradual temperature-dependent
release of a saturating ds-DNA binding dye [8,9].

Since HRM is based on thermodynamic differences between
DNA fragments, it has been used in particular for scanning of
heterozygous sequences. However, in its original form,
discrimination between homozygous genotypes is more diffi-
cult, because the difference between homozygous sequence
melting profiles is usually merely represented by a slight shift in
the melting temperature (7,), but not by a change of the melting
curve profile [13]. Therefore, HRM has been adapted for
analysis of polymorphic SNPs via PCR amplification of small
amplicons. Such a reduction of the amplicon length results in a
broader divergence between melting profiles and increases the
sensitivity of the technique, which then could be used not only

0009-9120/$ - see front matter © 2009 The Canadian Society of Clinical Chemists. Published by Elsevier Inc. All rights reserved.

doi:10.1016/j.clinbiochem.2009.04.015
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for scanning, but also for accurate genotyping. Moreover,
differences between homozygous wild type and homozygous
mutant DNA fragments are thus more apparent [14].

Due to the advantageous features of the HRM of small
amplicons this technique is currently being rapidly introduced
into diagnostic laboratories for genotyping of disease-associated
genes. According to the “OECD guidelines for Quality
Assurance in Molecular Genetic Testing” [15], there is an
obligation for diagnostic laboratories to provide high quality
results. Therefore, all methods implemented within a routine
setting must be duly validated prior to their diagnostic use.

In this study, we utilized suggested methodology and
evaluated selected analytical validation-related parameters as
stipulated by ISO15189 [16], QSOP 23 [17], the American
College of Medical Genetics [18], the International Conference
on Harmonisation of Technical Requirements for Registration
of Pharmaceuticals for Human Use (ICH) [19], recommenda-
tions of the Czech Clinical Biochemistry and Medical Genetics
societies [20] or as published elsewhere [21]. Parameters mostly
relevant for the diagnostic setting comprise sensitivity,
specificity, precision (reproducibility and repeatability) and
robustness [18-21].

Although reviews and reports on the use of HRM for
mutation scanning and genotyping were published previously
[8,10,11,22-25], there is no report on diagnostic validation of
this technique as required by OECD and/or ISO guidelines
[15,16]. Furthermore, we feel that there is a particular need to
provide examples of proper validation strategies for genotyping
of SNPs by HRM of small amplicons due to its increasing use in
diagnostics [11].

Therefore, the aim of this work was diagnostic validation of
small amplicon genotyping by HRM using as model the
examination of common variants of the methylenezetrahydro
folate reductase (MTHFR) gene: c.677 C>T (rs1801133:
C>T; p.A222V) and c.1298 A>C (rs1801131: A>C; p.
E429A). These variants are associated with a measurable
reduction of enzymatic activity of MTHFR, in particular in the
case of the ¢.677 C>T variant, and have been proposed to be in
association with several disorders related to impaired folate
metabolism such as neural tube defects, infertility, thrombosis
or some types of cancer [26—30].

We hope that our study would serve as an example for
diagnostic validations of other molecular genetic techniques
applied in routine practice.

Materials and methods
DNA template preparation

Since the main objective of our study was to validate HRM
genotyping we have randomly selected DNA aliquots from
patients examined at our Department for inherited thrombophi-
lia prior to assisted reproduction [31]. All patients or their legal
representatives signed an informed consent approving general/
anonymous research use of respective specimens and this study
was approved by the Internal Ethics Committee of University
Hospital Motol. Genomic DNA was extracted from blood using

Puregene™ “Genomic DNA Purification Kit” (Gentra Systems,
MN, U.S.A; currently distributed by Qiagen, Germany) and
diluted to 10 ng/uL using the “DNA Hydratation Solution”
provided by the manufacturer.

All samples used in this study were previously genotyped for
respective MTHFR variants by an alternative technique and
were selected retrospectively with the aim to have enough
samples for each genotype. The rs1801133: C>T variant was
genotyped utilizing the RHA Kit Thrombo™ (Labo Bio-
medical Products, The Netherlands) and/or by RFLP-based
(Restriction Fragment Length Polymorphism) typing [32],
while the rs1801131: A>C variant, only RFLP-based analysis
was used [33].

Primer design and annealing temperature

Primers were designed to amplify a small fragment
surrounding the polymorphisms and avoid the presence of
other sequence variations in the primer region (Table 1).
Primer 7, and general suitability were calculated using
FastPCR software, version 4.0.27 [34]. In order to select the
optimal annealing temperature (7;) for our assay, we performed
a gradient PCR within the range of 10 °C using the median
temperature from the 7, range proposed by the FastPCR
software as the starting point. Gradient PCR was performed
using the PTC-220 thermocycler (MJ Research, MA, U.S.A.)
under the PCR cycling and HRM conditions described in the
next section.

After the gradient PCR reaction and for the purpose of the
optimization of 7,, we initially performed HRM on the
LightCycler® 480 Real-Time PCR System (Roche Diagnostics,
Germany) followed by 4% agarose gel electrophoresis in order
to detect spurious bands. The 7, with an optimal melting profile
and associated with no unspecific amplification products, and
which could be used for amplification of both SNPs, was
selected.

PCR conditions and HRM acquisition

PCR amplification for rs1801133: C>T and rs1801131:
A>C variants were performed under the same conditions in a
96-well plate in the LightCycler® 480 Real-Time PCR System.
Reaction volume was 10 puL; 2 pL of genomic DNA (10 ng/pL)
was added to 8 pL of reaction master mix consisting of 1x
LightCycler® 480 High Resolution Melting Master (containing
the proprietary ds-DNA saturating binding dye), with 2.5 mM

Table 1
Primer sequences and amplicon sizes used for rs1801133: C>T and rs1801131:
A>C variants HRM small amplicon genotyping.

SNP Primer sequences Amplicon
size (bp)
1s1801133:  5-GAAGGAGAAGGTGTCTGCG 45
C>T 5’-AGCTGCGTGATGATGAAATC
rs1801131:  5'-GGGAGGAGCTGACCAGTGAA 50
A>C 5’-GTAAAGAACGAAGACTTCAAAGACACT
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Table 2

Settings for the analysis of MTHFR variant genotyping.

SNP Pre-melting normalization (°C) Post-melting normalization (°C) Temperature shift Sensitivity

rs1801133: C>T 73.0-75.0 82.0-84.0 5 Auto-group: 0.7
In-run standards: 1.0

rs1801131: A>C 70.0-72.0 79.7-81.7 5 Auto-group: 0.7

In-run standards: 1.0

Legend: “Auto-group” calculation was used for the comparison of the control sample replicates for the three genotypes when reproducibility, repeatability and
robustness parameters were evaluated. “In-run standards” calculation was used to analyze blinded samples using control samples for the three genotypes analyzed as
melting standards.

MgCl, (Roche Diagnostics, Germany) and 0.5 uM of forward ~ HRM analysis

and reverse primers. For this study only one batch of the

commercial master mix was used. The PCR program started Melting curve analysis was performed using the Light-
with an initial denaturation of 10 min at 95 °C, continued with Cycler® 480 Gene Scanning software version 1.2 (Roche
40 cycles of 10 s at 95 °C, 15 s at 60 °C and 10 s at 72 °C. This Diagnostics, Germany). All the samples with a late amplifica-
program also allows one step for heteroduplex formation by  tion, as monitored by real-time PCR or associated with fluores-

heating to 95 °C for 30 s and cooling down to 40 °C for 1 min. cence of less than the 60% of the maximum, were excluded
For HRM, the plate was heated from 65 °C to 95 °C performing from the analysis. According to manufacturer’s recommenda-
25 acquisitions per 1 °C. tions these could generate unreliable melting profiles. The
a. rs1801133: C>T C. rs1801131: A>C
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Fig. 1. Normalized plots, and normalized and temperature shifted difference plots for the genotyping of rs1801133: C>T and rs1801131: A>C variants. In order to
calculate sensitivity and specificity, samples were blinded. From the normalized melting curves for rs1801133: C>T and rs1801131: A>C (panels “a” and “c”,
respectively) it is possible to distinguish both homozygous groups by their 7}, variation (C/C wild type homozygous and T/T homozygous for the variation for
rs1801133: C>T and A/A wild type homozygous and C/C homozygous for the variation for rs1801131: A>C), heterozygous samples (C/T and A/C, respectively)
have a different melting curve shape.
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normalization settings were exactly the same for each experi-
ment performed (Table 2).

Validation parameters

Sensitivity and specificity: sensitivity is the probability of a
positive test result in the presence of a risk allele (heterozygous
and homozygous for risk allele samples) expressed as the ratio
between true positivity (TP) and the sum of true positivity and
false negativity (FN): TP/(TP+FN), while specificity is the
probability of a negative test result of the test in the absence of
risk alleles (homozygous wild type samples), expressed as a
ratio between true negativity (TN) and the sum of true
negativity and false positivity (FP): TN/(TN+FP) [18-21].
To evaluate sensitivity and specificity we ran two replicates (i.e.
same sample ran two times within the same run) of each
genotype as melting control standards and one replicate of
tested samples. Altogether we tested 381 samples for
rs1801133: C>T and 104 samples for rs1801131: A>C, pro-
portionate to their availability in our laboratory.

For the validation of HRM of small amplicons, these samples
were organized into blinded groups. For specificity evaluation
we examined 178 negative samples for rs1801133: C>T
variant, while for rs1801131: A>C, 46 negative samples were

a. rs1801133: C>T
100.04
80.0{
£
5 600
g
£ 400
I
20.04
0.0
74 75 7% 77 78 79 8 81 & 8
Temperature (°C)
b.

Relative Signal Difference

74 % 76 77 78 79 8 &

Temperature (°C)

1311

analyzed. To determine sensitivity, we analyzed 203 positive
samples for rs1801133: C>T variant and 58 positive samples
for rs1801131: A>C.

Intra-run precision—repeatability: is the comparison of
results within a single series in parallel within a single day
performed by one analyst [20]. To test repeatability a single
analyst ran 10 replicates of each genotype control sample within
the same run.

Inter-run precision—reproducibility: is the comparison of
results between the series — on different days (day to day
reproducibility) [20]. For reproducibility (inter-run precision)
parameter test, a single analyst prepared one sample from each
genotype in triplicate, with that same analyst repeating the
procedure on three different days.

Robustness: is the ability of a method to remain unaffected
by minor modifications [18—21]. To evaluate robustness we ran
one sample from each genotype in triplicate. The tested
parameters were DNA template amount, annealing temperature,
cycle number, analyst variation and pipetted volume variation.
We added 10 ng, 20 ng, 50 ng and 100 ng of DNA into the
reaction, respectively, for the evaluation of DNA template
amount variation. Annealing temperature was modified within
the range of £1 °C. Cycle number variation was assessed adding
or decreasing by two cycles in the PCR program. Three

C. rs1801131: A>C

Relative Signal (%)

71 72 73 74 75 1 77 78 79 80 81

Temperature (°C)

Relative Signal Difference

7t 72 713 714 75 78 77 78 79 80 81

Temperature (°C)

Fig. 2. Repeatability. Normalized plots, and normalized and temperature shifted difference plots for the genotyping of rs1801133: C>Tand rs1801131: A>C variants.

The same control sample for a genotype was analyzed in 10 replicates. Panels “a”

and “c” represent normalized melting curves, while panels “b” and “d” depict

difference plots for the genotyping of rs1801133: C>T and rs1801131: A>C, respectively.
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different analysts repeated the same PCR and HRM procedure
in order to assay analyst variation. For examining the influence
of reaction master mix and DNA volume variation during
pipetting, we modified respective volume in both instances
by 0.5 uL and 1.0 pL.

Results
HRM genotyping

The analytical failure rate was 6 out of 381 for rs1801133:
C>T and in 102 out of 104 calls for rs1801131: A>C, while
proper software-based genotype assignments (“calls”) were
obtained in the remaining cases. In aggregate, from the

normalized melting curves and difference plots we were able

rs1801133: C>T

P.A. Norambuena et al. / Clinical Biochemistry 42 (2009) 1308—1316

to clearly distinguish three genotype melting profiles (Fig. 1).
Individually, all calls corresponded to previous genotype
assignments.

Sensitivity and specificity

Since we did not have any errors (no false calls) in
genotyping assignments made by the software, we reached
100% sensitivity and specificity for both tested SNPs.
Intra-run precision—repeatability

All genotype replicates grouped together with regard to their
melting pattern in both tested SNPs. Additionally, melting profiles

were the same for each sample in all 10 replicates (Fig. 2).
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Inter-run precision—reproducibility

There was no difference in the calls and difference plots when
the same procedure was repeated on different days (Fig. 3).

Robustness

Template DNA amounts ranging from 10 ng to 50 ng
provided correct grouping within the three different genotype
groups (Fig. 4). Only when 100 ng of DNA was used in the
reaction, melting profiles became unreliable. An annealing
temperature variation of +£1 °C did not change the ability of the
method to render correct grouping (data not shown). An
increase in the cycle number, for both tested SNPs, did not
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modify the correct grouping nor did influence the melting
profile. There was no detectable difference when we decreased
the PCR program by two cycles forrs1801131: A>C, whereas a
decrease in two cycles for rs1801133: C>T modified the
melting profiles (Fig. 5).

Three different analysts repeated the same procedure in order
to group same control samples (in three replicates) within the
different genotype groups. With regard to the grouping ability,
neither the software calls, nor the melting profiles varied (data
not shown).

A difference in the melting profile was observed only when
the same sample was analyzed by adding 7.0 pL of reaction
master mix instead of 8.0 pL, and when template DNA volume
added was 3.0 pL instead of 2.0 puL (data not shown).
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Fig. 5. Cycle number variation. Normalized and temperature shifted difference plots for the genotyping of rs1801133: C>T and rs1801131: A>C with £2 cycles
variation from the normal PCR program (40 cycles) are shown. One sample from each genotype was run in triplicate; each genotype group is indicated by arrows.
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Discussion

Genotyping by HRM of small amplicons is a technique
associated with high sensitivity and specificity [14,35-37]. We
were able to prove these observations by discriminating between
homozygous wild type and homozygous mutant melting profiles
on the model of two common MTHFR variants. Moreover, the
advantage of this approach is that it is carried out in a closed tube
environment. There is no need to add an extra oligonucleotide
probe for genotyping as in the “original” form of HRM gene
scanning [38,39] and even after a T, shift we can still clearly
distinguish both homozygous genotypes. We only used two
flanking primers, a proprietary saturating DNA fluorescence dye
and ready-to-use commercial master mix. Costs per analysis
could be further decreased by preparing an “in house” master mix.
These features make this technique very simple, customizable and
fast, thus useful for a routine diagnostic setting [10,11,35].

Although previous studies analyzed all types of HRM from
the point of view of sensitivity and specificity [8,10,11,22-25],
none of them subjected HRM of small amplicons to diagnostic
validation as required by OECD guidelines or ISO 151989
[15,16]. In this study, we utilized suggested methodology and
evaluated selected analytical validation-related parameters
which are particularly relevant in DNA diagnostics [18-21].
Assessment of sensitivity and specificity alone is not sufficient
enough to cover all aspects of the diagnostic use of a given
technique [40], since these do not account for possible
variability of scenarios encountered at DNA diagnostic
laboratories (i.e. uneven DNA template quality, imprecise
DNA template concentration, change of personnel, different
laboratory devices, variations in ambient temperature etc). In
addition, due to the small master mix volume (10 pL) this
method is particularly prone to pipetting inaccuracies. There-
fore, it is necessary to include additional parameters, such as
precision and robustness [18-21].

Monitoring of the progress of amplification by real-time
PCR enabled us to exclude poor quality or insufficiently
amplified template DNA samples. These quality measures
contributed to high sensitivity and specificity [41] and our obser-
vations are in accordance with other studies [8,10,11,20-25].

