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Abstrakt

Detailni pochopeni vyvoje nového jedince zavisi na objasnéni caso-
prostorovych mechanismt, které urcuji té€lni plan. Z tohoto diivodu kli¢ovou otazkou
Casného embryonalniho vyvoje obratlovct stdle zustava, kdy a jak dochazi
k determinaci a diferenciaci jednotlivych bunék, coz posléze vede ke specifikaci télni
osové polarity a zalozeni zaklad vSech organu a tkani. Odpovéd’ na tuto otazku
pfinese nové moznosti vyuziti nejen pro primarni vyzkum, ale i pro obor aplikované

mediciny.

Hlavni cil ptfedkladané disertacni prace spocival ve stanoveni caso-
prostorovych molekularnich gradientti bunéénych determinant v pribéhu ¢asného
embryonalniho vyvoje. Jako modelovy organismus byla zvolena africkd drapkata
zaba, druh Xenopus laevis, ktera disponuje dostatecné velkymi oocyty a vné&jsi
embryogenezi. Vzhledem k pozdni aktivaci embryonalniho genomu se piedpoklada,
ze stézejni mechanismus pocatecni determinace bunck zévisi na nerovnomérné
lokalizaci maternalnich faktorti uvnitf oocytu a jejich asymetrické distribuci
do dcetinych blastomer v prubéhu ryhovani. Pomoci metody gPCR tomografie byly
identifikovany dva hlavni lokaliza¢ni gradienty s preferenci bud’ v animalni, nebo
vegetativni hemisféte zralého oocytu. Tyto gradienty se shodovaly jak pro maternalni
MRNA, tak i pro miRNA molekuly. U maternalni mRNA navic doslo k rozliseni dvou
vegetativnich podskupin s odlisnym profilem gradientu. Determinanty zarodecné
plazmy vykazovaly strmy gradient ve vegetativnim pélu, zatimco ostatni vegetativni
transkripty mély pozvolny gradient. Potvrzena byla i asymetrickd distribuce
maternalni mRNA z oocytu do jednotlivych blastomer od vyvojového stadia 8 bunék
po 32 bun&né embryo, kde animalni blastomery vykazovaly jiné zastoupeni
transkriptd nez vegetativni blastomery. V jednotlivych blastomerach nebyl nalezen
gradient mRNA, ktery by odpovidal specifikaci dorzo-ventralni a pravo-levé télni osy

béhem ¢asného ryhovani embrya.

Souhrnné vysledky predkladané prace predstavuji prvni krok k sestaveni ¢aso-
prostorové mapy klicovych biomolekul, které se podileji na urceni télni osové

polarity a télniho planu béhem ¢asného embryonalniho vyvoje obratlovci.



Abstract

Clarifying the underlying spatio-temporal mechanisms that determine body
pattern is important for detailed understanding of embryonic development. A crucial
question of vertebrate embryogenesis remains: when and how are single blastomeres
determined for differentiation that subsequently leads to body axes specification and
the formation of different tissues and organs? The answer to this question will be

beneficial for primary research as well as in the field of applied medicine.

The main aim of the presented thesis was to study spatio-temporal molecular
gradients of cell fate determinants during early embryonic development. The African
clawed frog Xenopus laevis was used as a model organism because of their large size
of oocytes and external embryonic development. Due to late activation of embryonic
transcription, a crucial mechanism of early blastomeres determination is dependent
on asymmetric localization of maternal factors within oocyte and their uneven
distribution into single blastomeres during early cell division. Two main localization
patterns were identified along the animal-vegetal axis of the mature Xenopus oocyte
using gPCR tomography. The localization gradient with preference in either animal
or vegetal hemisphere was found for maternal MRNA as well as miRNAs. Moreover,
two vegetal subgroups were distinguished for maternal mRNAs, which differ in
gradient pattern. Germ plasm determinants showed a very steep gradient towards the
vegetal pole, whereas the other vegetal transcripts had a less steep spatial gradient
towards the pole. We demonstrated that the animal-vegetal asymmetry within the
mature oocyte is transferred to the single blastomeres of 8, 16 and 32-cell stage
embryos during early cell division. No asymmetry of maternal mRNA distribution
was found among single blastomeres that may be ascribed to the dorso-ventral

specification and/or left-right body axis formation during early embryogenesis.

Summarizing the results of this thesis represents the first step of creating the
spatio-temporal map of crucial biomolecules involved in body axis polarity formation
and body pattern specification during early embryonic development in Xenopus

laevis.
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1. Uvod

Nerovnomérna distribuce bunécnych determinantli pfedstavuje zakladni
biologickou strategii, jak produkovat rozdiln¢ buiiky béhem bunééného déleni. Toto
asymetrické déleni je pozorovano u mnoha biologickych procest, které zahrnuji
napiiklad diferenciaci a obnovu kmenovych buné¢k (Blanpain et al., 2004; Knoblich,
2008), nadorové bujeni (Knoblich, 2010; Shahriyari and Komarova, 2013) ¢i vyvoj
embrya (Schatten and Sun, 2010; Pereira and Yamashita, 2011). Z pohledu casné
embryogeneze predstavuje vznik bunécné polarity, jejimz vysledkem dochazi
k asymetrickému dé€leni, zasadni mechanismus urceni télni osové polarity a celého

télniho planu.

Asymetricka lokalizace maternalnich  determinantd v konkrétnich
podoblastech uvnitf oocytu piedstavuje vysoce konzervovanou strategii, kterad
umoznuje nerovnomérné rozdéleni téchto maternalnich biomolekul do dcetinych
bunék béhem ¢asného ryhovani embrya. Nejenom pfitomnost ¢i absence konkrétniho
determinantu v buiice, ale i jeho mnozstvi mize posléze ovlivnit celou fadu dalSich
gentl nebo i celé signalni drahy. Bylo ukazano, Ze jiz tiinasobny rozdil v koncentraci
bunécného determinantu muze vést ke kompletné odliSnému bunéénému osudu
(Smith and Gurdon, 2004). Obecné se piedpoklada, ze mezi klicové maternalni
determinanty buné¢ného osudu patii zejména mRNA (messenger ribonucleic acid)
a proteiny. Maternalné ulozena informace pfetrvava u naprosté vétsiny obratlovcl
ve vyvijejicim se embryu az do chvile aktivace embryondlniho genomu. U Zab rodu
Xenopus dochézi ke spusténi embryonalni transkripce az ve stadiu stfedni blastuly
(MBT stage, mid-blastula transition), tj. v prubéhu 12. bunécného déleni po oplozeni,
kdy embryo obsahuje jiz tisice bunék. Ryhovanim vznikaji kompletné¢ oddélené
blastomery, které nejsou propojené cytoplazmatickymi mustky, a proto se maternalni
determinanty nemohou voln¢ pfesouvat mezi vzniklymi dcefinymi butikami. Z tohoto
divodu je urceni lokalizace materndlnich determinantli uvnitf oocytu a jejich
distribuce do dcefinych bunék v pribéhu ryhovani zcela zésadni pro objasnéni
mechanismil, které specifikuji zdkladni télni osy a obecné télni plan embrya. Prvni

osovou asymetrii u Xenopus laevis Ize pozorovat jesté opied oplozenim. V prubéhu



oogeneze dochazi k vytvoreni animalné-vegetativni osy, kterd odpovida hlavo-ocasni
t€lni ose. Dalsi dvé t€lni osy jsou uréené v prubéhu ¢asného embryonalniho vyvoje.
Prvni ryha rozdéluje embryo na budouci pravou a levou ¢ast, kdezto druha ryha uréuje

dorzo-ventralni (hibeto-bfisni) télni osu.

V predkladané dizertacni praci byla pro urCeni lokalizacnich profili
maternalni mMRNA a miRNA (micro ribonucleic acid; microRNA) uvnitf zralého
oocytu Xenopus laevis pouzita metoda RT-qPCR (reverse transcriptase quantitative
polymerase chain reaction) tomografie. Tato metoda umoznujici méfeni prostorové
lokalizace transkriptii pod¢€l osy zajmu uvnitt biologického vzorku byla zcela poprvé
aplikovana v Laboratofi genové exprese Biotechnologického tstavu Akademie Véd
CR. Kvantifikace miRNA byla provedena pomoci unikatni metody zvané RT-
miQPCR (reverse transcriptase miRNA quantitative polymerase chain reaction)
ve spolupraci s Dr. Vladimirem BeneSem a Dr. Mirco Castoldi (EMBL Genomics
Core Facility, Heidelberg, Némecko) (Benes et al., 2015). Tato metoda vyuziva
univerzalni adaptor neboli miLINKER, ktery prodlouzi 3" konec jednovlédknove
RNA. Toto prodlouzeni umozni piepis miRNA do cDNA a posléze i jeji kvantifikaci

standardni qPCR metodou (quantitative polymerase chain reaction).



2. Cile disertacni prace

Cilem disertacni prace bylo studium caso-prostorové lokalizace klicovych

maternalnich biomolekul, které zajist'uji determinaci a diferenciaci jednotlivych

blastomer v prib¢hu ¢asného embryonalniho vyvoje. Modelovym organismem byla

zvolena africka drapkata zaba, druh Xenopus laevis.

=

Stanovené cile:

Stanovit lokaliza¢ni profily maternalnich mRNA podél animalné-vegetativni
osy zralého oocytu Xenopus laevis pomoci vysokorozlisovaci gPCR

tomografie.

Ur¢it distribuci maternalnich mRNA do jednotlivych blastomer v prabéhu
¢asného ryhovani se zaméfenim na specifikaci animalné-vegetativni, dorzo-

ventralni a pravo-levé télni osy.

Popsat lokalizacni profily regulacnich molekul MIRNA podél animalné-

vegetativni osy zralého oocytu Xenopus laevis.

Ovefit vliv teplotni degradace a enzymaticke degradace post mortem

na kvalitu vzorku RNA.

Vyhodnotit zékladni faktory, které ovliviiuji efektivitu pre-amplifikacni
reakce, jenz je nezbytnd pro kvantifikaci genové exprese prostfednictvim

vysokokapacitniho qPCR BioMark™ systému (Fluidigm).
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3. Literarni prehled

3.1. Xenopus — modelovy organismus

V souCasné dobé piedstavuji obojzivelnici rodu Xenopus jeden
z nejvyznamnéjSich modelovych organismi vyvojové biologie. V porovnani
S ostatnimi modelovymi organismy embryonalniho vyvoje obratlovcl nabizeji hned
nékolik nespornych vyhod, které je ¢ini unikatnimi. Hlavnimi pfednostmi oproti
savéimu modelu je bezpochyby velky pocet oocytli ve snlisce (fadové tisice), vnéjsi
oplozeni a nasledny, jiz od prvni ryhy dobie pozorovatelny embryonalni vyvoj.
Z hlediska mikromanipulaci mezi vyhody patii dostate¢na velikost oocytli a embryi,
které upiednostnuji tyto obojzivelniky pred my$im modelem (Mus musculus) (Beck
and Slack, 2001). Dalsim modelem z pohledu embryologie je Danio pruhované
(Danio rerio), které vykazuje podobné vyhody jako zaby rodu Xenopus. Avsak
z hlediska mikromanipulaci a mikroinjikaci do blastomer vykazuji embrya Dania
zna¢nou kiehkost, ¢imz dochazi k vyrazné redukci tispésnosti tohoto typu manipulaci
(Hirsch et al., 2002). Oproti tomu embrya Zab rodu Xenopus disponuji nezvykle
vysokou regeneracni schopnosti a navic po straveni ¢asti Zloutkovych granul se
ve stadiu plovaciho pulce stavaji transparentnimi (okolo vyvojového stadia 35).
Prithlednost embryi poté umoziuje vyuzivani fluorescenénich reportérovych gent

jako visualnich marker béhem studia vyvojovych procest a signalnich kaskad.

3.1.1. Vyznam rodu Xenopus

Vyznam obojzivelnikli rodu Xenopus je podtrhnut faktem, ze v souvislosti
se studium tohoto modelového organismu byly udéleny dvé Nobelovy ceny. Roku
1935 ziskal Nobelovu cenu v oboru fyziologie a lékafstvi némecky zoolog Hans
Spemann za objev dorzalniho rtu blastoporu u obojzivelnikl, téZ oznaCovany jako
»Spemanniv organizator”. Organizator piedstavuje kliCovou oblast gastrulace
a diferenciace bun€k vSech tfi zarode¢nych listt (Sander and Faessler, 2001).
Funkéné stejné struktury se utvaieji v ¢asném embryonalnim vyvoji U vSech

obratlovcl. U savci se tato oblast nazyva Hensenuv uzel a u ptaki embryonalni §tit
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(Boettger et al., 2001; Viebahn, 2001). Dalsim vyznamnym nositelem Nobelovy ceny
za fyziologii a 1ékafstvi se stal v roce 2012 britsky vyvojovy biolog Sir John Gurdon,
ktery v 50. letech 20. stoleti studoval pfenos jader somatickych bunék. Gurdon et al.
(1958) naklonoval 10 pulct Xenopus laevis z jader stfevnich bunék, které vlozil
do enukleovanych zralych oocytt. Dokézal, Ze jadra diferencovanych bunék jsou
schopna se ve vhodném prostiedi reprogramovat do stadia pluripotentni kmenové

bunky (Gurdon, 1962).

3.1.2. Xenopus laevis vs. Xenopus tropicalis

Obecné se Xenopus fadi mezi drapkaté zaby, které pochazeji z mokiad a bazin
stfedni a jizni Afriky. Systematicky spadaji do celedi Pipidae, kde je rozliSovano
nekolik rodld. Drépkaté Zaby jsou pak dle ploidie jednotlivych druhli ptifazovany
ke dvéma rodim. Prvni z nich se oznacuje Silurana a zahrnuje diploidni druh
Silurana tropicalis, ¢astéji ozna¢ovany jako Xenopus tropicalis (drapatka tropicka).
Druhy rod Xenopus zahrnuje vétSinu tetraploidnich, oktopoidnich a dodekaploidnich
druht, véetné druhu Xenopus laevis (drapatka vodni) (Evans et al., 2004). Evolu¢ni
oddéleni téchto dvou rodi probéhlo zhruba pted 30 miliony lety (Bisbee et al., 1977).
Dnes jsou oba dva druhy vnimany jako klicové modelové organismy experimentalni
biologie, avsak jejich vyuZiti se 1i§i v zavislosti na jejich genomu, generac¢ni dobé
a velikosti (Tab. 1.). X. tropicalis piedstavuje diploidni druh s 10 pary chromozomu,
které 1ze rozdélit do Sesti morfologicky odlisnych skupin (Tymowska, 1973). Mensi
velikost dospélych jedinct (dortstaji velikosti 4 - 5 cm), mensi velikost oocyti (0,7
— 0,8 mm) a kratsi generacni doba (4 - 6 mé&sict) piedurcuji tento druh k vyuziti
pro multigenera¢ni genetické a genomicke studie (Amaya et al., 1998; Hirsch et al.,
2002). Vzhledem k diploidnimu genomu lze snadnéji vyuzit metody transgeneze Ci
genetického mapovani (Goda et al.,, 2006). Oproti tomu druh X. laevis je
allotetraploidni s duplikovanym genomem obsahujici ¢tyfi kopie vétSiny gend
(Thiebaud and Fischberg, 1977). Karyotyp tvofi 18 pari chromozomti, které jsou
rozdéleny do sedmi morfologickych skupin a v pribéhu meidzy tvoii tyto

chromozomy bivalenty (Tymowska and Fischberg, 1973). Relativné dlouha
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generani doba (1 — 2 roky) spolecné s tetraploidnim genomem ¢ini tento druh
nevhodnym pro genetické analyzy a transgenni postupy. Nicméné vétsi velikost
dospélych jedincii (dortstaji do velikosti kolem 10 cm), vétsi rozméry nakladenych
oocytt (1 — 1,3 mm) a posléze i vétsi velikost vyvijejicich se embryi zvyhodniuji tento
druh jako modelovy organismus pro experimentalni embryologii a vyzkum ¢asného

embryonalniho vyvoje (Hirsch et al., 2002).

Xenopus tropicalis Xenopus laevis
Ploidie Diploid Allotetraploid
Pocet chromozomti (n) 10 18
Velikost genomu 1,7 x 10° bp 3,1x10°bp
Velikost dospélce 4-5cm 10 cm
Generacni doba 3 — 5 mésicu 8 — 12 mésict a déle
Velikost oocyti 0,7-0,8 mm 1-1,3mm
Pocet oocytl ve sniisce 300 — 1000 1000 - 9000

Tab. 1. Zakladni Gdaje popisujici druhy Xenopus tropicalis a Xenopus laevis (upraveno podle
Hirsch et al., 2002).

3.1.3. Xenopus laevis (drapatka vodni)

Druh Xenopus laevis (Obr. 1.) se do popiedi zajmi dostal ve 30. letech
20. stoleti, kdy bylo zjisténo, Ze 1ze u samice stimulovat ovulaci oocytu lidskym
choriogonddotropnim hormonem (hCG). Injekéni podéani tohoto hormonu pod kizi
do lymfatickych vakt na hibetni stran¢ vyvolava kdykoliv béhem roku, nezavisle
na ro¢nim obdobi, do 12 hodin ovulaci. Zpocatku byly samice X. laevis vyuzivany
na testy téhotenstvi. T€hotné zeny ve své moci vylucuji hCG, a tudiz jeji injekéni
podani do lymfatickych vaka samic vede k ovulaci oocytu (Bellerby, 1934; Shapiro

and Zwarenstein, 1934). Diky tomuto faktu doslo v 50. letech k masivnimu rozsifeni
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tohoto modelového organismu do klinickych laboratofi po celém svété (Gurdon and
Hopwood, 2000). V dnesni dob¢ je stimulace samic pomoci hCG v laboratofich
vyuzivana rutinné, a tudiz byl eliminovan problém spojeny s nedostatkem
experimentalniho materialu. V jedné snasce samice X. laevis naklade fadové tisice
oocytt (Hirsch et al., 2002) a stejna samice miize byt vyuzivana k opétovné stimulaci

jednou za 3 mésice.

Xenopus laevis

samice

Obr. 1. Dospély par Xenopus laevis z chovii Biotechnologického uistavu AV CR. Samice doristaji
velikosti 10 az 13 cm, zatimco samci dosahuji zhruba o jednu tfetinu mensiho vzristu.

Moznosti vyuziti X. laevis jako modelového organismu jsou Siroke a zahrnuji
studium jak na poli bunécné biologie, tak v rdmci ¢asného embryonalniho vyvoje
obratlovct. Jiz v 70. letech 20. stoleti Sir John Gurdon vyuzival oocyty X. laevis
k translaénim pokustim. Dokazal, Ze oocyt disponuje schopnosti translatovat

mikroinjikovanou exogenni mMRNA a nésledné syntetizovat odpovidajici protein
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(Gurdon et al., 1971). Posléze se oocyty zaCaly pouzivat pro in vivo studium
biologickych makromolekul (Gurdon, 1975). Dalsi mozné vyuziti tohoto
modelového organismu piedstavuje studium funkce gend v prubéhu casného
embryonalniho vyvoje. V tomto pfistupu se nejcastéji pouziva blokace exprese
zkoumaného genu pomoci mikroinjekce antisense morpholino oligonukleotida (MO)
do cytoplazmy oocytu, kde MO specificky a G¢inné blokuje translaci transkriptu
(Heasman et al., 2000; Heasman, 2002). Nevyhoda této metody je pouze ptechodny
ucinek MO. Oproti tomu trvalou zménu genomu, a tim i stdlou zménu exprese
konkrétniho genu, umoziuji transgenni metody (Kroll and Amaya, 1996; Werdien et
al., 2001). Z hlediska ¢asné embryogeneze umozinuje modelovy organismus X. laevis
studovat nejenom funkci jednotlivych geni béhem vyvoje, ale i ostatni procesy

a biomolekuly.

3.2. Casny embryonalni vyvoj Xenopus laevis

Kli¢ovou otdzkou vyvojovych biologl stale zlstava jak na pocatku jedna
bunka, tedy oocyt, mize vést ke vzniku komplexniho organismu, ktery ma uréenou
t€lni osovou polaritu a obsahuje rizné typy tkani. Prvnim a zaroven stézejnim krokem
embryogeneze je oplozeni. Ackoliv vznik dospélého jedince zavisi na genetické
informaci z obou rodicovskych jader, zakladni informace pro c¢asnou fazi
embryonalniho vyvoje lze najit jiz ve zralém oocytu. Tato maternalni informace
pretrvava ve vyvijejicim se embryu az do doby aktivace embryonalniho genomu,
respektive zahajeni embryonalni transkripce (Schier, 2007; Langley et al., 2014).
Napfi¢ rtiznymi druhy obratlovet dochazi k aktivaci embryonalni transkripce

v odlisnych fazich ryhovéni casného embrya.

3.2.1. Oogeneze a struktura oocytu Xenopus laevis

Produkce zralych oocytt je zajisténa souvisle po celou dobu reprodukéniho
zivota dospélé samice X. laevis. Oogeneze trva 6 — 8 mésict a probiha asynchronné.
Z tohoto divodu se v ovariich nachdzeji vzdy vSechna vyvojova stadia zrani oocytu.

Vyznamnou roli v procesu zrani zajistuji folikularni bunky, které v jedné vrstve
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obklopuji rostouci oocyt. Jejich funkce spociva v syntéze mukopolysacharidového
obalu a pomoci mezerového spojeni (z angl. gap junction) reguluji meidzu a ukladani
Zloutku v oocytu (Houston, 2013).

Vlastni oogenezi lze rozdélit do Sesti po sob¢ nasledujicich stadii (stadium I —
VI), kdy na za¢atku oocyt vykazuje jiné morfologické vlastnosti nez na konci procesu
zrani. Ve stadiu | je oocyt pruhledny, s jadrem orientovanym uprostfed a zcela
bez vné&jsich znaki polarity. Akumulace pigmentovych granul a zloutku uvniti 0ocytu
se odehrava az v prubéhu stadia III (Dumont, 1972; Danilchik and Gerhart, 1987;
Kloc et al., 2001). Zraly oocyt X. laevis (stadium VI) se sklada ze dvou barevné
odlisitelnych hemisfér, které urcuji animalné-vegetativni osu. Tmavé zbarveni
animalni poloviny je zptisobeno nahromadénim zna¢ného mnozstvi pigmentovych
granul neboli melanozomi v této oblasti. Oproti tomu obsah svétle zbarvené
vegetativni hemisféry vypliuje zloutek (Danilchik and Gerhart, 1987) (Obr. 2.).
Asymetrickou lokalizaci podél animélné-vegetativni osy vykazuji 1 bunécné
organely. Jadro zralého oocytu neni umisténé uprostied, ale dochazi k jeho posunu
smérem k animalni hemisféfe (Gurdon, 1968; Jullien et al., 2011). Golgiho aparét,
¢ast endoplazmatického retikula a mitochondrie Ize naopak najit ve vétsim mnozstvi

ve vegetativni hemisféie (Kloc et al., 2001).
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animalni hemisféra

vegetativni hemisféra

13 mm

Obr. 2. Zraly oocyt Xenopus laevis. Uréeni animalné-vegetativni osy probihd béhem oogeneze.
Tmavé zbarveni animalni hemisféry zptusobuje nahromadéni pigmentovych granul v této oblasti.
Oproti tomu svétla vegetativni hemisféra obsahuje Zloutek. Pruhledny, rosolovity obal kolem
oocytuplni funkci mechanické ochrany (upraveno z www.xenbase.org).

Z hlediska vyvojové biologie se rozliSuje nékolik typi oocytd v zavislosti
na mnozstvi a distribuci zloutku. Oocyty obojzivelniki se tadi do skupiny
mezolecitalnich oocytl, které obsahuji stfedni mnozstvi Zloutku s lokalizaci
ve vegetativni hemisfére. Kromé Zloutku a buné¢énych organel se ve zralém oocytu
X. laevis vyskytuje znaéné mnozstvi proteinti a nezvykle velké mnozstvi RNA, které
se v ramci jedné buiky pohybuje okolo 4 pg. Vzhledem k tomuto faktu jsou oocyty
drapatek s vyhodou pouzivany ke studiu téchto biomolekul, jak na urovni jedné
bunky (Smits et al., 2014; Sun et al., 2014), tak v ptipadé RNA dokonce i na Grovni
vnitrobuné¢né (Sindelka et al., 2008).

3.2.1.1. Maternélni faktory

Oocyty zab rodu Xenopus obsahuji kompletni informaci nezbytnou
k proliferaci a naslednou diferenciaci dcetfinych bunék v pribéhu casného

embryonalniho vyvoje. Rozdilnd distribuce materndlnich faktordh v oocytu
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predstavuje vysoce konzervovanou strategii, ktera buiice umoziuje vytvaret lokalni
asymetrii v konkrétnich podoblastech cytoplazmy. Z hlediska diferenciace a pozdé&;jsi
specializace bunék je kliCova pravé distribuce maternalnich faktorti uvnité oocytu
(Shav-Tal and Singer, 2005). Bylo ukazano, Ze mezi tyto klicové determinanty

bunécného osudu patii hlavné molekuly mMRNA a riaznorodé proteiny (Houston,
2013).

3.2.1.2. Maternalni transkripce

Zralé oocyty X. laevis obsahuji tzv. maternalni mRNA, ktera je syntetizovana
v pribéhu oogeneze a jako ptedloha transkripce slouzi maternilni chromozomy
(Heasman, 2006). Materndlni mRNA se nachazi ve vyvijejicim se embryu az
do 12. buné&tného déleni po oplozeni, kdy embryo obsahuje vice nez 4000 bun¢k
(vyvojove stadium oznacované jako stadium 8). Tato hranice se u embrya oznacuje
jako MBT stadium (stadium stiedni blastuly) a jejim kliCovym bodem je spusténi
embryonalni transkripce (Newport and Kirschner, 1982; Etkin and Balcells, 1985).
Do MBT stadia probihd pouze translace a veskeré transkripty nezbytné pro ¢asny

embryonalni vyvoj musi byt pfitomny jiz ve zralém 00Cytu.

3.2.2. Urceni t€lnich os v ¢asném embryonalnim vyvoji Xenopus laevis

Z pohledu télniho planu obratlovcl rozlisSujeme tti zdkladni télni osy: anterio-
posteriorni (téz oznaCovana jako kranio-kaudalni, hlavo-ocasni), dorzo-ventralni
(hibeto-bfisni) a pravo-levou. Animalné-vegetativni osa, kterd se formuje jesté
pted oplozenim oocytu odpovida anterior-posteriorni ose. Vytvoteni zakladu vSech
tti vySe zminénych télnich os lze pozorovat jiz v pribehu ¢asného embryonalniho

VyVvoje.