Nevertheless, despite strictly applied quality measures the
analytical failure rate was within the range of 1.6 to 1.9% for the
tested variants. These samples cannot be assessed as “false
negatives” since the assessor cannot infer any conclusions when
the proprietary software discards unreliable data acquisitions
due to its internal, quality-based algorithms, as is the case in
LightCycler® 480 Real-Time PCR System. The only plausible
technical explanation is that failure could likely result from
inaccurate pipette handling of very small reaction master mix
volumes, demonstrating that there is still a space for further
improvements. When we repeated the analysis for the second
time correct genotyping was achieved.

Since we were using the same reagents and DNA dilution
conditions (i.e. same reaction chemistry), the precision
(repeatability and reproducibility) of HRM was very high
and we are able to use the same normalization settings between
runs made on different days. This observation supports the

high value of this technique for reliable genotyping in routine
diagnostics.

Minor modifications of the technique do not generally affect
its performance. Nevertheless, a shortening of the PCR by 2
cycles, as was the case in rs1801133: C>T, might produce
different melting profiles in instances when PCR has not
reached its plateau. This can be avoided by monitoring
amplification in real-time and stopping the PCR after its plateau
has been reached, as is possible when using the LightCycler 480
system. This step can be done manually, but we recommend to
evaluate this issue at the optimization stage to set up the correct
number of PCR cycles prior to future analyses. The use of larger
template DNA amounts impedes HRM due to altering ds-DNA/
amplicon/proprietary saturating dye ratio, thereby leading to
less precise melting curves [42].

In conclusion, we have successfully performed diagnostic
validation of High Resolution Melting of small amplicons for
the genotyping of rs1801133: C>T and rs1801131: A>C
MTHFR variants according to OECD and ISO guidelines
[15,16] by using parameters and approaches pertinent to a
diagnostic setting. In addition to accurate genotyping HRM of
small amplicons, altered melting profiles could signal another
mutation within the analyzed sequence. As is the case with all
mutation scanning-based techniques direct sequencing will
elucidate the reason for altered melting profiles. Shortening of
amplicons in HRM further decreases the false negativity rate
due to poor discrimination of homozygous sequences. This
feature substantially decreases the necessity to implement
sequencing in samples where the estimated clinical risk is
highly discordant with a “negative” test result.

Finally, we believe that our approach could be of general use
for diagnostic validations of other methods.
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V soucasné dob¢ je v genu cystické fibrozy znamo vice jak 1900 variant, které jsou
rovnomérné rozmistény po celé kodujici sekvenci, coz pii 27 exonech tohoto genu ztézuje
a prodrazuje detekci vzacnych mutaci. V minulosti se na nasem pracovisti vyuzivaly pre-
sekvenacni metody, napt. DGGE, jejiz nevyhodou byla pfedev§im pracnost a manipulace
s nebezpeénymi chemikaliemi (formamid). Pozd¢ji byla nahrazena metodou TTGE, ktera
byla rovnéz technicky i ¢asové narocnd na piipravu a pribéh, a tak se z tohoto divodu
v bézné¢ laboratorni diagnostice témét nevyuzivala. Velky problém pfedstavovala i
optimalizace podminek elektroforézy, které byly pro jednotlivé exony genu CFTR
rozdilné. Ani nasledné zavedeni metody dHPLC, kterd umoziovala analyzovat delsi
fragmenty, nepfineslo vyrazné zefektivnéni detekce nezndmych mutaci v genu CFTR.
Prilom mezi skenovacimi metodami znamenal az objev nové generace plné saturacnich
fluorescencnich barviv, které umoznily analyzu kfivek tani s vysokym rozliSenim — HRM.
Ta byla pfedstavena jako jednoducha, levna a vysoce senzitivnhi metoda pro mutacni
skenovani a genotypizaci (Gundry et al. 2003). Nasim cilem tedy bylo ovéfit spolehlivost
této metody v podminkach nasi laboratofe a posoudit jeji vyuZiti v rutinni DNA

diagnostice pro Ucely detekce neznamych mutaci.

Pro posouzeni senzitivity, specificity a opakovatelnosti metody HRM bylo za
pouziti pristroje RotorGene6000 (Corbett Life Science) a barviva LCGreen plus (Idaho
Technology) testovano devatendct riznych genotypl v Sesti vybranych exonech genu
CFTR (4, 7, 10, 11, 14b a 22). Mutace zahrnovaly vSechny SNP tfidy, jedno- a
tiinukleotidové delece a predstavovaly vice jak 76,5% vSech CF alel detekovanych u ceské
populace. VSechny testované heterozygotni varianty byly jednozna¢né odliSeny od
standardnich kontrol, nékteré mutace vSak vytvarely totozny profil kiivky tani (G551D a
R553X nebo L1335F a L1335P) zplsobeny proximitou téchto variant. To znamena, Ze
ackoliv ¢asté polymorfismy jsou rozpoznany svym charakteristickym profilem tani, bez
simultdnniho pouziti genotypizacnich prob v reakci je nutné kazdy pozitivni nalez

sekvenovat. Vzorek s homozygotnim genotypem pro varianty F508del/M470V vykazoval
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stejny profil tani jako standardni kontrola, pouze s nepatrnym posunem teploty tani.
Pfitomnost homozygotnich variant byla potvrzena az po sekundarnim vytvofeni
heteroduplext, kdy byl PCR produktu smichanim s ,,wildtype* PCR produktem v poméru
1:1, denaturovdn a opétovné¢ =zanalyzovan. Poté byl profil kiivky tani plivodné
homozygotniho vzorku stejny jako profil vzorku s heterozygotnim genotypem
F508del/M470V.

Celkem bylo pro exon 4 skenovano devét vzorkt (3 heterozygotni, 6 standardnich
kontrol), pro exon 7 osm vzorkl (4 heterozygotni, 4 standardni kontroly), pro exon 10
devét vzorkl (4 heterozygotni, 1 homozygotni a 4 standardni kontroly), pro exon 11
dvandct vzorkl (7 heterozygotnich, 5 standardnich kontrol), pro exon 14b sedm vzorkt (2
heterozygotni, 5 standardnich kontrol) a pro exon 22 sedm vzorkl (3 heterozygotni, 4
standardni kontroly). Ke stanoveni opakovatelnosti HRM byl kazdy vzorek analyzovan
pétkrat. Celkové bylo tedy analyzovano 120 standardnich kiivek tani a 140 kiivek tani

s mutaci. Bylo dosazeno 100% senzitivity a 96% specificity.

Tato studie potvrdila optimalni vyuzitelnost HRM v detekei mutaci v genu CFTR,
zéaroven zhodnotila vyuziti ne pfili§ rozsitené platformy RotorGene 6000, kterd je zalozena
na odlisném systému, kdy misto 96-ti jamkovych platicek vyuziva rotor se zkumavkami,

ktery poskytuje vétsi teplotni a optickou uniformitu.

Kone¢né zkuSenosti ziskané v ramci téchto validacnich projektl byly rovnéz
vyuZity i u naslednych popula¢né specifickych analyz na mém domovském pracovisti (viz.

dale).
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Evaluation of High-Resolution Melting (HRM) for Mutation
Scanning of Selected Exons of the CFTR Gene
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P. KRENKOVA, P. NORAMBUENA, A. STAMBERGOVA, M. MACEK JR.

Charles University in Prague, 2" Faculty of Medicine and University Hospital Motol, Department of Biology
and Medical Genetics, Cystic Fibrosis Centre, Prague, Czech Republic

Abstract. Hereby we present evaluation of high-reso-
lution melting for mutation scanning applied to the
cystic fibrosis transmembrane conductance regula-
tor gene. High resolution melting was used for muta-
tion scanning of selected samples derived from cystic
fibrosis patients with a known cystic fibrosis trans-
membrane conductance regulator genotype. We test-
ed 19 different disease-causing cystic fibrosis trans-
membrane conductance regulator mutant genotypes
located within six exons of the cystic fibrosis trans-
membrane conductance regulator gene (4, 7, 10, 11,
14b and 22). Normalized melting curves of tested
samples were compared to sequenced-verified wild-
type samples. Determined mutations are as follows:
p-F508del, p.IS07del, p.GS551D, p.R347P, c.1717-
1G>A, ¢.621+1G>T, p.Y122X, p.I336K, p.R553X,
¢.2789+5G>A, c.574delA, ¢.1811+1G>C, p.L133SF,
p-L1335P, p.L1324P and p.M470V and represent
minimally 76.5 % of all cystic fibrosis alleles detected
in the Czech cystic fibrosis population. All analysed
samples with mutant genotypes were unambiguously
distinguished from wild-type samples. High-resolu-
tion melting analysis enabled reliable detection of all
single-nucleotide polymorphism classes and 1- or 3-
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base pair deletions. We examined the specificity, sen-
sitivity and precision of this methodology. High-re-
solution melting analysis is an economical, sensitive
and specific close-tube method and has a high utility
for the detection of unknown mutations in cystic fi-
brosis DNA diagnostics.

Introduction

To date, more than 1,600 mutations have been identi-
fied in the cystic fibrosis transmembrane conductance
regulator (CFTR) gene (http://www.genet.sickkids.
on.ca/cftr). The CFTR gene consists of 27 exons (Rior-
dan et al., 1989), thus making the detection of non-com-
mon mutations by sequencing laborious, expensive and
time-consuming. To simplify the analysis of such a
broad mutation spectrum, a rapid and reliable method is
required. There are many available scanning methods,
such as single-strand conformation polymorphism
analysis (SSCP) (Orita et al., 1989), denaturing gradient
gel electrophoresis (DGGE) (Lerman and Silverstein,
1987), temperature gradient capillary electrophoresis
(TGCE) (Li et al., 2002), denaturing high-performance
liquid chromatography (dHPLC) (Xiao and Oefner,
2001) or heteroduplex analysis (HA) (Highsmith et al.,
1999) which are time-consuming and the sensitivity of-
ten depends on the experience of the operator. On the
other hand, HRM presents a rapid, high-throughput,
closed-tube method for mutation scanning and geno-
typing (Wittwer et al., 2003). The sample preparation
consists of a standard PCR reaction with a dsDNA in-
tercalation fluorescent dye and does not require any
post-PCR handling. Products can be analysed directly
after PCR amplification using specially designed in-
struments for high-resolution melting (HRM) analysis.
The homozygous, heterozygous and wild-type samples
are differentiated according to their melting profile,
which is represented by plotting fluorescence over the
temperature range. The heterozygous genotype is dis-
tinguished from a wild-type sample by different melt-
ing temperatures (T ) and the shape of the melting
curve, whereas homozygous genotypes are distin-
guished only by a change in T _.

Folia Biologica (Praha) 55, 238-242 (2009)
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Many publications have documented the successful
use of HRM for mutation scanning and genotyping
(Wittwer et al., 2003; Liew et al., 2004; Reed and Wit-
twer, 2004; Zhou et al., 2004, 2005; Chou et al., 2005;
Graham et al., 2005; Krypuy et al., 2006, 2007; Mont-
gomery et al., 2007; Audrezet et al., 2008, Nguyem-Du-
mont et al., 2009). HRM is a mutation detection and
scanning technique that has high reliability. It has been
reported to have near 100% sensitivity and specificity
when the analysed PCR products were up to 400 bp in
length (White and Potts, 2006).

To evaluate the reliability of HRM in our laboratory,
we tested the specificity, sensitivity and repeatability in
detecting 16 representative mutations (19 genotypes)
within six exons of the CFTR gene. In comparison to
previously published studies we focused on the utiliza-
tion of Rotor-Gene™ 6000. This instrument has a spe-
cially tuned high-intensity optical channel and extreme
thermal resolution (£ 0.02 °C). Due to the unique rotary
design there is the highest thermal uniformity between
samples (+ 0.01 °C), hence there is no need for tempera-
ture shifting. Compared to most block-based systems
the light in our case is highly focused, while in the block-
based systems it is most intense in its centre and be-
comes dispersed on the edges. This leads to optical vari-
ability and non-uniformity within the analysed plate. We
also used the IdahoTechnology dye, which provides
highest sensitivity compared to all subsequent proprie-
tary dyes from other companies. All these properties
make this technical platform unique and highly suitable
for the diagnostic setting.

Material and Methods
DNA samples

We selected clinical samples derived from CF pa-
tients of our Institute with known genotypes previously
determined by sequencing analysis. Genomic DNA was
extracted from leukocytes of peripheral blood using a
commercial PUREGENE DNA Purification Kit (Gentra
Systems, Minneapolis, MN) according to the manufac-
turer’s instructions or by the “salting out” procedure. All
DNA samples were diluted in the same buffer PUR-
GENE DNA Hydration Solution (Gentra Systems) at
the concentration 15 ng/pl.

Polymerase chain reaction conditions

Human genomic DNA was amplified by polymerase
chain reaction (PCR) using previously published prim-
ers (Macek et al., 1997) in the presence of the intercalat-
ing fluorescent dye LCGreen plus (Idaho Technology,
Salt Lake City, UT). Amplification efficiency was moni-
tored using real-time PCR. PCR reactions were per-
formed in 10 pl reaction volume which consisted of 1x
PCR buffer including 2 mM MgCl, (final concentra-
tion), 0.3 uM of each primer, | mM of dNTPs, 1x
LCGreen plus, 1 U of FastStart Tag DNA Polymerase
(Roche Diagnostics, Indianapolis, IN) and 30 ng of ge-

nomic DNA. To determine the precision, all PCR reac-
tions were performed five times.

PCR cycling and HRM analysis were performed in Ro-
tor-Gene™ 6000 (Corbett Life Science, Qiagen, San Fran-
cisco, CA). The amplicons were run according to the fol-
lowing conditions: one cycle of initial denaturation at
95 °C for 4 min, followed by 40 cycles of 95 °C for 20 s,
annealing for 30 s, 72 °C for 40 s and one cycle of final
extension at 72 °C for 2 min. The annealing temperature
was 62 °C for amplicons 10, 11, 14b and 22, 67 °C for
amplicon 4 and 58 °C for amplicon 7. Following amplifica-
tion, PCR products were denatured at 95 °C for 1 min and
rapidly cooled to 25 °C for 1 min to form heteroduplexes.

Melting conditions

Melting analysis was performed immediately after
PCR in the same instrument. The fluorescence signal
was acquired from 65 °C to 95 °C at aramp rate 0.1 °C/s.
Melting data were visualized and analysed using Rotor-
Gene™ 6000 Series Software 1.7 (Corbett Life Science).
Melting curves of examined samples were normalized
and the difference temperature graphs were compared
against wild-type control samples.

Results and Discussion

We scanned 19 different mutant genotypes (Table 1)
located within six exons of the CFTR gene (4, 7, 10, 11,
14b and 22). Analysed mutations included all SNP
classes (which divided SNPs into four groups according
to the intensity of T, change) and 1- or 3 base pair dele-
tions and represent at least 76.5 % of all CF alleles de-
tected in the Czech Republic.

Evaluated amplicons varied in size from 101 bp to 380
bp and had a GC content ranging from 33.7 % to 45.9 %.
The tested samples were evaluated by initial visual in-
spection of melting curves and by software analysis. All
examined samples with mutant heterozygous genotype
were unambiguously distinguished from wild-type sam-
ples by a different shape of the melting curves (Figs 1A,
1B, 1C, 1D, 1E, IF, 1G and 1H). Heterozygous profiles of
p-G551D versus p.R553X and p.LL.1335F versus p.L1335P
were not distinguishable (Figs. 1A and 1B).

A sample with homozygous genotype both for
p.F508del and p.M470V mutations showed a similar
melting pattern as the wild-type control samples and the
T shift not easily distinguished (Fig. 1C). The presence
of the homozygous mutations was confirmed by mixing
(1: 1) the PCR product with the wild-type PCR product,
denaturing and reanalysing the melting. In that way, het-
erozygosity of both mutations was established and the
detection of the homozygous mutations by melting anal-
ysis was obvious — the melting pattern was similar as the
original sample with heterozygous genotype p.M470V/
p.F508del (Fig. 1D).