Prvni faze embryonalniho vyvoje po oplozeni se nazyva ryhovani a u X. laevis
probiha uplné a radialné symetricky. Prvni ryha se objevuje 90 min po oplozeni
a oznacuje se jako meridionalni. Tato ryha za¢ind na animalnim poélu a prodluzuje
se smérem k vegetativnimu polu rychlosti 1 mm/1 min. Prochazi mistem pruniku
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spermie do oocytu a na opac¢né strané i sttedem Sedého srpku a tim urcuje budouci
pravo-levou télni osu embrya. Oblast Sedého srpku urcuje dorzalni casti embrya
(na opac¢né strané vuc¢i mistu prianiku spermie do oocytu) a je rozhodujici pro vznik
blastoporu (prvoust) a naslednou gastrulaci. Nasledujici druhou ryhu lze pozorovat
30 min po zahajeni prvniho ryhovani. Druha ryha je kolma na ptedchozi a nazyva se
také meridionalni. Postupuje opét smérem od animélniho pélu k vegetativnimu, avSak
rozd€luje embryo na dorzalni a ventralni ¢ast. Ve vzniklém 4-bunééném stadiu
vSechny ¢tyfi blastomery obsahuji cytoplazmu jak z animalni, tak vegetativni oblasti.
Teprve treti, ekvatoridlni ryha rozd€luje embryo na animalni a vegetativni Cast. Treti
ryha vznikd 15 min po druhé ryze a je kolma na ob¢ pfedchazejici ryhy. Pfitomnost
Zloutku ve vegetativni oblasti ¢astecné inhibuje ryhovani a z tohoto diivodu ve stadiu
8 bunék vznikaji dva odlisné velké typy blastomer, tzv. vegetativni makromery
a animalni mikromery (Obr. 3.). Nasledny embryonalni vyvoj X. laevis je oznacovany

jako regulaéni a jeho podstatu tvoii induktivni interakce bunék.
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Obr. 3. Schématické (horni Fada) a realné (spodni fada) znazornéni ¢asného embryonalniho
vyvoje a formovani zakladnich télnich os u Xenopus laevis z animélniho a dorzalniho pohledu.
Ryhovéani oplozeného oocytu je zahajeno 90 min po oplozeni. Prvni ryha vznika na animalnim polu,
prodluzuje se smérem k vegetativnimu polu a urcuje budouci pravo-levou télni osu embrya. Druha
ryha probiha kolmo K prvni ryze a rozdéluje embryo na ventralni a dorzalni ¢ast. Tteti ryha je kolma
na obé predchazejici ryhy a oddéluje animalni mikromery od vegetativnich makromer. Reélné
obréazky ryhovani pouzity z www.xenbase.org, oocyt a ¢asné embryo odpovida velikosti 1,3 mm.

3.2.2.1. Animalné-vegetativni osa

Prvni asymetrickéd distribuce maternalnich faktor uvnitt oocytu probiha jiz
v prubéhu oogeneze (Deshler et al., 1997; King et al., 2005). Vng&jsi znaky této
asymetrie se projevuji v obdobi stiedni a pozdni oogeneze (stadium III — V1), kdy
dochazi k nahromadéni pigmentovych granul v animalni hemisféte a Zloutkové masy
ve vegetativni hemisféfe (Danilchik and Gerhart, 1987). Animalné-vegetativni
asymetrii uvniti oocytu lIze sledovat i na drovni biomolekul. Kodujici maternalni
MRNA, ale i nekodujici RNA utvareji gradient podél této osy s preferenci bud’
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v animalni, nebo vegetativni hemisfére. Nedavna analyza transkriptomu odhalila
zhruba 300 molekul, které jsou lokalizované ve vegetativnim kortexu oocytu, coz
predstavuje 2-3% maternalné exprimovanych gent (Cuykendall and Houston, 2010).
K lokalizaci maternalnich transkripti do vegetativni hemisféry jsou vyuzity dvé

odli$né transportni drahy (Kloc and Etkin, 1995).

3.2.2.1.1. Casna transportni draha (METRO)

Casné draha ozna¢ovana také jako METRO (messenger transport organizer)
je asociovana s tzv. mitochondrialnim mrakem, ktery je také nazyvan jako Balbianiho
téliska. Mitochondridlni mrak se utvaii jiz v prub&hu ¢asné oogeneze (ve stadiu I)
v oblasti na vegetativni stran¢ zarode¢ného vacku (angl. germinal vesicle; oznaceni
jadra oocytu pfed meiotickym délenim) a obsahuje znaéné mnozstvi mitochondrii,
hladké endoplazmatické retikulum a elektron-denzni granulo-fibrilarni material
(budouci zarode¢na plazma) (Heasman et al., 1984). Syntéza maternalnich
transkriptd probihd v zarode¢ném vacku, ze kterého jsou nasledné transportovany
do cytoplazmy. Kratké nukleotidové repetice na cis a trans regulacnich elementech
téchto transkripti umoznuji navazani na RNA-vazebné proteiny a ty poté
zprostiedkuji vazbu do mitochondrialniho mraku (Snedden et al., 2013). V ¢asné fazi
oogeneze (stddium I1) dochazi k rozpadu mitochondrialniho mraku na jednotlivé
ostrivky zarodecné plazmy a nasledné translokaci materndlnich transkript
asociovanych s témito ostruvky do vegetativniho kortexu (Heasman et al., 1984).
Byly identifikovany dva nezavislé lokalizacni signaly na 3"~ UTR (untranslated
region) oblasti mRNA. Prvni signal zprostiedkovava lokalizaci do mitochondrialniho
mraku a druhy umoznuje lokalizaci do vegetativniho kortexu (Kloc et al., 1993; Zhou
and King, 1996a; Zhou and King, 1996b).

Casna draha transportuje piedev§im maternalni faktory asociované
se zarode¢nou plazmou. Transkripty cdx1 (caudal type homeobox 1, nanos homolog,
diive oznacovan xcad2), dazl (deleted in azoospermia-like) a ddx25 (deadsouth)
se ptimo podileji na ur€eni zdrode¢nych bun€k, a tudiz je 1ze detekovat v zarode¢nych

granulich oocytu (Kloc et al., 2002; Zhou and King, 2004). Oproti tomu transkripty
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pgat (primordial germ cell-associated transcript, dfive ozna¢ovany jako xpat) a wnt11
(wingless-type member 11) jsou spojené s fibrilarni siti zarode¢né plazmy (Kloc et
al., 1998). Zarovenn pomoci této drahy lze transportovat i funkéni RNA. Transkript
Xlsirt (Xenopus laevis short interspersed repeat transcripts) spada do skupiny
netranslatovanych funkénich RNA, které se pravdépodobné podili na strukturni
funkci cytoskeletalni sit¢ ve vegetativnim polu (Kloc and Etkin, 1994). Nicméné
METRO transportni draha maternalnich faktori vykazuje nezavislost
na cytoskeletalnim aparatu. Depolymerace mikrotubultt a mikrofilament pomoci
nokodazolu a cytochalasinu B nevede ke zhrouceni ¢asného transportu (Kloc and
Etkin, 1995; Kloc et al., 1996) a dokonce nevede ani ke sniZeni integrity
mitochondrialniho mraku (Heasman et al., 1984). Oproti tomu vlastni uchyceni
materndlnich transkriptii ve vegetativnim kortexu vSak vyZaduje mikrofilamentarni
aparat. Tento fakt vyplyva ze studie, kdy po oSetfeni 0ocyti cytochalasinem B doslo
k uvolnéni molekul RNA z vegetativniho kortexu (Kloc and Etkin, 1995).

3.2.2.1.2. Pozdni transportni draha

Druha lokaliza¢ni draha se nazyva pozdni. K jeji aktivaci dochazi v dobé
stiedni a pozdni oogeneze (stadium III — V) a vyuziva transportu pomoci cytoskeletu
(Yisraeli et al, 1990). Touto dradhou nejsou transkripty smérovany
do mitochondrialniho mraku ¢i jeho obdoby, ale dochazi k jejich pfimému hromadéni
ve vegetativni ooplazmé (Deshler et al., 1997; Gautreau et al., 1997). Pozdni draha
lokalizuje mRNA maternalnich transkripénich faktord gdfl (growth differentiation
factor 1, diive pouzivané oznaceni vgl) a vegt (vegetal T-box transcription factor),
které jsou nezbytné pro specifikaci a nasledné utvoreni zarode¢nych listd (White and
Heasman, 2008). Transport téchto transkriptti do vegetativni hemisféry je kodovan
prostiednictvim UUUCU a UUCAC lokaliza¢nich sekvenci v 3" UTR oblasti
(Bubunenko et al., 2002; Kwon et al., 2002; Lewis et al., 2004). Mechanismus
transportu pravdépodobné zavisi na specidlni populaci vacka z endoplazmatickeho
retikula. Maternalni transkripty se vazou na tyto vacky prostfednictvim Vera proteinu

a nasledny transport do vegetativniho polu je zprostfedkovan mikrotubuldrnimi
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vlakny (Deshler et al., 1997; Etkin, 1997; Kwon et al., 2002). Nasledné uchyceni
ve vegetativnim polu vyZaduje mikrofilamentarni sit’. Depolymerace mikrotubulll
nokodazolem ve stadiu Il oogeneze zpuisobi rozptyleni gdfl transkriptu v cytoplazmé
oocytu. Avsak pisobeni nokodazolu nema zadny efekt ve stadiu IV, protoze zde jiz
dochazi k uchyceni maternalnich transkriptt na mikrofilamenta vegetativniho polu.
Uvolnéni transkriptu gdfl z tohoto mista pak lze ve stadiu 1V navodit cytochalasinem
B, ktery se vyuziva k destabilizaci mikrofilamentarni sit¢. Na druhou stranu stejny
postup s pouzitim cytochalasinu B nema Zadny vliv ve stadiu III (Yisraeli et al.,
1990). Ukazuje se, ze vlastni polarizace mikrotubulli v oocytu X. laevis predstavuje
dilezity aspekt vegetativniho transportu. Naprosta vétSina plus konci sméiuje
do stiedu (95% v animalni hemisféie a 80% ve vegetativni hemisféie), zatimco minus
konce se ptichytavaji v blizkosti kortexu (Pfeiffer and Gard, 1999). Tato orientace
pfedstavuje opacny mechanismus polarizace nez u vétSiny somatickych bunék.
Nicméné studie vegetativniho transportu naznacuji, Ze tento transport zavisi
na minoritni subpopulaci mikrofilamentarnich vlaken, které vykazuji orientaci plus
koncem k vegetativnimu kortexu a jsou propojené s kinesinovymi molekularnimi
motory (Messitt et al., 2008).

3.2.2.1.3. Animalni transport

Mechanismus aktivniho transportu maternalni RNA do animalni poloviny
neni zatim objasnén. Dosud nebyla prokdzana zavislost cis/trans regula¢nich faktort
nebo zapojeni cytoskeletalniho aparatu na vzniku animalniho gradientu. Ptedpoklada
se vSak, Ze tyto transkripty nevyzaduji aktivni transport. Vzhledem k faktu, ze je jadro
umisténé v animalni poloviné oocytu, pasivni pohyb a prosta difize maternalnich

transkriptd pfirozené vede k animalnimu gradientu.
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3.2.2.1.4. Vliv animalné-vegetativni osy na urceni zarode¢nych listi

Vysledkem asymetrické lokalizace maternalnich faktori podél animalné-
vegetativni osy je nerovnomérné rozdeleni téchto transkriptt do deetfinych bun€k, coz
vede v pribéhu ¢asného embryonalniho vyvoje k zalozeni vSech tii zarode¢nych listl
(Obr. 4.). Vngjsi zarodecni list (ektoderm) vznika z bunék animalni hemisféry
a urcuje formovani pokozky, nervového systému a sliznic zacatku a konce travici
trubice. Vnitini zarodec¢ni list (endoderm) pochazi z bunék vegetativni hemisféry
a Vv pribéhu embryonalniho vyvoje vytvafi travici soustavu. Zaroven buiky
vegetativni oblasti obsahuji i maternalni determinanty, které jsou kli¢ové v ur¢eni
sttedniho zarodeéného listu (mezoderm). Mezi tyto determinanty patii maternalni
proteiny Gdfl a Vegt. Funkce Vegt transkripéniho faktoru spoc¢iva v indukci exprese
xnr transkriptd (Xenopus nodal related). Ty nasledn¢ aktivuji xbra (Xenopus
brachyury) expresi v bunkach lezicich nad nimi, respektive v tzv. ekvatoridlnich
burnikach (nékdy také oznacované jako buiikky marginalni zony). Protein Xbra fidi
expresi dalSich mezodermalnich gent, které pfimo ovliviuji tvorbu mezodermu.
Klicovou ulohu Vegt maternalniho proteinu ve specifikaci endodermu a zéaroven
mezodermu potvrzuje studie, kde ucinek tohoto transkripéniho faktoru byl
eliminovan antisense oligonukleotidy (Zhang and King, 1996). Obecnym dikazem
mezodermalni indukce je pfimé spojeni bun¢k animalni ¢epi¢ky s vegetativnimi
bunikami, kdy dojde ke konverzi presumptivniho ektodermu na mezoderm. Oproti
tomu odstranéni ekvatorialnich blastomer blastuly ma za nésledek Uplnou ztratu
mezodermalni tkané (Nieuwkoop, 1969; Sudarwati and Nieuwkoop, 1971,
Nieuwkoop, 1973). Buiiky mezodermu stoji za vznikem struny hibetni, vylu¢ovaci

soustavy, cévni soustavy, svalil a kosti (Dale and Slack, 1987).

24



animalni

ventralni dorzalni

vegetativni

endoderm

e +— Zarodecna plasma

Ektoderm Mezoderm Endoderm

pokozka a jeji derivaty svaly travici soustava

nervova soustava kostra jatra

buriky neuralni listy krev slinivka brisni

rohovka cévni soustava §titna zlaza

¢ocka pohlavni soustava epitel priadusky, pradusnice

vystelky za¢atku a konce travici soustavy  vylu€ovaci soustava epitel plicnich sklipku
struna hibetni c¢ast mocové trubice

epitel moc¢ového méchyie
epitel Eustachovy trubice

Obr. 4. Mapa pivodu bunék zarodeénych list ve stadiu blastuly. Ektoderm (vné&jsi zarode¢ny
list, ozna¢eno modie) vznika z bun&k animalni ¢epicky. V prubéhu vyvoje dochazi k rozdéleni
presumptivniho ektodermu na linii bunék, ktera formuje pokozku a jeji derivaty (tmava modra)
a na tzv. neurocktoderm (svétle modra). Presumptivni mezoderm (stfedni zarodeény list, oznaceno
Cervené) je lokalizovan do bunék marginalni zOny a posléze dochazi k jeho diferenciaci na dorzalni
mezoderm (tmavé Cervend), ventralni mezoderm (Cervena) a notochord/hlavovy mezoderm (HM,
rizova). Endoderm (vnitini zarodecny list, oznaceno zelen¢) vznika z bunek vegetativni hemisféry.
Znazornény je i dorzalni ret blastoporu (zlutd) a umisténi zarode¢né plazmy ve vegetativnim kortexu
(fialova).

3.2.2.2. Dorzo-ventralni osa

Urceni dorzo-ventralni t€lni osy zavisi hned na dvou procesech, které probihaji
VvV riznych fazich embryonélniho vyvoje. Kortikélni rotace predstavuje ¢asny krok
a specifikace dorzalnich struktur organizatorem zastupuje pozdéjsi krok vyvoje

dorzo-ventrélni asymetrie.
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3.2.2.2.1. Vliv kortikalni rotace na dorzo-ventralni osu

Prvni asymetricka distribuce maternalnich faktorii a utvafeni jejich gradientli
podél animalné-vegetativni osy probiha jiz béhem oogeneze. Dalsi piesuny téchto
faktort Ize pozorovat v oocytu bezprostiedné po oplozeni. Spermie pronika do oocytu
V jeho animélni poloviné¢ a misto priniku definuje ventralni stranu budouciho
embrya. Pfiblizn¢ 20 min po oplozeni dochazi k tzv. kortikalni rotaci, kdy se vné&jsi
(kortikalni) cytoplazma pootoc¢i vaci vnitini cytoplazmé oocytu 0 30° v opacném
sméru od mista praniku spermie do oocytu (Vincent and Gerhard, 1987; Denegre and
Danilchik, 1993) (Obr. 5.). Tato rotace je zprostiedkovana pomoci mikrotubularni
sité¢ vegetativniho kortexu a na usporadani této sité maji vliv i mikrotubuly
pochazejici ze spermie (Vincent et al., 1987; Schroeder and Gard, 1992). Vysledkem
kortikalni rotace je opét asymetrie, kterd v tomto pfipad¢ odrazi dorzo-ventralni t&€lni
osu embrya. Toto tvrzeni podporuji studie, kdy bylo zabranéno kortikalni rotaci
ozafenim oplozeného oocytu UV svétlem. Nasledkem ozafeni nedoslo k vyvoji
dorzalni osy a embrya vykazovala pouze ventralizovany fenotyp (Vincent and
Gerhart, 1987; Elinson and Pasceri 1989). Oproti tomu indukci druhé Kkortikalni
rotace u oplozeného oocytu vznikla embrya, ve kterych dosSlo k vyvoji dvou
dorzalnich os (Gerhart et al., 1989; Sive, 1993). Vyskyt specifickych dorzalnich
determinant lze detekovat v oblasti vegetativni kortikalni cytoplazmy zraleho
oocytu. Duikazem je vyvoj ektopické dorzalni osy u recipientniho embrya, kterému
bylo transplantovano malé mnozstvi této cytoplazmy (Fujisue et al., 1993).
Na druhou stranu, delece kortikalni cytoplazmy zpusobuje ventralizaci embrya.
Disledkem kortikalni rotace dochazi k nahromadéni specifickych dorzalnich
determinantd v budouci dorzalni ¢asti embrya, tzn. v misté zhruba 180° proti mistu
oplozeni (tzv. oblast Sedého srpku) (Weaver and Kimelman, 2004; White and
Heasman, 2008). Konkrétn¢ dochazi k piesunu maternalniho proteinu Dvl
(Dishevelled) z vegetativniho kortexu do dorzélni oblasti (Miller et al., 1999), kde
tento protein inaktivuje protein Gsk3p (glycogen synthase kinase 3 beta) a tim zabrani
degradaci B-kateninu (neboli Ctnnbl)(Yost et al., 1996). Nahromadény B-katenin
v dorzalni ¢asti zptuisobuje aktivaci lokalni Wnt drahy (Wingless/Int-1). Tato Wnt/j-

kateninova signalni dréha poté reguluje transkripci jiz zygotickych transkripti xnr3
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(Xenopus nodal related 3), siamois a goosecoid, kteii uréuji dorzalni fenotyp (Darras
et al., 1997; Marikawa et al., 1997).

animalni

ventralni dorzalni | —_—

dorzalni ! dorzalni

. orzalni

vegetativni faktory faW
—ey -

Obr. 5. Schématické znazornéni kortikalni rotace. Spermie pronika do oocytu v oblasti animalni
hemisféry a toto misto ur€uje budouci ventralni stranu embrya. Po uplynuti 20 min od oplozeni
dochazi k pootoéeni Kkortik&Ini cytoplazmy vaci vnitini mase cytoplazmy o 30°. Tento proces
se nazyva kortikalni rotace a zajistuje nahromadéni dorzalnich maternalnich faktorti na budouci
dorzalni stran¢ embrya, ktera se nachazi naproti mistu praniku spermie do oocytu.

Vysledek kortikalni rotace, respektive dorzo-ventralni asymetrie, se
na povrchu embrya projevuje jiz ve 4-bunééném vyvojovém stadiu. Na zakladé
odlisné velikosti a intenzity pigmentace lze odlisit dva typy blastomer (Sive et al.,
2000; Blum et al., 2014). Dorzalni blastomery vykazuji mensi velikost a svétlejsi
pigmentaci. Ventralni blastomery se pak jevi velikostné vétsi a s tmavsi pigmentaci
(Obr. 3.). Nejen vizualni odli$nost dorzo-ventralnich blastomer, ale i bunéény obsah
urcuje tuto osu jiz v pritbehu ryhovani embrya. Po kortikdlni rotaci 1ze detekovat vétsi
mnozstvi proteinti Ctnnbl a Dvl v dorzalnich blastomerach (Rowning et al., 1997;
Miller et al., 1999). Ve vegetativnich blastomerach na dorzalni strané embrya dochazi
prednostné k translaci maternalni wntll mRNA (Schroeder et al., 1999) a zaroven
zde probihaji i posttransla¢ni apravy proteinu Gdf1, ktery zde vykazuje vyssi aktivitu
(Thomsen and Melton, 1993). Naproti tomu ventralni blastomery animalni ¢asti
embrya disponuji vétsim mnozstvim maternalni mRNA wnt8b, jejiz funkce spociva
v represi dorzalniho fenotypu (Pandur et al., 2002). Odstranéni dorzalnich blastomer

Casnym embryim zpusobilo deficienci dorzalnich struktur a nasledné selhani
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normalniho vyvoje embrya. Na druhé strané¢ odstranéni ventralnich blastomer vedlo

k vyvoji hyperdorzalizovanych fenotypt (Cooke, 1985; Sive, 1993).

3.2.2.2.2. Specifikace dorzalnich struktur v priabéhu gastrulace

Vyse zminéna Wnt/B-kateninova signalni draha je stézejni i k vytvofeni center,
Které urcuji dorzo-ventralni asymetrii a nasledné organizuji gastrulaci a potazmo
diferenciaci dorzalnich a ventralnich struktur. Ve vegetativnich blastomerach
na budouci dorzalni strané, kde se protina lokalizace Gdfl, Vegt spole¢né s Ctnnbl
vznika tzv. Nieukoopovo centrum. Pfitomnost tohoto centra indukuje diferenciaci
nad nim lezicich bunék (oblast Sedého srpku) v organizator (Moon and Kimelman,
1998). Organizator (oznacovany také jako Spemanntv organizator nebo dorzalni ret
blastoporu) vznika ve stadiu blastuly a jeho funkce spoc¢iva ve schopnosti zahajit
gastrula¢ni pohyby a nasledn¢ dorzalizovat migrujici buiikky. V pribéhu migrace
dochazi k diferenciaci dorzalniho mezodermu, paraxialni mezodemu (somith)
a k dorzalizaci ektodermu, ze kterého se posléze vyvine neuralni trubice. Tuto funkci
organizatoru dokazuji pokusy objevitele organizatoru Hanse Spemanna, ktery
rozdéloval casnd embrya na dvé casti a sledoval jejich vyvoj. Rozdéleni embrya
napii¢ Sedym srpkem vedlo K vyvoji dvou normalnich jedincii. Zatimco rozdé€leni
mimo Sedy srpek mélo za nésledek vyvoj pouze jednoho fenotypové normalniho

embrya (Sander and Faessler, 2001).

3.2.2.3. Pravo-leva osa

Na rozdil od vy$e zminéné animalné-vegetativni a dorzo-ventralni osy, pravo-
leva téIni osa vykazuje vedle asymetrickych projevi i znaky soumérnosti. Obecnou
vlastnosti obratlovcu je bilateralni symetrie, kdy jejich té€lem lze vést jednu rovinu
soumérnosti. Tato rovina ptedstavuje praveé pravo-levou télni osu. Tuto symetrii vSak
Ize pozorovat pouze na urovni vnéjsich znakl. Vzhledem k ulozeni vnitinich organt

a rozlozeni travici soustavy Se i pravo-leva télni osa projevuje asymetricky.
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3.2.2.3.1. Pravo-levéa osa v pribéhu ryhovani

Rozdéleni Casného embrya na pravou a levou ¢€ast je jiZz uréeno prvnim
bunéénym délenim po oplozeni oocytu (Obr. 3.). Ve stadiu 2-4 bunék dochazi
k nerovnomérné distribuci komponenta H+/K+-ATPazové (Levin et al., 2002) a
H+-V-ATPazové iontové pumpy (Adams et al., 2006). Piedpoklada se, Ze rozdilny
iontovy tok a vznik odlisného napéti na membrané vede k ovlivnéni distribuce pravo-
levych determinant. Blastomery na pravé strané embrya disponuji ATPazovymi
pumpami, coz ma za nhasledek jejich zaporny naboj. Tento naboj pfedstavuje hybnou
silu pro transport malych nabitych molekul pfes gap-spojeni mezi jednotlivymi
blastomerami (Levin et al., 2002; Vandenberg and Levin, 2010) (Obr. 6.). Serotonin
predstavuje kandidatni morfogen pravo-levé asymetrie, ktery podléha tomuto
transportu a v pribéhu Casného embryonalniho vyvoje se hromadi v pravych,
ventralnich blastomerach (Fukumoto et al., 2005a). Byly také identifikovany dva
transportéry serotoninu, membranovy transportér serotoninu a vezikularni monoamin
transporteér, jejichz funkce je kli¢ova pro zformovani pravo-levé télni osy (Fukumoto
et al., 2005b). Zablokovanim téchto transportérti, ATPazovych pump ¢i samotného
transportu serotoninu vede k tzv. heterotaxii, neboli k nahodnému uloZeni srdce
a vnitinich organt podél pravo-levé télni osy (Levin et al., 2002; Fukumoto et al.,
2005b; Adams et al., 2006). Na urovni proteina byl dosud popsan protein 14-3-3E,
ktery vykazuje asymetrickou lokalizaci v blastomerach 2-buné¢ného stadia. Protein
14-3-3 aktivuje transport H+ iontt pies cytoplazmatickou membranu a zablokovani
distribuce tohoto proteinu pomoci fusicoccinu A opét vyustilo ve vyvoj embryi
s heterotaxi (Bunney et al., 2003).
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Obr. 6. Model iontového toku p¥i urceni pravo-levé télni osy (upraveno podle Blum et al., 2014).
Odlisny iontovy tok a membranové napéti ovliviiuje distribuci pravo-levych determinanti.
Nerovnomérna distribuce komponenti H-+/K+-ATPazové a H+-V-ATPéazové iontové pumpy
do pravé, ventralni blastomery ve 4-bunééném stadiu vede ke vzniku zaporného naboje. Tento naboj
nasledné umoziiuje transport serotoninu mezi jednotlivymi blastomerami, ¢imz dochézi k jeho
hromadéni v pravych, ventralnich blastomerach.

3.2.2.3.2. Pravo-leva osa v pribéhu neurulace

V pribéhu casného embryonalniho vyvoje se pravo-leva télni asymetrie
fenotypové neprojevuje, ale zacCina se uplathovat az po aktivaci embryonalni
transkripce, konkrétné¢ béhem neurulace. Ciliarni buniky na horni strané gastrocoelu
(oblast GRP - gastrocoel roof plate) usmériuji proudéni extracelularni tekutiny
zprava doleva. Timto dochazi k represi proteinu Coco a nasledné aktivaci Nodal
signalni drahy na levé strané embrya (oblast LPM — lateral plate mesoderm)
(Schweickert et al., 2010; Hatayama et al., 2011). Prozatim vSak nebyl objasnén
mechanismus, jak smér pohybu cilii ovliviiuje aktivaci genové exprese. Nodal
signalni drahu ovliviiuje i maternalni protein Gdfl. Tento protein vykazuje vyssi
aktivitu na levé strané embrya, a tim pozitivné ovliviiuje expresi embryonalniho xnrl
(Xenopus nodal-related 1) transkriptu. Protein Xnr1 piimo aktivuje produkci proteinu
Pitx2 (paired-like homeodomain 2), ktery je ziejmé nezbytny pro utvoteni fenotypu

levé strany (Toyoizumi et al., 2005). Pokud byl protein Gdfl injikovan do budouci
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pravé Casti embrya, doslo k nahodnému ulozeni srdce, sleziny a travici soustavy podél

pravo-levé télni osy (Hyatt et al., 1996).

3.3. Regulace maternalni mRNA

Maternalni mRNA koduje specifické transkripéni faktory, které v pribéhu
¢asného embryonalniho vyvoje urcuji diferenciaci jednotlivych bunék nebo celych
casti embrya. Nicméné tato diferenciace a urceni télniho planu neni odrazem pouze
pritomnosti ¢i nepiitomnosti konkrétni maternalni mRNA, ale zavisi 1 na plisobeni
regulacnich molekul, poptipadé regulacnich sekvenci uvniti transkriptu. Translace
materndlni mRNA mize byt posttranskripéné regulovdna, pficemz mezi
nejvyznamngj$i mechanismy regulace patii adenylace/deadenylace poly(A) konce

nebo regulace pomoci molekul miRNA.

3.3.1. Regulace translace prostifednictvim poly(A) konce

Poly(A) konec oznacuje sekvenci n€kolika desitek az stovek adeninovych
nukleotidi poskladanych za sebou na 3" UTR konci mRNA. Tato sekvence zvySuje
stabilitu mRNA, a tim 1 moznost vyS$§iho obratu translace daného transkriptu. Oproti
tomu deadenylovana mRNA neni chranéna proti exonukledzam, a tudiz je prednostné
urc¢ena k degradaci. Mechanismus kontroly translace pomoci poly(A) konce zavisi
na jaderném polyadenyla¢nim signalu. Tento signal se sklada ze sekvence AAUAAA
a spousti polyadenylaci béhem uprav pre-mRNA. Dalsi stupeni kontroly translace
poskytuje cytoplazmaticky polyadenylacni element (CPE) se sekvenci UUUUA 12U
na 3" UTR oblasti mRNA. Vazba CPE vazebného proteinu na tuto regulac¢ni oblast
umoznuje prodluzovani poly(A) konce a ve vysledku aktivuje translaci mRNA
(Preiss et al., 1998). Vlastni délka poly(A) konce ptedstavuje vyznamny ukazatel
nejen stability, ale i translacni aktivity maternalni mRNA. U Zab rodu Xenopus
materndlni mRNA, které obsahuji CPE sekvenci podstupuji cytoplazmatickou
polyadenylaci, zatimco maternalni transkripty jsou bez CPE signalu deadenylovany

(Lagagneux et al., 1995; Meric et al., 1996). V prubéhu procesu zrani oocytu dochazi
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prostiednictvim CPE sekvence k polyadenylaci a nasledné transkripéni aktivaci
klicovych maternalnich mRNA. Mezi tyto transkripty patii i c-mos a cyklin B1, které
udrzuji oocyt v bloku metafaze Il (de Moor and Richter, 1997; de Moor and Richter,
1999). Pandur et al. (2002) ukazali, ze¢ maternalni mRNA z dorzalni blastomery
oznacené¢ D1 ve vyvojovém stadiu 8 bun€k nevykazuje schopnost dorzalizovat
embryo, ale jeji linie ve vyvojovém stadiu 16 buné¢k tuto schopnost jiz ma. Schopnost
indukce dorzalniho fenotypu ve stadiu 16 buné¢k je dana polyadenylaci specifickych
maternalnich mRNA v cytoplazmé¢. Naproti tomu proces deadenylace vede ke sniZzeni
translacni aktivity nékterych maternalnich transkripti, coz je uplatiovano jiz
ve zralém oocytu X. laevis nebo bezprostfedné po jeho oplozeni (Paris and Philippe,
1990; Varnum and Wormington, 1990; Wickens, 1990). Zaroven bylo dokazano, ze
rozdilna transla¢ni aktivita umoznuje gradientové rozmisténi proteinu v embryu.
Maternalni mRNA wntll je rovnomérné distribuovana podél dorzo-ventralni osy
embrya. Na druhou stranu deadenylace poly(A) konce transkriptu wnt11 na ventralni
stran¢ vede ke snizeni mnozstvi proteinu Wnt11, a tim i kK nerovnomérnému rozlozeni

tohoto proteinu podél dorzo-ventralni osy (Schroeder et al., 1999).

3.3.2. Regulace translace prostiednictvim mikroRNA

Translaci mMRNA Ize regulovat i nezavisle na poly(A) konci a to s vyuzitim
molekul miRNA. Tyto kratké, jednovlaknove nekddujici RNA endogenniho pivodu
maji primérnou délku 22 nukleotidt (v rozmezi 19-25 nukleotidl) a vznikaji béhem
n¢kolikastupiiového procesu. Molekuly miRNA byvaji ¢asto kodovany oblastmi
uvnitf intront gent kodujicich protein (Tang and Maxwell, 2008) a ptepis probiha
pomoci RNA polymerazy Il (Lee et al., 2004). Vysledkem transkripce je dlouha
smycka, tzv. pri-miRNA, ktera nese na svém 5" konci methylguanosinovou ¢epic¢ku
ana 3" konci poly(A) fetézec a je sestiihovana stejné jako mRNA (Cai et al., 2004).
Ke stépeni pri-miRNA enzymem Drosha (RNaza I11) dochazi jesté v jadie a vznika
vlasenka o velikosti zhruba 70 nukleotidii s pfesahem dvou nukleotidi na jejim
3" konci, tzv. pre-miRNA (Lee et al., 2003). Protein Exportin 5 poté rozpozna tento

nukleotidovy ptesah a spole¢né s proteinem Ran-GTP umozni transport pre-miRNA
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z jadra do cytoplazmy (Bohnsack et al., 2004; Wang et al., 2011). V cytoplazmé pak
dochazi k dalsimu sesttihu pre-miRNA enzymem Dicer (RNaza III). Vznika 19 az 25
nukleotidd dlouha dvoufetézcova RNA, neboli miRNA/mMiIRNA* duplex.
Dvoutetézcova miRNA je rozpoznana proteinovym komplexem RISC (RNA-
induced silencing complex), ktery navaze funkcéni jednovlaknovou miRNA
a degraduje druhé miRNA* vlakno (Bartel, 2004) (Obr. 7.). Za kli¢ovou slozku RISC
komplexu lze povazovat protein Argonaute (Ago). Tento protein obsahuje dvé RNA
vazebné domény a piimo zprostiedkovava interakci mezi miRNA a 3" UTR oblasti
MRNA (Hammell, 2008; Iwasaki and Tomari, 2009). Ukazuje se, Ze vlastni interakci
miRNA a cilové mRNA zasadné ovliviiuje tzv. seed sekvence, kterd predstavuje usek

od 2. po 8. nukleotid na 5" konci miRNA (Hibio et al., 2012).

Regulace translace prostiednictvim miRNA, respektive potlaceni translace,
muZze byt uskute¢néno bud’ degradaci mRNA, nebo jeji inhibici. Prvni zplisob
zahrnuje perfektni komplementaritu bazi mezi vlaknem miRNA a cilovou mRNA.
V takovém piipadé dochazi ke Stépeni dané mRNA. Druhy zplsob umoziuje
regulovat translaci i v pfipadé pouze ¢aste¢né shody sekvenci miRNA s cilovou
MRNA. Nedokonalé parovani vede k formovani miRNA/mMRNA komplexu, ktery se
vaze S dal$imi proteiny za vzniku mRNP komplexu (MRNA and protein complex).
Posléze dochazi k hromadéni téchto mRNP komplexi v cytoplazmé a tyto oblasti se
pak oznacuji P-bodies (processing bodies) (Liu et al., 2005). Tento mechanismus
potlaCeni translace mRNA pfedstavuje vratny proces, ktery umoznuje
opétovné obnoveni transla¢ni aktivity cilové mRNA (Brengues et al., 2005; Parker
and Sheth, 2007).
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Obr. 7. Biogeneze miRNA. Ptepis genu pro miRNA probiha pomoci RNA polymerazy Il za vzniku
pri-miRNA. Tato dlouha smy¢ka nese na svém 5” konci methylguanosinovou ¢epicku a na 3" konci
poly(A) fetézec a je Sté€pena enzymem Drosha. Vznika pre-miRNA vlasenka, ktera ma velikost 70
nukleotidii s dvounukleotidovy ptesahem na 3~ konci. Transport pre-miRNA z jadra do cytoplazmy
zajist'uje exportin 5/Ran-GTP. V cytoplazmé dochazi k druhému enzymatickému sestiihu (enzym
Dicer). Vysledkem stépeni je 19-25 nukleotidti dlouha dvouietézcova RNA (miRNA/mMiRNA*
duplex). Tento duplex je rozpoznan RISC komplexem, ktery vaze funkéni miRNA vlakno
a degraduje miRNA* fetézec. Zaroveii RISC komplex umoziuje interakci s cilovou mRNA. Uplna
komplementarita bazi mezi miRNA a mRNA vede ke $té€peni cilové mRNA, zatimco nedokonala
komplementarita bazi neznici cilovou mRNA, ale pouze zabrani translaci. Upraveno podle Esquela-
Kerscher and Slack, 2006.
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4. Seznam publikaci

Na zéklad¢ ,,.Xenopus Gene Nomenclature Committee” doSlo v roce 2013
ke zméné nédzvoslovi gentl u zab rodu Xenopus. Z tohoto divodu oznaceni gent
v publikaci 4.1. (Spatial expression profiles in the Xenopus laevis oocytes measured
with qPCR tomography) nemusi vzdy odpovidat oznaceni transkripti v ostatnich
publikacich (Tab. 2.). Kompletni seznam aktualnich nazvt gend, véetné jejich diive

pouzivanych synonym, Ize dohledat na strankach www.xenbase.org.

staré / nové oznaceni staré / nové oznaceni
alpha-actin / acta Oct60 / pou5f3.3
Anl/ zfand4 Otx1 / otx1
An2 | pax6 RNA pol. 11/ polr2k
APC / apc Stat3 / stat3.1
axin / axinl Tcf-3/ tcf3
beta-tubulin / tubb U3 snoRNA /imp3
DeadSouth / ddx25 VegT / vegt
EF-lalpha/ eeflal Vgl/gdfl
Eg6 / spirel Wntll /wntll
Estl/ estl Xcad2 / cdx1
FoxH1 / foxhl Xdazl / dazl
Fz7 [ fzd7 Xmaml / mamll
GAPDH / gapdh Xparl / mark3
GSK-3beta / gsk3b ZPC [ zp3
mtcytc / cycl Zp3/zp3.2

Tab. 2. Piehled nové nomenklatury gent Zab rodu Xenopus. Uvedené geny se vztahuji
k publikaci 4.1. (Spatial expression profiles in the Xenopus laevis oocytes measured with qPCR
tomography).
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4.1. Spatial expression profiles in the Xenopus laevis oocytes measured with

gPCR tomography

Sindelka R., Sidova M., Svec D. a Kubista M. Methods 2010, 51: 87-91. IF 3.221

Laboratoi genové exprese vyvinula metodu qPCR tomografie, kterd umoznuje
stanovit lokalizaci mMRNA podél konktrétni osy zajmu uvniti biologického vzorku
(Sindelka et al., 2008). V tomto piipadé¢ byla studovana lokalizace maternélnich
MRNA podél animalné-vegetativni osy zralého oocytu X. laevis. V prvnim kroku
byly oocyty umistény do kapky média OCT (optimum cutting temperature). Poté byly
z téchto oocytt pomoci kryomikrotomu piipraveny 30 um silné fezy vedené podél
jejich animalné-vegetativni osy. Velké mnozstvi RNA v jednom oocytu (~ 4 pg)
umoznilo ptipravit celkem 45 fezl, které byly rozdéleny do 15 zkumavek tak, Ze
kazda zkumavka obsahovala vzdy 3 po sobé jdouci fezy oocytu podél animalné-
vegetativni osy. Z kazdého vzorku byla izolovana celkova RNA a reverzni transkripci
byla pfipravena cDNA. Nasledujici genové specificka pre-amplifikace umoznila
zvysit mnozstvi cilovych templatovych molekul, coz bylo nezbytné pro pouziti
vysokokapacitniho qPCR BioMark™ systému. Vlastni kvantifikace maternalnich
transkriptt probihala v ramci mikrofluidniho ¢ipu, na kterém lIze soucasné analyzovat
48 vzorku proti 48 genim. Vysledek této studie dokazal, ze maternalni RNA lze
rozdélit do dvou skupin podle profilu lokalizace podél animalné-vegetativni osy
oocytu. Prvni skupina RNA (zfand4, pax6, apc, axinl, estl, fzd7, zp3, zp3.2, maml1,
marka3, stat3.1, pou5f3.3, tcf3, gsk3b, foxhl, gapdh, eeflal, tubb, acta, polr2k, imp3
a cycl) vykazovala lokalizaci v animalni hemisféfe. Na rozdil od druhé skupiny
transkriptd, ktera méla nejvyssi zastoupeni ve vegetativni hemisféfe. Vysoké
rozliSeni fezti oocytem (15 vzorkd) navic umoznilo identifikovat dvé vegetativni
podskupiny, které se lisi profilem gradientu. Gradient gdfl, vegt, otx1, spirel awntll
transkriptt se objevoval v celé vegetativni hemisféfe a pozvolna nardstal smérem
k vegetativnimu poélu, kdezto cdxl, dazl a ddx25 RNA byly strmé lokalizovany

ve vegetativnim polu.
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qPCR tomography was developed to study mRNA localization in complex biclogical samples that are
embedded and cryo-sectioned. After total RNA extraction and reverse transcription, the spatial profiles
of mRNAs and other functional RNAs were determined by qPCR. The Xenopus laevis cocyte was selected
as model, because of its large size {more than 1 mm) and large amount of total RNA (-5 pg). Fifteen sec-
tions along the animal-vegetal axis were cut and prepared for quantification of 31 RNA targets using the
high-throughput real-time RT-PCR (qPCR) BicMark™ platform. mRNAs were found to have two localiza-
tion patterns, animal/central or vegetal. Because of the high resolution in sectioning, it was possible to
distinguish two subgroups of the vegetal gene patterns: germ plasm determinant pattern and profile

@ 2010 Elsevier Inc. All rights reserved.

1. Introduction

The early development of a multicellular organism is a complex
process in which each step must be precisely controlled. Each cell
has unique expression of genes and the spatial gene expression
patterns within the growing embryo depend on the cells’ position.

In situ hybridization, microarray analyses, RNA protection as-
says, RT-PCR, Illumina sequencing and real-time quantitative PCR
(qPCR) are among the most frequently used methods for gene
expression analysis. Each method has its limitations and compari-
son of results between laboratories using different methods includ-
ing different conditions and protocols is difficult. For example,
while whole mount in situ hybridization is standard for spatial
analysis in developmental biology, quantification of gene expres-
sion is at best qualitative. On the other hand, high-throughput
quantitative methods such as microarrays and lllumina sequencing
can produce large amounts of quantitative expression data. How-
ever, spatial resolution is limited using these methods since they
require large amounts of pure and high quality RNA. qPCR is in-be-
tween; quantification is highly precise and minute amounts of RNA
can be used, which allows for spatial profiling. Tens of genes can be
conveniently quantified in each sample.
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Qogenesis in Xenopus laevis results in cocytes with 1.3 mm in
diameter [1]. Mature oocytes have differently colored hemispheres
that specify the developmental animal-vegetal axis. Pigmentation
of the animal hemisphere is caused by accumulation of melano-
somes. The animal hemisphere also contains the germinal vesicle.
The light color of the vegetal hemisphere is due to storage of yolk
platelets [2].

mRNA molecules synthesized during cogenesis are termed
maternal, because the template for their transcription is solely
maternal chromosomes (reviewed in [3]). Two groups of maternal
transcripts have been identified that differ in their spatial distribu-
tion in the Xenopus cocyte {reviewed in [4-6]). One group is called
vegetal. These genes are expressed during the early stages of
oogenesis and the corresponding mRNA molecules are actively
transported from the nucleus to the vegetal pole. Two different
transport pathways have been identified. DEADSouth, Xcad2, Xdazl
and Xpat transcripts are transported by the early METRO (message
transport organizer) pathway [7,8] and they accumulate in the pri-
mordial germ cells formed in later developmental stages. The sec-
ond pathway is active later during oogenesis and transports mRNA
molecules, such as VegT and Vg1, that are important for germ layer
determination. The vegetal hemisphere gives rise to the endoderm
cell layer in later stages of development and stimulates the forma-
tion of the mesodermal layer. mRNAs encoded by many matermal
genes including An1, An2, An3, Tcf-1, axin, Xpar1 localize predom-
inantly in the animal hemisphere [4-6,9].

The distribution of mRNAs along the animal-vegetal axis in the
Xenopus oocyte is critical for successful development. The second
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developmental axis, the dorsal-ventral, can be distinguished at the
4-cell stage in Xenopus. The sperm enters the cocyte at a random
position in the animal pole. This is followed by the cortical rotation
approximately 20 min after the fertilization [10-12], during which
the vegetal cortex layer moves approximately 30° in the opposite
direction to the sperm’s entry. This results in the accumulation of
beta-catenin and some yet unknown stabilizing factors into the
forthcoming dorsal side of the embryo. Surprisingly, the cortical
rotation does not significantly change the distribution of maternal
mRNAs along the A-V axis [9].

In this paper we present the high resolution qPCR tomography
technique for spatiotemporal analysis of mRNAs in the X. laevis oo-
cyte. We present the entire procedure from sample preparation,
embedding, slicing, RNA extraction, reverse transcription, pream-
plification, qPCR to data analysis. In our study, X. laevis oocytes
were sectioned into 15 segments across the animal-vegetal (A-
V) axis and the levels of 31 maternal transcripts, mitochondrial
RNAs, and nucleus specific RNAs were quantified using the high-
throughput real-time RT-PCR microfluidic BioMark™ platform
{www.fluidigm.com).

2. Materials and methods
2.1. Embryo fixation and sectioning

Xenopus laevis females were stimulated with 500 U of hCG (hu-
man chorionic gonadotrophin) and kept overnight in rocom temper-
ature. Oocytes were obtained by gentle squeezing. They were not
treated with cysteine, which is common procedure, because the
treatment compromises the subsequent cryo sectioning of the
samples. Three oocytes from the same female were used in our
study. The cocytes were embedded in a drop of optimum cutting
temperature (OCT) on a pre-cooled dissection block {Microm
HM560). The block was placed for 5 min at —20 °C in the cryostat
chamber and the samples were dissected into 45 slices each 30 pm
thick aleng the animal-vegetal (A-V) axis (Fig. 1). Consecutive
slices were pooled into fifteen tubes with three slices in each.
Hence, the first tube contained the first three animal sections,
the second tube contained sections 4-6, etc., and tube fifteen con-
tained the last three vegetal sections.

2.2. Extraction of total RNA and quality contro!

The RNeasy Micro kit {Qiagen) was used for total RNA extrac-
tion. RLT {350 pl) RNeasy lysis buffer with 1% mercaptoethanol

and RNA carrier was added to each tube, which were immediately
stored at —80 °C. After thawing of the samples they were vortexed
for at least 1 min in lysis buffer. The mercaptoethanol added and
the long vortexing were found to be essential for efficient removal
of inhibitors. Yolk platelets localized in the vegetal part of the oo-
cyte were found serious inhibitor of reverse transcription and
qPCR. RNA concentrations were measured with the Nanodrop®
ND1000 quantification system (Nanodrop Inc., Fig. 1).

Quality of the extracted RNA was assessed by running 10 ran-
domly selected samples on the capillary electrophoresis system
Experion (Bio-Rad). Total RNA (50 ng) was denatured and loaded
inte the HighSense chip and run according to the manufacturer's
protocol (Fig. 2). An 18S to 28S ribosomal RNA ratio of 1:2 indi-
cated high quality RNA. High quality RNA is further supported by
the absence of short RNA fragments that would indicate
degradation.

2.3. Reverse transcription

c¢DNA was produced starting with 30 ng of total RNA, 1.5 ul of a
{1:1) mixture of 10 pM olige-dT and 10 uM randem hexamers and
water. Total reaction volume was 8.5 pl. After 10 min incubation at
72°C, 100 U of MMLV reverse transcriptase (Promega), 12 U of
RNasin (Promega), 5 nmol of dNTP and 2 pl of buffer (5x) were
added to a total volume of 11.8 pl. The mixture was incubated
for 60 min at 37 °C. The ¢cDNA product was diluted to 60 ul and
stored at —20 °C.

2.4. Primer design and preamplification

Primers for the amplification of the 31 selected maternal genes
were designed with Primer3 [http://frodo.wimit.edu/primer3/].
Primer specificity and assay efficiency was tested on control cDNA
{mixture of cDNA from different Xenopus developmental stages).
Acceptance criteria were: specific amplification of control cDNA
with a Cq lower than 35, a single dominant peak in the derivative
of the melting curve, and no amplification of non-template
controls.

Preamplification was used to increase the number of template
molecules. This is needed because the ¢cDNA synthesis does not
yield sufficient number of molecular copies of the template mole-
cules that they can be analyzed with confidence in parallel single-
plex reactions. Preamplification PCR was run in 20 pl containing
4 pl of cDNA, 2 pl of a mixture of all forward and reverse primers
{500 nM each), 10 pl of Sigma JumpStart mastermix (Sigma, cus-
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Fig. 1. Spatial distribution of total RNA in the Xenopus laevis cocyte. Oocytes were sectioned across the A-V axis. Total RMA was extracted and quantified using the Nanodrop.

Each bar represents a 90 pm section.
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Fig. 2. The quality of the extracted RNA was assessed with capillary electrophoresis (Experion, Bio-Rad). Total RNA (100 ng) from 11 sections were analyzed on high sense

chip.

tomized product) and water. A CFX 96 cycler (Bic-Rad) was used
for the preamplification with the cycling conditions: polymerase
activation at 95 °C for 2 min, followed by 18 cycles (85°C 15s,
59 °C 1 min and 72 °C 1 min). The product of the preamplification
reaction was diluted to 80 pl and stored at —20 °C. The robustness
of the preamplification was validated by comparing qPCR expres-
sion levels of the genes Xmam1 and Vg1 that were analyzed with
and without preamplification. The relative expression of the two
genes was similar when analyzing data with and without pream-
plification (Fig. 3).

2.5. High-throughput gPCR performed on Biomark system

The high throughput microfluidic qPCR platform BioMark™
(Fluidigm) was used for qPCR analysis running the 48.48 dynamic
array. The sample reaction mixtures had a final volume of 5.3 ul
made up of 1.2 pl preamplified cDNA, 0.6 pl of SYBR Green Sample
Loading reagent {Fluidigm), 2.77 pl Sigma A mastermix (Sigma,
custom product), 0.165 ul of Chromophy, diluted 1:25 {TATAA Bio-
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Fig. 3. Comparison cof the spatial expressicn prefiles of Vgl (vegetal gene) and
Xmam]1 (animal genes) measured with and without preamplification.

center), 0.025 pl of ROX {Invitrogen) and 0.1 ul of JumpStart DNA
Taq polymerase (Sigma). The primer reaction mixtures had also a
final volume of 6 ul and were made up of 3 pl Assay Loading re-
agent (Fluidigm) and 3 pl of a mixture of reverse and forward
primers (10 pM). The empty dynamic array was first primed with
oil solution in the NanoFlex™ 4-IFC Controller {Fluidigm) to fill
its control valves. Sample reaction mixtures were loaded into the
sample wells carefully avoiding any bubbles, and primer reaction
mixtures were loaded into the assay wells. The dynamic array
was then placed again into the NanoFlex™ 4-IFC Controller for
loading and mixing. The mixing takes place by diffusion between
the reaction chambers filled with sample reagent and adjacent
containers filled with the appropriate primer and probe mix, be-
tween which a channel is opened. After about 55 min the dynamic
array was transferred to the BioMark™. The qPCR cycling program
was 3 min at 95 °C for activation of the hot-start enzyme, followed
by 30 cycles of denaturation at 95 °C for 15 s, annealing at 60 °C for
20 s, and elongation at 72 °C for 20 5. Melting curves analysis was
performed after completed qPCR collecting fluorescence between
60 and 95 °C at 0.5 °C increments.

2.6. Data analysis

Specific amplification of each targeted cDNA was confirmed by
melt curve analysis. Measured Cq values were exported from the
BioMark™ platform software to Excel for data analysis. qPCR tech-
nical replicates of samples were averaged. Expression ratios were
calculated by the delta Cq method normalized to the first animal
tube (containing sections 1-3). This artificially sets the expression
of all genes in the first segment to 1, relative to which all other seg-
ments are expressed. For each oocyte and separately for every gene
the relative expressions in all segments were summed, and the
data were divided with the sum. This resulted in expression of each
gene being presented as the percentage of its total expression. The
percentage values for the three oocytes were finally averaged. The
averaged values and associated standard deviations are presented.
The standard deviations were in general very small and cannot be
seen in the plot.

3. Results

During optimization of sample collection and preparation for
cryosectioning we found that extensive cysteine treatment, which
is commoen in many protocols, makes cocytes fragile and lowers
the quality of the RNA. Because of the large size {1.3 mm in diam-
eter) of the X. laevis oocyte, different thickness of the cryostat sec-
tions is possible. We found that 30 pm sections, which is the
maximum width possible with our cryostat {Microm), worked very
well and most cocytes gave the same number of sections. We also
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found that pre-incubation of the samples in the cryostat chamber
for at least 10 min was important for smooth secticning. Mercap-
toethanol (1%) was critical not only for reducing the activity of
RNases, but also for removal of the yolk and other lipids from the
vegetal pole. Once the protocol was optimized, the variability in to-
tal RNA concentration between segments cut from different oo-
cytes was very low, evidencing precise and reproducible
sectioning and RNA extraction (Fig. 1). The quality of the extracted
RNA was assessed with capillary electrophoresis using the Experi-
on system (Bio-Rad), and indicated high quality RNA (Fig. 2).

The reaction chambers in the BioMark™ platform are only 10 nl
and the loaded cDNA is automatically aliquoted into 48 chambers.
For each chamber to contain sufficient ¢cDNA for reliable quantifi-
cation the material must be preamplified. The performance of the
preamplification was tested by comparing one vegetal gene (Vgl)
and one animal gene (Xmam1) with and without preamplification.
The relative expression of the two genes was the same suggesting
that preamplification introduces minimal bias (Fig. 3).

Two main spatial expression profiles were found for the 31
maternal genes studied. Most were abundant in the upper third
of the oocyte, which is in the animal hemisphere probably close
to the cocyte nucleus. Genes frequently used for normalization of
expression in X. laevis [13], such as EF-1alpha, GAPDH, beta-tubu-
lin, alpha-actin and RNA polymerase II had this localizaticn. Mito-
chondrial cytochrome C mRNAs and U3 snoRNA, which is located
in the nucleolus, were also localized to the animal hemisphere
(Figs. 4 and 5). The high resclution of qPCR tomography allowed
two subgroups within the vegetal genes to be distinguished
(Fig. 6). The spatial distribution of germ plasm determinants such
as Xdazl, DEADSouth and Xcad2 shows a very steep gradient to-
ward the vegetal pole, suggesting that these mRNAs are localized
densely close to the pole itself [14]. Vgl, VegT, Otx1, Eg6 and
Wntl1 are also localized vegetal, but with a less steep spatial gra-
dient toward the pole.

4. Conclusions

qPCR tomography was introduced by Sindelka et al., in 2008. In
the pioneer work X. laevis oocytes were sectioned into five seg-
ments across the animal-vegetal axis and expression levels of 18
maternal genes were measured by qPCR. Two distinct expression
patterns were found that were referred to as animal and vegetal.
In the presented study, we refine the qPCR tomography technique
to increase its resolution to 15 segments. This allowed us to distin-
guish two subgroups of the vegetal genes.
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Fig. 4. Spatial expression profiles of commeon reference genes, mitochendrial RNA,
reflecting the distributicn of mitechendria in the cell, and nucleclar RNA, reflecting
the position of the nucleus, aleng the A-V axis of the X lgevis cocyte. Distributions
of mRNA coding RNA pelymerase 2, mitochendrial cytochrome C, GAPDH, EF-
lalpha, beta-tubulin, alpha-actin and U3 snoRNA was determined in 15 serial
segments.
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Fig. 5. Expression profiles of animal genes aleng the A-V axis of X, laevis cocyte. The
distribution of mRNAs coding for Anl, An2, APC, axin, Est1, Fz7, Zp3 and ZPC (1) and
Xmam1, XPar1, Tcf-3, Stat3, Oct60, GSK-3beta and FoxH1 (2) was determined in 15
serial segments.
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Fig. 6. Expression profiles of vegetal genes along the A-V axis of the X. laevis oocyte.
The distribution of mRNA coding germ plasm factors Deadscuth, Xdazl and Xcad2
(in red) and other vegetal genes Otx1, Eg6, Vgl, VegT and Wntl1 (in blue) was
determined in 15 serial segments.