We scanned nine samples for exon 4 (three hetero-
zygous, six wild-type controls), eight samples for exon 7
(four heterozygous, four wild-type controls), nine sam-
ples for exon 10 (four heterozygous, one homozygous
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Table 1. CFTR mutations analysed in the study

Exon Genotype Nucleotide Change SNP class*
4 c.621+1G>T G>T 2
p-Y122X T>A 4
c.574delA del -
7 p.R347P G>C 3
p.I336K T>A 4
10 p.F508del/p.M470V/p.M470V del/A>G/A>G 1
p.F508del/p.F508del/p.M470V/p.M470V del/del/A>G/A>G 1
p.F508del/p.M470V del/A>G 1
p-M470V A>G 1
p-1507del del -
11 c.1717-1G>A G>A 1
c.1811+1G>C G>C 3
c.1717-1G>A/ ¢.1811+1G>C G>A/G>C 173
p.G551D G>A 1
p.R553X C>T 1
14b c.2789+5G>A G>A 1
22 p.L1335F C>T 1
p.L1335P T>C 1
p.L1324P T>C 1

* (Venter et al., 2001)

SNP class 1 represents C/T and G/A base changes with typical T melting curve shift larger than 0.5 °C. SNP class 2 represents
C/A and G/T base changes, class 3 C/G base change with T, melting curve shift between 0.5-0.2 °C. SNP class 4 comprises A/T
base change, which caused T, melting curve shift smaller than 0.2 °C.

and four wild-type controls), twelve samples for exon 11
(seven heterozygous, five wild-type controls), seven sam-
ples for exon 14b (two heterozygous, five wild-type con-
trols) and seven samples for exon 22 (three heterozygous,
four wild-type controls). To determine the precision, each
sample was prepared five times. In total, we analysed 120
wild-type melting curves and 140 mutant melting curves
with 100% sensitivity and 96% specificity.

Currently, there is discussion whether mutation scan-
ning techniques still have a role in DNA diagnostics,
since many argue that lowering costs for sequencing
render these unnecessary. However, even in the case of
sequencing, false positivity/negativity could occur if
one does not sequence both strands. Usually, in a routine
diagnostic setting, laboratories only sequence one strand
— an approach associated with higher risk of error. We
have confirmed this contentious issue (currently in
press) within our participation in the Eurogentest (www.
eurogentest.org) consortium. Moreover, next-generation
sequencing techniques still do not have the desirable
sensitivity and specificity, since enrichment strategies
are not yet optimized for DNA diagnostics (Hert et al.,
2008; Voelkerding et al., 2009).

Therefore, there is still space for mutation pre-scan-
ning prior to sequencing the “positives”, as we have
proved in the case of HRM. In this respect, we have
studied a particular technical variant of HRM, based on
the RotorGene™ 6000 device and the original HRM dye
developed by IdahoTechnology. In this way we account-
ed for previously described disadvantages of alternative
HRM platforms.

In our hands HRM allowed easy detection of all SNP
classes as well as 1- and 3-base pair deletions. Hetero-

zygous mutations belonging to the first SNP class cause
the biggest change of T, and should thus be the easiest
mutations to detect. We detected this group very clearly,
and we were also able to simply identify the most diffi-
cult fourth SNP class (Figs. 1E and 1F). The detection of
homozygous mutations is complicated since generally
the T _ difference is not high enough to allow proper dis-
crimination. By generating “artificial” heterozygous
samples from the 1 : 1 mixture, we were able to accu-
rately detect homozygous sample.

All analysed samples with heterozygous mutant gen-
otypes were unambiguously distinguished from wild-
type samples. This method exhibits very high specificity
and sensitivity, making it suitable for its use as a pre-
screening method in diagnostics.

In some cases false positives appeared, hence we
reached an almost 96 % of specificity. This could have
been caused by analysing various old DNA samples,
which were isolated by different techniques. Various DNA
storage solution buffers can affect the melting behaviour
in HRM, leading to broader dispersal of melting profiles,
and thus could have contributed to false-positive “calls”
by the software. It is also possible that the observed false-
positive rates could be lowered following further optimi-
zation. Nevertheless, in diagnostic setting there is usually
no time to perform such optimization, since it is expected
that the technique should provide uniform results.

Figs. 1A—1H demonstrate the repeatability of the
method; the melting curves of each sample were pre-
pared in one day, by one analyst in the same instrument.
Excellent repeatability is demonstrated by the overlap-
ping curves of multiple samples for both the wild-type
and the mutant samples.
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In conclusion, HRM analysis is an economical, sensi-
tive and specific close-tube method that can dramati-
cally reduce the need for sequencing. Consequently, it
has a high utility for the detection of unknown muta-
tions in CF DNA diagnostics. The only caveat, which
pertains to all other PCR-based techniques, is the quality
of template DNA to which one needs to pay extra atten-
tion. We hope that our experience could be applicable to
other HRM diagnostic applications.
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Tato studie vznikla za podpory projektu Eurogentest, v dob¢, kdy nase pracovisté
pusobilo jako Skolici centrum pro metodiku detekce mutaci v genu CFTR pro ostatni
laboratofe zemi stfedni a vychodni Evropy. S ohledem na nedostate¢nou kvalitu
poskytovanych genetickych sluzeb na Ukrajin€, zptisobenou podfinancovanim vetejného
zdravotnictvi, bylo hlavnim cilem zvysit zachytnost populacné specifickych CF alel.
Soucasné jsme chtéli napomoci zavedeni novorozeneckého skriningu CF na Ukrajiné,
nebot’ v€asnd diagnoza a lécba ptiznivé ovlivituje pribéh choroby a zaroven snizi naklady

na 1é¢bu tohoto onemocnéni.

Incidence onemocnéni na Ukrajiné byla stanovena na zdkladé ndhodného DNA
testovani 720 jedinci na casté mutace v genu CFTR na 1:3300 novorozencl, coZ
kazdoro¢né znamena narozeni az 150 déti postizenych CF. V zapadni ¢asti zemé, odkud
pochazi vétSina probandu z této studie, byla béhem let 1998-2008 stanovena diagndza
klasické CF u 132 probandi, u nichZ se testovdnim panelu 10 nejcastéjSich evropskych

mutaci podafilo identifikovat 76% CF alel (201/264).

V této studii bylo analyzovano 57 CF pacientl, u nichZ nebyly identifikovany obé&
CF alely. Pomoci komer&niho kitu Elucigene'™ CF-EU1 byl simultanné testovan panel 32
CF mutaci, nasledovany analyzou genovych pteskupeni genu CFTR metodou MLPA a

sekvenacni analyzou exonu 7 a 13 tohoto genu.

Sekvenace exonu 7 detekovala u jednoho pacienta novou dosud nepopsanou
variantu Y362X zpusobujici zafazeni pred¢asné¢ho stop kodonu. Sekvenace exonu 13
odhalila neobvykle vysokou frekvenci mutace 2184insA. Ta byla detekovana u 17
nepiibuznych CF pacientt, z nichz dva byli homozygoti, a navysila popula¢ni zachytnost o
7.2% CF alel. Vzhledem ke sporadickému vyskytu této mutace v okolnich zemich se zd4,

ze ma svij puvod ve slovanské populaci zapadni Ukrajiny a odtud se Sitila déle.
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Mutace 2184insA piedstavuje druhou nejcastéj$i mutaci na zapadni Ukrajiné a
vzhledem Kk velkému mnozstvi jedinci ukrajinské narodnosti zijici v zahrani¢i (pies 4
miliény v Rusku, 2 miliéony v USA a 1 milion v Kanadé) by méla byt soucasti testovaciho
panelu CF pacientli ukrajinského ptivodu. Doneddvna nebylo mozné testovat ji v ramci
zadného komeréné¢ diagnostického kitu, nyni je soucasti nové vyvinutych souprav Devyser
CFTR Core (Devyser), CF StripAssay (ViennalLab) a v brzké dobé uveiejnéného kitu
XTAG Cystic Fibrosis 71 kit v2+16 (Luminex).

Tato studie jako prvni poskytla prehled spektra mutaci na zépadni Ukrajiné a
pfinesla detailni zhodnoceni korelace mezi genotypem a fenotypem u pacientil s mutaci
2184insA. Muta¢ni zachytnost byla navySena na témét 84%, ¢imz byly splnény pozadavky

na zavedeni dvoustupiiového (IRT/DNA) novorozeneckého skriningu.
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Abstract

We present the first comprehensive report on the distribution and genotype—phenotype correlations of CF-causing mutations in Western
Ukraine (former Galicia). The 2184insA mutation was identified in 17 unrelated CF patients, 2 of whom are homozygotes for this allele. This
mutation is associated with the classical form of CF. The high frequency of 2184insA mutation (7.20% of all mutated CF chromosomes) suggests
that it is likely of Galician origin, from where it has spread throughout Europe and beyond. The achieved 83.71% mutation detection rate fulfills

the minimal pre-requisite for introduction of the “two-tier” (IRT/DNA) newborn screening program.
© 2010 European Cystic Fibrosis Society. Published by Elsevier B.V. All rights reserved.

Keywords: Cystic fibrosis (OMIM 219700); CFTR gene; Genotype phenotype correlations; Western Ukraine; 2184insA; DNA diagnostics;

Newborn screening; Sequencing

1. Introduction

The incidence of CF in Ukraine has not been determined at
nation-wide or regional levels, thus far. However, our previous
results based on testing of 720 random individuals for common

Abbreviations: BMI, body mass index; CF, Cystic Fibrosis; CFF, Cystic
Fibrosis Foundation, CFTR, gene for the Cystic Fibrosis transmembrane
conductance regulator protein; CFLD, Cystic Fibrosis liver disease; DNA,
deoxyribonucleic acid; IRT, immunoreactive trypsinogen; FVC, forced vital
capacity; FEV, forced expiratory volume at one second; M, million; MLPA,
multiplex ligation-dependent probe amplification; PS, pancreatic sufficiency;
PCR, polymerase chain reaction; WU, Western Ukraine.

* Presented in a poster form at the 32nd European Cystic Fibrosis Conference,
Brest, France, June 2009. Kienkova P, Makukh H, Han¢arova M, Dvoiakova L,
Stambergova A, Macek M Jr. CFTR gene analysis in the Western Ukrainian
population: an unusually high frequency of the 2184insA mutation. J Cyst
Fibros 2009; 8(S2):S6.

* Corresponding author. Tel.: +420 224433501, fax: +420 224433520.

E-mail address: milan.macek.jr@lfmotol.cuni.cz (M. Macek).

CFTR alleles suggest a carrier frequency of 1 in 29 (data not
shown). Therefore, the extrapolated frequency of CF homo-
zygotes is approximately 1 in 3300 live births. Based on these
estimates and the annual national birth rate of 509,000 newborns,
143 children with CF are expected to be born every year in the
country [1]. Given the average annual birth rate within the last
decade (1998-2008) of 119,000 newborns in Western Ukraine
(WU), 47 of them with CF should be born in this region.

The core of historic Galicia comprises current regions of Lviv,
Ternopil and Ivano-Frankivsk, from where most of the CF
patients included in this report originate (Fig. 1). The region’s
dominant Ukrainian population (approximately 90%) is com-
plemented by Russian (2.7%), Polish (2.1%), Romani (1.9%),
Hungarian and Ashkenazi Jewish (1.5% each), Slovak (1.0%),
German, Armenian and Czech (together 0.3%) minorities
[extrapolated WU 2001 census; 2].

Within the last decade (1998 to 2008), molecular genetic
screening of common European CF-causing mutations was

1569-1993/$ - see front matter © 2010 European Cystic Fibrosis Society. Published by Elsevier B.V. All rights reserved.
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performed in a total of 420 individuals of WU origin where CF
was clinically suspected, including the examination of 630 first
degree relatives from these families. From the total number of
cases studied the diagnosis of the classical form of CF was
unambiguously established in 132 patients (132/420; 31.43%)
using consensual diagnostic criteria [3]. Since this cohort is
representative of the WU population (Fig. 1), we could
characterize the distribution of the most common CF-causing
alleles by utilizing a panel of 10 mutations comprised within set a
“home brew” methods (F508del, CFTRdele2,3(21 kb), 1507del,
1677delTA, G542X, N1303K, W1282X, G551D, R553X, 1717-
1G>A) [4,5]. Moreover, we continuously improved CF DNA
diagnostics by successfully participating in the CF Thematic
Network external quality assessment scheme since 2005 (cf.
eqascheme.org).

In this study, in 57 patients where one or both CFTR
mutations remained unidentified, we initially examined 23
additional common European CF alleles [6] (E60X, P67L,
G85E, R117H, 621+1G>T, 711+1G>T, 1078delT, R334W,
R347P, A455E, S549R T>R, R560T, 1898+1G>A,
2184delA, 2789+5G>A, 3120+1G>A, MI1101K, D1152H,
R1162X, 3659delC, 3849+10kbC>T, S125IN, 3905insT)
comprised within a commercial assay, followed by DNA
sequencing of selected CFTR exons 7 and 13, since these
contain majority of the mutations found in Central and Eastern
European CF populations [6,7]. The scope of this project was
limited by the short duration of the Eurogentest project (www.
eurogentest.org) incoming fellowship and its major aim was to

provide sufficient evidence for public health purposes aimed at
the introduction of newborn screening (IRT/DNA) in Ukraine.

To our knowledge, this is the first comprehensive report on
the distribution of CFTR mutations in WU and their genotype—
phenotype correlations, which has general implications for
genetic testing and newborn screening in patients of this origin.

2. Methods

Leukocyte DNA was extracted either by the Proteinase K/
phenol-based procedure or by our modification of the “salting
out” technique [8]. Extended CFTR mutation/rearrangement
screening was performed in sequential order by a/commercial
assay comprising 32 most common European CF-causing
mutations — Elucigene™ CF-EU1 (Gen-Probe Life Sciences
Ltd.; United Kingdom), b/multiplex ligation-dependent probe
amplification (MLPA)-SALSA MLPA KIT P091-B1 CFTR
(MRC-Holland; The Netherlands) and c/sequencing on the
3130x1 Genetic Analyzer (Applied Biosystems; USA).

3. Results

The “starting” distribution of CF mutations in the WU cohort
based on our previous analyses [4,5] is listed in Table 1,
whereby 76.14% (201/264 of all CF alleles) were identified
(Table 1).
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Fig. 1. Origin of patients with the 2184insA mutation included in this study.
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Table 1
Distribution of CFTR mutations in Western Ukrainian CF patients.

CFTR mutations N. of alleles %

F508del (¢.1520_1522delTCT) 143 54.17
2184insA (c.2052_2053insA) 19 7.20
N1303K (¢.3909C>G) 13 4.92
CFTRdele2,3(21 kb) (c.54_273) 11 4.17
G542X (c.1624G>T) 7 2.65
W1282X (¢.3846G>A) 6 2.27
1898+ 1G>A (c.1766+ 1G> A)# 3 1.14
2143delT (c.2012del T)# 3 1.14
621+1G>T (c.489+1G>T)# 2 0.76
R334W (c.1000C>T)# 2 0.76
3272-11 A>G (c.3140-11A>G) # 2 0.76
3849+ 10kbC>T (c.3717+12191C>T)# 2 0.76
185+1G>T (c.53+1G>T)# 1 0.38
E92K (c.274G> A 1 0.38
R347H (c.1040G>A)# 1 0.38
Y362X* (c.1086 T>A) 1 0.38
1717-1G>A (c.1585-1G>A) 1 0.38
R553X (c.1657C>T) 1 0.38
2183AA>G (c.2051_2052delAAY# 1 0.38
2721dell1 (¢.2589_2599del AATTTGGTGCT)# 1 0.38
Identified total 221 83.71
Unidentified 43 16.29

CFTR nomenclature is listed where applicable as by its more frequently used “legacy
name” followed by the cDNA name in parenthesis [8]; mutations in italics were
identified in this study, while the one in bold is novel; # these mutations were detected
through previous collaborations (see Acknowledgment); * this mutation is novel.