The majority of mRNA molecules encoded by animal genes were
found in sections 3-8. This is where the oocyte nucleus is expected
to be located. This may indicate that animal transcripts are local-
ized in the nucleus or stored somewhere near it. Interestingly,
common reference genes used in Xenopus expression studies, such
as EF-lalpha, GAPDH, beta-tubulin and alpha-actin, have animal
localization. Clearly, they would not be suitable for normalization
of spatial expression in the Xenopus oocyte and not even in early
blastomere stages, where the original spatial distribution remains
{unpublished data).

The higher sensitivity, better specificity and wider dynamic
range of qPCR tomography compared to other RNA based methods
allow spatial expression profiles to be measured with higher reso-
lution than has been possible. Previous studies on single cell
expression profiling have indicated large variations in the mRNA
levels among cells [15,16]. This does not seem to apply to the Xeno-
pus oocyte. The intracellular expression profiles seem to be highly
conserved among the oocytes, indicating that mRNA spatial distri-
bution is critical for the early development.
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4.2. Single blastomere expression profiling of Xenopus laevis embryos of 8 to 32-

cells reveals developmental asymmetry
Flachsova M., Sindelka R. a Kubista M. Scientific Reports 2013, 3:2278. IF 5.078

Asymetricka distribuce maternalnich faktorti uvnité oocytu a jejich nasledné
nerovnomérné rozdéleni do dcefinych bunék piedstavuje kli¢ovy mechanismus
determinace a diferenciace v ¢asném embryonalnim vyvoji. Pfedmétem této studie
byla distribuce 41 maternalnich mRNA (fzd7, otx1, bmp2, piasl, dvi2, dviI3, Irp6,
trim36, foxrl, fratl, mapk8, odcl, 18S rRNA, 5S rRNA, cycl, acta, tubb, gapdh,
mamll, eeflal, RNA pol. I, U3 snoRNA, parl, oct60, ddx25, dazl, cdx1, wntll, vgl,
vegt, axinl, estl, apc, tcf3, zpc, gsk3b, ctnnbl, mos, foxhl, stat3, pax6)
do jednotlivych blastomer od vyvojoveho stadia 8 bun¢k az po stadium 32 bun¢k
u X. laevis. Ugelem bylo vytvoreni distribuéni mapy maternalnich transkriptd, které
predurcuji formovani zékladnich télnich os (animalné-vegetativni, dorzo-ventralni
a pravo-levé télni osy) v pribéhu ryhovani. Nase piedchozi studie prokéazala, ze
dochéazi k nerovnomérné distribuci maternalnich transkriptt uvnitf oocytu podél
animalné-vegetativni osy. V této studii vysledek analyzy maternalnich transkriptd
vV jednotlivych blastomerach dokazuje, Ze dochazi k zachovéni této animalng-
vegetativni asymetrie i v prib&éhu ryhovani a animalni blastomery vykazuji jiné
zastoupeni transkriptd neZ vegetativni blastomery. Nicméné nebyl nalezen Zadny
mRNA gradient, ktery by odpovidal formovéani dorzo-ventralni a/nebo pravo-levé
télni osy. VSechny studované transkripty vykazovaly rovnomérnou distribuci uvnit
animalni a vegetativni skupiny bunék. Z tohoto faktu byla vyvozena hypotéza, ze
ackoliv animalné-vegetativni asymetrie vznika disledkem nerovnomérné distribuce
maternalnich mRNA, dorzo-ventralni a pravo-levé urcéeni télniho planu bude ziejmé
zavislé na asymetrické lokalizaci jinych maternalnich biomolekul. Mezi tyto
biomolekuly patii zejména proteiny. Nerovnomérna lokalizace maternalnich proteind
muze byt zplisobena jejich pfimou distribuci do konkrétni casti ¢asného embrya

anebo prostorové regulovanou translaci maternalnich mRNA.
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Single blastomere expression profiling of
Xenopus laevis embryos of 8 to 32-cells
reveals developmental asymmetry
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We have measured the expression of 41 maternal mRNAs in individual blastomeres collected from the 8 to
32-cell Xenopus laevis embryos to determine when and how asymmetry in the body plan is introduced. We
demonstrate that the asymmetry along the animal-vegetal axis in the oocyte is transferred to the daughter
cells during early cell divisions. All studied mRNAs are distributed evenly among the set of animal as well as
vegetal blastomeres. We find no asymmetry in mRNA levels that might be ascribed to the dorso-ventral
specification or the left-right axis formation. We hypothesize that while the animal-vegetal asymmetry is a
consequence of mRNA gradients, the dorso-ventral and left-right axes specifications are induced by
asymmetric distribution of other biomolecules, probably proteins.

nderstanding the formation of the embryonic body plan is essential in developmental biology. It is

generally accepted that mechanisms of cellular differentiation driving development are based on differ-

ential transcription and translation of key regulatory elements. Recent development of highly sensitive
and reliable molecular diagnostic methods allows for precise measurements of genes’ transcriptional activities in
very small samples including single cells’. In an excellent study by Guo et al., mouse embryos from 8 to 64 cells
were dissociated into individual blastomeres and gene expression profiles were measured using the high-through-
put microfluidic quantitative real-time PCR (qPCR) system BioMark®. They found early mouse embryos are
composed of three types of cells representing the trophoectoderm, epiblast, and primitive endoderm, The three
cell types were readily distinguished by the expression profile of 48 genes. Pluripotency of mouse single blas-
tomeres from preimplantation embryos (1 to 16-cell stages) was also demonstrated with multiplex RT-PCR
expression analysis by May et al.’. Expression profiles of trophoectoderm markers, inner cell mass markers and
stemness markers have also been measured on human single blastomeres from 5 to 8-cell embryos by Galan et al.,
using microarray* and in single putative stem cells from human adult ovarian surface epithelium?®.

The Xenopus oocyte has two differentially colored hemispheres known as animal and vegetal. The separation
into the hemispheres creates the first developmental axis of the embryo referred to as animal-vegetal. The darker
color of the animal hemisphere is due to accumulation of pigmented granules called melanosomes. The vegetal
hemisphere stores yolk and has light color®. De nove transcription in the developing Xenopus embryo is silenced
until the mid-blastula transition stage (MBT), which takes place after twelve cell divisions post fertilization. All
mRNA molecules required for the development into MBT must be present in the oocyte. These were transcribed
during oogenesis from solely maternal chromosomes. The maternal mRNAs are asymmetrically distributed along
the animal-vegetal axis of the oocyte and direct the specialization of the animal and vegetal parts™. The second
embryonic body axis is formed after fertilization and separates the embryo into a dorsal and a ventral part. In
Drosophila embryos the mechanism determining the dorsal-ventral axis is triggered by a concentration gradient
of gurken maternal mRNA, which is accumulated at the future dorsal site. Absence of gurken mRNA at the ventral
site leads to translocation of transcription factor Dorsal from the cytoplasm into the nuclei, where the Dorsal
activates genes that specify the ventral part'®. The mechanistic details of the dorso-ventral axis formation in
zebrafish are not known, but differences between the dorsal and ventral parts appear during the gastrula stage,
when the ventral side of the embryo gets thinner than the dorsal side'". The formation of the dorso-ventral axis in
Xenopus laevis embryo can be discerned already at the 4-cell stage'”. The sperm enters the oocyte through the
animal hemisphere and in about 25 minutes the cortical cytoplasm of the oocyte rotates some 30 degrees relative
to the inner cytoplasmic mass in opposite direction to the sperm’s entrance'*'*. Dorsal maternal factors, such as

| 3:2278 | DOI: 10.1038/5rep02278 1
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the Dishevelled protein (Dvl), move to the future dorsal side in the
vegetal hemisphere of the oocyte'®. Dvl inactivates gsk3f protein and
protects f-catenin from degradation. The accumulation of }-catenin
in the dorsal site of the embryo promotes local Wnt signaling, which
regulates transcription of zygotic xnr3 and siamois, leading to dor-
salization of the embryo'®'”. The first cell division cuts the oocyte
through the point of sperm entrance in the animal pole and the
groove elongates to the vegetal pole. The second cell division is
perpendicular to the first and separates the embryo into the future
dorsal and ventral halves. All four blastomeres contain cytoplasm
from both the animal and vegetal hemispheres, but vary in size and
pigmentation'?. The third and last important body axis of Xenopus
laevis embryos creates the right-left asymmetry, which manifests at
the gastrula stage when the production of embryonic mRNAs has
been initiated. Maternal vgl protein is more active in the left side of
the embryo and activates the expression of xnrl (Xenopus nodal-
related 1). Xnrl induces pitx2 production, which is required for
the left side formation. Injection of vgl protein to the future right
side of the embryo causes left-right deformation manifested by ran-
dom localization of the heart and of the digestive tube'®.

We have previously used quantitative real-time PCR (qPCR)
expression profiling of cryostat sections (QPCR tomography) of a
single oocyte to identify transcripts that form gradients along the
animal-vegetal axis®®. These transcripts will become differentially
distributed among the animal and the vegetal blastomeres formed
at the third cell division. The purpose of the present study is to
elucidate if there are expression gradients throughout the embryo
that also reflect the dorsal-ventral axis specification and the left-right
axis formation by measuring expression of selected 41 maternal
genes in individual blastomeres collected from Xenopus embryos
between 8 to 32-cell stages.

Results

First we extensively optimized our experimental procedure for high
extraction and reverse transcription yields, and high qPCR efficien-
cies. We standardized the protocol for minimum technical variation
for the expression profiling of single blastomeres. The vegetal blasto-
meres store yolk, which is strong inhibitor of biochemical reactions
and can induce high variation in the reverse transcription yield and
compromise qPCR efficiencies. An RNA spike (in vitro transcribed

artificial RNA with 3’ polyA tail and 5" cap, TATAA Biocenter) was
used to validate the reverse transcription reaction and the qPCR. The
spike was added to the RNA extracted from the samples together with
the random sequence hexamers and oligo-dT primers for reverse
transcription. The amount of reverse transcribed spike was then mea-
sured along with the endogenous transcripts. For the optimized pro-
tocol the standard deviation of the RNA spike Cq values across all
samples was below 0.20 cycles, which evidences excellent reproducib-
ility between sample preparations. Embryos from the same mother
also showed high concordance. Qur protocol for expression profiling
is based on collecting the individual blastomeres in random order and
we can only keep track from which hemisphere (animal or vegetal)
the different blastomeres originated. This was necessary to avoid
introducing bias during collection. With this protocol any dorso-
ventral {or possibly left-right) asymmetry would be reflected by het-
erogeneity in expression profiles among the blastomeres collected
from the same hemisphere. As markers to probe the formation of
the three developmental axes we chose ten maternal transcripts that
have been implicated in the dorso-ventral patterning: dvi2, dvi3, Irp6,
wntl 1, tcf3, gsk3b, ctnnbl(=f-catenin}, foxhl, frim36 and axinI***2,
one important marker for left-right specification: v¢g1', and nine
genes implicated in animal-vegetal orientation: dazl, cdxl (=xcad2),
wntl , vgl, vegt, trim36, ddx25 (= deadsouth), otx1, and mamiI®'*>>%,
We also included 25 mRNAs that have previously been observed in
the mature oocyte: fzd7, bmp2, piasl, foxrl, fratl, mapk8, odcl, 188
rRNA, 55 rRNA, cycl, acta, tubb, gapdh, eeflal, RNA polymerase II,
U3 snoRNA, parl, oct60), estl, apc, zpe, mos, stat3, and pax6™.
Expression data were collected for a total of 224 single blasto-
meres. The data were analyzed with principal component analysis
(PCA) and hierarchical clustering, which are the most powerful
multivariate methods to classify samples based on the collective
expression of multiple genes*. PCA clearly separated cells origin-
ating from the animal and from the vegetal hemispheres into clusters
(Fig. 1), and indicated that the vegetal blastomeres are more hetero-
geneous than the animal blastomeres. Neither of the clusters,
however, divided into subgroups that would indicate additional
asymmetry that could be ascribed to the formation of the other body
axes (e.g. dorsal-ventral and left-right asymmetry). The PCA results
were confirmed by classifications using SOM (not shown) and
hierarchical clustering. The hierarchical clustering is presented in a
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Figure 1 | PCA of profiled blastomeres collected from early developmental stages of Xenopus faevis. Triangles indicate blastomeres from the 8-cell
stage; squares from the 16-cell stage, and circles [rom the 32-cell stage. Blastomeres originating from the animal hemisphere are shown in red and those
{rom Lhe vegelal hemisphere are shown in blue. Left and right graphs are data from two diflerent females (left: four embryos [rom 8-cell stage, lour
embryos from 16-cell stage, and one 32-cell stage embryo, in total 128 blastomeres; right: two embryos from 8-cell stage, three from 16-cell stage, and one

from 32-cell stage, in total 96 blastomeres).

| 3:2278 | DOI: 10.1038/5rep02278

44



heatmap (Fig. 2), which is a graphical illustration of all the genes’
expressions in all the blastomeres with the level indicated by color,
and dendrograms clustering the blastomeres and the genes, respect-
ively, shown on the top and left side. Separate heatmaps were calcu-
lated for each embryo from 8-cell (six embryos), 16-cell (seven
embryos), and 32-cell (two embryos) stages. Blastomeres of 8 and
16-cell stages separated into well-defined animal and vegetal clusters,
but no subclusters that could be ascribed to the formation of dorsal-
ventral or left-right body axes can be discerned. Blastomeres from the
32-cell stage also divided into an animal and a vegetal cluster. The 32-
cell stage vegetal cluster was diffuse, reflecting heterogeneity among
the vegetal blastomeres possibly caused by the blastomeres being
arranged into two ventral layers and some transcripts, such as germ
plasm determinants, being concentrated in the extreme ventral cor-
tical layer. The genes cluster into four well separated groups at all the
developmental stages studied. The first group contains ubiquitously
expressed genes represented by 185 rRNA, 55 rRNA, and cycl. These
genes are expressed at high level in all the blastomeres at all stages. A
second group is composed of vgl, cdxl, vegt, dazl, wntll, otxI,
trim36, and ddx25, which are most abundant in the vegetal blasto-
meres. Several of these transcripts have previously been found in the
vegetal part of the mature oocyte®. Third and fourth groups of tran-
scripts are more abundant in the animal blastomeres, but subtle
difference in expression patterns separate them into two clusters.
Fzd7, bmp2, piasl, dvl2, dvi3, lrp6, fratl, mapk8, axinl, estl, and
U3 snoRNA are expressed at slightly lower level (indicated by the
green shade in the heatmap in Fig. 2). Than the fourth set of genes;
ctnnbl, foxhl, odcl, zpc, mos, mamll, eeflal, RNA polymerase II,
foxrl, tcf3, gsk3b, oct60, stat3, parl, acta, tubb, gapdh, apc, and
pax6 (indicated by the green shade turning to light red in the heat-
map in Fig. 2). The separation of genes into these two groups shows
some variability across embryos (data not shown). The separation of
the gene transcripts into clusters is even more evident in the principal
component analysis (PCA) (Fig. 3). One cluster characterizing genes
expressed in animal blastomeres: fzd7, bmp2, piasl, dvi2, dvi3, Irp6,
fratl, mapk8, axinl, est], U3 snoRNA, ctnnbl, foxh1, odcl, zpc, mos,
mamll, eeflal, RNA polymerase I, foxrl, tcf3, gsk3b, oct60, stat3,
parl, acta, tubb, gapdh, apc, and pax6; a second cluster of genes
expressed in vegatal blastomeres: vgl, cdxl, vegt, dazl, wntll, otxl,
trim36, and ddx25; a third cluster of high expressed genes: 185 rRNA,
58 rRNA, and cycl.

Discussion

Maternal mRNAs are synthesized during oogenesis and translated
during the early development of Xenopus laevis. It is generally
accepted that the temporal regulation and the spatial distribution
of these maternal mRNAs are important for the establishment of
the body axes and subsequently the whole body pattern. The ani-
mal-vegetal asymmetry is the first body axis formed during oogen-
esis. The germ layers, endoderm, mesoderm, and ectoderm, are
formed along the animal-vegetal axis such that the vegetal part of
the oocyte becomes the endoderm and the most distal animal part of
the oocyte gives rise to the ectoderm™*, Transcripts of genes coding
specific endodermal and mesodermal factors, such as vgl, wnf11, and
vegt, are localized in the vegetal hemisphere®®*. Genes responsible
for primordial germ cell formation, such as dazl and cdx1, are loca-
lized towards the extreme vegetal pole’. Previously we described the
new method qPCR tomography to quantify maternal mRNA distri-
bution along the animal-vegetal axis formed during oogenesis, and
found two dominant profiles: one with animal and one with vegetal
mRNA localization®. Subsequent high-resolution gPCR tomography
allowed us to discern two vegetal profiles; one encompassing germ
plasm determinants (dazl, cdxl, ddx25) and one encompassing the
other vegetal genes investigated (vgl, vegt, wntll, otx1, eg6)”. In this
study we show that the animal-vegetal polarizations observed in the
oocyte remain in the 8, 16, and 32-cell stage embryos. The vegetal

blastomeres had higher levels of dazl, cdx1, ddx25, vgl, vegt, wntil,
otx1, as well as frim36, which was not included in the oocyte study. At
the 8 and 16-cell stages the vegetal mRNAs were distributed evenly
among the vegetal blastemeres; the determinants of the germ plasm
being present in all the vegetal cells. At the 32-cell stage, when the
vegetal blastomeres form two layers, heterogeneity among the vegetal
blastomers was introduced. 185 rRNA, 58 rRNA, cycl, acta, tubb,
gapdh, eeflal, RNA polymerase I, U3 snoRNA, oct60, axinl, estl,
ape, tcf3, zpc, gsk3b, mamll, ctnnbl, mos, foxhl, stat3, fzd7, par7,
bmp2, piasl, dvi2, dvi3, Irp6, foxrl, fratl, mapk8, odcl and pax6
transcripts were more abundant in the animal blastomeres, and were
evenly distributed among the individual cells. Multivariate statistical
analysis revealed higher variability among the vegetal blastomeres
than among the animal. The difference was particularly pronounced
at the 32-cell stage. The heterogeneity seems random, possibly
caused by yolk platelets that may interfere with PCR inducing tech-
nical noise or introduced by the formation of two ventral layers; but
we find no evidence for systematic distribution of transcripts neither
along the dorsal-ventral axis nor the left-right axis.

An essential question in developmental biology is how amphibians
establish the dorsal-ventral axis. The site of sperm entry determines
the future ventral half of the embryo. The dorsal part forms on the
opposite side and is determined by the accumulation of maternal
dorsal determinants during the cortical rotation®*”**. Consequently,
blastomeres of the early Xenopus embryos can be separated into a
dorsal and a ventral group with equal number of animal and vegetal
cells in each. In Drosophila the dorsalizing determinants have been
shown to be maternal mRNA molecules that are asymmetrically
distributed within the oocyte and regulate translation that leads to
the polarization of the embryo®'. In our study we tested if the
dorsalizing factors in Xenopus embryogenesis are also mRNAs cod-
ing for dorsal specific proteins within the Wnt pathway. We found
that among the maternal transcripts that have been implicated in the
induction of dorso-ventral asymmetry ctunbl, dvi2, dvi3, Irp6, gsk3b,
tcf3, foxhl, and axinl, are present predominantly in the animal blas-
tomeres, while trim36 and xwntl1 are more abundant in the vegetal
blastomeres. This supports the idea that the majority of the dorsal-
ventral inducing molecules is localized in the dorsal animal blasto-
meres of the 16-cell stage embryo™, although we found no evidence
of asymmetric distribution of maternal mRNAs among the dorsal or
ventral blastomeres. In contrast to Tao et al.**, we found wntll dis-
tributed evenly between the dorsal and ventral cells. Our results
rather support the finding of Schroeder et al.**, who found maternal
wntll mRNA symmetrically distributed along the dorsal-ventral
axis, and proposed that spatially regulated translation leads to asym-
metric distribution of the Wntl1 protein. None of the 41 maternal
mRNAs included in this study shows dorso-ventral polarization,
although dorso-ventral asymmetry is observed starting from the 4-
cell stage™. Of course, the dorso-ventral asymmetry could be induced
by entirely different genes, but since our panel includes ten genes
(dvi2, dvi3, lrp6, wntl1, tcf3, gsk3b, ctnnbl, foxhl, trim36, and axinl)
previously implicated in dorsal-ventral patterning'®" ', this would
be surprising. Rather, we suggest the dorsal-ventral asymmetry in
Xenopus laevis is due to early accumulation of dorsal proteins that
regulate signaling pathways, which after the midblastula transition
activate the expression of downstream dorsalizing factors at the dor-
sal site of the embryo. We speculate these proteins are present already
in the oocyte and accumulate in the future dorsal site during the
cortical rotation. Our set includes only one, gene (vgl) previously
shown to be involved in the left-right specification’. We find no
evidence of asymmetric distribution of vgl or of any other of the
studied transcripts that could be implicated in left-right specification.

Methods

Ethics statement. This study was carried out in accordance with the Act No 246/1992
Coll., on the protection of animals against cruelty. Official permission was issued to
Faculty of Science, Charles University in Prague by the Central Commission for
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Heatmaps

TFigure 2 | Hierarchical clustering of blastomeres and mRNAs of Xenopus laevis early embryos presented as heatmaps. One embryo from each
developmental stage was arbitrarily chosen for the cluster analysis. (A) 8-cell, (B) 16-cell and (C) 32-cell embryo. Green color indicates low expression and
red high expression. The dendrograms clustering blastomeres and genes are shown in the top and left side of the heatmap, respectively. In the
dendrograms similarity between blastomeres/genes is indicated by the height at which they are joined.
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Principal component analysis of genes
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Figure 3 | Principal component analysis of maternal genes. (A) 8-cell
stage (four embryos/32 cells analyzed), (B) 16-cell stage (four embryos/64
cells analyzed), and (C) 32-cell stage (32 cells analyzed) embryos. Three
clusters are seen in all the developmental stages. First cluster comprises 18S
rRNA, 58 rRNA, and cycI(mitochondrial cytochrome c); second cluster vgl,
cdxl (xcad2), wntll, dazl, vegt, ddx25 (deadsouth), otxi, and trim36; third
cluster (red squares) fzd7, parl, bmp2, piasi, dvI2, dvi3, lrpe, foxrl, fartl,
mapk8, odcl, axinl, estl, U3 snoRNA, apc, gapdh, acta, eeflal, tcf3, zpc,
RNA polymerase II, gsk3b, mamll, tubb, ctnnbl (f-catenin), mos, oct60,
foxhl, stat3, and pax6. The animal-vegetal distinction is found along the y-
axis (PC2), while differences in expression level of the maternal transcripts
is reflected along the x-axis (PC1).

Animal Welfare under the Ministry of Agriculture of Czech Republic (accreditation
No0.24773/2008-10001, date of expiry 10.12.2013). The experiment was also approved
by the institutional ethics committee.

In vitro fertilization and collection of single blastomeres. Two Xenopus lacvis
females were injected with 450 U of human chorionic gonadotrophin hormoene
(hCG) and kept overnight at room temperature. Ovulated oocytes were obtained 12
hours after stimulation by manual squeezing. Testes of Xenopus laevis males were
removed and homogenized in L-15 Leibowitzs medium with 15% of fetal bovine
serum. Qocytes were i vitro fertilized by sperm suspension and 1X MMR medium
(Marés Medified Ringers medium: 0.1 M NaCl, 2.0 mM KCl, 1 mM MgCly, 2 mM
CaCly, 5 mM HEPES, pH 7.7) was added to cover the fertilized oocytes. Jelly coats
were removed by cysteine treatment (2.2% in MMR, for 8 minutes) at 20 minutes after
fertilization. During cell division the embryos were transferred to Ca® and Mg™”* free
medium (88 mM NaCl, 1 mM KCl, 2.4 mM NaHCOs, 7.5 mM Tris, pH 7.7} and
kept there for 60 minutes in order to separate single blastomeres. Vitelline
membranes of the embryos containing 8, 16, and 32 cells were manually torn and
individual blastomeres were collected. The blastomeres were collected separately
from animal and vegetal hemispheres, but in random order to aveid introducing any
technical bias and subjective dorso-ventral specification before measurement.

Isolation of total RNA and reverse transcription. The individual blastomeres
collected from the 8 and 16-cell stages were homogenized in 200 pl and blastomeres
from the 32-cell stage in 100 pl of TRIzol reagent (Invitrogen), and immediately
frozen at —80°C. After thawing, the samples were carefully vortexed for 2 minutes to
pulp yolk. Manufacturer’s instructions were followed during isolation of total RNA,
and glycogen was added to enhance RNA precipitation yield. RNA from individual
cells from the 8 and 16-cell stages was dissolved in 20 pl of RNase-DNase free water.
Samples from the 32-cell stage were dissolved in 12 pl of water. RNA concentration
was measured using the Nanodrop ND1000 quantification system. cDNA was
produced with SuperScript™ 111 Reverse transcriptase kit (Invitrogen). 10 ng of total
RNA, 0.5 pl of a mixture of oligo-dT and random hexamers (mixture 1:1, 50 pM
cach), 0.5 pl of ANTPs (10 mM each), and 0.5 pl of RNA spike (in vitro transcribed
artificial RN A with 3’ polyA tail and 5" cap, TATAA Biocenter) were mixed with
sterile water to a total volume of 6.5 pl. Samples were incubated for 5 min at 70°C,
followed by 20 secat 25°C, and then cooled at 4°C for 1 min. 100 U of SuperScript I
reverse transcriptase, 20 U of RNaseOUT™ (recombinant ribonuclease inhibitor,
Invitrogen), 0.5 pl of 0.1 M DTT and 2 pl of 5X first strand synthesis buffer was
added to afinal volume of 10 pl. The following temperature gradient profile was used
to synthesize cDNA: 5 min at 25°C, 60 min at 50°C, 15 min at 55°C, and 15 min at
75"C. cDNA samples were diluted 8 times toa final volume of 80 pl and were stored at
—20°C.

Primer design and quantitative PCR. Primer assays for the selected 41 maternal
genes (fzd7, otx1, bmp2, piasl, dvl2, dvl3, lrp6, trim36, foxrl, frat1, mapk8, odcl, 188
1RNA, 58 rRNA, cyel, acta, tubb, gapdh, mamll, eeflal, RNA polymerase I, U3
snoRNA, parl, oct60, ddx25, dazl, cdx1, wnt11, vgl, vegt, axinl, estl, apc, tef3, zpc,
gsk3b, ctnnb1, mos, foxhl, stat3, pax6) were designed with Primer3Plus (http://
www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi). Annealing
temperature was set to 60°C and the length of qQPCR products was around 120bp.
Specificity of the assays was tested in silico using blast (http://blast.ncbi.nlm.nih.gov/
Blast.cgi). Primer sequences are available upon request. gPCR and melting curve
validations were measured on the real-time CFX384 cycler system (BioRad). gPCR
mix contained 2 pl of cDNA, 0.5 pl of forward and reverse primers (mixture 1:1,
10 uM each}, 5 pl of SYBR Green JumpStart™ Taq Ready Mix™ (Sigma), and water
in a total volume of 10 pl. The cycling program was: 2 min at 95°C for activation of
the polymerase, followed by 40 cycles of denaturation at 95°C for 15 sec, annealing at
60"C for 20 sec and elongation at 72°C for 30 sec. Post PCR melting curves were
measured from 65 to 95°C in 0.5°C intervals to validate the formation of expected
PCR products.

Data analysis. Data were analyzed with GenEx (MultiD, version 5.3.). Off scale data
were removed during pre-processing using a cut off at 36 cycles and outliers were
identified with Grubb’s test. Missing data were imputed using the average Cq of the
other blastomeres from the same hemisphere in the same embryo (roughly 6% of the
data was imputed). All data were normalized to the spike and converted to relative
quantities (relative to the highest Cq for each gene, corresponding to arbitrary
assigning an expression of 1 to the least expressed sample). Last step of the pre-
processing was to transform the data to log2 scale. 8-cell, 16-cell and 32-cell embryos
were analyzed separately. The combined expression of the individual blastomeres
adds up to the expression of the original oocyte, which is expected, since de novo
expression does not start until MBT. Three multivariate statistical methods were used
for classification: principal component analysis (PCA), Kohonen self-organizing map
(SOM), and hierarchical clustering presented as heatmaps. PCA of individual
blastomeres (Fig. 1) was performed on data autoscaled along genes, while heatmaps
(Fig. 2) and PCA of genes (Fig. 3) were performed on data autoscaled along samples™.
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Supplementary figure S1.
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We have performed PCA with just the ten dorsal-ventral patterning genes (avil2, dvi3, lrp6,
wntll, tcf3, gsk3b, ctnmbl, foxhl, trim36, axinl). The PCA was performed separatelly for animal
(figure A) or vegetal blastomeres (figure B) to avoid bias introduced by animal-vegetal gradients.
On the graphs triangles indicate blastomeres from the 8-cell stage; squares from the 16-cell
stage, and circles from the 32-cell stage. If those genes specify dorsal and ventral blastomeres,
we should see two clusters with the same number of blastomeres per stage. But this is not the

case in our results. We conclude that there is no dorsal-ventral localization pattern.
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4.3. Intracellular microRNA profiles form in the Xenopus laevis oocyte that may

contribute to asymmetric cell division

Sidova M., Sindelka R., Castoldi M., Benes V. a Kubista M. Scientific Reports 2015
(ptijat k publikaci — kvéten 2015). IF 5.078

Asymetricka ¢aso-prostorova lokalizace funk¢nich maternalnich transkriptt
a proteinll neni zavisla pouze na jejich nerovnomérné distribuci, ale miZze byt
ovlivnéna i regula¢nimi procesy ¢i molekulami. Mezi tyto molekuly patii miRNA,
Kkteré se zasadnim zpasobem podili na posttranskripéni regulaci mRNA a translaci
proteint. Z tohoto ditvodu byla nase pozornost soustfedéna na studium lokaliza¢nich
profili miRNA uvnitf zralého oocytu X. laevis. Méfeni vychazelo z qPCR
tomografie, kdy doslo k rozdéleni oocytu na pét ¢asti podél animalné-vegetativni osy.
Vlastni kvantifikace miRNA probihala pomoci metody RT-miQPCR (Benes et al.,
2015). Tato metoda vyuziva univerzalni adaptor, tzv. miLINKER, ktery prodlouzi
3" konec jednovlaknové RNA, coz nasledn¢ umozni jeji prepis do cDNA a posléze
kvantifikaci miRNA pomoci gqPCR. Timto postupem byla uréena lokalizace
12 miRNA podél animaln¢-vegetativni osy zralého oocytu. K piesnéjsi charakterizaci
lokaliza¢nich profila miRNA byly vybrany téi maternalni transkripty, které
zastupovali vSechny typy animalné-vegetativnich profila ziskanych v publikaci 4.1.
Jedna polovina studovanych miRNA (miR-16c, miR-18b, miR-363-3p, miR-20b,
miR-93a a miR-5102-5p) vykazovala lokalizaci posunutou smérem k animalni
poloving, ktera odpovidala profilu maternalniho transkriptu mamll. Oproti tomu
druha polovina miRNA (miR-19b, miR-221, miR-148b, miR-25, miR-22 a miR-100)
projevovala vegetativni lokalizaéni profil podobny transkriptu gdfl. Zadna
ze studovanych miRNA nejevila zndmky strmého lokaliza¢niho profilu vegetativniho
polu, ktery byl zastoupen transkriptem cdxl. Tato prace ptedstavuje prvni studii,
ktera dokazuje asymetrickou lokalizaci nekodujicich RNA v ramci jedné bunky.
Nerovnomérna lokalizace miRNA uvnitf oocytu naznacuje, ze i miRNA lze zatadit
do skupiny kli¢ovych biomolekul, které se ucastni ¢aso-prostorového uréeni télniho

planu v prubéhu ¢asného embryonalniho vyvoje.
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Asymmetric distribution of fate determinants within cells is an essential biological strategy to
prepare them for asymmetric division. In this work we measure the intracellular distribution of 12

: maternal microRNAs (miRNA) along the animal-vegetal axis of the Xenopus laevis oocyte using
gPCR tomegraphy. We find the miRNAs have distinct intracellular profiles that resemble two out of
the three profiles we previously observed for mRNAs. Our results suggest that miRNAs in additicn
¢ to proteins and mRNAs may have asymmetric distribution within the oocyte and may contribute to
asymmetric cell division as cell fate determinants.

: A central question in developmental biology is how the original fertilized oocyte gives rise to a complex
: organism made up of hundreds of different cell types. The key mechanism is asymmetric cell division
¢ that produces daughter cells with uneven distribution of deterministic biomolecules leading to differ-
i ent fates. Asymmetric cell division is induced by asymmetric cellular organization and polarization of
: fate determinants that are localized to distinct regions within the cell. Previously proteins and mRNA
molecules have been identified as cell fate determinants [reviewed in']. It has been shown that cell fate
: determinants are asymmetrically distributed already in the oocyte of several species, including the fruit
: Afly (Drosphila melanogaster)?, the zebrafish (Danio rerio)®* and the African clawed frog (Xenopiss)*®. This
: asymmetry leads to the formation of unequal blastomeres within the first few cell divisions’.

3 The Xenopus oocyte is an excellent model system to study early development. Its two distinguish-
. able halves, referred to as the animal and vegetal hemispheres, are characterized by different pigmen-
. tation, which makes it easy to align the occytes and study intracellular distributions of mRNAs. Most
. maternal mRNAs synthesized during oogenesis are evenly distributed along the animal-vegetal axis of
¢ Xenopus cocyte, though a small subset has been reported differentially distributed at either the ani-
: mal or vegetal pole®®. A more recent whole transcriptome analysis using microarrays suggest some
: 300 transcripts are localized in the vegetal cortex of the Xenopus cocytes', which represents 2-3% of
: the maternally expressed genes. Two different pathways for the localization of the vegetal RNAs have
: been identified". The early initiated pathway called METRO (messenger transport organizer) uses spe-
¢ cific binding elements of mRNAs to attach them to a mitochondrial cloud that is formed during early
: oogenesis. Cis-acting elements, such as clusters of short nucleotide repeats, thought to mediate binding
: to a conserved complex of RNA-binding proteins, have been identified as well as trans acting protein
¢ coding elements'. METRO is required for the localization of cdxl and dazl mRNAs that are incorpo-
¢ rated into germinal granules needed for germ cell formation®®. The late pathway is activated during mid

Laboratory of Gene Expression, Institute of Biotechnology, Academy of Sciences of the Czech Republic, Videnska
. 1083, Prague, 142 20 Czech Republic. *Charles University in Prague, Faculty of Science, Department of Cell
Biology, Vinicna 7, Prague, 128 43, Czech Republic. 3Department of Gastroenterclogy Hepatology and Infectiology,
University Hospital of Dusseldorf, Moorenstrasse 5, Dusseldorf, 40225 Germany. “EMBL Genomics Core Facility,
Meyerhofstr. 1, Heidelberg, D-6g117 Germany. *TATAA Biocenter AB, Odinsgatan 28, Goteborg, 411 03 Sweden.
: Correspondence and requests for materials should be addressed to M.K. {email: mikael kubista@ibt.cas.cz)

SCIENTIFIC REPORTS | 5111257 | DOI: 10.2038/srep1115y 1

51



www.nature.com/scientificreports/

and late oogenesis and depends on the cytoskeleton and microtubule motors'. Tt localizes particular
mRNAs, such as gdf! and vegt, with sequence elements UUUCU and UUCAC* in their 3’ untrans-
lated regions (3'UTRs) that code for transcription factors controlling germ laver formation'®. Notably,
localized maternal mRNAs, such as vegt, fatvg, xisirts, and gdfl1 in Xenopus and oscar in Drosophila, are
important for the organization of cytokeratin and actin networks through a mechanism that does not
require their translation® 2. Vegt mRINA, for example, is integrated into the cytoskeleton and its removal
causes collapse of the cytokeratin network, while removal of fatvg mRNA induces hyperpolymerization
of cytokeratin and actin filaments®*%. Some mRNAs have been reported more abundant in the animal
hemisphere?®. However, no particular mechanism has been described that would give rise to a localiza-
tion of some mRNAs towards the animal pole and no particular functions have been ascribed to animally
localized mRNA®E. In fact, as we shall argue, weak polarization towards the animal side may develop
spontaneously in the absence of active mechanisms and may in fact be the normal distribution. Another
mechanism inducing intracellular rearrangement in the Xenepits oocyte is the cortical rotation. It follows
tertilization by accumulation of dorsalizing biomolecules in the future dorsal side of the embryo and
creates the dorsal-ventral developmental axis.

Using real-time quantitative PCR (gqPCR) tomography and single cell expression profiling we meas-
ured intracellular mRNA profiles within the Xenopus oocyte and their distribution among blastomeres
during the early developmental stages up to 32 cells. We discovered three distinct animal-vegetal mRNA
profiles®, but found no evidence for mRNA asymmetry along the dorso-ventral or left-right axes?’. We
concluded that while the animal-vegetal asymmetry in Xenopus is induced by mRNA molecules the
dorso-ventral asymmetry and possibly also the left-right asymmetry should be induced by uneven dis-
tribution of other biomolecules. Indeed, in several species asymmetric localization of [3-catenin protein
has been found critical for the formation of the dorso-ventral developmental axis®.

In this work we investigate if miRNAs show intracellular asymmetry, which would make them can-
didate cell fate determinants. miRNAs are 22-24 bases short single-stranded oligoribonucleotides that
primarily regulate mRNA translation by binding to target mRNAs. Targeted locus of mRNAs for miRNA
binding is usually at their 3> UTR. It is well established that the 3UTR of eukaryotic mRNAs is impor-
tant for many of the mRNA functions. The 3’UTR site contains sequences that regulate the stability of
the transcript, directs its localization, and may also contain other regulatory cis-acting elements. Recent
studies have demonstrated that 3'UTRs can be functional independently of translation?, In this study
we measure the intracellular profiles in mature Xenopus oocytes of the 12 selected miRNAs: miR-16¢,
miR-18b, miR-363-3p, miR-20b, miR-93a, miR-5102-5p, miR-19b, miR-221, miR-148b, miR-25, miR-22,
miR-100, which have been ascribed maternal origin®*! using qPCR tomography®*.

Results

We performed expression analysis of selected miRNAs and maternal mRNAs in Xenopus laevis oocytes
using gPCR tomography™. The oocytes (in total six oocytes from two females) were cryo-sectioned along
the animal-vegetal axis and extracted RNA was analyzed by RT-qPCR??. The intracellular distributions
of the 12 maternal miRNAs: miR-16¢, miR-18b, miR-363-3p, miR-20b, miR-93a, miR-5102-5p, miR-19b,
miR-221, miR-148b, miR-25, miR-22 and miR-100 were measured along the animal-vegetal axis in five
consecutive segments of the Xewnopus laevis oocyte. In addition we measured the distributions of three
mRNAs with known localizations: mamll (animal localization), gdfl (vegetal localization), and cdxl
(extreme vegetal localization); reflecting the three mRNA animal-vegetal profiles found previously®.
An RNA spike was used to optimize the extraction protocol. Measuring the RT-qPCR efficiency of the
spike we found a maximum of 1.25ng of total RNA could be extracted without compromising the reac-
tions (Supplement Fig. 1).

Our analysis revealed that the miRNAs we studied arrange in two distinct intracellular profiles that
appear similar to two out of the three profiles we previously observed for mRNAs*. Specifically, miR-
16¢, miR-18b, miR-363-3p, miR-20b, miR-93a, miR-5102-5p and mamll mRNA are predominant in the
center of the oocyte with slight asymmetry towards the animal hemisphere (Fig. la, Fig. 2a), while miR-
19b, miR-221, miR-148b, miR-25, miR-22, miR-100 and gdfl mRNA are more abundant in the vegetal
hemisphere (Fig. 1b, Fig. 2b). None of the studied miRNAs showed the extreme vegetal localization
represented by the cdxl mRNA (Fig. 2b). Separation of the studied miRNAs into two groups with dis-
tinct animal-vegetal profiles was supported by the multivariate statistical analyses hierarchical clustering
(presented as a dendrogram in Fig. 3a) and the Kohonen self-organizing map (SOM; Fig. 3b). Both
classification methods clearly divide the miRNA and mRNA intracellular profiles into two clusters with
preferential animal and vegetal distributions, respectively, and are henceforth referred to as the animal
and vegetal groups.

We found no pattern within neither the animal nor the vegetal group that could be identified as a
miRNA consensus sequence and ascribed to the asymmetric distribution of the miRNAs (Fig. 4). Using
MicroCosm Targets Version 5 database (http://www.ebiac.uk/enright-srv/microcosm/htdocs/targets/
v5/) we predicted target mRNAs for the studied miRNAs (Fig. 4) and were particularly interested in
target mRNAs that form intracellular profiles along the animal-vegetal axis of the Xenopis oocyte?%2,
The animal foxh 1, lrp6, eeflal, bmp2, pax6, apc, mos and fcf3 mRNAs showed potential to hybridize with
some of the studied miRNAs, but from both groups: animal miR-16¢, miR-20b and miR-363-3p and veg-
etal miR-19b and miR-221. The only vegetal mRNA that was predicted to interact with asymmetrically
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Figure 1. a. Individual intracellular profiles of miR-16¢, miR-18b, miR-20b, miR-93a, miR-363-3p and
miR-5102-5p predominantly localized in the center of the oocyte with slight asymmetry towards the animal
hemisphere. Blue lines indicate oocytes from the first female and green lines indicate oocytes from the
second female. b. Individual intracellular profiles of miR-19b, miR-22, miR-25, miR-100, miR-148b, and
miR-221 localized in the vegetal hemisphere. Red lines indicate oocytes from the first female and orange
lines indicate oocytes from the second female. Y-axis indicates relative quantity and x-axis indicates the
section from the animal pole (section A) to vegetal pole (section E).
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Figure 2. Intracellular profiles of the miRNAs and the selected reference mRNAs measured using qPCR
tomography (mamll- dark blue, gdfl - dark red, cdxI - yellow). Y-axis indicates relative quantity and
x-axis indicates the section from the animal pole (section A) to vegetal pole (section E). a. Spatial profiles
of miR-16¢, miR-18b, miR-20b, miR-93a, miR-363-3p and miR-5102-5p (indicated in blue scale), which are
predominant in the animal hemisphere like the mRNA mam!l (dark blue). b. Intracellular profiles of miR-
19b, miR-22, miR-25, miR-100, miR-148b, and miR-221 (indicated in red scale), which are predominant in
the vegetal hemisphere like the mRNA gdf! (dark red). Both graphs also show the mRNA cdxI (yellow),
which has an extreme vegetal profile.

localized miRNAs was ddx25. It showed complementarity to the animal miR-20b as well as to the vegetal
miR-100.

Discussion
Qur results demonstrate that miRNAs, in addition to proteins and mRNAs, have asymmetric distribution
in the Xenopus oocyte and may contribute to asymmetric cell division as cell fate determinants. Formation
of intracellular profiles requires the cell offers an asymmetric environment. Indeed, the Xenopus laevis
oocyte is asymmetric, with the animal and vegetal hemispheres having quite different compositions and
the nucleus being located off center towards the animal pole™?*. There are also asymmetric perturba-
tions, such as the sperm entry, that induce asymmetric distribution of cell fate determinants that leads
to the dorsal-ventral asymmetry". However, sperm entry does neither induce the mRNA asymmetry
we reported earlier nor the miRNA asymmetry we observe here, as these profiles are present in the
unfertilized oocyte.

miRNAs are transcribed in the cell nucleus and should stay close to it unless transported away. Since
the nucleus in Xenopus oocytes is located closer to the animal hemisphere it is conceivable that pas-
sive diffusion of miRNAs secreted from the nucleus spontaneously produces the distribution with slight
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Figure 3. Hierarchical clustering (a) and SOM classification (b) of intracellular profiles along the animal-
vegetal axis of the Xenopus laevis oocyte. The hierarchical clustering is presented in a dendrogram, where
the similarity between miRNAs/mRNAs is indicated by the height at which they are joined. Both the
dendrogram and the SOM clearly separate the miRNA and mRNA profiles into two clusters. miR-16¢, miR-
18b, miR-20b, miR-93a, miR-363-3p and miR-5102-5p (light blue) cluster with animally localized mRNA
mamil (dark blue), while miR-19b, miR-22, miR-25, miR-100, miR-148b, and miR-221 (light red) cluster
with vegetally localized gdfI (dark red) and cdx! (yellow) mRNAs.

miRNA sequence predicted target
Animal miR-16¢c 5 -UAGCAGCACGUAAAUACUGGAG-3~ foxhl

miR-18b 5’ -UAAGGUGCAUCUAGUGCAGUUAG-3"

miR-20b 5" -CAAAGUGCUCAUAGUGCAGGUAG-3"~ ddx25, lrp6

miR-93a 5" -CAAAGUGCUGUUCGUGCAGGUAG-3"

miR-363-3p 5 -AAUUGCACGGUAUCCAUCUGUAA-3" eeflal, bmp2
miR-5102-5p 5 -GGGAGTTTGACTGGGGCG-3~

Vegetal miR-19b 5 -UGUGCAAAUCCAUGCAAAACUGA-3" pax6, bmp2, apc
miR-22 5’ -AAGCUGCCAGUUGAAGAACUGU-3"
miR-25 5" =CAUUGCACUUGUCUCGGUCUGA-3"
miR-100 5" -AACCCGUAGAUCCGAACUUGUG-3" ddx25
miR-148b 5" -UCAGUGCAUCACAGAACUUUGU-3"
miR-221 5" -AGCUACAUUGUCUGCUGGGUUUC-3" mos, tcf3, foxhl, apc

Figure 4. Sequences of the studied miRNAs and their predicted target mRNAs (animal mRNAs are
shown in blue, vegetal mRNAs in red). Target prediction was performed using MicroCosm Targets
Version 5 database (hitp://www.eblac.uk/enright-srv/microcosm/htdocs/targets/v5/). The conservation is
indicated by colored bases: red color indicates high evolutionary conservation, while blue color indicates
low conservation. A sequence of miR-5102-5p indicated in black and two nucleotides on the 3* end of miR-
363-3p were not found in the database. Yellow boxes indicate miRNA seed sequences (from 2% to the 8%
nucleotide in the 5 end).
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animal enrichment that we observe for half of the studied miRNAs (miR-16¢, miR-18b, miR-20b, miR-
93a, miR-363-3p and miR-5102-5p). These miRNAs could then reflect the normal population of miR-
NAs. The distribution towards the vegetal hemisphere of the other miRNAs, however, must be driven by
an active process. miRNAs bind their target mRNAs through hybridization requiring sequence comple-
mentarity. Although not all miRNA bases are required for sequence specific hybridization, there is hardly
enough sequence flexibility to encompass a consensus binding sequence that could interact with one cel-
lular component. We have extensively studied the sequences of the vegetally distributed miRNAs looking
for patterns, but have not found motifs that could be identified as a consensus. Even though the gradient
profiles along the animal-vegetal axis of miRNAs are similar to the profiles of mRNAs, we currently have
no evidence that miRNA localization is induced by the binding of the miRNAs via a consensus sequence
to a single localized molecular target. This raises the question how the miRNAs become asymmetrically
distributed within the oocyte. Since interaction with an asymmetric environment is required, at least for
the miRNAs with vegetal distribution, we find the idea that the vegetal miRNAs interact with vegetal
mRNAs attractive. Despite extensive modelling with the MicroCosm Targets Version 5 database we have
not been able to substantiate this hypothesis. This could be limitations in the in sifico approach, which
identifies sequences relevant for the transcriptional silencing mechanism mediated by miRNAs, which
primarily is based on hybridization of complementary, consecutive bases, and does not consider more
complex modes of interaction.

During our comparative analysis of miRNAs and search for consensus sequences, we also compared
the seed sequences of the studied miRNAs. The seed sequence is a region from the 2™ to the 8% nucleatide
at the 57 end of the miRNA®. This sequence plays a critical role in the regulatory function of the miRNA
through hybridization to the complementary 3 UTR site of the target mRNA. The MicroCosm Targets
Version 5 database predicts miRNA-mRNA interactions primarily based on sequence complementarity
with highly rewarded seed sequence complementarity. We found that the three animally distributed miR-
NAs, miR-18b, miR-20b and miR-93a, have similar seed sequences: “AA,\*GUGC”. The database predicts
that miR-20b (AAAGUGC) regulates ddx25 and Irps mRNAs, but does not identify those as targets for
miR-18b, which has only one mismatch in the seed sequence (AAGGUGC). A single base mismatch in
the seed sequence can perhaps be discriminative. However, the targets were not identified for miR-93a,
which has identical seed sequence to miR-20b (AAAGUGC). Hence, the in silico analysis considers
teatures beyond simple sequence complementarity, which are relevant for miRNA-mRNA interaction
in relation to gene regulation, but may not apply to interactions leading to asymmetric intracellular
distribution. It is conceivable these interactions are different, perhaps even involving non-consecutive
sequences and exposed bases, and are therefore not recognized by the MicroCosm Targets Version 5
database. The numbers of known vegetally distributed mRNAs and in particular miRNAs are currently
too few to develop models based on interactions that go beyond contiguous hybridization. As these
numbers grow more advanced modelling will be possible. An interesting suggestion by an anonymous
reviewer is that the miRNAs become actively distributed as pre-miRNAs, before being processed by
Dicer, through sequences either in the loop or in the passenger strand. This is an attractive hypothesis
and will be possible to test when sequence information about pre-miRNAs in Xenepus laevis becomes
available. As for now the mechanism behind the vegetal distribution of miRNAs along the animal-vegetal
axis within Xenopus laevis oocytes remains elusive.

In our studies of intracellular distribution of miRNAs and mRNAs we find molecules that co-localize
with the nuclei and are more abundant in the animal hemisphere and we find molecules that show vege-
tal distribution. For miRNAs there is one vegetal profile, while for mRNAs there are two distinct vegetal
profiles; one of which has extreme vegetal localization. In the literature many mRNAs with vegetal,
extreme vegetal and animal distributions have been reported and in addition to those majority of mRNAs
are assumed to have normal distribution, with presumably should symmetric®. However, in our studies
we have never found RNA molecules with even distribution across the oocyte. Of course, having only
analyzed a rather small number of mRNAs and miRNAs those with even distribution may have escaped
notice. Another possibility is there are no RNAs with even distribution across the cocyte; rather the dis-
tribution obtained in the absence of active mechanisms could have slight animal asymmetry due to the
animal offset of the nuclei, where the RNAs are produced. We find this possibility attractive considering
that no active mechanism behind animal distribution has ever been found and there is no evidence in
the literature that the animal distribution should be different from normal. Hence, we propose mRNAs
in the Xenopus laevis oocyte can have one out of three intracellular profiles: the spontaneous “normal”
profile with slight localization towards the animal pole, vegetal localization, and extreme vegetal local-
ization. For miRNAs we observe only the normal spontaneously formed animal profile and the vegetal
localization.

In conclusion, we have discovered that certain miRNAs, including miR-16¢c, miR-18b, miR-363-3p,
miR-20b, miR-93a and miR-5102-5p, are predominant in the animal hemisphere where the nuclei is
located and possibly obtain this localization passively, while other miRNAs, including miR-19b, miR-221,
miR-148b, miR-25, miR-22 and miR-100, are predominant in the vegetal hemisphere of the Xenopus
oocyte. The latter miRNAs show similar internal profile as mRNAs oriented by the late pathway and
should require active transport. None of the analyzed miRNAs displays the extreme vegetal distribution
associated with the METRO oriented mRNAs. We speculate that the 3’UTR of some late pathway ori-
ented mRNAs may contain sequences that bind the vegetally localized miRNAs or pre-miRNAs leading
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to co-localization. The vegetal distribution of some miRNAs suggests they contribute to asymmetric cell
division and play a role in early embryogenesis.

Methods

Ethical Statement. This study was carried out in compliance with the Act No 246/1992 Coll., on the
protection of animals against cruelty. Official permission was issued to the Faculty of Science; Charles
University in Prague by the Central Commission for Animal Welfare of the Ministry of Agriculture of
the Czech Republic (accreditation No. 24773/2008-10001, date of expiry 10.12.2013).

in vitro fertilization, oocytes fixation and sectioning, RNA extraction. Two Xenopus laevis
females were injected with 450U of hCG (human chorionic gonadothropin) hormone and ovulated
oocytes were obtained 12hours after stimulation by gentle manual squeezing. Three oocytes from each
temale were collected and immediately embedded in a drop of OCT (optimal cutting temperature)
medium on a pre-cooled dissection block. The block was placed for 10 minutes in the cryostat chamber
(—19°C) to temperature equilibrate the samples. The temperature of the section knife was —18°C. The
oocytes were cut into 45 slices, each being 30pm thick, across the animal-vegetal axis. Consecutive
slices were pooled into five tubes with nine slices in each. The first tube (denoted “A” in the figures)
contained slices from the endmost animal part of the oocyte, while the last tube (denoted “E”) contains
the endmost vegetal part. 300l of TRIzol reagent (Invitrogen) was added to each tube to extract total
RNA. Samples were carefully homogenized by vortexing for 2min and incubated for 5min at room
temperature to dissolve completely. Manufacturer’s instructions were followed during isolation, with the
addition of 7 g of glycogen (Sigma-Aldrich) to the isopropanol to enhance the RNA precipitation yield.
Precipitated RNA was redissolved in 15pl of RNase/DNase-free water and its concentration was meas-
ured using the Nanodrop ND1000 system.