We did not detect any intragenic CF7R rearrangements using
MLPA in 63 CFTR genes (23.86%) with unknown CF mutations
[9]. Sequencing of exon 7 revealed a novel allele Y362X [using
the “legacy nomenclature”; 7]. The patient with this mutation
bears the F508del allele in frans and suffers from the classical
form CF associated with high sweat chloride concentrations. In
exon 13 we found a high prevalence of the 2184insA mutation
since this allele was detected in a total of 17 unrelated cases. Two
patients are homozygotes for this mutation, while the analysis of
parental origin revealed that 13 had F508del, 1 had the “Slavic”
deletion CFTRdele2,3(21 kb) and one case had the R334W
mutation in trans. Sixteen CF patients with 2184insA mutation
originated were of WU origin, while only 1 case came from the
eastern (Lugansk) part of the country. This mutation was not
identified in 25 CF patients from the collaborating southeastern
Zaporizhzhya CF centre (Fig. 1; data not shown). Identification of
additional 20 CF mutations in the WU cohort increased the
mutation detection rate to 83.71% (221/264; Table 1).

Genotype/phenotype correlations in 17 (8 females/9 males)
bearing the 2184insA mutation are presented in Table 2. These
data strongly suggest its “CF-causing” nature.

4. Discussion

Since the 2184insA mutation is not included within mutation
panels of commonly used commercial assays [10], this allele is
not identified by routine DNA diagnostics [11], thus far. As a
consequence, there were only sporadic reports of this mutation in

patients of Slavic origin [6,7,12—-17] and of its associated
phenotype, e.g. in a Polish patient [12]. The 2184insA mutation
is located within the poly A tract in which deletions of one or two
nucleotides are commonly found [9]. Consequently, the “mirror
deletion” at this site, i.e. 2184delA, is included in the most
frequently used commercial assays [10,11]. Similarly, the
2183AA>G belongs to the most common CF-causing mutations
[6,17].

Of all populations studied to date, the prevalence of the
2184insA mutation is highest in WU (7.20% of all mutated CF
chromosomes). Based on the observed population gradient, it is
likely that the 2184insA mutation has its origin in Slavic
populations of WU-Galicia from where it has disseminated
throughout Europe and beyond.

More than half of the cases with this mutation were diagnosed
within their first year of life, which attests the presence of typical
CF symptoms in these children, and 1 patient presented with
meconium ileus at birth (Table 2).

Fecal elastase-1, measured in 15 of the 17 cases with
2184insA, was low (Table 2), thereby substantiating the clinically
ascertained pancreatic insufficiency [18]. Fecal elastase-1 levels
in all patients treated at the Lviv CF centre are within the range of
1.6-566.0 ng/g of stool (average 6.5 pg/g; data not shown).
Approximately 10% of them are pancreatic sufficient (PS, fecal
elastase-1>200 pg/g). The percentage of PS cases and the high
proportion of patients diagnosed within the first year of life are
comparable to e.g. the CFF Registry [19]. This general
comparison confirms that the clinical ascertainment of CF in
WU for this study is not biased.

When comparing our CF patients with and without the
2184insA mutation, we found no significant differences in their
age distribution within specific age brackets (0—1, 1-3, 3-7, 7—
15, 15—18 and> 18 years of age), thereby demonstrating similar
survival (data not shown). Although there were no differences
in the presence of impaired glucose tolerance in patients older
than 15 years of age (Table 2; data not shown for non-2184insA
cases), the occurrence of CF liver disease (CFLD) was higher in
patients with the 2184insA mutation (64.70% vs. 51.51%). We
have also observed trends in the distribution of CF-specific
infections: patients with the 2184insA mutation had a higher
prevalence of P. aeruginosa (76.47% vs. 64.53%) and S. aureus
(70.59% vs. 44.92%), but a lower rate of H. influenzae (11.76%
vs. 44.94%) (Table 2). Although statistical calculations could
not be performed due to the small sample size, based on the
evidence presented this mutation can be regarded as “CF-
causing”.

In conclusion, the 2184insA is the second most common
mutation in WU. As large Ukrainian populations are also found
outside of the country with approximate estimates of 4.4 million
(M) in Russia, 2 M in USA, 1 M in Canada, 0.25 M in Argentina
and 0.3 M in Romania, this mutation should be included in the CF
testing panels in patients of Ukrainian origin. Finally, the
achieved mutation detection rate of 83.71% fulfills the minimal
pre-requisite [20] for the introduction of the “two-tier” (IRT/
DNA) newborn screening programs which could alleviate current
imbalances in the level of CF clinical diagnosis in other regions of
Ukraine with substantial WU populace [1,2].
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Identifikace obou kauzalnich mutaci u CF pacientt je dulezita z hlediska vztahu
mezi genotypem a fenotypem, kdy znalost pfesné molekularni podstaty onemocnéni
umoznuje predpoveédét pritbéh onemocnéni a individudlné stanovit 1é€bu, véetné piipadné
mutaén¢ specifické terapie. Znalost patogennich mutaci genu CFTR zéaroven podpofi
klinickou diagn6zu, umozni budouci prenatalni diagnostiku a moznost stanoveni pfenosu
téchto alel a rizik u dalSich rodinnych pfislusnikli. Vzhledem k velkému mnozstvi dosud
identifikovanych mutaci v genu CFTR a k jejich populaéné specifickému zastoupeni je pii
molekularné genetickém vySetfeni kliové znét etnicky plvod probanda a distribuci 1

cetnost mutaci v pfislusné populaci.

To bylo hlavnim cilem této publikace, kterd sumarizuje vysledky dvou dekad
vyzkumné a diagnostické Cinnosti v oblasti molekularné genetické diagnostiky cystické
populace, ktera populacni skladbou reprezentuje obyvatelstvo sttedni Evropy, a vysledky
tak mohou byt uZitecné 1 pro okolni staty s nizkou detekéni zéachytnosti, pro velké
mnozstvi krajani Zzijicich v Severni Americe 1 pro vyvoj populacné-specifickych

diagnostickych panelt.

Ztémét 3000 vySetfovanych rodin byla jednoznacnd klinicka diagnéza CF
stanovena u 600 neptibuznych probandi. Vhledem k autozomaln¢ recesivnimu charakteru
onemocnéni spoc¢iva strategie tzv. kaskddového molekularné genetického vySetfeni genu
CFTR v postupném vylucovani nejcastéjSich mutaci v dané populaci. V soucasné dobé
zainame vySetfenim komeréniho panelu 50 mutaci (Elucigene CF-EU2vi™),
nasledovaného analyzou genovych pieskupeni genu CFTR metodou MLPA a analyzou
celé kodujici sekvence genu CFTR pomoci muta¢niho skenovani metodou HRM a

sekvenacni analyzy.

105



Timto pfistupem se podafilo detekovat 99.50% vsech CF alel (1194/1200) v ¢eské
populaci. Celkem bylo nalezeno 91 rGznych mutaci, z nichZz se pouze 7 vyskytovalo ve
frekvenci nad 1% (F508del - 67.42%, CFTRdele2,3(21kb) - 5.75%, G551D - 2.92%,
N1303K - 2.42%, G542X - 2.0%, 3849+10kbC>T - 1.67% a 1898+1G>A - 1.42%) a

celych 52 mutaci se vyskytovalo privatné pouze v jedné roding.

Podarilo se detekovat 20 novych mutaci a 1 polymorfismus, které byly nahlaseny
do mezinarodni databaze Cystic Fibrosis Genetic Analysis Consortium Dabatase (CFGAC,
http://www.genet.sick-kids.on.ca/cftr/). Poskytnuti jejich klinického dopadu na své nosice
by mohlo pomoci pifi predikci fenotypu v ptipadé nalezu dané mutace u dal§iho CF
pacienta, nebot u vzacnych mutaci chybi funkéni studie na proteinové tUrovni
demonstrujici jejich patogeneticky potencial. Sdileni téchto udaji je velmi ptinosné pro
zhodnoceni zavaznosti mutaci, potazmo formy onemocnéni, a to predevSim v piipade
prenatalni diagnostiky. Jedna ztéchto novych mutaci vznikla na paterndlni alele
mechanismem de novo, tj. ve frekvenci 1/1200 CF alel, coz je ve shodé¢ s publikovanymi
daty (Girodon et al. 2008). Dale byl na zakladé korelace mezi fenotypem a genotypem
predikovan nepatogeneticky potencial nékterych variant (V754M, S1456N).

Na zaklad¢ téchto dat byla vypoctena detekéni zachytnost komercniho kitu
Elucigene CF-EU2vi™ | ktery je v Ceskych diagnostickych laboratotich hojné rozsiten, na
témer 91%. Metoda MLPA detekujici delece/duplikace na urovni celych exonl pfispéla
k dosazené populacni zachytnosti 1% a mutaéni skenovani se sekvenacni analyzou
detekovaly dalsich 94 alel (7.8%). Ackoliv komercni diagnosticka souprava Elucigene CF-
Eu2v1™ dosahuje dostateCnou zéachytnost pro vyuziti v rutinni diagnostice i
novorozeneckém skriningu CF, molekularné geneticka diagnostika u pacientd s CF by
méla v kazdém piipadé zahrnovat v§echny mutace, které se v piislusné populaci vyskytuji
s Cetnosti vyssi nez 0.5 %, proto by mutace 336K a S945L mély byt pfidany do rutinné

pouzivaného testovaciho panelu.

Konecn¢ prubézné vysledky této studie byly pouzity i v ramci optimalizace
alternativnich protokolti novorozeneckého skriningu CF zahrnujicich DNA diagnostiku
mutaci v genu CFTR v ¢eské populaci na naSem pracovisti (Krulisova et al. 2012), ktery

vSak byl pouze mym vedlejSim projektem a nebude proto blize diskutovan.
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Abstract

Background: This two decade long study presents a comprehensive overview of the CFTR mutation distribution in a representative cohort of 600 Czech
CF patients derived from all regions of the Czech Republic.

Methods: We examined the most common CF-causing mutations using the Elucigene CF-EU2v1™ assay, followed by MLPA, mutation scanning
and/or sequencing of the entire CFTR coding region and splice site junctions.

Results: We identified 99.5% of all mutations (1194/1200 CFTR alleles) in the Czech CF population. Altogether 91 different CFTR mutations, of
which 20 were novel, were detected. One case of de novo mutation and a novel polymorphism was revealed.

Conclusion: The commercial assay achieved 90.7%, the MLPA added 1.0% and sequencing increased the detection rate by 7.8%. These
comprehensive data provide a basis for the improvement of CF DNA diagnostics and/or newborn screening in our country. In addition, they are relevant
to related Central European populations with lower mutation detection rates, as well as to the sizeable North American “Bohemian diaspora”.
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1. Introduction

The incidence of cystic fibrosis (CF) in the Czech Republic
(CZ) was estimated using epidemiological approaches more
than half a century ago (1 in 2700 live births), while recent
outcomes of a nationwide CF newborn screening (NBS)
revealed a two-fold lower incidence (1 in 4023 live births) [1].
Given the current annual birth rate of 108,673 [2], approx-
imately 30 CF patients would be expected to be born each year.

The CZ population has German (Bavarian; DE), Northern
Austrian (AT), Polish (PL), Slovak (SK) or Hungarian (HU)
influences (arranged by the degree of their historical impact)
and is a representative of the population composition of Central
Europe (CE) [3,4]. Romani intermarriage and non-European
immigration have remained marginal [2]. Therefore, generally
speaking, the CZ population is stable and homogeneous [5].

Over the past two decades, the Prague CF Centre has performed
DNA diagnostic testing for the cystic fibrosis transmembrane
conductance regulator (CFTR) gene in a group of almost 3000 CZ
families. This facility serves as the national reference center, both
for clinical and laboratory diagnosis of CF [6], within an official
network of regional CF centers [7]. The Prague center also
coordinates CF newborn screening for the western part of the
country [1].

The aim of this study is to present results from a substantially
larger and representative group of CZ CF patients, compared to
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the previous report published within a collaborative study [8]. In
addition, data on intra-CFTR rearrangements, copy number and/or
novel mutations are included. Significantly updated data provide
a basis for improvement of CF DNA diagnosis and/or CF NBS in
the CZ and related populations. Finally, the information is
important for the selection of patients for mutation-specific
therapies [9].

2. Methods

Diagnosis of CF was established in 600 unrelated CZ CF
patients by using a combination of clinical and laboratory
diagnostic criteria [10]. Their geographic origin is presented in
Fig. 1. During this long-term population study, DNA diagnostic
techniques have gradually evolved (data available upon request).
Initially, we examined the most common CF causing mutations
using “in house” methods, later followed by commercial assays
(e.g. Elucigene CF-EU2v1™, Gen-Probe Life Sciences, UK).
Patients with one or both unidentified mutations were then
examined for intragenic rearrangements using multiplex ligation-
dependent probe amplification (MLPA, MRC-Holland, Nether-
lands). Subsequently, negative cases were subjected to mutation
scanning [ 11] and/or sequencing of the entire CFTR coding region
and splice site junctions (Applied Biosystems, USA). Any
detected CFTR mutations were verified in the index case’s
parents.
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Fig. 1. Origin of 600 Czech CF patients. Legend: Origin of patients is based on the postal codes of their domicile. Number of patients in the regions: Capital Prague (Praha)
Region — 99; Central Bohemia Region (i.e. regiona surrounding Prague) — 88; Usti nad Labem Region — 52; Pilsen (Plzeft) Region — 48; Liberec Region — 41;
South-Bohemian (Ceské Bud&jovice) Region — 40; Hradec Kralové Region — 37; Zlin Region — 32; Pardubice Region — 31; Moravian-Silesian (Ostrava) Region —
29; Vysocina (Jihlava) Region — 29; Karlovy Vary Region — 26; Olomouc Region — 25; South Moravian (Brno) Region — 23.
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Table 1
Spectrum of CFTR mutations detected in Czech CF patients.
Mutations/HGVS nomenclature/ Mutations/traditional nomenclature, legacy name/ Legacy exon/intron No. of alleles %

1. c.1521_1523delCTT F508del** Ex10 809 67.42
2. €.54-5940_273+10250del2 1kb CFTRdele2,3/21kb/** In1-In3 69 5.75
3. c.1652G>A G551D*" Ex11 35 2.92
4. ¢.3909C>G N1303K** Ex21 29 2.42
5. c.1624G>T G542X+" Exll 24 2.00
6. c.3718-2477C>T 3849+ 10kbC>T** In19 20 1.67
7. c.1766+1G>A 1898+1G>A*" Inl2 17 1.42
8. ¢.1040G>C R347p*" Ex7 11 0.92
9. ¢.2012delT 2143delT** Ex13 11 0.92
10. ¢.3140-26A>G 3272-26A>G** Inl7a 8 0.67
1. c.1007T>A 1336K" Ex7 7 0.58
12. c.3846G>A W1282X** Ex20 7 0.58
13. c.1657C>T R553X* Exl1 6 0.50
14. c.2657+5G>A 2789+5G>A*" In14b 6 0.50
15. c.2834C>T S945L* Ex15 6 0.50
16. c.442delA 574delA™ Ex4 5 0.42
17. c.489+1G>T 621+1G>T*" In4 5 0.42
18. ¢.2052_2053insA 2184insA” Ex13 5 0.42
19. ¢.3009_3017delAGCTATAGC 3141del9® Ex17a 5 0.42
20. c.366T>A Y 122X Ex4 4 0.33
21. c.[874G>A]+[2126G>A] E292K/R709Q Ex7/Ex13 4 0.33
22. c.1585-1G>A 1717-1G>A** In10 4 0.33
23. c.3454 G>C D1152H** Ex18 4 0.33
24, c.3484C>T R1162X*" Ex19 4 0.33
25. c.4242+1G>T 4374+1G>T In23 4 0.33
26. ¢.1000C>T R334W** Ex7 3 0.25
27. ¢.1767-7_2619+2del CFTRdelel3,14a Ex13-Ex14a 3 0.25
28. ¢.3468+2_3468+3insT 3600+ 2insT In18 3 0.25
29. ¢.3469-?_3717+2dup CFTRdup19 Ex19 3 0.25
30. €.3964-78_4242+577del CFTRdele22,23" Ex22-Ex23 3 0.25
31. ¢.53+1G>T 185+1G>T Inl 2 0.17
32. c.54-1161_164+1603del2875 CFTRdele2 Ex2 2 0.17
33. c.169T>G W57G Ex3 2 0.17
34. c.254G>A G85E*" Ex3 2 0.17
35. c.274G>T E92X"* Ex4 2 0.17
36. ¢.328G>C DI110H” Ex4 2 0.17
37. c.579+3A>G 711+3A>G* In5 2 0.17
38. ¢.3528delC 3659delC*” Ex19 2 0.17
39. ¢.4127_4131delITGGAT 4259del5 Ex22 2 0.17
40. c.1-?7_1584+7del CFTRdelel,10 Ex1-Ex10 1 0.08
41. ¢.115C>T Q39x* Ex1 1 0.08
42. ¢.79G>C G27R Ex2 1 0.08
43. c.[125C>T]+[223C>T] S42F/R75X* Ex2/Ex3 1 0.08
44. c.164+1G>A 296+1G>A In2 1 0.08
45. c.274G>A E92K* Ex4 1 0.08
46. c.349C>T R117C* Ex4 1 0.08
47. ¢.509G>A R170H Ex5 1 0.08
48. ¢.533G>A G178E Ex5 1 0.08
49. c.579+1G>T 711+1G>T** In5 1 0.08
50. c.902A>G Y301C Ex7 1 0.08
S1. c.1040G>A R347H*" Ex7 1 0.08
52. c.1114C>T Q372X Ex7 1 0.08
53. c.l117-1G>A 1249-1G>A In7 1 0.08
54. c.1209+1G>A 1341+1G>A" In8 1 0.08
55. c.1519_1521delATC 1507del*" Ex10 1 0.08
56. c.1654C>T Q552x* Ex11 1 0.08
57. c.1673T>C L5588" Ex11 1 0.08
58. c.1679+1G>C 1811+1G>C Inll 1 0.08
59. ¢.1687T>C Y563H Ex12 1 0.08
60. c.1753G>T E585X" Ex12 1 0.08
61. c.1766+1G>C 1898+1G>C In12 1 0.08
62. c.2044delA 2176delA Ex13 1 0.08
63. ¢.2051-2052delAAinsG 2183delAA>G* Ex13 1 0.08