Control of inhibition.  Yolk stored in the vegetal part of the oocyte is severe inhibitor of reverse tran-
scription (RT) and quantitative PCR {qPCR). All samples were tested for inhibition using an RNA spike
(TATAA Biocenter). SuperScript™ III Reverse transcriptase kit (Invitrogen) was used for cDNA syn-
thesis. Four different input amounts of total RNA {10ng, 5ng, 2.5ng and 1.25ng) were evaluated using
RT-gPCR (Supplement Fig. 1). Severe inhibition was observed when analyzing the spike in the vegetal
samples prepared from 10, 5 and 2.5ng of total RNA. Using 1.25ng of total RNA for cDNA synthesis
the recovery vields of the RNA spike approached 100%. This was the same protocol as used in Flachsova
ef al. (2013)*". The cDNA samples were diluted 8 times to a final volume of 80l and stored at —20°C.
Three mRNAs (mamlil, cdx! and gdf1), each representing one out of the three mRNA intracellular pro-
files observed previously??, were included for comparison. qPCR and melting curves were measured
on a real-time CFX96 cycler system (BioRad). qPCR mix contained 2jul of cDNA, 0.5l of forward and
reverse primers (mixture 1:1, 10pM each), 5pl of iQ™ SYBR® Green Supermix (Bio-Rad), and deionized
water in a total volume of 10l. The temperature profile was: activation of pelymerase at 95°C for 3min.,
tollowed by 40 cycles of denaturation at 95°C for 15 sec., annealing at 60°C for 20sec., and elongation at
72°C for 30sec. The formation of expected PCR products was confirmed by measuring melting curves
between 65°C and 95°C in 0.5°C intervals.

Quantification of miRNA by qPCR. miRNA expression profiling was performed using miQPCR,
which is a method for global RT-qPCR profiling of miRNAs*"%, Briefly, the 3ends of single-stranded
RNAs are extended uniformly with a specific adaptor named miLINKER. This adapter is then used as an
anchor to prime ¢DNA synthesis during reverse transcription and for detection of the selected amplicon
during the gPCR. For each sample 1.25ng of total RNA was treated with the miLINKER (5M for each
extension). Elongated samples were reverse transcribed using Superscript Il (Invitrogen) following the
supplier’s instructions. miRNA specific QPCR requires 100pg of cDNA, 2.5pM of the universal primer
(i.e. complementary to the miLINKER) and 2.5pM of a miRNA specific primer. gPCR of miRNAs was
performed using iQ™ SYBR® Green Supermix (Bio-Rad, total reaction volume 10pl) on an CFX384
cycler (BioRad) with the same protocol as for the mRNAs described above. Tailing, reverse transcription
and qPCR reagents were prepared as mastermixes for all 30 samples (six oocytes; each 5 sections). The
miRNA specific primers were designed to be complementary to the target miRNA with a G nucleotide
overhang on the 3’end, which binds to the first nucleotide of the attached milINKER. The annealing
temperature was set to 60°C and estimated using the Tm calculator provided by Applied Biosystems
(http://wwwé.appliedbiosystems.com/support/techtools/calc/). Primer specificity was verified by blast
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). Primer assays were designed for 27 randomly selected maternal
miRNAs. 12 assays with highest efficiency (probably the most abundant) and robustness were used for
expression profiling (Supplement Tab. 1).

Data analysis. The measured Cq values of the animal-vegetal segments were converted to relative
quantities using the equation (1): Xsection = 52—::@ Where Cg; is the Cq value measured in the i
section. The same amount of total RNA was anaf)?lzed per section serving as normalizer. X ..., can thus
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be considered as the relative amount or fraction of the particular miRNA/mRNA in that segment®. The
relative amounts in each segment were averaged across all cocytes from both females and are presented
in bar/line charts with the x-axis representing the segment position from the animal pole along the
animal-vegetal axis and the y-axis indicating the relative quantity (Fig. 1, Fig. 2). Individual profiles of
all 12 miRNAs can be found in Fig. 1. The data were also analyzed with the software GenEx (MultiD) to
determine correlations between the miRNAs and maternal mRNAs intracellular profiles. For multivar-
iate analysis data were autoscaled along genes and profiles were analyzed for similarities using the
Kohonen self-organizing map (SOM) and hierarchical clustering (Fig. 3). We used SOM with two bozes
(2 1) to force the data into two groups based on the measured profiles. Using three boxes, one box
ended up empty supporting the conclusion that the profiles indeed reflect only two distinct distributions
(not shown). Independent SOM trainings vielded the same two groups evidencing robust classification.
SOM training of only the miRNAs, leaving out the mRNAs, gave a separation into the same groups,
evidencing that the separation is not induced by the mRNAs but a property of the miRNAs. The biolog-
ical variability between the females was tested using unpaired, 2-tails t-test. The p-values were > 0.05
indicating higher variability among oocytes than between samples from different females.

All methods were carried out in accordance with the approved guidelines and all experimental proto-
cols were approved by named institutions, including any relevant details in the methods section.
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Supplement Figure 1. Optimization of experimental protocol using an RNA spike. 10 ng (blue), 5 ng (red), 2.5
ng (green), and 1.25 ng (violet) of total RNA and same amount of the RNA spike were used for reverse
transcription. Spike cDNA was than quantified using qPCR. Y-axis shows Cq value and x-axis indicates section
from the animal pole (section A) to vegetal pole (section E). Error bars indicate standard deviation of biological

replicates.
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miRNA primer Tm
miR-16c TAGCAGCACGTAAATACTGGAGG 59.30
miR-18b TAAGGTGCATCTAGTGCAGTTAGG 59.52
miR-19b TGCAAATCCATGCAAAACTGAG 61.83
miR-20b CAAAGTGCTCATAGTGCAGGTAGG 60.98
miR-22 AGCTGCCAGTTGAAGAACTGTG 60.44
miR-25 ATTGCACTTGTCTCGGTCTGAG 60.27
miR-93a GTGCTGTTCGTGCAGGTAGG 60.29
miR-100 CCGTAGATCCGAACTTGTGG 58.99
miR-148b TCAGTGCATCACAGAACTTTGTG 59.79
miR-221 GCTACATTGTCTGCTGGGTTTG 60.50
miR-363-3p AATTGCACGGTATCCATCTGTAAG 60.08
miR-5102-5p GAGTTTGACTGGGGCGG 58.52
miR-15a TAGCAGCACATAATGGTTTGTGAG 60.02
miR-15c TAGCAGCACATCATGGTTTGTAG 58.77
miR-22 AGCTGCCAGTTGAAGAACTGTG 60.44
miR-24a GCTCAGTTCAGCAGGAACAGG 60.93
miR-27b TCACAGTGGCTAAGTTCTGCG 60.03
miR-34a GGCAGTGTCTTAGCTGGTTGTG 60.69
miR-34b AGGCAGTGTAGTTAGCTGATTGG 58.47
miR-122 TGGAGTGTGACAATGGTGTTTG 60.28
miR-124 ACGCGGTGAATGCCAAG 60.20
miR-140-3p CACAGGGTAGAACCACGGAG 59.00
miR-191 GAATCCCAAAAGCAGCTGTG 59.26
miR-210 CGTGTGACAGCGGCTGAG 61.23
miR-214 CAGGCACAGACAGGCAGTG 60.03
miR-222 ACATCTGGCTACTGGGTCTCG 60.11
miR-375 CGTTCGGCTCGCGTTAG 60.08

Supplement Table 1. Primer assays and their predicted Tm of maternal miRNAs. The primer assays were
designed for 27 randomly selected maternal miRNAs. 12 assays (miR-16¢, miR-18b, miR-1%b, miR-20b, miR-
22, miR-23, miR-93a, miR-100, miR-148b, miR-221, miR-363-3p, miR-5102-5p, shown in red) showed higher
and more reproducible expression than the other 15 miRNAs (miR-15a, miR-15¢, miR-22, miR-24a, miR-27b,
miR-34a, miR-34b, miR-122, miR-124, miR-140-3p, miR-191, miR-210, miR-214, miR-222, miR-375, shown

in blue).
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4.4. Effects of post mortem and physical degradation on RNA integrity and
quality

Sidova M., Tomankova S., Abaffy P., Kubista M. a Sindelka R. Biomolecular

Detection and Quantification (zvany ¢lanek, vydani srpen 2015). IF bude piidélen

Kvalita vysledka pfi méfeni genové exprese zavisi pfedevSim na integrité
a stabilit¢ izolované RNA. Jiz Castecna degradace RNA vzorku pfedstavuje zdroj
technické variability a muze vést k chybnym zavéram. Cilem této publikace bylo
objasnit vliv enzymatické a teplotni degradace na kvalitu RNA vzorka. V rdmci
experimentt byly pouzity dva systémy: zralé oocyty X. leavis piedstavovaly z&stupce
maternalni RNA a pulci X. laevis ve stadiu 40 zastupovali komplexni biologicky
vzorek (jiz maji vyvinuty vSechny organy). Intenzita enzymaticke degradace byla
studovana post mortem v ¢asech 0, 5, 10, 20 a 40 minut po usmrceni oocytd a pulct.
Teplotni degradace byla studovana na izolované celkové RNA, ktera byla zahiivana
na teplotu 80 °C po dobu 0, 1, 2, 4 a 6 hodin. U vsech vzorka byly prostiednictvim
kapilarni elektroforézy stanoveny tzv. hodnoty RQI (RNA Quality Indicator)
a zaroven byla pomoci RT-qPCR vyhodnocena stabilita 16-ti vybranych RNA (odc,
imp3, RNA pol. Il, mamll, atub, acta, eeflal, mrpl, ubc, antl, mdh2a, xk81al,
scaRNA11, 5S rRNA, cycl a 18S rRNA). Na zaklad¢ dosazenych vysledki se ukazalo,
ze béhem teplotni degradace dochézi ke snizeni integrity RNA v ramci hodin
a postizeny jsou ve stejné mite vSechny typy RNA. Na druhou stranu degradace post
mortem pusobi v fadech jednotek ¢i desitek minut a k jejimu G¢inku je mnohem
citlivéjsi mRNA, zatimco rRNA (ribosomal RNA), scaRNA (small cajal body-
specific RNA) a mtRNA (mitochondrial RNA) vykazuji vysokou stabilitu. Prestoze
hodnoty RQI u vzorkta degradovanych post mortem nenaznac¢ovaly sniZenou integritu
RNA, analyza RT-qPCR odhalila, Ze mRNA byla zatiZzena degradaci. Tento fakt se
negativné odrazil ve vyhodnoceni kvality RNA. Déle byla dokazana vyssi stabilita
maternalni RNA oproti RNA z pulci. Duvodem je, ze oocyty pravdépodobné
obsahuji vice ochranych faktort, které zvysuji stabilitu této RNA. Posledni vysledek
ukazuje, ze nedochazi k preferenéni degradaci transkripti od 3" nebo 5 konce

v prib¢hu degradace post mortem.
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Abstract

The precision and reliability of quantitative nucleic acid analysis depends on the
quality of the sample analyzed and the integrity of the nucleic acids. The integrity of
RNA is currently primarily assessed by the analysis of ribosomal RNA, which is the
by far dominant specie. The extrapolation of these results to mMRNAs and microRNAs,
which are structurally quite different, is questionable. Here we show that ribosomal
and some nucleolar and mitochondrial RNAs, are highly resistant to naturally
occurring post-mortem degradation, while mRNAs, although showing substantial
internal variability, are generally much more prone to nucleolytic degradation.
In contrast, all types of RNA show the same sensitivity to heat. Using qPCR assays
targeting different regions of mRNA molecules, we find no support for 5° or
3’ preferentiality upon post-mortem degradation.
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Introduction

The quality of biological samples is very sensitive to the handling and
treatment before the nucleic acids are extracted for analysis and degrading enzymes
are inhibited or removed. Analyzing RNA is more challenging than analyzing DNA,
because double-stranded DNA is more stable than single-stranded RNA,
deoxyribonucleases (DNases) are readily denatured and inhibited compared to the
highly stable ribonucleases (RNAses). The post-mortem degradation of nucleic acids
in biological samples has proven useful in forensic pathology, where the time of death
can be estimated [1]. In diagnostic samples post-mortem nucleic acid degradation is
only a nuisance that shall be controlled and kept to a minimum [2-4]. Usually the
confounding processing (technical) variation introduced by DNA degradation is
small and can be ignored. For RNA analysis situation is quite different and several
reports show expression data can be seriously biased and highly unreliable [5-11].
The main cause is poor RNA quality and integrity. This is particularly serious in
medical molecular diagnostic, and has been thoroughly addressed by the SPIDIA
consortium (www.spidia.eu), which ultimately led to the formulation of CEN and
ISO guidelines for the preanalytical process in molecular diagnostics. The guidelines
teach RNA quality/integrity shall be tested in workflows aiming to quantify RNA
biomarkers.

Currently, the quality of RNA in biological samples is determined by
electrophoresis that separate the dominant RNA species by size. Those are ribosomal
RNAs (rRNAs), which make up about 85% of total RNA in eukaryotes. These
eukaryotic ribosomal RNAs are presented in four distinct sizes, referred to as small
(5S and 5.8S) and long (18S and 28S), where the size is given in Svedberg units,
reflecting the sedimentation coefficient [12]. The long rRNAs are usually produced
in a 1:1 ratio and because of the roughly double size of the 28S species the
electropherogram of fully intact RNA shows distinct bands for the 18S and 28S
rRNAs, with the 28S band having approximately twice the intensity. A ratio deviating
from 2 indicates RNA degradation [13, 14]. The 28S:18S ratio shows correlation with
RNA integrity [15], but can be affected by factors such as aging [16] and apoptosis
[17]. Several companies have developed systems to measure RNA integrity based on
the separation of the RNA molecules, such as the automated capillary electrophoresis
systems such as Experion from Bio-Rad Laboratories, USA and Agilent Bioanalyzer
2100 from Agilent Technologies, USA. Those systems use chip-based technology for
RNA quality and quantity measurements. The entire electropherogram is analyzed
and then, using a complex algorithm trained to take into account all the features, the
RNA quality/integrity is presented as a single quality indicator. The Bioanalyzer
software uses RIN (RNA Integrity Number), while the Experion uses RQI (RNA
Quality Indicator). Hence, the indicator is affected by several factors including the

64



presence of small RNA fragments from degradation, presence of molecules longer
than the 28S, and overall low signals of the rRNAs [14]. Recently, alternative
instruments for large scale and sensitive RNA quality and integrity determination
appeared such as Fragment Analyzer™ (Advanced Analytical Technologies),
QIAxcel Advanced System (Qiagen), ScreenTape (Agilent Technologies). These
instruments also score RNA integrity using complex indicators such as RIS (RNA
Integrity Score) for QlAxcel Advanced System and RIN® (RNA integrity number
equivalent) for ScreenTape.

The indicators produced by the different instruments are not readily
comparable, because each uses its own algorithm, but they all score RNA quality as
anumber between 1 and 10, where 1 indicates completely degraded RNA and 10 fully
intact RNA [6, 18]. In addition to the platform to platform variation, also the
repeatability (repletion on the same instrument) and reproducibility (repetition on a
different instrument of the same type) of the integrity index estimates has been
questioned, particularly on extensively degraded samples. Furthermore the
assessment of the RNA integrity is based on properties of the rRNAs and does not
necessarily reflect the state of the mRNA pool.

The quality of extracted RNA depends on the source tissue [8]. Tissues such
as spleen and liver that are rich in nucleases degrade RNA faster and to greater extent
than in tissues with less RNase activity such as muscle and heart [19]. Common
recommendation is to only analyse RNA from samples with RIN/RQI larger than five
and microRNA from sample with RIN/RQI larger than seven [20]. RNA degradation
is complex and three different types of mechanisms can be distinguished: enzymatic,
physical and chemical. Enzymatic degradation occurs naturally in post-mortem tissue
[21]. It initiates with either polyA tail/5’ cap removal or endonucleolytic cleavage
followed by exonuclease degradation [22, 23]. Physical (e.g. UV light, high
temperature) and chemical (e.g. aldehydes, paraffin) degradation is by quite different
mechanisms. It may induce crosslinking, oxidation and modification of RNA
molecules. In this work we study the effects of the main degradation mechanisms on
different RNA molecules under defined conditions.

Materials and Methods
Ethics statement

The study was carried out in accordance with the Act No 246/1992 Coll., on
the protection of animals against cruelty. Official permission was issued to
Biotechnology institute AS CR, v.v.i. by the Central Commission for Animal Welfare
under the Ministry of Agriculture of Czech Republic.
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RNA samples preparation

Xenopus laevis females were injected with 500 U of human chorionic
gonadotrophin hormone (hCG, Sigma) to stimulate ovulation of oocytes. The females
were kept overnight at 18 °C and oocytes were obtained by gentle squeezing. The
oocytes were in vitro fertilized by sperm suspension prepared in L-15 Leibowitzs
medium with 15% of fetal bovine serum. Fertilized oocytes were covered with
0.1x MBS medium (Modified Barth’s Saline; 88 mM NaCl, 1 mM KCI, 0.7 mM
CaCl2, 1 mM MgS04, 5 mM HEPES, 2.5 mM NaHCQO3, pH 7.7) for 20 min. Jelly
coats were removed by 2% cysteine treatment (pH 7.7) followed by repeated washes
with 0.1x MBS. The oocytes and tadpoles at stage 40 (3 biological replicates per
condition) were collected and deep frozen at -80°C, which cause their death. After
thawing, the samples were incubated at room temperature for 0, 5, 10, 20 and
40 minutes. The total RNA was extracted using RNeasy Micro Kit (Qiagen).
Manufacturer’s instructions were followed during the extraction and elution was
performed using 15 pl of water. Concentration of extracted total RNA was measured
using the Nanodrop® ND1000 quantification system. Heat degradation was
performed with total RNA extracted from tadpoles at stage 40. Purified RNA was
divided into separate tubes and heat treated for 0, 1, 2, 4 and 6 hours at 80°C. The
RNA quality was evaluated using Experion capillary electrophoresis system (Bio-
Rad) and RNA StdSens chip (manufacture’s instructions were followed).

cDNA preparation

Isolated RNA from each sample was reverse transcribed into cDNA using
SuperScript™ [11 Reverse transcriptase kit (Invitrogen). 50 ng and 300 ng of total
RNA were reverse transcribed from oocytes and tadpoles (stage 40) samples,
respectively. The RNA was mixed with 0.5 ul of oligo-dT and random hexamers
(mixture 1:1, 50 uM each), 0.5 pl of dNTPs (10 mM each), 0.5 ul of spike (in vitro
transcribed artificial RNA, TATAA Biocenter) and DNase/RNase free water to a total
volume of 6.5 pl. The spike was included to test for any unspecific bias in the
processing of the degraded samples. The mixture was incubated for 5 min at 75°C,
20 s at 25°C followed by cooling to 4°C for 1 min. 100 U of enzyme, 20 U of
RNaseOUT™ (recombinant ribonuclease inhibitor, Invitrogen), 0.5 pl of 0.1 M DTT
and 2 pl of 5x first strand synthesis buffer were added to a final volume of 10 pl. The
mixture was then incubated at 25°C for 5 min, 50°C for 60 min, 55°C for 15 min and
75°C for 15 min. 50 pl of water was added to the cDNA and the samples were stored
at -20°C. gPCR assays for 16 transcripts (odc, imp3, RNA pol. 11, maml1, atub, acta,
eeflal, mrpl, ubc, antl, mdh2a, xk81al, scaRNA11, 5S rRNA, cycl and 18S rRNA)
were designed using NCBI Primer-Blast (http://www.ncbi.nlm.nih.gov/tools/primer-
blast/). Amplicon length was set to between 90 bp — 200 bp and Tm 60°C. Specificity
of all assays was confirmed by melting curve analysis measured from 65°C to 95°C
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in 0.5°C intervals. gPCR mix contained 5 pul of JumpStart mastermix (Sigma), 0.5 pl
of forward and reverse primers mix (mixture 1:1, 10 uM each), 2 ul of cDNA and
water to final volume of 10 ul. g°PCR was performed on a CFX384 cycler system
from Bio-Rad. PCR conditions were: initial denaturation at 95°C for 2 min, 40 repeats
of denaturation at 95°C for 15 sec, annealing at 60°C for 20 sec and elongation at
72°C for 20 sec.

Data analysis

Cq values of biological replicates were averaged and standard deviations were
calculated (data not shown, SD < 0.6). Measured transcripts levels in figures 2, 4 and
5B are shown relative to those measured at time 0 as 2€9°~¢4¢: where Cqp is the Cq
value measured at time 0 and Cq; is the Cq at the time i of degradation. In figures 2
and 5B the ratios are expressed in logarithmic scale. The data were analysed with
GenEx (MultiD, version 6). Briefly, data were pre-processed using a cut-off at
36 cycles and missing data were substituted by the average of valid Cq values at that
stage and time. All data were converted to relative quantities (relative to the highest
Cq for each gene, artificially assigning an expression of 1 to the least expressed
sample) and transformed to log2 scale. The data were mean centred (for each gene,
subtracting the average expression across all samples) and two tests were applied to
classify the profiles: the Kohonen self-organizing map (SOM, with two boxes) and
hierarchical clustering presented as a dendrogram (Fig. 3). The SOM classification
was repeated using independent seeds to validate the result.

Results

RNA degradation is faster in tadpole samples compared to oocytes

Total RNA was extracted from Xenopus oocytes and tadpoles at stage 40. The
oocytes were selected because of their simple nature being a single cell, while the
tadpoles at stage 40 were selected to represent a complex biological sample. The
tadpoles have already most of the body tissues, such as internal and sensory organs,
differentiated. Samples were collected at 0, 5, 10, 20 and 40 minutes post-mortem.
Total RNA was extracted and integrity was assessed by gel electrophoresis using
Experion capillary electrophoresis system (Fig. 1). Oocyte RNA samples showed first
signs of degradation, reflected by the presence of short fragments and the
disappearing of the 28S rRNA band, 10 minutes post-mortem. The RNA quality was
still quite high with RQI of 8 at 40 minutes post-mortem (Fig. 1A). In contrast, tadpole
samples showed significant RNA degradation already 5 minutes post-mortem with
RQI of 6.5 and after 40 minutes RQI was 3.4 (Fig. 1B).
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Different rates of rRNA and mRNA post-mortem degradation

Next we tested if post-mortem RNA degradation depends on the type of RNA.
As control for technical variation an RNA spike was added to all samples before the
reverse transcription. The average standard deviation of the spike across all biological
replicates was 0.37 cycles for the oocyte samples and 0.46 cycles for the tadpole
at stage 40 samples. These low SDs reflect high reproducibility of the reverse
transcription and the gPCR step.

We designed qPCR assays for the 5S and 18S rRNA, the small nucleolar
scaRNA11l, the mitochondrial transcript cycl, and for 12 mRNAs. Temporal
degradation profiles were measured post-mortem (Fig. 2). Two distinct degradation
profiles appeared, which we refer to as unstable and stable RNAs. The unstable RNAS
include the genes: odc, imp3, RNA pol. I, mamll, atub, acta, eeflal, mrpl, ubc, antl,
mdh2a, xa8lal. Several of these are so called housekeepers and often used as
reference genes in expression studies. The degradation of unstable RNAs in the
tadpole samples showed more than two orders of magnitude faster degradation than
for the same RNAs prepared from the oocytes. In the oocyte samples, the fraction of
unstable RNAs dropped from ~77% at 10 minutes to ~27 % at 40 minutes post-
mortem. For the tadpole samples the fraction of unstable RNAs dropped from about
16 % at 10 minutes to 0.4 % at 40 minutes post-mortem. These results are in
concordance with the overall RNA degradation measured using gel electrophoresis

(Fig. 1).

The stable RNAs include 5S rRNA, 18S rRNA, scaRNA11l and cycl, and
exhibit minimal degradation. Their levels showed minimal changes during 40
minutes post-mortem in the oocyte samples (Fig. 2C) and only limited degradation
(to 50-70%) with the tadpole samples. Notably, none of these RNAs is a cellular
MRNA. The distinct difference in stability of stable and unstable RNAs was further
supported by multiway analysis. Both SOM and hierarchical clustering clustered the
stable RNAs with the RNA spike separately from the unstable RNAs (Fig. 3). The
RNA spike was added after RNA extraction and was not degraded. Similarity of
degradation pattern with spike RNA was used as a representation of stable RNA.

Differential sensitivity of RNA 5’ and 3’ ends to degradation

Three major pathways of enzymatic mRNA degradation have been described.
Degradation is initiated by the removal of the 5’ cap, deadenylation at the 3’ end, or
by endonucleolytic cleavage within the mRNA [23, 24]. The deprotected mRNA is
then rapidly degraded by exonucleases [25, 26]. To test if degradation of mMRNAS is
preferential at either end we designed 5 separate qPCR assays covering essentially
the entire length of xk81al (cytokeratin) and atub (alpha tubulin) mRNAs. All gPCR
assays were designed with similar amplicon length (80-110 bp) and their efficiencies
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were higher than 90%. Uniformity of assay efficiencies, minimal biological
variability of oocyte samples (standard deviation of biological replicates from one
female is ~ 0.3 of Cq) and possibility to use samples at time 0 as a reference allow us
precise normalization and comparison of all assays. All five qPCR assays per
transcript showed similar decrease of mMRNA content to ~60% at 10 minutes and to
20% at 20 minutes. Our data show no indications of statistically significant
degradation preference for 5’ or 3’ ends for neither of studied genes (Fig. 4). The
relationship among the assays was tested using Pearson correlation. The xk8lal
assays showed r-coeficients > 0.96 and the atub assays showed r-coeficients > 0.97
indicating high correlation among all five qPCR assays. In all cases the p-values were
< 0.05.

Physical degradation has the same effect on ribosomal and messenger RNA

Physical degradation was induced by heat treatment of purified tadpole at
stage 40 RNA, because this RNA showed higher sensitivity to degradation and has
higher complexity compared to oocyte. The tadpole RNA samples were incubated at
80°C for 0, 1, 2, 4, and 6 hours to induce degradation. Overall integrity of the RNA
was assessed by gel electrophoresis (Fig. 5A) and degradation of the same transcripts
as in the study of natural post-mortem degradation in Fig. 2 was measured with RT-
gPCR (Fig. 5B).

Under the conditions used, the heat-induced degradation had much lower
impact on the measured transcript levels compared to the natural post-mortem
degradation. Heat induced degradation could be noticed first after one hour (Fig. 5A).
The RQI values decreased to about 4.8 after one hour of heat treatment and continued
slowly decreasing for up to six hours. At earlier time points degradation was hardly
noticed (5, 10, 20 and 30 minutes, Supplement Fig. 1). Neither did we see any
significant degradation when using the lower temperature of 70°C for up to even
6 hours (Supplement Fig. 2). Notably, we found that also the impact of heat on the
different RNA molecules varies, but differently from the effect of post-mortem
degradation. The only RNA that showed resistance to the heat treatment was
scaRNAL11; its level remained close to 100 % during the entire degradation. All the
other RNAs, were degraded at roughly the same rate.

Discussion

Accurate quantification of gene expression with methods such as RT-gPCR,
microarray profiling and next-generation sequencing requires integral RNA of high
quality. It is well established that the pre-analytical steps in molecular analysis,
comprising sample collection, transportation, storage, and extraction, may have
profound effect on the RNA and, via reverse transcription, the cDNA quality and
introduce substantial technical bias [2-4]. It is therefore critical to use highly
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optimized and validated pre-analytics, but also to test the quality and integrity of the
extracted RNA. This is included in most workflows and also requested in the recent
guidelines from the European Committee for Standardization. Our results presented
here, suggests that testing of relevant RNA quality and integrity may be complicated.

We selected oocytes and tadpoles at stage 40 of frogs as model for our study
of RNA degradation, because they are easily accessible, contain several micrograms
of total RNA and, most importantly, sibling oocytes and tadpoles at stage 40 are
synchronous and have nearly identical transcript levels, which makes the impact of
individual variation that confounds the study negligible. Hence, we are neither limited
by material nor biological reproducibility in those experiments. Routine assessment
of RNA integrity and quality is based on the analysis of 18S and 28S rRNA, which
are the far most abundant RNA molecules in most biological samples. Traditionally
this was done by classical electrophoresis comparing their abundance, and is today
done with more sensitive techniques, such as capillary electrophoresis, that analyze
the entire electropherogram with advanced multivariate algorithms in commercial
software and calculate integrity indexes. Hence, ribosomal RNA molecules are used
as prime indicator of RNA integrity.