(continued on next page)
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Table 1 (continued)

Mutations/HGVS nomenclature/

Mutations/traditional nomenclature, legacy name/

64. ¢.2052delA 2184delA*"
65. €.2290C>T R764X*
66. ¢.2490+1G>A 2622+1G>A"
67. €.2538G>A W846X+"
68. ¢.2551C>T R851X*
69. ¢.2589_2599del AATTTGGTGCT 2721dell 1
70. ¢.2705delG 2837delG
71. ¢.2789delG 2921delG
72. ¢.2803_2813delICTACCACTGGT 2935dell1
73. ¢.2856G>C M9521
74. €.2991G>C L997F*
75. ¢.3106delA 3238delA
76. ¢3136G>T E1046X
77. ¢.3139G>C G1047R
78. ¢.3196C>T R1066C**
79. ¢3196C>G R1066G
80. ¢.3302T>G MI1101R
81. ¢.3310G>A E1104K
82. ¢.3353C>T S1118F
83. ¢.3472C>T R1158X*"
84. ¢.3587C>G S1196X*
85. ¢.3708delT 3840delT
36. ¢.3937C>T Q1313x*
87. ¢.3971T>C L1324P
38. ¢.4003C>T L1335F
89. c.4004T>C L1335P
90. ¢.4097T>A 11366N
91. c.4426C>T Q1476X
92. Unknown

Total

Legacy exon/intron No. of alleles %
Ex13 1 0.08
Ex13 1 0.08
In13 1 0.08
Exl4a 1 0.08
Ex14a 1 0.08
Ex14a 1 0.08
Ex15 1 0.08
Ex15 1 0.08
Ex15 1 0.08
Ex15 1 0.08
Ex17a 1 0.08
Ex17a 1 0.08
Ex17a 1 0.08
Ex17a 1 0.08
Ex17b 1 0.08
Ex17b 1 0.08
Ex17b 1 0.08
Ex17b 1 0.08
Ex17b 1 0.08
Ex19 1 0.08
Ex19 1 0.08
Ex19 1 0.08
Ex21 1 0.08
Ex22 1 0.08
Ex22 1 0.08
Ex22 1 0.08
Ex22 1 0.08
Ex24 1 0.08
6 0.50
1200 100.00

Legend: Within the traditional nomenclature column: “*” mutations included in the Elucigene CF-EU2v1™ assay;
mutations are described in the CFTR2 database [21] with e.g. D1152H, L997F having “varying consequences

e

genotype—phenotype correlations of detected
— Genomic position of breakpoints has not been

LNt
5 4

identified, thus far. Novel mutations are formatted in bold and “*” the novel mutation 3141del9 was independently detected in five unrelated CZ families.

3. Results

Altogether we found 91 different CFTR mutations (Table 1),
with only seven being present at a frequency >1%: F508del
(67.42%), CFTRdele2,3(21kb) (5.75%), G551D (2.92%),
N1303K (2.42%), G542X (2.0%), 3849+ 10kbC>T (1.67%)
and 1898+1G>A (1.42%) (using the legacy/traditional no-
menclature). More than half of all mutations (n=52) occurred
within a single family. In addition, 20 novel mutations (Table 1)
and a novel variant (S1456N) were discovered.

A de novo novel mutation 3840delT was detected on
“fingerprinting-proven” paternal CFTR allele in an adolescent
male patient who bears a second novel mutation in compound
heterozygosity — 3840delT/2921delG. He was diagnosed
clinically at 3 years of age (sweat test: 80 mmol/l), and suffers
from chronic Pseudomonas aeruginosa colonization and
pancreatic insufficiency.

In addition, we observed the previously described V754M
mutation in trans to N1303K in an unaffected mother (sweat
test: 40 mmol/l). Her first CF child bears a R709Q-E292K/
N1303K in trans, while sequencing of exon 7, 13 and 21 during
prenatal diagnosis of her second child, who is unaffected,
revealed the R709Q-E292K/V754M genotype.

The S1455X mutation was observed in compound hetero-
zygosity with the F508del in a male patient who was clinically
diagnosed at age 7 years, in which “repeated bronchitis” led to
sweat testing (mean concentration 70 mmol/l). Interestingly,
the patient’s asymptomatic father bears mutation S1455X in
trans to a novel variant S1456N and the patient’s apparently
healthy brother has the maternal-F508del/S1456N genotype.

In aggregate, we identified 99.50% of all mutations (1194/
1200 CFTR alleles) in the CZ CF population (Table 1).

4. Discussion

This study presents a comprehensive overview of the CFTR
mutation distribution in a representative cohort of CZ CF
patients originating from all CZ regions (Fig. 1). Integration of
CF clinical expertise with DNA diagnostics at the Prague
National Reference Center, together with consistent application
of consensus CF clinical and laboratory diagnostic criteria, led
to the identification of more than 99% of all CFTR mutations
(Table 1).

There are over 10 million inhabitants in the country, which
according to population genetic analyses, is a representative of
the CE ethnic composition [3], with significant overlaps with
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Table 2
Distribution of selected CFTR mutations in Central European populations.
Mutations/HGVS Mutations/traditional Czech Slovakia Eastern Germany Austria Austria North— East, Poland
nomenclature/ nomenclature, legacy Republic 2012 2010 Hungary 2011 Bavaria 2002 Tyrol 1997 North— North 2002  (N=1726)

name/ (this study) (N=856) (N=80) (N=250) (N=126) (N=118)

(N=1200)

¢.1521_1523delCTT F508del 67.42 66.80 70.00 74.00 74,60 70.30 57.0
€.54-5940_273+10250del21 kb CFTRdele2,3/21kb 5.75 2.26 5.00 1.2% 2.6" NA 1.80
c.1652G>A G551D 291 <0.50 0.00 6.40 1.60 2.50 0.50
¢.3909C>G N1303K 2.42 2.03 5.00 2.40 0.00 NA 1.80
c.1624G>T G542X 2.00 4.06 3.75 3.20 2.40 5.10 2.60
¢.3718-2477C>T 3849+ 10kbC>T 1.67 4.28 0.00 NA 0.00 3.40 2.70
c.1766+1G>A 1898+1G>A 1.42 <0.50 0.00 NA 0.00 NA NA
c.1040G>C R347P 0.92 1.10 1.25 0.80 1.60 2.50 NA
¢.2012delT 2143delT 0.92 1.10 0.00 NA 0.00 NA NA
¢.3140-26A>G 3272-26A>G 0.67 <0.50 0.00 NA 0.00 NA NA
c.3846G>A W1282X 0.58 <0.50 0.00 NA 0.00 NA 0.70
c.1007T>A 1336K 0.58 0.00 0.00 NA 0.00 NA NA
c.1657C>T R553X 0.50 0.90 0.00 1.20 0.00 NA 1.90
¢.2657+5G>A 2789+5G>A 0.50 0.00 0.00 NA 2.40 NA NA
c.2834C>T S945L 0.50 0.00 0.00 NA 0.00 NA NA
¢.2052_2053insA 2184insA 0.42 1.58 5.00 NA 0.00 NA NA

Legend: data for Slovakia [12], Eastern Hungary [14], Germany—Bavaria [13], Austria—Tyrol [18], Austria North East and North West [13], Poland and *[8], and *

[16]. NA: not analyzed/data not available. N: number of analyzed CF alleles.

the SK, HU, AT and DE populations [3,4], and to a lesser
degree, with its PL and DE Saxony neighbors [5]. Therefore,
our data are pertinent to the related populations with lower
mutation detection rates (Table 2) [8,12,13], with the exception
of Eastern HU [14]. The CZ mutation distribution is also
relevant to the North American “Bohemian diaspora” (residing
mainly in Canada and the U.S. Midwest) consisting of over
1.2 million immigrants with descendants from historical CZ
territories [15].

In the CE population, the frequency of the F508del mutation
does not “rigorously” follow the expected ‘“North-to-South”
gradient, which could be due to the higher population heteroge-
neity in PL (Table 2). The “Slavic” mutation CFTRdele2,3/21kb/
[16] is relatively common in CE (Table 2). However, the G551D
mutation is more common within the “core Hallstatt culture
territory” [17] that comprises the current CZ, DE, AT and AT-
Tyrol [18, Table 2]. Therefore, a “Celtic” origin of G551D is likely
and is supported by its common origin and extrapolated “age” [19].
Similarly, we presume that the “Mediterranean” mutation G542X
[8] is, according to historical patterns of CE colonization [17], the
most prevalent in the Danube basin, i.e. in SK, HU, AT and DE.

In the CZ population the commercial assay Elucigene
CF-EU2v1™ achieved mutation detection rates of 90.7%,
MLPA added 1.0%, with the CFTRdele2,3/21 kb/mutation
(5.75%) being independently confirmed by this assay. Mutation
scanning and/or sequencing detected an extra 94 CF alleles,
adding an additional 7.8%.

We have not included the male with the S1455X/F508del in
our cohort, since he only suffers from “isolated elevated sweat
chloride concentrations” [20] and does not meet the diagnostic
criteria for CF [10]. Similarly, all cases with the R117H-IVS8 T(7)
in cis, which did not meet the diagnostic criteria were also
excluded from this study. Although the V754M mutation “is still
under evaluation” in the CFTR2 database [21], we concluded that

its pathogenic potential is limited. All “equivocal” cases have been
enrolled into a long-term clinical monitoring program at our center
[6,22].

The previously reported pathological L1-mediated retro-
transpositional event [23] was detected in one patient who was
compound heterozygous for the E92K/M9521 mutations. It is
likely that the pathogenetic impact of the “CFTR-related disorder
associated” mutation M952I [22] was augmented by the Alul-
related molecular alternation of the CFTR, leading to a “classical”
presentation of CF in this case.

The observed de novo novel mutation occurred on the
paternal CFTR allele (father’s age at conception was 25 years)
at a rate of 1 in 1200 CFTR alleles examined, i.e. as previously
reported [24].

In addition, previously unknown complex allele [25] com-
prising R709Q-E292K in cis in four unrelated families was
discovered, with the R709Q being reported in AT [26].

In summary, we present a thorough overview of the CFTR
mutation distribution in the CZ population, which demonstrates
that integrated clinical and laboratory expertise [22] can yield
very high mutation detection rates.

The Elucigene CF-EU2v1™ assay was shown to achieve
sufficient mutation detection rates for multi-tier CF NBS (i.e. more
than 85%), although the I336K and S945L, with frequency over
0.5% (Table 1), should also be included in the Czech national
screening panel [1]. The CZ mutation distribution is relevant to
related populations which have reported rather limited mutation
spectra (e.g. Northern AT) and to the sizeable North American
immigrant population derived from this part of CE.
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3.6. Tiittelmann et al. (2010) A common haplotype of protamine 1 and 2

genes is associated with higher sperm counts. Int J Androl. (IF: 3.591)

V evropskych zemich je béhem poslednich par desetileti sledovana pomala setrvala
tendence ke snizovani kvality muzského ejakulatu. Za jednu z pficin je povazovan zvyseny
vyskyt umélych estrogenti v prostiedi a dalSi negativni civilizacni vlivy. Neobjasnénych
pii¢in defektni spermatogeneze a zhorSenych funkénich parametrii spermatu je vsak stale
mnoho, a proto jsme se v nasi praci zaméfili na studium pti¢in genetickych, konkrétné na
zhodnoceni vyskytu a stanoveni frekvence mutaci a polymorfismi protaminovych gent

(PRM1, PRM2) a objasnéni vlivu téchto variant na poruchy spermiogeneze.

Piedchozi studie prokazaly jednoznaény vztah aberantni exprese protamint
k muzské infertilit¢, kdy spravné mnozZstvi obou proteinil je nezbytné pro spravnou
diferenciaci spermii (Carrell et al. 2008). Dale bylo prokazano, ze mysi haploinsuficientni
pro jeden z protaminovych genl vykazuji zmény v uspofadani chromatinu a jaderné
integrité. Tyto mysi stale produkovaly spermie, ty vSak vykazovaly abnormalni morfologii
a snizenou pohyblivost a nebyly schopné oplodnit oocyt (Cho et al. 2001). Vzhledem
k rozhodujici roli protaminti v diferenciaci spermatid se tedy lze domnivat, ze mutace
téchto genli mohou vést k idiopatické infertilit¢ u muzi s norméalnim poctem spermii.
Dosud publikovanad data zabyvajici se roli protaminovych variant a jejich asociaci se
semennymi parametry v lidské neplodnosti jsou vSak nepritkkazna, az rozporuplna (Jodar et
al. 2011). Proto byla ve spolupraci s Univerzitou v Miinsteru (Némecko) provedena tato

retrospektivni studie na representativnim souboru némeckych neplodnych muzi a kontrol.

Sekvenacni analyza (podle Sangera) obou exond s pfisluSnym intronem gentt PRM1
a PRM2 byla provedena na souboru pacientti s idiopatickou infertilitou némeckého
pavodu: 1/ u 88 muzi s teratozoospermii (<7% morfologicky normalnich forem) a
normélnim po&tem spermii (>20.10%/ml) simulujici fenotyp prm-haploinsuficientni mysi,
2/ u 83 muzd s teratozoospermii (<7% morfologicky normalnich forem) a sniZzenym
po&tem spermii (< 20.10%ml) a 3/ u 77 normozoospermickych muzi (>19% morfologicky

normélnich forem) s normalnim poétem spermii (>20.10%/ml).
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V genu PRM1 byly detekovany tfi jiz publikované varianty, dvé vzacné: ¢.54G>A
(rs35262993, exon 1, synonymni) (Aoki et al. 2006a, Ravel et al. 2007, Imken et al. 2009)
a €.102G>T (rs355576928, exon 1, nesynonymni R34S) (Iguchi et al. 2006, Aoki et al.
2006a, Ravel et al. 2007, Kichine et al. 2008, Jodar et al. 2011) a jedna cCasta:
c.139A>C/g.230A>C (rs737008, exon 2, synonymni) (Tanaka et al. 2003, Iguchi et al.
2006, Aoki et al. 2006a, Ravel et al. 2007, Imken et al. 2009, Jodar et al. 2011), a to ve
shodnych alelickych i genotypovych frekvencich u vSech testovanych skupin. Frekvence
variant detekovanych v PRM1 byla srovnatelna s publikovanymi studiemi (Tanaka et al.
2003, Aoki et al. 2006a). Vysledky této prace ohledné varianty ¢.102G>T, kde dochazi ke

zméné argininu za serin, jsou ve shod¢ s rozsahlou studii (Kichine et al. 2008) a popiraji

vvvvvv

al. 2007).