Our main goal was to determine whether rRNA degradation reflects accurately
MRNA degradation. The main conclusion of our manuscript is, that rRNA
degradation is useful for artificial degradation, but it is the poor prediction tool for
natural post-mortem degradation of mRNA fraction. While eletrophoresis report
indicated slight or even no degradation of rRNAs (Fig. 1), quantification of RNA
levels using RT-qPCR revealed majority of mRNA molecules to be degraded to
several percent of their original concentrations. We can speculate that ribosomal RNA
is more protected against enzymatic degradation than mRNA, because of its structure
lacking cap and polyA tail. Localization of rRNA into ribosomes and covering of
rRNA molecules with other proteins can also increase its protection against
intercellular RNAses. Physical and chemical degradation mechanism is independent
on RNA structure, so rRNA fraction should degrade at the same rate as mRNA.
Similar conclusion can be predicted for scaRNA11 and mitochondrial cycl. Those
transcripts are located in nucleolus and mitochondia and this covering increases their
protection during enzymatic post-mortem degradation. Several classes of small
noncoding RNAs including scaRNA11 has modified cap [27], which can increase
their stability. High stability of scaRNA11 to physical degradation can be explained
by its short size, which prevents breaks and degradation during heat treatment.

Degradation rate is directly dependent on sample complexity. We compared
oocyte samples as simple model versus tadpole at stage 40 samples as complex
model. Oocyte showed minimal post-mortem degradation of rRNA pool and just slow
degradation of mRNA pool. In contrast, tadpole samples showed gradual rRNA
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degradation on a gel electrophoreogram, but quantification using RT-gPCR showed
minimal decrease of rRNA molecules. We suggest that rRNAs are cleaved in
complex samples faster than in simple samples, but the cleavage is not complete and
short gPCR amplicons can still detect those fragments. Messenger RNA in tadpole
samples were degraded two orders of magnitude faster than in oocyte samples. This
can be explained by lack of protection factors in the tadpole samples. Oocyte as a
single cell is full of material (RNA, protein, lipids etc.) and this matrix can surround
and protect RNA molecules from post-mortem degradation. Further, oocyte mMRNA
fraction is not fully polyadenylated at 3’ ends, and that could increase their stability
too. On the other hand, tadpole mMRNAs are mature with polyA tails and mRNAs are
actively translated, so there would be minimal protection from surrounding
molecules. In addition, tadpole samples probably content much higher concentration
of RNAses. All these factors are probably behind the observed differences in
degradation rates in our samples.

RNA molecules inside the cells are very sensitive to natural post-mortem
degradation, but purified RNA samples (without RNAses) can be degraded by other
factors such as temperature, UV light, various chemicals etc. The mechanisms of
physical and chemical degradation is assumed to differ from natural post-mortem
degradation. In theory, physical and chemical degradation is not dependent on RNA
structure including presence of cap and polyA tail. We used physical RNA
degradation induced by heat treatment to demonstrate different mechanism. Overall
the physical degradation using 80 degrees incubation showed much slower
degradation rate compared to post-mortem degradation. As expected, the ribosomal
RNAs showed the same trend of degradation as mRNAs during physical degradation.
The only exception in our hypothesis was small nucleolar RNA and we hypothesize
that its short length makes it more stable to physical degradation than longer mRNA
and rRNA molecules.

In conclusion, we performed several experiments to demonstrate problematic
side of RNA integrity/quality estimation. We can summarize our finding:
1) ribosomal RNA is not useful indicator for natural degradation of mRNA in the
post-mortem samples, but could be valuable indicator of physical and chemical
degradation studies; 2) comparison of gene expression in samples with different
degradation is problematic and could be overcome using proper references; and
3) post-mortem degradation of MRNA is not 5° or 3’ end sensitive.
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Fig. 1. Experion electropherograms of total RNAs and determined RQI values for
post-mortem degraded (A.) oocytes and (B.) tadpole embryos at stage 40 measured
at intervals 0, 5, 10, 20 and 40 minutes post-mortem.
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Fig. 2. Temporal degradation profiles of unstable genes (in blue - odc, imp3, RNA
pol. I, mamll, atub, acta, eeflal, mrpll, ubc, antl, mdh2a, xk81al) - shown in A.
oocyte and B. tadpole at stage 40. Degradation profiles of stable genes (in orange -
scaRNA11, 5S rRNA, cycl and 18S rRNA) - C. oocyte and D. tadpole at stage 40.
Axes x in all graphs indicate intervals of post-mortem samples in minutes and axes y
indicate relative quantity transferred to log scale. Profiles for stable genes were
averaged in panels A., B. and profiles for unstable genes were averaged in panels C.,
D. to simplify comparison.
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mortem samples. RNA spike, which was added before reverse transcription, is
included in analysis to indicate stable RNA level.
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Fig. 4. Five different gPCR assays covering the whole molecules of (A.) xk81al and
(B.) atub were designed and quantified to determine 5” and 3’ specific degradation.
Axis x indicates post-mortem intervals in minutes and axis y indicates relative
quantity.
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Fig. 5. Heat degradation. Extracted RNAs from embryos were heated for 0, 1, 2, 4
and 6 hours (axis x) at 80°C. (A.) Total RNA quality and RQI was tested by Experion
system. (B.) Temporal degradation profiles of 16 transcripts measured using RT-
gPCR. Post-mortem unstable genes are shown in blue (odc, imp3, RNA pol. Il, maml1,
atub, acta, eeflal, mrpll, ubc, antl, mdh2a, xk81al) and stable genes are shown in
orange (scaRNA11, 5S rRNA, cycl and 18S rRNA).
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4.5. Pre-amplification in the context of high-throughput gPCR gene expression

experiment

Korenkova V., Scott J., Novosadova V., Jindrichova M., Langerova L., Svec D.,
Sidova M. a Sjoback R. BMC Molecular Biology 2015, 16:5. IF 2.057

Vysokokapacitni gPCR systém BioMark™ (Fluidigm) pfedstavuje revoluéni
pfistup v moznostech studia genové exprese. Jeho kvantifika¢ni kapacita umoziuje
analyzovat 48 vzorkli dohromady s 48 geny a dokonce 1 96 vzorku proti 96 gentim.
V souc¢tu dochézi ke kvantifikaci 2304 nebo 9216 reakci najednou v rdmci jedineho
¢ipu. Objem kazdé reakce c¢ini pouhych 6,7 nl a predpoklad uspésné kvantifikace
vyzaduje vysoce koncentrovany templat. Z tohoto divodu byl do protokolu
kvantifikace ptidan pre-amplifikacni krok, ktery exponencialné navysuje mnozstvi
méfenych templatovych molekul. Predmétem této prace bylo vyhodnoceni
zékladnich faktord, které ovliviiuji pre-amplifika¢ni reakci, a tim pozorovat jejich
vliv na vysledek kvantifikace méfené pomoci vysokokapacitniho BioMark™
systému. Byly kombinovany tii nasledujici faktory: 1) pocet pre-amplifika¢nich
cykla (15, 18, 21 a 24), 2) mnozstvi celkové RNA pouzité do reverzni transkripce
(0,078 ng, 0,32 ng, 1,25 ng, 5 ng a 20 ng) a 3) mira exprese studovaného genu (5 gent
pokryvajici rozsah od nizké exprese po vysokou). Vysledky ukazuji, Ze
nejefektivnéjsi pre-amplifikace vyzaduje kombinaci vyssi koncentrace vzorku
s menSim poc¢tem pre-amplifikacnich cykll. Namétena efektivita dosahovala hodnoty
95% v piipadé pouziti 5 ng templatu a 18 cyklu pre-amplifikace a dokonce 100%
U¢innost byla pozorovana u kombinace 20 ng templatu s 15 nebo 18 cykly.
Ve vsech téchto pripadech dochazelo k pre-amplifikaci vSech typti genti se stejnou
ucinnosti. ZvySovani poctu pre-amplifika¢nich cykld (21 a 24 cykli) mélo
za nasledek vyrazné snizeni pre-amplifikacni efektivity a zroven byla zaznamenana
zvySena variabilata vysoce exprimovanych gend. V neposledni fadé tyto vysledky
ukazuji, Ze variabilita pre-amplifikatniho kroku dosahuje nizSich hodnot

nez variabilita zpisobena reverzni transkripci.
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Pre-amplification in the context of
high-throughput gPCR gene expression
experiment

Vlasta Korenkova'™, Justin Scott?, Vendula Novosadova', Marie Jindiichova', Lucie Langerova', David Svec’,
Monika Sidové’ and Robert Sjdback’

Abstract

Background: With the introduction of the first high-throughput gPCR instrument on the market it became possible
to perform thousands of reactions in a single run compared to the previous hundreds. In the high-throughput reaction,
only limited volumes of highly concentrated cDNA or DNA samples can be added. This necessity can be solved by
pre-amplification, which became a part of the high-throughput experimental workflow. Here, we focused our

attention on the limits of the specific target pre-amplification reaction and propose the optimal, general setup

caused by the reverse transcription step.

Degraded samples, FFPE
.

for gene expression experiment using BioMark instrument (Fluidigm).

Results: For evaluating different pre-amplification facters following conditions were combined: four human
blood samples from healthy donors and five transcripts having high to low expression levels; each ¢cDNA
sample was pre-amplified at four cycles (15, 18, 21, and 24} and five concentrations (eguivalent to 0078 ng,
037 ng, 1.25 ng, 5 ng, and 20 ng of total RNA). Factors identified as critical for a success of cDNA pre-amplification
were cycle of pre-amplification, total RNA concentration, and type of gene. The selected pre-amplification reactions
weere further tested for optimal Cq distribution in a BioMark Array. The following concentrations combined with
pre-amplification cycles were optimal for good guality samples: 20 ng of total RNA with 15 cycles of pre-amplification,
20x and 40x diluted; and 5 ng and 20 ng of total RNA with 18 cycles of pre-amiplification, both 20x and 40x diluted.

Conclusions: We set up upper limits for the bulk gene expression experiment using gene expression Dynamic Array
and provided an easy-to-obtain tool for measuring of pre-amplification success. We also showed that variability of the
pre-amplification, introduced into the experimental workflow of reverse transcription-gPCR, is lower than variability

Keywords: Hig h-throughput gPCR, Exponential pre-amplification, Microfluidics, Gene expression, Fluidigm, BiohMark,

Background

The popularity of real time PCR steadily increases as
well as the number of platforms, detection chemistries
and multiple choices of analytical metheds. Several years
ago, the boom in high-throughput instruments changed
the way of studying gene expression and enabled re-
searchers to perform large scale studies based on the
most sensitive and specific quantitative PCR method.
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O BioMed Central

The first commercially available high-threughput ¢PCR
instrument was the BioMark™ System from Fluidigm
that was launched in 2006. Microfluidic Dynamic Arrays
provided by Fluidigm are able to combine either 48 sam-
ples with 48 assays or 96 samples with 96 assays in a com-
binatorial manner inside the integrated fluidic circuit
(IFC) [1]. The BioMark System is able to process a high
number of reactions (9,216) in a single run, each reaction
taking place in volume of 6.7 nl [2]. With this number
of reactions in a single run and its versatility and the
freedom of the custom designed assays, BioMark System
outperforms other high-throughput qPCR systems. There

© 2015 Korenkovd et al; licenses BioMed Certral. This is an Open Access article distributed under the terms of the Creative
Cornrnons Attribution License (hitpy/aeativecommons.org/licenses/oy/4.0), which permits unrestricted use, distribution, and
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are only a few high-throughput qPCR instruments on the
market that can be compared with BioMark System:
OpenArray using a chip with 3,072 reactions, each for 33-
nanolitre reaction volumes (Life Technologies) [3] and
SmartChip with 5184 reactions, each for 100-nanolitre
reaction volumes (Wafergen) [4]. All these systems are
designed to significantly simplify experimental workflow,
increase throughput and reduce costs, while providing ex-
cellent data quality. Even though these instruments are
built on different platforms, one attribute is common for
all of them and that is a need for highly concentrated start-
ing sample material.

The problem with an insufficient number of copies of
the target in the reaction can be overcome with the help
of pre-amplification. For the purposes of BioMark System
a specific target amplification (also known as STA) is used,
which is a multiplex PCR run with ¢cDNA template and
with a limited number of cycles, which is an exponential
type of pre-amplification enabling simultaneous gene ex-
pression measuring of multiple targets in a single sample
[5-7]. This kind of pre-amplification increases the amount
of the initial cDNA or DNA template molecules several-
fold, quantitatively amplifies just the target genes to be
measured, and preserves the relationships between the
transcripts. Even though pre-amplification has been used
for many years [8,9] and it has been incorporated in high-
throughput qPCR instruments workflows [10-13], it is still
the least studied part of qPCR workflow that might intro-
duce an additional bias if it is used without caution and
appropriate controls.

In last few years, we witnessed that along with new tech-
niques and new bicinformatic appreaches come praise-
waorthy effort for proper standardization and control of
the whole experimental process to eliminate widespread
publication of poor data, resulting in inappropriate con-
clusions [14]. Because of the initiator of the whole process,
MIQE guidelines [15], the quality and transparency of the
laboratory results has been improved considerably. Pre-
amplification process should not be omitted from this ef-
fort and it should be thoroughly validated and correctly
reported as well as other parts of reverse transcription-
qPCR workflow. It means that contrels of pre-amplification
should include at least paired non-preamplified and pre-
amplified samples and each assay should be tested inde-
pendently before the main experiment as described by
Rusnakova [16]. For unbiased pre-amplification, the same
difference between Cq values of non-preamplified and
pre-amplified ¢cDNA samples is expected for all assays;
only reproducible small deviations are acceptable. Repro-
ducibility is critical. Other controls as pre-amplified no
template control (NTC) and pre-amplified control of re-
verse transcription without reverse transcriptase (RT-)
should also be included. The reason is to ensure that
quantification will not be influenced by eventual primer-
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dimer formation or by assays that would amplify gDNA.
RT- control could be successfully replaced by a valid prime
assay, which accurately corrects all reactions in BioMark
Array for signals derived from gDNA using only one
extra valid prime assay and pre-amplified genomic DNA
(gDNA]) [17]. As the pre-amplification reaction is a highly
complex multiplex system (it is possible to pre-amplify al-
most limitless number of measured genes), simultaneous
amplifications of the large number of targets may inter-
fere; therefore it is necessary to use highly optimized
gPCR assays with high efficiency and high precision and
to run only a limited number of cycles and avoiding high-
abundant targets if possible [18]. Even though it is possible
to use fewer cycles of pre-amplification (10-14) for qPCR
experiments with conventional qPCR instruments, high-
throughput qPCR experiments require more than 14
pre-amplification cycles. Fluidigm advanced protocols
recommend 14 cycles for conventional profiling [19] and
18 cycles for single-cell profiling [20]. These numbers of
pre-amplification cycles are calculated for highly opti-
mized assays but in practice pre-amplification PCR effi-
clencies are not close to 100% that is why these numbers
are minimal and often suboptimal [18].

Here, we focus on identifying factors which influence
the pre-amplification reaction and the pre-amplification
limits, especially a limiting higher number of cycles for
pre-amplification, which has not been studied systemat-
ically yet. Our aim is to find out the optimal conditions
for BioMark Array that would give us an optimal distri-
bution of quantifiable Cq values across the Array by
using the proper amount of mRNA transferred into a re-
verse transcription reaction; the proper fraction of the
cDNA used for pre-amplification and the proper fraction
of the pre-amplified and correctly diluted ¢cDNA, trans-
ferred into each sample well in BioMark Array.

Results and discussion

Evaluating variables in pre-amplification reaction using
regular gPCR instrument

The primary purpose of pre-amplification is to en-
hance amount of input material, which can be, in some in-
stances, very low even for conventional qPCR: single cell
analysis [16,21], microRNA analysis [22], analysis of
formalin-fixed, paraffine embedded tissues [23] or to
enhance initial amount of material to be sufficient for
high-throughput instrument [1]. The amount of pre-
amplified transcripts correlates with the initial cDNA tar-
get copy numbers as has been shown previously for both
good quality samples [24] and bad quality samples, e.g.
formalin-fixed paraffin-embedded samples [23]. The expo-
nential pre-amplification should not be affected by the
quality of original RNA because the product of reverse
transcription, ¢cDNA molecule, is pre-amplified. That is
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why the quality of RNA will influence only the reverse
transcription step.

Even though the pre-amplification reaction itself is quite
simple, there are several factors that can influence the final
result. To identify and evaluate these factors we performed
pre-amplification experiment combining different condi-
tions. We evaluated four donors and five genes having high,
medium and low expression levels. The genes were FKBP,
STK10, EIF3M, CD83, and RND1 and were selected as rep-
resentative from 24 well-characterized assays (Additional
file 1) that were used later on for the summarizing BioMark
experiment. Their mean Cq values for four non-pre-
amplified samples were 18.7, 21.5, 23.7, 26.7, 34.0, re-
spectively, which expression is spanning four orders of
magnitude of dynamic range. Each sample was pre-amplified
using four different cycles (15, 18, 21, and 24) and at five
different concentrations (equivalent to 0.078 ng, 0.32 ng,
1.25 ng, 5 ng, and 20 ng of total RNA). The copy number
of each transcript and sample was estimated for each
assay. The estimated copy number for the low expressed
gene RND1 was confirmed by dPCR. The limit of detec-
tion (LODY), the limit of quantification (LOQ) and the effi-
ciency were determined for all 5 assays (Additional file 1).

Obtained non-pre-amplified Cq data and pre-amplified
Cq data were subtracted to calculate an ‘experimental dif-
ference’ of pre-amplification: ACqeperimental = Cnon preamp —
CApreamp: A ‘theoretical difference’ of pre-amplification was
calculated as: ACqheoretical = NUmMber of pre-amplification
cycles — log; (all dilutions during the processing of the
sample). The final formula was AACq = ACqheoretical -
ACqeperimentzl. An obtained AACq value, ‘expression dif-
ferential; close to zero indicates pre-amplification unifermity
(example of calculation in Additional file 2). We set
AACq=15 as a quality threshold for an acceptable
pre-amplification. This threshold value is in agreement with
the threshold value recommended by Applied Biosystems
in TagMan PreAmp Master Mix Kit guide [11]. The
values lower than the quality threshold (< +1.5) were
named a ‘success’. The values higher than a quality thresh-
old and the missing values, caused by missing copies in
the reaction, were categorized as a ‘failure’ (16 or 4% of
cases) (Additional file 2).

In order to evaluate which factors affect the ‘success’
of pre-amplification, we tested these data variables:
Cycles (number of pre-amplification cycles), Log_copy
(logz copy number of cDNA used for pre-amplification),
Log_concentn (log, concentration of ¢cDNA, presented
as total RNA equivalent, used for pre-amplification),
Donor, GeneNo (gene number = different transcripts)
that were used in explanatory binomial candidate model.
The optimal model was then derived in SPSS using the
backward stepwise method to eliminate non-significant
terms, which were Donor and Log copy. Because all
terms are known beforehand and contrellable, the model
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could serve also as a predictive model with sensitivity of
81% and specifity 67% (Additional file 3).

Individual statistical tests uncovered important details
of the pre-amplification process. Concentration of cDNA
sample used for pre-amplification had significant effect on
the overall likelihcod of ‘success’ when tested for all Genes
and Cycles together (p = 0.012); the higher Concentration,
the higher ‘success’ (Additional file 4A). When individual
Genes were taken in account and all Cycles were together,
Concentration had significant effect only on low copy
genes, RND1 (p <0.001) and CD83 (p = 0.001) (Additional
file 4B). Both genes show high failure rates in the low con-
centrated pre-amplification reactions (up to 5 ng) because
the low template concentration corresponds to the low
number of copies in pre-amplification (<10 copies of
¢DNA). These findings are in agreement with Bengtsson
[25], who claims that when amplifying less than 20 cDNA
copies the level of technical noise of PCR amplification in-
creases dramatically, technical reproducibility decreases,
thus the accurate quantification is reached if >20 target
molecules per PCR are amplified.

Copy number of cDNA used for pre-amplification was
not significant in the predictive model because Copy
number (Log copy) did not have a significant effect on
the overall likelihood of ‘success’ when all Genes and all
Cycles were combined together (p =0322) (Additional
file 5A). However, if each Gene was tested independently
with all Cycles together, the same results as for variable
Concentration were obtained. Copy number had signifi-
cant effect on low copy genes RND1 (p =0.0001) and
CDS83 (p = 0.0004) (Additional file 5B). Additional infor-
mation was derived if Copy number was compared for
all Genes and each Cycle independently. Whereas the
likelihood of ‘success’ increased with increasing Copy
number for cycles 15 (p = 0.0006) and 18 (p = 0.0002), it
decreases for cycle 24 (p = 0.0007). The contradictory di-
rections for individual Cycles can explain why there was
no overall significant effect above (Additional file 5C).
The increasing ‘success’of pre-amplification with higher
Copy numbers has been described before, for example,
using different copy numbers of ERCC RNA-42 standard
with 14 cycles of pre-amplification [26]. However, the
effect of high copy number transcripts combined with
higher pre-amplification cycles (>18 cycles) has not been
systematically investigated for bulk experiments before.

Finally, effect of number of Cycles on pre-amplification
‘success’ was tested. We show that the number of Cycles
had a highly significant effect on overall likelihood of ‘suc-
cess’ (p < 0.001) if tested for all Genes and Concentration
together. Increasing Cycle numbers decreased the likeli-
hood of ‘success’ (Additional file 6A). If both Genes and
Cycles were tested independently, Cycle number had sig-
nificant effect only on high copy genes EIF3M (p = 0.001),
STK10 (p <0.001) and FKBP (p < 0.001). Increasing Cycle
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numbers drastically decreased the likelihood of ‘success’
(Additional file 6B). The presence of highly abundant
transcripts has also effect on pre-amplification process,
this effect was combined with number of Cycles. While pre-
amplifiying 21 and 24 cycles, the quality of pre-amplification
steeply dropped, which is shown in summary figure
(Figure 1). The percentage of affected genes displayed in
this figure can be found in Additional file 7. This would
probably be caused by getting under optimal concentra-
tion of primers in the multiplex pre-amplification reac-
tion. The possibility of exhausting reagents during qPCR
reaction was ruled out by testing limiting dilutions of PCR
product of FKBP (data not shown).

Applying the results, we can speculate why 18 s rRNA,
which is often used as a reference gene using conventional
qPCR would not be suitable transcript for pre-amplification
as was also suggested by Stahlberg [18]. The previously
published data demonstrated that the highest correlation ob-
served for samples pre-amplified with 18 s rRNA measured
with microfluidic BioMark Array and non-preamplified
samples measured by conventional qPCR cycler was 0.801
[27]. The expression of 18 s rRNA is so abundant that we
recommend to exclude it from pre-amplification reaction
completely. 18 s rRNA would not be detected reliably
because of the very high concentration of transcripts
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present after pre-amplification. This reason would cause
the inability of any instrument to set the correct baseline.
On the other hand, for the same reason, it is possible to
quantify 18 s rRNA in BioMark array without pre-
amplification (Additional file 8). The simple clue for iden-
tifying possible unsuitable targets for pre-amplification
is their measured Cq value. The Cq value of the non-
preamplified high-abundant transcript should not be
lower than the number of cycles being used for its pre-
amplification.

After summarizing all results together, combination of
significant variables Cycle and Concentration reveals that
a cycle 15 or 18 combined with a concentration of 20 ng is
the best pre-amplification option using good quality sam-
ples, although any concentration higher than 1.25 ng is
likely to be sufficient if the cycle is 18 or 15 (Table 1). In
other words, the solution is to minimize number of Cycles
and maximize Concentration of the sample. Presented
model (Table 1) can also be applied for degraded samples,
e.g. formalin-fixed paraffin-embedded samples. If RNA
samples are degraded, less cDNA could be formed during
reverse transcription, thus less target copies of cDNA can
be pre-amplified. Using our outcomes (recommended
combinations of concentrations and cycles), the highly
expressed transcripts will never be over-preamplificated.

cycle = 15

cycle = 18

cycle = 21

cycle = 24

Expression differential

0 5 10 15

Log(2) copy number

[gene

O EIF_O CD83 O FKBP O RND1_© STK |

Figure 1 A plot showing the quality of pre-amplification. Successfully pre-amplifiec samples lie bellow the guality threshold, which
corresponds to AACq = 1.5 (expression differential). The guality of pre-amplification gets worse with increasing number of pre-ampilification cycles.
During cycles 15 and 18 only small number of samples amplified with low copy gene RND1 (lowest concentrations) and high copy gene FKBP
are affected. At cycles 21 and 24, the quality of pre-amplification is affected in all genes to some extent. The least affected gene is CD83,
the most affected are high copy genes.
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Table 1 A pivot table showing the success rate as a
percentage for the possible combinations of Cycles
{pre-amplification cycles) and concentrations for all five genes

Average of Concentration {equivalent of total RNA
suCcess in ng used in pre-amplification)

Cycles 0078 032 1.25 5 20 Grand total
15 75% 90% 50% 90% 100% 89%
8 80% 80%  90%  95%  100% @ 89%
21 400% 30%  e0%  75% 80% 57%
24 450% 50% 55% 40% 40% 460

Grand total  60% 63% 74% 75% 80% 70%

Cycle 18 combined with a Concentration of 5 and 20 ng, and Cycle 15 combined
with a concentration of 20 ng is optimal for successful BioMark experiment.

However, the right concentration and dilution of samples
need to be tested for the low expressed genes.

Optimal dilution for BioMark system

The regular BioMark high-throughput gene expression
experiment consists of high number of assays (up to 48 or
up to 96) [1] that are amplified at the same time, resulting
in the big spread of Cq values from highly expressed to
lowly expressed genes. If either the concentration of the
sample, the number of pre-amplification cycles or dilution
after pre-amplification are not set correctly, the final result
will not be optimal. Some transcripts could be under-
amplified, which can result in a loss of detection sensitivity
and generation of missing values. We should also avoid
over-cycling of highly expressed transcripts. If the concen-
tration of copies for a certain assay is too high in the sam-
ple, the instrument might not be able to distinguish the
background of the reaction and set the baseline properly.
The cbtained Cq values will not be reliable.

For a successful BioMark experiment, it is desirable for
the majority of the data to fall in the range about Cq =6
to Cq =23 [28,29]. In contrast to the regular qPCR cyclers,
the optimal range of quantifiable Cq values in BicMark in-
strument is approximately 10 cycles lower [26]. This is
caused by the fundamental difference between the size of
the surface that comes into contact with the sample mix
during the qPCR reaction in the Dynamic Array and in
the conventional micro-titer plate. In contrast to the poly-
propylene surface in conventional micro-titer plates, the
percentage of surface of polydimethylsiloxane nanocham-
ber [30] that is connected with the reaction volume is
much larger. It leads to a higher sensitivity of the micro-
fluidic system, earlier detection of the fluorescence signal
and thus shorter cycling time.