V genu PRM2 bylo detekovano osm variant, kde $est bylo vzacnych nahodile se
vyskytujicich v jednotlivych testovanych skupinach, jenz lze povaZovat spiSe za benigni
polymorfismy: c.66T>C (exon 1, synonymni) (Aoki et al. 2006a, Jodar et al. 2011),
¢.201C>T (exon 1, synonymni) (Jodar et al. 2011, Imken et al. 2009, Aoki et al. 2006a),
€.271+10C>T/g.281C>T (rs740007626, intron) (Aoki et al. 2006a, Imken et al. 2009,
Jodar et al. 2011), ¢.271+19C>T/g.290C>T (rs740007625, intron) (Jodar et al. 2011,
Imken et al. 2009, Aoki et al. 2006a), c¢.271+29A>G/g.300A>G (intron),
€.271+106C>A/g.377C>T (intron), a dvé Casté varianty nalezené ve shodnych alelickych i
genotypovych frekvencich u vSech testovanych skupin: ¢.271+27G>C/g.298G>C
(rs16460222; intron) (Aoki et al. 2006a, Tanaka et al. 2003, Imken et al. 2009, Jodar et al.
2011), ¢.271+102C>A/g.373C>A (rs2070923, intron) (Jodar et al. 2011, Tanaka et al.
2003, Aoki et al. 2006a, Imken et al. 2009).

Mezi  tfemi  Castymi  polymorfismy (PRM1 g.230A>C a PRM2
g.298G>C/g.373C>A) byla zjisténa silna vazba a byly sestaveny haplotypy, jejichz
zastoupeni se mezi testovanymi skupinami nelisilo. Avsak pfi testovani vlivu haplotypt na
semenné parametry v skupiné vSech 248 muzii analyzovanych dohromady byla odhalena
statisticky vyznamné asociace. Homozygotni nosi¢i haplotypu ACC méli dvojnasobné

vy$si polet spermii neZ muZi bez tohoto haplotypu (45x10%/ml x 24.2x10%ml). Je mozné,
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ze spermie nosici jiného nez ACC haplotypu nejsou zivotaschopné ¢i podléhaji negativni
selekci. To by signalizovala i zjisténa signifikantni odchylka od Hardy-Weinbergovi
rovnovahy u polymorfismu tvoficich haplotyp. Vliv haplotypu ACC na ostatni semenné

parametry (morfologii, motilitu) nebyl prokazan.

Jelikoz pomér protamint ve spermiich nebyl méten, nelze ovéfit vliv haplotypl na
jejich expresi a pfipadny aberantni pomér PRM1/2, ktery byl jednoznacné asociovan

s muzskou neplodnosti (Balhorn et al. 1988).

Dalsi vyzkumy by se mély ubirat smérem k analyze variant genu TNP2 ¢i
promotorovym variantdm protaminovych genl, které dosud nebyly hojné¢ zkoumadany.
Dopad ACC haplotypu na spermatogenezi by mél byt ovéfen dal$imi studiemi na jinych
populacich, aby bylo umoznéno jeho piipadné klinické a diagnostické vyuziti. Pro snadnou
a rychlou detekci polymorfisml tvoficich tento kauzalni haplotyp by bylo vhodné zavést
metodu HRM (genotypizaci variant metodou malych amplikoni), kterd byla v této
dizertani praci detailné¢ zhodnocena a na rozli¢nych studiich potvrzena idealnost a
vhodnost této metody pro ucely detekce neznamych genovych variant 1 cilené

analyzovanych polymorfismi/mutaci.

Koneéné vramci studia muzské neplodnosti jsem se podilela na replikacnich
studiich frekvence mutaci v genu ART3 v ¢eské populaci neplodnych muzt (Norambuena
et al. 2012a) a nasledné u némecké populace (Norambuena et al. 2012b), které vsak byly

pouze mymi vedlej§imi projekty a nebudou proto blize diskutovany.
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Introduction

Summary

Sperm chromatin compaction in the sperm head is achieved when histones are
replaced by protamines during spermatogenesis. Haploinsufficiency of the prot-
amine 1 (PRMI) or PRM2 gene causes infertility in mice. However, the pub-
lished data remain inconclusive about a role of PRMI/2 variants in male
infertility and their association with semen parameters. By full sequence analy-
sis, we assessed the frequency of sequence variations in PRMI and PRM2 in
three groups of Caucasian patients with idiopathic teratozoospermia and nor-
mal (n = 88) or reduced sperm concentration (n = 83) and in men with a high
percentage of normal sperm morphology and normal concentrations (n = 77).
Two rare (c.54G>A and c.102G>T) and one common SNP (c.230A>C) were
identified in PRM1. In PRM2, some rare heterozygous mutations and the two
common intronic SNPs 298G>C and 373C>A were detected. None of the
PRM1/2 variants was associated with teratozoospermia or individually with
other semen parameters. However, significant linkage disequilibrium was
detected between the common SNPs of PRMI and PRM2 which formed haplo-
types. Analysis of the pooled group (n = 248) revealed that homozygous carri-
ers of the common haplotype ACC had a twofold higher sperm concentration
and count than men lacking this haplotype, with sperm counts of heterozygotes
for ACC being midway between the homozygotes. This markedly decreased
sperm output might either be caused by spermatozoa lacking the ACC haplo-
type not being viable, or subject to negative selection. In addition, a significant
deviation from Hardy—Weinberg-Equilibrium of these SNPs might indicate nat-
ural selection in favour of the ACC allele which leads to higher sperm output
and therefore better fertility. In conclusion, for the first time we describe an
association of a common haplotype formed by PRMI and PRM2 with sperm
output in a large group of men.

infertile patients. This implies that the relative amount of
each protein is important for proper sperm differentiation

During spermatogenesis and DNA condensation, histones
are replaced by transition proteins in round spermatids.
Subsequently, these are replaced by protamines in elon-
gating spermatids (Steger et al, 2000). Several studies
demonstrated altered expression of protamines in infertile
males, and an abnormal protamine 1 (PRM1)/protamine
2 (PRM2) protein ratio has been described in sperm of

[reviewed by Oliva (2006) and Carrell et al. (2008)].
Knockout (KO) of either protamine gene in mice
results in male infertility, caused by a reduction of the
total amount of protamine formation, DNA damage and
reduced sperm function. Haploinsufficiency of Prml or
Prm?2 in heterozygous mice causes an alteration in sperm
chromatin assembly and nuclear integrity. These mice still

© 2009 The Authors
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produce sperm, but these sperm exhibit abnormal mor-
phology, combined with reduced motility and are thus
unable to fertilize an oocyte (Cho et al., 2001).

PRM1 and PRM2 are located adjacently on chromo-
some 16p13.2 in humans (Fig. la). As a result of the cru-
cial role of protamines in the differentiation of
spermatids, changes in the gene’s sequences may result in
male infertility. Recent studies investigated protamine
gene sequence variations in humans with ambiguous
results. The first study by Tanaka ef al. (2003) described
several single nucleotide polymorphisms (SNPs) in PRM1
and PRM2, but only a rare mutation (PRM2 p.Q50X)
found once was suggested to cause the man’s infertility as
it induces translation termination. Two rare transversions
in PRM1 (-107G>C in the promoter region and 102G>T
in exon 1 changing the amino acid, R34S) with a minor
allele frequency (MAF) of around 1% were repeatedly
reported to be associated with male infertility (Aoki et al.,
2006; Iguchi et al., 2006; Ravel et al., 2007). However, a
larger study of 672 fertile and over 300 infertile men
could not confirm this finding (Kichine et al, 2008).
These SNPs were inconsistently described in men with
isolated teratozoospermia (phenotype similar to KO mice)
and/or oligozoospermia. In addition, some rare muta-
tions in PRM1/2, one common SNP in PRMI1 (230A>C),
and two common intronic SNPs in PRM2 (298G>C and
373C>A) have been found without an association with
male infertility. All of these studies either investigated
small numbers, did not characterize the men analysed
clinically with respect to their semen parameters or

(a) PRM1

16p13.2 1Kb PRM2

\

A _-
54G>A | 230A>C. -
102G>T_ -~ \

|’ i sl | >

A
298G>C
373C>A

(b) PRM1 PRM2
230A>C  298G>C 373C>A

&

Figure 1 (a) Schematic representation of the PRMT and PRM2 genes
on chromosome 16p13.2 and respective transcriptional units (open
bars) and open reading frame (shaded area) with the SNPs position
marked. (b) Pairwise linkage disequilibrium (D) of the three common
SNPs.
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studied only PRMI. Therefore, we sequenced PRMI and
PRM2 in groups of idiopathic infertile patients with
distinct teratozoospermia and normal or reduced sperm
concentration and in men with both normal sperm
morphology and concentration.

Patients and methods

Study population

In a retrospective case—control study design, we selected
Caucasian patients mostly of German origin (96%,
according to self-report) with idiopathic infertility using
the Androbase® database (Tiittelmann et al., 2006). All
men with azoospermia, known clinical (for example mal-
descended testes, varicocele and infections) and genetic
(karyotype anomalies, Y-chromosomal deletions) causes
of infertility were excluded. Of these men (n = 944), the
25th and 75th percentiles of percentage of morphologi-
cally normal sperm were calculated, resulting in 7 and
19% respectively. These were used as cut-off values to
select similarly sized groups of men with normal sperm
concentration [>20 x 10°%/mL according to WHO (World
Health Organization, 1999)] and low percentage of nor-
mal morphology (<7%, group 1, n = 88), resembling the
phenotype of the KO mice with teratozoospermia and the
group of patients first analysed by Iguchi et al. (2006);
reduced sperm concentration (<20 X 10%/mL) and <7%
normal sperm morphology (group 2, n = 83) as SNPs
were also reported to be associated with oligozoospermia
(Ravel et al., 2007) and men with normal sperm concen-
trations (>20 x 10°/mL) and high percentage of normal
sperm (219%, group 3, n = 77) as controls. Ancestry of
patients was not significantly different between the three
study groups with 94, 92 and 98% of German origin
respectively.

All participants gave written informed consent for eval-
uation of their clinical data and genetic analysis of their
donated DNA samples according to a protocol approved
by the Ethics Committee of the Medical Faculty in
Miinster and State Medical Board.

Clinical parameters

All participants underwent a complete physical examina-
tion including ultrasonographic analysis of the scrotal
content using a high-frequency 7.5-MHz convex scanner.
Testicular volume was calculated using the ellipsoid
method and summed as bi-testicular volume.

Analysis of sperm concentration was performed with
Neubauer-improved chambers and motility was assessed
on a heated (37 °C) microscope stage. Slides for mor-
phology assessment were stained with modified Papanico-
laou method and examined with phase contrast optics.

Journal compilation © 2010 European Academy of Andrology « International Journal of Andrology 33 (2010), e240-e248 e241
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All values were determined in accordance with the cur-
rent WHO criteria (World Health Organization, 1999).
Progressive motility comprises WHO categories a and b.
Total sperm count was calculated by multiplying semen
volume by sperm concentration. In our laboratory, semen
analysis is under constant internal and external quality
control (Cooper et al., 2002).

Serum concentrations of LH (normal range 2-10 U/L)
and FSH (1-7 U/L) were determined using immunoflu-
orometric assays (Autodelfia, Perkin Elmer, Freiburg, Ger-
many) and serum testosterone (>12 nm) by a commercial
direct solid-phase enzyme immunoassay (DRG AURICA
ELISA Testosterone Kit; DRG Instruments, Marburg, Ger-
many).

Genetic analyses

Genomic DNA was isolated from peripheral blood sam-
ples using FlexiGene DNA Kit (Qiagen, Hilden, Germany)
according to the manufacturers instructions.

Two 24-nucleotide PCR primer pairs were used to
amplify the genetic region encompassing each of the prot-
amine genes. PRM1 was amplified using a 5-end primer
(5’-ccectggcatctataacaggecge-3’) and the 3’-end primer
(5’-tcaagaacaaggagagaagagtgg-3’), producing fragments of
557 nucleotides. For amplification of PRM2, 5-end pri-
mer (5'-ctccagggeccactgcagectcag-3’) and 3’-end primer
(5’-gaattgctatggcectcacttggtg-3") were used, producing frag-
ments of 599 nucleotides.

PCR reactions were performed in 25 uL volumes which
consisted of 1x PCR buffer including 1.5 mm MgCl,
200 pum of dNTPs, 0.4 um of each primer, 0.1 U of Taq
polymerase (Qiagen) and 100 ng of genomic DNA. PCR
was performed using XP cycler (Bioer Technology, Hang-
zhou, China) with the following conditions: one cycle of
initial denaturation at 94 °C for 2 min, followed by 35
cycles of 94 °C for 50 sec, 68 °C (PRM1I) or 74 °C (PRM2)
for 50 sec, 72 °C for 90 sec followed by one cycle of final
extension at 72 °C for 10 min. The presence of products
was checked by electrophoresis on a 1.5% agarose gel. The
PCR-amplified fragments were subsequently purified using
the QIA quick PCR Purification Kit (Qiagen), sequenced
with the BigDye Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems, Foster City, CA, USA) and analysed
by capillary electrophoresis with 3130x] Genetic Analyzer
(Applied Biosystems).

Statistical analysis

Differences in clinical data of patients and controls
were tested by either aNova when values were normally
distributed, or the non-parametric Kruskal-Wallis test
when the distribution normality test failed. p-values
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(two-sided) of <0.05 were considered statistically signifi-
cant. All calculations were performed with GraphPad
Prism version 5.02 for Windows (GraphPad Software, San
Diego, CA, USA).

All genetic analyses were carried out with Stata/SE
(StataCorp LP, version 9.1, College Station, TX, USA)
using specific genetic subroutines (http://www.biostat-
resources.com/stata/): HWSNP (Hardy—Weinberg equi-
librium test for multiple SNPs) was used to test for
departure from the Hardy—Weinberg equilibrium (HWE),
GENCC (allele analysis for case—control genetic studies)
to test differences in allele frequency comparing cases and
controls, and QTLSNP (Quantitative trait loci SNP) to
compare equality of means of clinical data across geno-
types. This routine assumes a codominant genetic model
to test for both additive and multiplicative effects, but
dominant or recessive models can also be used. Haplo-
type analysis and linkage disequilibrium (LD) determina-
tion were performed with HaploView 4.1 (Barrett et al.,
2005). PHASE software, version 2.1 was used to estimate
individual haplotypes (Stephens et al., 2001; Stephens &
Scheet, 2005).

Results

Clinical data

The anthropometric, hormone and semen parameters of
the three study groups with low percentage of normal
morphology and normal or reduced sperm concentration
(group 1 and 2 respectively) and with high percentage of
normal sperm and normal sperm concentration (group 3)
are presented in Table 1. Testicular volume was lower
and FSH higher in group 2 with reduced sperm count
compared with both other groups with normal sperm
concentration. All other anthropometric and hormone
parameters were similar in all three groups. Duration of
abstinence and semen volume were comparable between
all groups. Sperm concentration and count as well as per-
centage of sperm with normal morphology were signifi-
cantly different by selection. Percentage of progressively
motile sperm followed the same direction as sperm mor-
phology and was the lowest in group 2 with reduced
sperm concentration and low normal morphology.

Genetic analyses

Allele frequencies and genotype distributions of the five
SNPs in PRMI and PRM?2 are shown in Table 2. Apart
from the three previously described SNPs 54G>A
(rs35262993, exon 1, synonymous), 102G>T (rs35576928,
exon 1, non-synonymous R34S), 230A>C (rs737008, exon
2, synonymous), no mutations were found in PRMI. The
54G>A and 102G>T SNPs were rare with an MAF of

© 2009 The Authors
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Table 1 Comparison of anthropometric data, hormone and semen parameters between the three study groups presented as median and range

(min-max)

Group 1 Group 2 Group 3 (normal

(normal concentration, <7% (reduced concentration, <7% concentration, 219%

normal forms) (n = 88) normal forms) (n = 83) normal forms) (n =77)  p(1vs. 2, 1vs. 3, 2 vs. 3)
Age [y] 5 (24-48) 3 (18-50) 4 (24-54) NS
Height [cm] 182 (163-199) 182 (162-204) 180 (162-202) NS
Weight [kg] 5 (62-127) 5 (60-160) 5 (60-138) NS
BMI [kg/mz] 258(200 36.6) 258(20 1-44.8) 256(198 34.7) NS
Testicular volume [ml] 4 (23-96) 5(17-92) 1(29-95) <0.001, NS, <0.05
LH [U/L] 1(1.0-7.7) 1(0.9-9.6) 1(0.8-8.6) NS
FSH [U/L] 6(1.3-15.2) 5(1.2-23.0) 1(0.4-10.8) <0.05, NS, <0.001
Testosterone [nmol/L] 14 8(7.2-29.4) 15 2 (6.4-31.3) 15 3(7.0-30.3) NS
Abstinence [d] 4(2-7) 4(2-7) 4(2-7) NS
Concentration [10%/mL] 40 0 (20.0-177.0) 7 (0.2-19.5) 66 5 (20.0-228.0) <0.001, <0.01, <0.001
Semen volume [mL] 5(1.6-8.8) 6(1.5-8.2) 8 (1.7-9.5) NS
Total sperm count [10°) 141 (18-677) 6 (1-111) 240 (46-1140) <0.001, <0.01, <0.001
Normal morphology [%] 6 (1-7) 5(1-7) 4 (19-44) NS, <0.01, <0.001
a+b Motility [%] 8 (12-62) 36 (8-59) 2 (33-92) <0.001, <0.05, <0.001

about 1% in all study groups. By contrast, the SNP
230A>C had an MAF of 30.1, 33.7 and 28.6% in the three
study groups, respectively, which was not significantly dif-
ferent.

In PRM2, some rare heterozygous mutations were
detected in one or two patients each. The two synony-
mous SNPs 66T>C (rs n/a) and 201C>T (rs n/a) are
located in exon 1 of PRM2; 201C>T was found twice in
group 1 and 66 T>C twice in group 2. Two intronic
SNPs 281C>T (rs74007626) and 290C>T (rs74007625)
were both found in one man with normal sperm con-
centration and morphology (controls, group 3). These
four SNPs were also described by Aoki ef al. (2006). In
addition, two new mutations 300A>G (group 3) and
377C>T (group 2) in intron 1 of PRM2 were each
found once. The common SNPs 298G>C (rs1646022)
and 373C>A (rs2070923) of PRM2 were found with
comparable MAFs of 46.4, 40.1, 50.7 and 30.7, 36.8,
30.1% respectively. [Correction added after online publi-
cation: 9 December 2009; amendment in the second
SNP number from rs270923 to rs2070923].

All SNPs were in HWE in the respective groups except
for the PRMI1 230A>C and PRM2 373C>A in group 2.
A similar deviation for PRM2 373C>A can be calculated
from the data reported by Aoki efal (2006) in their
group of protamine deficient patients. The allele frequen-
cies of the common SNPs of PRM1/2 were similar to
those reported in the public databases and in the litera-
ture. Neither comparison of allele frequencies, genotype
distributions nor dominant or recessive models revealed
significant differences between the three study groups.

Pairwise D’ between the PRMI 230A>C and
298G>C/373C>A in PRM2 was strong (Fig. 1b). There-
fore, haplotypes could be constructed reliably for these

© 2009 The Authors

three common SNPs spanning both protamine genes. The
lowest probability for deriving the correct haplotype was
0.97 (pHASE software). The phased haplotypes are listed
in Table 3 and their frequencies are compared among the
three study groups without finding any significant differ-
ences.

Next, we tested the influence of the genotype on semen
parameters in the pooled cohort of 248 men (Table 4). The
distributions ~of PRMI1  230A>C and PRM2
298G>C/373C>A deviated significantly from HWE when
all men were considered together, while PRMI 54G>A and
102G>T did not (Table 2). In addition, the former com-
mon three SNPs showed a trend for an association with
sperm concentration without reaching statistical signifi-
cance. Median sperm concentration/count for men with
genotypes PRMI 230AA, PRM2 298CC and 373CC were
higher than the heterozygous group which exceeded the
homozygous group respectively. Sperm morphology and
motility were not associated with any SNP. These results
indicated that the common haplotype ACC formed by the
three SNPs is associated with higher sperm concentra-
tions/counts. We therefore compared men homozygous
for ACC (ACC/ACC, n = 57) with heterozygotes for ACC
and any other haplotype (ACC/N, n = 105) and homozyg-
otes for other haplotypes (N/N, # = 86). This analysis
revealed significant differences (p < 0.05) for sperm con-
centration between carriers of ACC/ACC vs. ACC/N and
N/N respectively, and for sperm counts between carriers of
ACC/ACC and N/N (Fig. 2a,b). In addition, p for linear
trend was calculated showing a highly significant associa-
tion of the ACC-haplotype with sperm concentration
(p =0.007) and count (p = 0.004). These results were
robust after permutation analysis: After randomly permut-
ing the genotypes 10 000 times, p-values of 0.005 and 0.004
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Table 2 Allele frequencies and genotype distributions of the three SNPs in PRM7 and two SNPs in PRM2 in the three study groups and in the

pooled cohort of all men analysed

Group 1 (normal

Group 2 (reduced

Group 3 (normal

conc., £7% normal conc., <7% normal conc., 219% normal All men
forms) (n = 88) forms) (n = 83) forms) (n = 77) (n = 248) P

PRM1 54G>A

HWE test® (p) NS NS NS NS

G frequency 98.9% (174) 98.8% (164) 98.7% (152) 98.8% (490)

A frequency 1.1% (2) 1.2% (2) 1.3% (2) 1.2% (6) NS

GG 97.7% (86) 97.6% (81) 97.4% (75) 97.6% (242) NS

GA 2.3% (2) 2.4% (2) 2.6% (2) 2.4% (6) NS
PRM1T 102G>T

HWE test® (p) NS NS NS NS

G frequency 98.9% (174) 98.8% (164) 98.7% (152) 98.8% (490)

T frequency 1.1% (2) 1.2% (2) 1.3% (2) 1.2% (6) NS

GG 97.7% (86) 97.6% (81) 97.4% (75) 97.6% (242) NS

GT 2.3% (2) 2.4% (2) 2.6% (2) 2.4% (6) NS
PRM1 230A>C

HWE test” (p) NS 0.028 NS 0.036

A frequency 69.9% (123) 66.3% (110) 71.4% (110) 69.2% (343)

C frequency 30.1% (53) 33.7% (56) 28.6% (44) 30.8% (153) NS

AA 50.0% (44) 49.4% (41) 53.2% (41) 50.8% (126) NS

AC 39.8% (35) 33.7% (28) 36.4% (28) 36.7% (91) NS

cc 10.2% (9) 16.9% (14) 10.4% (8) 12.5% (31) NS
PRM?2 298G>C

HWE test® (p) NS NS NS 0.006

C frequency 53.6% (89) 59.9% (91) 49.3% (72) 54.3% (252)

G frequency 46.4% (77) 40.1% (61) 50.7% (74) 45.7% (212) NS

GG 30.7% (27) 39.5% (30) 30.1% (22) 34.1% (79) NS

CG 39.8% (35) 40.8% (31) 38.4% (28) 40.5% (94) NS

ccC 23.9% (21) 19.7% (15) 31.5% (23) 25.4% (59) NS
PRM2 373C>A

HWE test® (p) NS 0.001 NS 0.003

C frequency 69.3% (115) 63.2% (96) 69.9% (102) 67.5% (313)

A frequency 30.7% (51) 36.8% (56) 30.1% (44) 32.5% (151) NS

cC 46.6% (41) 48.7% (37) 52.0% (38) 50.0% (116) NS

AC 37.5% (33) 28.9% (22) 35.6% (26) 34.9% (81) NS

AA 10.2% (9) 22.4% (17) 12.3% (9) 15.1% (35) NS

No significant differences were found comparing allele and genotype frequencies between the study groups. PRM1 230A>C, PRM2 298G>C and
373C>A deviated significantly from HWE in the pooled cohort.

“Hardy—Weinberg-Equilibrium test.

Table 3 Frequency of haplotype formed by PRM1 230A>C, PRM2 298G>C and 373C>A and comparisons between the study groups

Group 1 (normal

Group 2 (reduced

Group 3 (normal

PRM1/2 concentration, <7% normal concentration, <7% concentration, >19%

haplotype forms) (n = 88) normal forms) (n = 83) normal forms) (n = 77) P
ACC 44.9% (79) 37.3% (62 50.6% (78) NS
CGA 28.4% (50) 30.1% (50 27.3% (42) NS
AGC 21.6% (38) 21.7% (36 18.8% (29) NS
AGA 3.4% (6) 6.6% (1 1.9% (3) NS
CGC 0.6% (1) 1.8% (3 1.3% (2) NS
CCC 1.1% (2) 1.8% (3 0.0% () NS

No significant differences were found.

© 2009 The Authors
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Table 4 Semen parameters of all men (n =248) according to the
genotype of the three common SNPs in PRM1T and PRM2

Total
Sperm sperm Normal a+b
concentration count morphology motility
n (10%/mL) (109 (%) (%)
PRM1 230A>C
AA 126 37.5 118 7 47
AC 91 26.5 100 6 47
CcC 31 245 76 5 45
PRM?2 298G>C
GG 79 26.0 86 6 46
CG 94 27.7 109 7 47
CcC 59 44.0 157 7 48
PRM?2 373C>A
CcC 175 39.3 121 7 48
AC 81 26.4 100 6 48
AA 35 20.0 74 6 37

The differences are all statistically not significant, but note the trend
for sperm concentration/count for all three SNPs with the genotypes.

were calculated. Median sperm concentrations for homo-
zygotes of ACC, heterozygotes and homozygotes of N were
45,0, 28.0 and 24.2 X 10°/mL respectively, and median

PRM1/2 sequence variation and male infertility

total sperm counts were 159, 111 and 80 x 10°. In addition,
no influence of the haplotype on sperm morphology or
motility was detected and testicular volume was not differ-
ent between the groups (Fig. 2¢,d,e). The distribution of
the haplotype ACC also deviated significantly from HWE
(p = 0.029).

Discussion

Proper remodelling leading to compaction of chromatin
during the elongation of round spermatids requires cor-
rect interplay between the nuclear proteins where prota-
mines replace histones. Recent studies investigated the
role of PRM1/2 sequence variants in male infertility after
it was shown that male KO mice with PRM haploinsuffi-
ciency are infertile (Cho et al., 2001). The clinical obser-
vation that infertile men may exhibit an abnormal
PRM1/2 ratio additionally provokes an interest in the
physiology of PRM synthesis (Steger et al., 2008). Muta-
tions and polymorphisms of the protamine genes might
be involved in such abnormal production of the PRM
proteins and thereby be related to male infertility, as well
as in disorders of condensation and thus stability of
sperm DNA.
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Figure 2 Boxplots (covering the 25-75th, ACC/ACC ACC/N N/N ACC/ACC ACC/N N/N
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marked) comparing sperm concentration (a), g 1501 p for trend = NS
total sperm count (b), percentage of normal o
morphology (), percentage of a+b motility g 1004 .
(d) and testicular volume (e) in study subjects § . ..
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gope § ues S e
PRM1/PRM2 haplotype as ACC/ACC 3 —T— T T
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(n = 86). Significant differences are marked = 0 = = =
with * (p < 0.05). ACC/ACC ACC/N N/N
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The limitations of the previous PRM1/2 sequence stud-
ies were the limited number of patients, lack of detailed
clinical characterization and analysis of only PRMI. We
therefore analysed PRMI and PRM2 in three groups of
well-characterized men with either low percentage of nor-
mal sperm morphology and normal or reduced sperm
concentration, or high normal morphology and normal
sperm concentration. To avoid population stratification,
all three study groups were selected from our patients in
contrast to most other published studies where controls
were selected e.g. from ‘the general population’, ‘healthy
men’ or ‘fathers’. Therefore, with respect to the endpoint
of spermatogenesis evaluated in this study, population
stratification is unlikely to interfere with the reported
results.

In PRMI, we found the three previously described
SNPs with frequencies comparable with the published
reports (Tanaka et al., 2003; Aoki et al., 2006). None of
these SNPs showed a significantly different distribution
between our study groups. Concerning the rare 102G>T
transversion changing the amino acid sequence, our find-
ings agree with a recent large case—control study (Kichine
et al., 2008). Our observation renders an association of
this SNP and male infertility or teratozoospermia, as pro-
posed by the two earlier studies (Iguchi er al, 2006; Ravel
et al., 2007), very unlikely. Nor was the other rare variant
54G>A of PRMI found to be associated with semen
parameters, similar to earlier reports, and further sup-
porting its role as an uncommon neutral variant. Both
the previous and newly described rare variants in PRM2
can most likely be considered neutral mutations, too, as
none of these clustered in any study group. However, the
66T>C and 201C>T variants were only found in patients
with either reduced normal sperm morphology and/or
concentration as in the report by Aoki et al. (2006). Thus,
the possibility that these are involved in male infertility
cannot completely be excluded.

The three common SNPs of PRMI 230A>C and PRM2
298G>C/373C>A were neither distributed differently
between the study groups nor associated with semen
parameters individually. However, high LD was detected
between these SNPs, which is not surprising as the two
PRM genes are located in close proximity. The common
haplotype ACC, which can be considered the wild type
with an overall frequency of 44%, was significantly associ-
ated with sperm output. Neither an association of these
individual SNPs nor their combined haplotype with
semen parameters has been studied before. Homozygous
carriers exhibited an about twofold higher sperm concen-
tration and total sperm count than men not carrying this
haplotype at all. Heterozygous carriers were found with
50% reduced sperm counts compared with the wild type.
By general consent, higher sperm counts are an indicator
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of better fertility (Bonde et al, 1998). No association of
this haplotype with testicular volume was found, suggest-
ing that the length of seminiferous tubules and therefore
spermatogenic capacity were comparable between men
with or without the ACC haplotype. Consequently, the
ACC haplotype supposedly transfers an effect late during
spermatogenesis or maturation of spermatozoa in the epi-
didymis. Two explanations of the severely reduced sperm
output in men without the ACC haplotype are possible:
either sperm without the ACC haplotype are not viable or
these are negatively selected against.

The other haplotypes of PRM1/2 may lead to altered
expression of protamines — probably involving an abnor-
mal PRM1/2 ratio — which has clearly been shown to
be associated with infertility (Oliva, 2006; Ravel et al.,
2007; Steger et al., 2008). In addition, Aoki et al. (2005)
have shown that sperm concentration, motility and mor-
phology are significantly reduced in patients with an
aberrant protamine ratio. As we did not measure the
protamine contents of the ejaculate, we could not test
this hypothesis.

As proposed by Carrell et al. (2007), protamines may
act as a checkpoint for spermatogenesis, where abnormal
PRM expression induces an apoptotic process which
could explain the reduction of sperm output. The sequen-
tial process of histone replacement facilitates the remodel-
ling of the male genome within the differentiating
spermatid nucleus (Sassone-Corsi, 2002) and the regula-
tion of protamine exchange might also be linked to a
broader control of spermatogenesis. Further support for a
role of the PRMI1/2 SNPs and their haplotype can be
deduced from their frequency distribution. Natural selec-
tion is expected to enrich an allele in the general popula-
tion and its frequency distribution will deviate from
HWE. The common PRM SNPs and their haplotype ACC
deviate from HWE, which might indicate natural selec-
tion involving this haplotype associated with higher
sperm output, and therefore supposedly higher fertility.

The PRM1/2, and transition protein 2 (TNP2) genes
are located in a compact gene cluster in mouse, rat and
human (Oliva, 2006). According to the data from the
HapMap project (http://www.hapmap.org), this cluster
forms a large haplogroup for which the herein described
SNPs in PRM1/2 and their haplotype might be indicative.
The transition proteins first replace histones and are then
replaced by protamines during chromatin compaction.
Therefore, variants of TNP2 might well be involved in
disturbed spermatogenesis, probably during an earlier step
than protamines. Up-to-date, sequence variations of
TNP2 have not been as extensively studied as those of
PRM1/2 and the results remain inconclusive (Miyagawa
et al., 2005; Tuttelmann et al., 2007). Recently, an SNP in
the promoter region of PRM1 (—190C>A, rs2301365) was
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found more frequently in infertile patients than in the
controls with an MAF 33 and 18% respectively (Gazquez
et al., 2008). Unfortunately, sperm counts were not
reported for patients and are not known for controls in
that study. But as the patients were undergoing assisted
reproduction, overall lower sperm counts than in the
controls can be assumed. As the PRMI —190C>A SNP
also lies within the haplogroup described above, the study
by Gazquez et al. (2008) further supports the influence of
this region on male fertility.

The protamine gene cluster contains a fourth gene,
protamine 3 (PRM3), located between the PRM2 and
TNP2 genes. The PRM3 gene has been poorly studied,
and its function remains unclear. Oliva (2006) notes it
could well be a pseudogene because of its debated
expression in humans and should not be called prot-
amine at all because the predicted amino-acid sequence
is not related to the other protamines. A recent study in
mice demonstrated that PRM3 is conserved in diverse
mammals and that the PRM3 protein is located in the
cytoplasm rather than in the nucleus. Prm3 KO mice
are fertile but display reduced sperm motility (Grzmil
et al., 2008). As, according to HapMap, all these genes
are inherited together, not only PRM1/2 but also varia-
tions in TNP2 or PRM3 could be causative for the
reduced sperm output found.

In conclusion, we describe for the first time an associa-
tion of a common haplotype formed by PRMI and PRM2
with sperm output in a large group of men. Although a
link to chromatin packaging and the tightly regulated
process of spermatogenesis is likely, the mechanisms
underlying such quality control leading to reduced sperm
numbers remain unclear.

Acknowledgements

The authors would like to thank the patients and physicians who took
care of them at the Centre of Reproductive Medicine and Andrology
and Susan Nieschlag, MA, for language editing of the manuscript. This
study was supported by the Czech Ministry of Health IGA NR9448-
3/2007.

Disclosure

The authors have nothing to disclose.

References

Aoki, V. W, Liu, L. & Carrell, D. T. (2005) Identification and evalua-
tion of a novel sperm protamine abnormality in a population of
infertile males. Human Reproduction (Oxford, England) 20, 1298—
1306.

Aoki, V. W., Christensen, G. L., Atkins, J. F. & Carrell, D. T. (2006)
Identification of novel polymorphisms in the nuclear protein genes

© 2009 The Authors

PRM1/2 sequence variation and male infertility

and their relationship with human sperm protamine deficiency and
severe male infertility. Fertility and Sterility 86, 1416-1422.

Barrett, J. C., Fry, B., Maller, J. & Daly, M. J. (2005) Haploview:
analysis and visualization of LD and haplotype maps. Bioinformatics
(Oxford, England) 21, 263-265.

Bonde, J. P., Ernst, E., Jensen, T. K., Hjollund, N. H., Kolstad, H.,
Henriksen, T. B. et al. (1998) Relation between semen quality and
fertility: a population-based study of 430 first-pregnancy planners.
Lancet 352, 1172-1177.

Carrell, D. T., Emery, B. R. & Hammoud, S. (2007) Altered protamine
expression and diminished spermatogenesis: what is the link?
Human Reproduction Update 13, 313-327.

Carrell, D. T., Emery, B. R. & Hammoud, S. (2008) The aetiology of
sperm protamine abnormalities and their potential impact on the
sperm epigenome. International Journal of Andrology 31, 537-545.

Cho, C., Willis, W. D., Goulding, E. H., Jung-Ha, H., Choi, Y. C,,
Hecht, N. B. et al. (2001) Haploinsufficiency of protamine-1 or -2
causes infertility in mice. Nature Genetics 28, 82-86.

Cooper, T. G., Bjorndahl, L., Vreeburg, J. & Nieschlag, E. (2002)
Semen analysis and external quality control schemes for semen anal-
ysis need global standardization. International Journal of Andrology
25, 306-311.

Gazquez, C., Oriola, J., de Mateo, S., Vidal- Taboada, J. M., Ballesca, J.
L. & Oliva, R. (2008) A common protamine 1 promoter polymor-
phism (-190 C->A) correlates with abnormal sperm morphology
and increased protamine P1/P2 ratio in infertile patients. Journal
of Andrology 29, 540-548.

Grzmil, P., Boinska, D., Kleene, K. C., Adham, I., Schluter, G.,
Kamper, M. ef al. (2008) Prm3, the fourth gene in the mouse
protamine gene cluster, encodes a conserved acidic protein that
affects sperm motility. Biology of Reproduction 78, 958-967.

Iguchi, N., Yang, S., Lamb, D. J. & Hecht, N. B. (2006) An SNP in
protamine 1: a possible genetic cause of male infertility? Journal of
Medical Genetics 43, 382-384.

Kichine, E., Msaidie, S., Bokilo, A. D., Ducourneau, A., Navarro, A.,
Levy, N. et al. (2008) Low-frequency protamine 1 gene transversions
¢.102G->T and ¢.-107G->C do not correlate with male infertility.
Journal of Medical Genetics 45, 255-256.

Miyagawa, Y., Nishimura, H., Tsujimura, A., Matsuoka, Y.,
Matsumiya, K., Okuyama, A. et al. (2005) Single-nucleotide poly-
morphisms and mutation analyses of the TNP1 and TNP2 genes
of fertile and infertile human male populations. Journal of
Andrology 26, 779-786.

Oliva, R. (2006) Protamines and male infertility. Human Reproduction
Update 12, 417-435.

Ravel, C., Chantot-Bastaraud, S., El Houate, B., Berthaut, 1., Verstraete,
L., De Larouziere, V. et al. (2007) Mutations in the protamine 1
gene associated with male infertility. Molecular Human Reproduction
13, 461-464.

Sassone-Corsi, P. (2002) Unique chromatin remodeling and
transcriptional regulation in spermatogenesis. Science 296,
2176-2178.

Steger, K., Pauls, K., Klonisch, T., Franke, F. E. & Bergmann, M.
(2000) Expression of protamine-1 and -2 mRNA during human
spermiogenesis. Molecular Human Reproduction 6, 219-225.

Steger, K., Wilhelm, J., Konrad, L., Stalf, T., Greb, R., Diemer, T.
et al. (2008) Both protamine-1 to protamine-2 mRNA ratio and
Bcl2 mRNA content in testicular spermatids and ejaculated sper-
matozoa discriminate between fertile and infertile men. Human
Reproduction 23, 11-16.

Journal compilation © 2010 European Academy of Andrology « International Journal of Andrology 33 (2010), e240-e248 e247

123



PRM1/2 sequence variation and male infertility

Stephens, M. & Scheet, P. (2005) Accounting for decay of linkage
disequilibrium in haplotype inference and missing-data imputation.
American Journal of Human Genetics 76, 449—462.

Stephens, M., Smith, N. J. & Donnelly, P. (2001) A new statistical
method for haplotype reconstruction from population data.
American Journal of Human Genetics 68, 978-989.

Tanaka, H., Miyagawa, Y., Tsujimura, A., Matsumiya, K., Okuyama, A.

& Nishimune, Y. (2003) Single nucleotide polymorphisms in the
protamine-1 and -2 genes of fertile and infertile human male
populations. Molecular Human Reproduction 9, 69-73.

e248

F. Tattelmann et al.

Tittelmann, F., Luetjens, C. M. & Nieschlag, E. (2006) Optimising
workflow in andrology: a new electronic patient record and
database. Asian Journal of Andrology 8, 235-241.

Tiittelmann, F., Rajpert-De Meyts, E., Nieschlag, E. & Simoni, M.
(2007) Gene polymorphisms and male infertility — a meta-analysis
and literature review. Reproductive Biomedicine Online 15, 643—
658.

World Health Organization. (1999) WHO Laboratory Manual for the
Examination of Human Semen and Sperm-Cervical Mucus Inter-
action, 4th edn. Cambridge University Press, Cambridge.

© 2009 The Authors

Journal compilation © 2010 European Academy of Andrology « International Journal of Andrology 33 (2010), e240-e248

124



4. ZAVER

1/ Podrobnym a rozsahlym zhodnocenim metody HRM a tiech rtiznych platforem
umoziiujicich tuto metodu (LightScanner™, LightCycler 480 a RotorGene6000) byla
jednoznacné potvrzena jeji optimalni vyuzitelnost v detekci mutaci v rutinni DNA
diagnostice. HRM ptedstavuje rychlou, citlivou a finanéné¢ nendro¢nou metodu, jejiz
vSechny kroky mohou byt provedeny v jedné zkumavce v jednom pfistroji, coz sniZuje
riziko kontaminace na minimum a vyrazné Setfi €as. Simultanni kombinace muta¢niho
skenovani a genotypizace Castych polymorfismi jesté¢ vice sniZzuje potiebu sekvenacni
analyzy. I pfes rychlé rozsifovani metody sekvenovani nové generace (NGS), ktera je
charakteristickd svou ndrocnosti na vybaveni, ndklady na provoz a obtiznym
vyhodnocenim ziskanych dat, si HRM zachovava v DNA diagnostice stale své vyznamné
misto. Poskytnutim metodickych pokynti, navodl a valida¢nich koncepci jsme se pokusili
usnadnit implementaci této technologic a umoznit jeji Gspé€$né vyuziti i v dalSich

laboratofich.

2/ Diky integraci pfesné¢ klinické diagnostiky a komplexniho molekularné
genetick¢ho pfistupu (zahrnujiciho i metodu HRM) vramci Narodniho centra pro
diagnostiku a 1écbu cystické fibrozy ve Fakultni nemocnici v Praze Motole (Véstnik
Ministerstva zdravotnictvi €. 4/2012 z 28. kvétna 2012) se podafilo zmapovat témét
kompletni spektrum populacné specifickych mutaci u ceskych pacientll s timto
onemocnénim (>99% populacni zachytnost). To ma vyznam pro a/ zkvalitnéni
poskytovanych genetickych sluzeb u pacientti s CF, b/ dalsi rozvoj novorozeneckého
skriningu CF a ¢/ naslednou aplikaci v€asné a spravné lécby/terapie, coz pifiznivé ovlivni
pribéh a progndzu onemocnéni a umozni snizit lé€ebné naklady. Soucasné jsme ptispéli ke
zvySeni kvality molekuldrné genetické diagnostiky CF na zapadni Ukrajin€, kde
ekonomické a metodické limitace umoziovaly testovat pouze panel svétové nejcastéjSich
mutaci, a to zasluhou odhalené mutace 2184insA, kterad se ukédzala byt po mutaci F508del
druhou nejfrekventovanéj§i mutaci nalézanou u CF pacienti ukrajinské néarodnosti.
Zvysenim populacni zachytnosti CF mutaci byly splnény podminky pro zavedeni

cey

novorozeneckého skriningu. Vzhledem k vysokému poctu Ukrajincii pracujicich a zijicich

125



na nasem Uzemi jsou zjisténé vysledky pfinosné i pro ¢eské laboratote, kdy je pfi testovani
probandii ukrajinské narodnosti nezbytné myslet na testovani této mutace, kterd neni

soucasti celorepublikové hojné rozsifeného diagnostického kitu firmy Elucigene.

3/ Mutacni analyzou kandidatnich geni PRM1 a PRM2 pro muZzskou infertilitu se
potvrdilo, ze mutace v téchto genech jsou vzacné a nejsou pfimou pfi¢inou poruch
spermiogeneze. Podafilo se vSak nalézt statisticky signifikantni asociaci mezi haplotypem
ACC, tvofenym tfemi ¢astymi polymorfismy téchto gent, a koncentraci spermii a jejich
celkovym poctem. Pred praktickou implementaci téchto vysledkl do rutinni diagnostiky je

nezbytné ovéfit platnost nalezu na dalSich souborech a populacich.
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6. SEZNAM ZKRATEK

ADP
AMH
AR
ATP
AZF

bp
BRCA1l
CBAVD
CF
CFGAC
CFTR

CFTR2
CR
DGGE

dHPLC

DNA
dsDNA
ENaC
EU
FN
FP
FSH
FSHR
GnRH
HA
HRM
IRT
kb

adenosindifosfat

anti-miillericky hormon

androgenni receptror

adenosintrifosfat

azoospermicky faktor

base pair, par bazi

breast cancer 1, gen pro karcinom prsu a ovarii

kongenitalni bilateralni absence (ageneze) vas deferens

cysticka fibroza

Cystic Fibrosis Genetic Analysis Consortium Database, databaze CFTR1

Cystic Fibrosis Transmembrane Conductance Regulator, transmembranovy
regulator vodivosti

databaze Clinical and functional translation of CFTR
Ceska republika

Denaturing Gradient Gel Elektrophoresis, denaturacni gradientova gelova
elektroforéza

denaturing High Performance Liquid Chromatography, denaturac¢ni vysoce
ucinna kapalinova chromatografie

deoxyribonukleova kyselina

double-stranded DNA, dvouietézcova DNA

Epithelial Sodium Channel, epitelovy sodikovy kanal
Evropské Unie

false negativity, falesna negativita

false positivity, faleSna pozitivita

folikulistimula¢ni hormon

receptor pro folikulistimula¢ni hormon
gonadotropin-releasing hormon, gonadotropiny uvolfiujici hormon
Heteroduplex Analysis, analyza heteroduplexti

High Resolution Meltig, vysokorozliSovaci analyza kiivek tani
imunoreaktivni trypsinogen

kilobaze
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kDa
KO
LH
LHR
MLPA

MRNA
MSD
MTHFR
NBD
ORCC
PCR
PKA
PKC
PRM

RT-PCR
SNPs
SOX9
SRY

SSCP

ssDNA
TGCE

Tm
TN
TNP
TP
TTGE

USA
v-LHp
WHO

kilodalton

knockout, cilené vytazeni z funkce
luteinizaéni hormon

receptor pro luteiniza¢ni hormon

Multiplex Ligation-dependent Probe Amplification, multiplexni amplifikace
prob zavisla na ligaci

mediatorova ribonukleova kyselina

Membrane Spanning Domains, transmembranova doména
methylentetrahydrofolatreduktaza

Nucleotide Binding Domain, nukleotid vazebna doména

Outwardly Rectified Chloride Channel, chloridovy kanal
Polymerase Chain Reaction, polymerdzova fetézova reakce
proteinkinaza A

proteinkindza C

protamin

regulacni doména

Real-Time Polymerase Chain Reaction, kvantitativni PCR v realném ¢ase
Single Nukleotide Polymorphisms, jednonukleotidové polymorfismy
SRY- box 9

sex determining region on chromosome Y, oblasti ur€ujici pohlavi na
chromozomu Y

Single-Strand Conformation Polymorphism, metoda jednoietézcového
konformac¢niho polymorfismu

single-stranded DNA, jednofetézcova DNA

Temperature Gradient Capillary Electrophoresis, kapilarni elektroforéza
S teplotnim gradientem

melting temperature, teplota tani
true negativity, spravna negativita
tranzi¢ni protein

true positivity, spravna pozitivita

Temporal Temperature Gradient Elektrophoresis, elektroforéza s teplotnim
gradientem

United States of America, Spojené staty americké
variantni § podjednotka luteinizacniho hormonu

World Health Organisation, Svétova zdravotnicka organizace
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