In order to identify the best concentration and diluticn
of pre-amplified samples that would be suitable for the
BioMark experiment, we performed an experiment with
48.48 GE Dynamic Array using already pre-amplified sam-
ples from previous experiment with cycles 15, 18 and 21
respectively and with the concentrations 1.25 ng, 5 ng and
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20 ng, respectively. The samples were diluted 20 and 40
fold, respectively to determine the best conditions for Bio-
Mark instrument. All obtained Cq data (from 21 assays ex-
cluding 3 reference genes) was normalized with GAPDH,
PPIB and GUSB reference genes, which should cancel out
the differences among the different concentrations and
different amplification cycles but not the natural variability
among donors. We set these criteria: missing data were
not acceptable, the lowest Cq in Dynamic Array should be
6 and three samples should be distinguished and fall into
respective groups. That is why, the two lowest concentra-
tions (1.25 ng and 5 ng) for 15 cycle pre-amplification
were removed from the analysis immediately. These cri-
teria helped us to set up the principal component analysis
that was used to reduce the dimensicnality of a data set,
which consisted of the 21 normalized gene assays, 3 pre-
amplification cycles, 2 dilutions and 3 concentrations of 3
samples. PCA data was auto-scaled to reduce the effect of
variation in the overall expression levels of the different
genes. Only samples that created three separated com-
pact groups were selected for further analysis. After
removal of all samples pre-amplified 21 cycles and sam-
ples pre-amplified 18 cycles of concentration 1.25 ng, the
data set was reanalyzed and the first 3 components of
PCA explained 78.4% variability of auto-scaled data set.
The right choice of selected samples from PCA was val-
idated with another method, Koheonen’s self-organizing
feature map (SOM) that confirmed separation of sam-
ples into 3 distinct groups (Figure 2).

As a result, the highest concentration, 20 ng, for 15 cy-
cles pre-amplification, both 20x and 40x diluted; and
5 ng and 20 ng concentrations for 18 cycles of pre-
amplification, both 20x and 40x diluted fulfilled our
criteria for successful and reliable pre-amplification
and would give the best unbiased result with max-
imum detectable data for BioMark gene expression
experiment.

Pre-amplification variability

In order to demonstrate how the combination of optimal
conditions for success of pre-amplification would affect
variability, the vield and standard deviations (SD) of pre-
amplified FKBP, STK10, EIF3M, CD83, and RND1 were
measured by qPCR. Pre-amplification reactions were
performed in replicates of four on one ¢cDNA that was
synthetized from the same RNA pool. SDppe of com-
bined pre-amplification and qPCR (Table 2} was calcu-
lated as weighted sum of the SDs of the qPCR (SDqpcr)
and SD of the pre-amplification reaction (SD,,.). SDpgg
was in the range of 0.14 — 0.24, which corresponds to vari-
ability 10% - 17% in estimated number of ¢cDNA mole-
cules {averaged variability for all genes is 13%). Variability

increases towards the low expressed genes with higher Cq
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Figure 2B, confirms 3 distinct groups.

Figure 2 Identification of the best concentration and dilution of pre-amplified samples for the BioMark experiment. A. 3-0 principal
component analysis. PCA is based on 21 differentially expressed, auto-scaled genes, which classified pre-amplified samples into three groups
according to donors (blue=donor 1, red =donor 2, green=donor 3). Samples pre-amplified 15, 18 and 27 cycles are shown, diluted both 20x
and 40x. It is difficult to distinguish clearly 3 groups. B. Only acceptable pre-amplifications useful for BioMark GE Dynamic Array are selected: 15
cycles - 20 ng, dilution 20x and 40x, respectively; 18 cycles — 5 and 20 ng, dilution 20x and 40x, respectively. €. SOM with samples selected for

values (Table 2), which is caused by well described statis-
tical effects [31].

Previously, it has been described that experimental
variation in the reverse transcription-qPCR (without
pre-amplification) is mainly attributable to the reverse
transcription step [32]. To confirm this statement also
for reverse transcription—qPCR with the additional pre-
amplification step, we performed the experiment where
the yield and standard deviations of ¢cDNA synthesis of
the FKBP, STK10, EIF3M, CD83, and RND1 were mea-
sured by qPCR. This time reverse transcription reactions
were performed in replicates of four on material from the
same RNA pool as in previous pre-amplification experi-
ment (Table 2). SDgr of combined reverse transcription
and qPCR (Table 2) was calculated as weighted sum of the
SDs of the qPCR (SDgpci) and SD of the RT reaction
(SD,1). SDgr was in the range of 0.24 — 0.41, which corre-
sponds to variability 17% - 33% in estimated number of
¢DNA molecules (averaged variability for all genes is

23.6%). After comparison, the pre-amplification variability
within the reverse transcription-qPCR experiment is
significantly lower (p = 0.015) than variability caused by
¢DNA synthesis step.

Conclusion

In order to perform a valid experiment that would lead
to reliable results, it is necessary to know both the cap-
abilities and limitations of the used method and instru-
ment. Even though BioMark instrument performs the
regular gPCR reaction, we need to take some special prop-
erties into account when setting high-throughput qPCR
experiment. The most distinct deviation from the regu-
lar qPCR experiment workflow is the necessity of pre-
amplification.

As has been demonstrated, pre-amplification success
is based on several variables, the most important ones are
number of pre-amplification cycles, concentration of the
sample used for pre-amplification, and the gene itself.

Table 2 Comparison of reverse transcription (RT) and pre-amplification (PRE) variability

RND1 cD83 EIF3M STK10 FKBP AVG var.
Efficiency (F) 21% 100% 97% 24% 100%

Ca RT 317 256 246 22,1 202

SOar = ¢/ SD(rt)* + SD{gPCRY 038 041 024 040 0.29

Variability RT={1 + E)* "y 28% 330 18% 17% 220 23.6%

Cg PRE® 236 17.1 16.2 134 121

SDpge = \/SD(pre)2 + SD(gPCRY’ 024 018 018 0.14 016

Variability PRE = {1 + E*Ppeg 17% 13% 13% 10% 12% 13%
Expression Differential 12 07 10 0.7 13

*Equivalent of 5 ng of total RNA was used in 18 cycle pre-amplification, pre-amplified cDNA diluted 40x.
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After testing possible combinaticns of these variables,
we came to the conclusion that pre-amplification for the
BioMark System using good quality samples is optimal be-
tween 15-18 pre-amplification cycles and higher concen-
trations of ¢cDNA samples (5-20 ng of transcribed total
RNA per pre-amplification reaction) diluted either 20x or
40x after pre-amplification. Use of higher amplificaticn
cycles (21 or 24) in bulk experiments (not in single cell
experiments) is very limited because high abundant tar-
gets will cause an exhaustion of primers and reagents from
pre-amplification reaction, thus they will cause lowering of
pre-amplification success.

The success of the pre-amplification can be tested by
our improved, easy-to-obtain, universal formula called
“expression differential”. The algorithm, which is presented
here, evaluates the "expression differential” based on a
AACq value obtained subtracting ACq experimental -
ACq expected or "theoretical’. Formula can be used uni-
versally, for pre-testing of the quality of pre-amplificaticn
assays in high-throughput gene expression experiment as
well as in RT-qPCR experiments with FFPE-RNA.

And finally, we show that variability of the pre-
amplification, introduced into the experimental workflow
of reverse transcription-qPCR, is lower than variability
caused by the reverse transcription step.

Methods

Sample collection and preparation

Bleed was collected in BD K,EDTA tubes (BD, cat. no.
367525), 10 ml draw volume, from healthy volunteers. After
approval by Norwegian south east regional committee for
medical and health research ethics (REC South East), all
participants signed a written informed consent before
participating in the study in accordance with the Helsinki
declaration. As soon as possible after the first blood tube
collection, EDTA blood from each volunteer was trans-
ferred to and PAXgene® Blood RNA Tubes (PAXgene)
(PreAnalytiX) to maintain gene expression, incubated at
room temperature for 2 hours, and then stored at —80°C.

Isolation of RNA, quality control and reverse transcription
RNA from blood collected in the PAXgene tubes was
extracted according to the standard protocol: PAXgene
Blood RNA Kit (Qiagen) and stored at -80°C.

RNA quantity and purity was measured using Nano-
DropTM 1000 Spectrophotometer (Thermo Scientific).
ODrgpsmse ratios for all samples were between 1.8 and
2.0. RNA integrity number (RIN) was checked using ca-
pillary electrophoresis performed on Agilent Bicanalyzer
2100, with RNA 6000 Nano Assay (Agilent Technologies).
Sample 1 RIN = 8, sample 2 RIN = 7.3, sample 3 RIN =
7.7, sample 4 RIN = 7.6. Pooled sample 5 for variability
modeling had RIN = 7.5.
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cDNA synthesis was performed using High Capacity
c¢DNA Reverse Transcription Kit (Life Techneology) ac-
cording to the manufacturer’s protocol with random hex-
amers in the final volume of 50 pl containing 500 ng total
RNA using a cycler C1000 (Bic-Rad). cDNA samples were
stored at —20°C and diluted just before use. For dilution of
samples GenElute-LPA (Sigma Aldrich) diluted in 1xTE
according to the manufacturer instructions was used.

Primer and probe design

gPCR assays and a RNDI1 probe were designed by
TATAA Biocenter, Sweden (Additional file 1). To aveid
the amplification of genomic DNA all assays were placed
to span and/or have one primer covering an intron/
exon boundary. Criteria for the assays were: good lin-
earity (5 log dynamic range at LC480 error < 0.2), efficiency
(=80%, <105%), specificity (no amplification of gDNA
or at least 5 cycle’s difference between target and genomic
Cqg-value) and clear NTCs. All assays were initially evalu-
ated with SYBR green chemistry to test the primers. After
approval of the primers a hydrolysis probe for RND1 was
designed and evaluated in the same way as described for
the primers. PCR products were analyzed for specificity
(single product) on a pre-made 2.2% agarose gel (Flash
Gel system, Lonza). All primer designs were performed
with Primer BLAST [33] followed by probe design with
Beacon Designer® (PREMIER Biosoft International). Primers
and the probe were ordered from Eurcfins. Primers were
HPSF purified. Probe was labelled with FAM as reporter
and BHQ1 as quencher and HPLC purified.

Real time PCR, copy number estimation, efficiency and
limit of detection

10 pl gPCR reactions using SYBR green were prepared
from 5 pl 2x TATAA SYBR GrandMaster Mix (TATAA
Biocenter), 0.4 pl primers (final concentration 400 nM),
2.6 pl MB water, 2 pl cDNA (or pre-amplified cDNA di-
luted 20x). The qPCR was run in CFX384 (Bio-Rad) using
the standard program 95°C for 1 min followed by 40 cycles
95°C for 3 s, 60°C for 60 s, and 72°C for 10s plus melting
curve. At least triplicate qPCR reactions were performed
for each qPCR experiment. Cq data were cbtained by
regression using Bio-Rad CFX Manager Software 3.0
(Bio-Rad).

For determination of the number of copies, PCR prod-
ucts were purified using QIAquick PCR Purification Kit
(Oiagen) according to the manufacturer instructions, con-
centration was measured using Quibit® 2.0 Flucrometer
(Life Technologies) and number of copies were calculated.
Standard curves using PCR product of known copy num-
bers were generated and the copy numbers of tested
samples were interpolated. The ¢cDNA RND1 copy num-
ber for four donors was confirmed also by dPCR using a
probe.
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Limit of detections (LOD) was determined from stand-
ard curves with 6 replicates for each dilution, 8 dilutions
1:3 for assays: EIF3M, CD83, FKBP, RND1, STK10.
(Additional file 1). Dilutions were made with carrier
TE-LPA (Sigma Aldrich). The efficiency of remaining as-
says was determined from the standard curves generated
from PCR product diluted 1:10 000 in TE-LPA with 3 rep-
licates and 5 dilution 1:9 (Additional file 1). All standard
curve experiments were run in CFX384 (Bio-Rad) with
TATAA SYBR GrandMaster Mix (TATAA Biocenter).

Gene specific pre-amplification for experiments using
intercalating dye

A single aliquot of each ¢cDNA sample (diluted in carrier
TE-LPA), equivalent to 20 ng RNA, 5 ng RNA, 1.25 ng
RNA, 0.32 ng RNA, 0.078 ng RNA, respectively, was used
for pre-amplification with TATAA PreAmp GrandMaster®
mix (TATAA Biocenter) at either 15 cycles, 18 cycles, 21
cycles or 24 cycles, respectively. The total volume of pre-
amplification was 10 pl for each sample. The reaction con-
tained 5 pl of pre-amplification mastermix, 2 pl of cDNA,
1 pl of pooled primers with a final concentration of each
primer of 25 nM and 2 ul of MB water. The ¢cDNA sam-
ples were subjected to pre-amplification. The following
temperature protocol was used: 95°C for 30 s, followed by
15, 18, 21, 24 cycles, respectively at 95°C for 15 s and 60°C
for 4 min. 24 assays were pre-amplified as multiplex and
only 5 selected assays (see above) were tested in the
experiment. A list of 24 assays used for pre-amplification
is described in Additional file 1. As a control, water
(NTC) was included in the pre-amplification reaction.
The pre-amplified ¢cDNA was immediately used or
placed in freezer at —-20°C. The pre-amplified cDNA
was diluted prior to use at either 20x or 40x with MB
water.

High-throughput real time PCR with Eva green

qPCR was performed using the high-throughput platform
BioMark™ HD System and the 48.48 GE Dynamic Arrays
(Fluidigm) in duplicates in assays. 5 pL of Fluidigm sample
premix consisted of 1 pL of either 20x or 40x diluted
pre-amplified cDNA, 0.25 yL of 20x 5G loading reagent
(Fluidigm), 2.5 pL of Sso Fast Eva green mastermix
(Bic-Rad), 0.1 pL of 4x diluted ROX (Invitrogen) and
1.15 pL. of RNase/DNase-free water. Each 5 pL assay
premix consisted of 2 puL of 10 pM primers (final con-
centration 400 nM primers), 2.5 uL 2x Assay loading
reagent (Fluidigm) and 0.5 uL of RNase/DNase-free water.
The samples and assays were mixed inside the chip using
Nanoflex IFC controller (Fluidigm). Thermal conditions
for qPCR were: 98°C for 40 s, 35 cycles of 95°C for 10 s,
and 60°C for 40 s plus melting curve analysis. Data was
processed by automatic threshold for each assay, with
derivative baseline correction using BioMark Real-Time
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PCR Analysis Software 3.1.2 (Fluidigm). The quality
threshold was set at the default setting of 0.65.

gPCR data pre-processing and statistical analysis

The Cq data obtained from conventional qPCR cycler
CFX384 was analyzed using IBM SPSS Statistics (Version
21) and an Excel (Version 14.3.4) pivot table. Tested
variables were: Cycles (number of pre-amplification cy-
cles), Log copy (logy, copy number of ¢cDNA used for
pre-amplification), Log_concentn (logz concentration of
c¢DNA, presented as total RNA equivalent, used for pre-
amplification), Donor, GeneNo (gene number = different
transcripts). Copy number was analyzed as both a categor-
ical and continuocus variable. As the distribution of Copy
number and Concentration were not normally distributed
these were also log transformed (base 2). Each experiment
was classified as a'success’ orfailure’. An experiment was
classified as asuccess’ if the’expression differential’ was less
than + 1.5 (Additional file 2). An experiment was classi-
fied as a'failure’ if the’expression differential was greater
than 1.5 or missing Expression differential’ consisted of
the’theoretical expression” minus the’experimental expres-
sion’ (detailed description in results).

Measures of experiment behavior and outcome were
compared against the likelihood of success to detect any
statistical relationships. Univariate categorical measures
were compared against experimental ‘success’ under spe-
cified conditions using the Chi-squared test (expected
values were so high that the Fisher’s Exact test was not
used). Univariate continuous measures were compared
against experimental ‘success’ using Box plots and group
summary tables. A full variable logistic regression model
was pared back to an optimal model using the backward
stepwise method by eliminating non-significant terms. A
classification (or confusion) table was produced and the
sensitivity and specificity calculated. A pivot table was pro-
duced showing the success rate as a percentage for the
possible combinations of Cycles and Concentrations.

All BioMark data were pre-processed in the software
GenEx Enterprise 5.4.0.520 (MultiD Analyses AB). PPIB,
GAPDH and GUSE were selected for normalization using
Normfinder software. Principal component analysis (PCA)
[34] and Kchenen self-organizing maps (SOM) [35] was
performed using 21 original independent variables (21
normalized genes). PCA and SOM were performed with
data that were normalized, the lowest expression was
recalculated to 1, log2 transformed and auto-scaled using
GenEx Enterprise software. All expression values were
auto-scaled in order to remove the influence of both the
expression level and the magnitudes of the changes and
gave rise to classification based on the relative changes in
expression. The SOM of size 3 x 1 dividing the samples
into 3 groups was trained using GenEx with the following
parameters: 0.1 learning rate, 3 neighbors and 5,000
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iterations. The SOM analysis was repeated five times with
identical classification.

Ditference between variability of reverse transcription
step and pre-amplification step was tested by paired, two
tailed ¢ test using GenEx Enterprise 5.4.0.520 (MultiD
Analyses AB).

Additional files

Additional file 1: The Excel sheet with information on 24 assays
used for pre-amplification. Five assays highlighted in gray were used
for experiment 3.1. Additional information are added for these assays:
LOD, LOQ.

Additional file 2: Table of all samples and their Cq and calculated
characteristics as Concentration, Copy numbers, Cycle, Success and
the example of the pre-amplification algorithm {expression differential)
application.

Additional file 3: Construction and results of explanatory binomial
candidate model explaining which combination of factors will
influence the ‘success’.

Additional file 4: Tables showing how Concentration of RNA {an
equivalent of mRNA transferred into pre-amplification reaction)
influences ‘success’. A. Tested for all Genes and all Cycles together.
B. Tested for each Gene independently and all Cycles together.

Additional file 5: Figures showing how Copy number {(copy number
of cDNA used for pre-amplification) influences 'success’. A. Tested
for all Genes and all Cycles together. B. Tested for each Gene
independently and all Cycles together. C. Tested for all Genes
and each Cycle independently.

Additional file 6: Tables showing how number of Cycles (number
of pre-amplification cycles) influences ‘success’. A. Tested for all
Genes and Concentrations together. B. Tested for each Gene
independenily.

Additional file 7: A pivot table showing the success rate as a
percentage for the possible combinations of Cycles and
Concentrations for individual genes. The additional information for
Figure 1.

Additional file 8: A standard curve of non-preamplified sample de-
tected by 185 rRNA used in GE Dynamic Array 48.48.

Abbreviations

Cop: Cycle of guantification; EDTA: Ethylenediaminetetraacetic acid;

gDNA: Genomic DNA; GeneMo: Gene number = different transcript;

IFC: Integrated fluidic circuit; LOD: Limit of detection; Log_concentn:

Log, concentration of cONA, presented as total RNA equivalent, used for
pre-amplification; Log_copy: Log, copy number of cONA used for
pre-amplification; LOQ: Limit of quantification; MB water: Molecular biology
grade water; NTC: No template control; PCA: Principal component analysis;
qPCR: Quantitative polymerase chain reaction; RIN: RNA integrity number;
RT-: Negative cantrol in reverse transcription, without reverse transcriptase;
SOM: Kohonen self-arganising map; SC: Standard deviation; STA: Specific
target amplification; TE-LPA: Linear polyacrylamide carrer in TE buffer.
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Example for calculation of Success

Source data
|number gene |donor |Cp non-preamp |Cq preamp |qu experimental |ccpy |\og2 copy |wcle |con:entraﬂtecr_diff |exp_diff |success |
1 1favp1s | 1 34.2| 33.7] 0.54] 0.2] 2.4 15| 0.08] 1.36] 0.82] 1]

Experimental difference of pre-amplification: ACqexperimental = Cqgnon-preamp — Cqpreamp = 0.5
Thearetical difference of pre-amplification was calculated as: ACqtheoretical = number of pre-amplification cycles —log2(all dilutions during the processing of the sample

Dilutions during our experiment:

non-preamplified sample: for amplification diluted after RT diluted 4x (2.5 ng RNA eqvivalent/ul), in gPCR 2 ul cDNA in 10 ul of total volume = 5x dilution. Together 20x dilutior
pre-amplified sample: for pre-amplification sample diluted 256x (0.39 ng RNA equivalent/ul),in pre-amp reaction 2 ul of cDNA in 10 ul reaction were useds= 5x dilution

after pre-amplification reaction diluted 40x, in qPCR 2 ul cDNA in 10 ul of total volume = 5x dilution. Together 256000x dilutior

TOTAL dilution for the experiment: 256000/20=12800x

All theoretical differences calculated for our experiment

Theoretical difference 15 cycles |18 cycles |21 cycles 24 cycles

0.078 ng RNA 1.36| 4.36 7.36 10.36|dilution of sample causes shift of 8 cycles
0.32 ng RNA 3.36 6.36 9.36 12.36|dilution of sample causes shift of 6 cycles
1.25 ng RNA 5.36 8.36 11,36 14.36|dilution of sample causes shift of 4 cycles
5 ng RNA 7.36 10.36 13.36 16.36|diluticn of sample causes shift of 2 cycles
IZD ng RNA 9.36 12.36 15.36 18.26|na shift

Theaoretical difference: Example 15 cycles for 0.078 ng RNA

15 cycles - 5.64 cycle (50x dilution in reaction)- 8 cycles (20 ng diluted 256x) =1.36
or 15 cycles -log2(12800)= 15 - 13.64 = 1.36

Expression differential AACq = ACqtheoretical - Acgexperimental
ALCq=1.36-0.54 =0.82

An experiment was classified as a Success because the Expression differential was lessthan £ 1.5
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Additional File 3

WHAT COMBINATION OF FACTORS WILL INFLUENCE SUCCESS?

An explanatory (using all possible terms) binomial candidate model was constructed:

Success ~ geneNo + donor + cycle + log_concentration + log_copy

An optimal model was then derived in SPSS using the backward stepwise method to eliminate
‘non-significant’ terms. Deriving an optimal model:

Success ~ geneNo + cycle + log_concentration

As donor and log_copy were eliminated, this is also a predictive model (all terms are known
beforehand and controllable).

95% C.l.for
Variables B S.E. Wald df Sig. Exp(B) EXP(B)
geneNo 37.893 4 0.000
geneNo(1) 0.358 0.38 0.891 1 0.345 1.431 0.68 3.012
geneNo(2) 2.111 0.441 22953 1 0.000 8257 3.481 19.584
geneNo(3) 1.708 0.418 16.704 1 0.000 5518 2.432 12.516
geneNo(4) 1.803 0.423 18.197 1 0.000 6.067 2.65 13.892
cycle 64.653 3 0.000
cycle(15) 2.672 042 40513 1 0.000 14464 6.353 32.929
cycle(18) 2,672 042 40,513 1 0.000 14.464 6.353 32.929
cycle(21) 0.543 0.316 2942 1 0.086 1.721 0.925 3.199
log_concn 0.259 0.069 13.948 1 0.000 1.296 1.131 1.485
Constant 1.468 0.352 17.397 1 0.000 0.23

a Variable(s) entered on step 1: geneNo, donor, log_copy, cycle, log_concn.

Classification Table(a)

Predicted
Percentage
Success Correct
Observed Failure Success
Success Failure 62 57 521
Success 30 251 89.3
Overall Percentage 0.67 0.81 78.3

a The cutvalue is .500

The model has a sensitivity of 81% and a specificity of 67%.



Additional File 4

WILL CONCENTRATION OF RNA INFLUENCE SUCCESS?

A. For all gehes and all cycles together

Concentration had a significant effect on the overall likelihood of success. Concentration was
tested as a category (p=0.023), a variable (p=0.012), and a log transformed variable
(p=0.001). In all cases was it significant for success. The categorical test results are displayed.
The likelihood of success increases with the concentration.

concentration * Success Crosstabulation

Success Total
Failure | Success

Count 32 48 80

.078 % within 40.0%| 60.0%| 100.0%
concentration

Count 30 50 80

.320 % within 37.5%| 62.5%]100.0%
concentration

Count 21 59 80

concentn  1.250 % within 26.3%| 73.8%|100.0%
concentration

Count 20 60 80

5.000 9% within 25.0%| 75.0%]100.0%
concentration

Count 16 64 80

20.000 9% within 20.0%| 80.0%|100.0%
concentration

Count 119 281 400

Total % within 29.8%| 70.3%]100.0%
concentration

B. For each gene independently and all cycles together

Concentration had a significant effect on genes RND1 (p < 0.001) and CD83 (p = 0.001). Here
increasing concentrations increased the likelihood of success. Gene CD83 was still significant
using the more conservative Fisher's Exact test.
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concentration * Success * Gene Number Crosstabulation

Gene Number Success
Failure | Success
Count 12 4
.078 o .
% within concentration | 75.0% 25.0%
Count 10 6
.320 o .
% within concentration | 62.5% 37.5%
. Count 5 11
concentration 1.250 o .
% within concentration | 31.3% 68.8%
RND1
Count 7 9
5.000 o .
% within concentration 43.8% 56.3%
Count 0 16
20.000 o .
% within concentration 0.0%| 100.0%
Count 34 46
Total o .
% within concentration | 42.5% 57.5%
078 Count 8 8
’ % within concentration | 50.0% 50.0%
320 Count 2 14
' % within concentration 12.5% 87.5%
Count 2 14
trati 1.250
D3 concentration % within concentration | 12.5%| 87.5%
5.000 Count 1 15
' % within concentration 6.3% 93.8%
Count 0 16
20.000
% within concentration 0.0%| 100.0%
Count 13 67
Total i .
% within concentration 16.3% 83.8%
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Additional File 5

WILL COPY NUMBER INFLUENCE SUCCESS?

A. For all genes and all cycles fogether

Copy number (log of copy number) did nct have a significant effect on the overall likelihood of
success (p = 0.3218).
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B. For each gene independently and all cycles together

Copy number only had a significant effect on genes RNDT (p =0.0001) and CD83 (p = 0.0004).

Here increased copy number increased the likelihood of success.
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C. For all genes and each cycle independently

Copy number (log copy number) was significant for cycles 15 (p = 0.0008), 18 (p = 0.0002),
and 24 (p = 0.0007). Whereas the likelihood of success increases with increasing copy
number for cycles 15 and 18, it decreases for cycle 24. The contradictory directions for
individual cycles means there is no overall significant effect above. Rings are outliers.
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Additional File 6

WILL NUMBER OF CYCLES INFLUENCE SUCCESS?

A. For all genes and concentrations together

The number of cycles had a highly significant effect on the overall likelihood of success {p < 0.001).
Increasing cycle numbers decreased the likelihood of success.

cycle * Success Crosstabulation

Success Total
Failure Success
15 Count 11 39 100
% within cycle 11.0% 89.0% 100.0%
18 Count 11 89 100
eycle % within cycle 11.0% 89.0% 100.0%
21 Count 43 57 100
% within cycle 43.0% 57.0% 100.0%
" Count 54 46 100
% within cycle 54.0% 46.0% 100.0%
Count 119 281 400
Total
% within cycle 29.8% 70.3% 100.0%

B. For each genes independently.

Cycle number had a significant effect on genes E/F3M {p = 0.001), STK10 {p < 0.001}, and FKBP {p <
0.001). Increasing cycle numbers drastically decreased the likelihood of success {as above).



cycle * Success * Gene Number Crosstabulation

Gene Number Success Total
Failure Success
15 Count 0 20 20
% within cycle 0.0% 100.0% 100.0%
18 Count 1 19 20
% within cycle 5.0% 95.0% 100.0%
cycle
Count 7 13 20
EIF3M 21
% within cycle 35.0% 65.0% 100.0%
24 Count 9 11 20
% within cycle 45.0% 55.0% 100.0%
Count 17 63 80
Total
% within cycle 21.3% 78.8% 100.0%
15 Count 0 20 20
% within cycle 0.0% 100.0% 100.0%
18 Count 0 20 20
cycle % within cycle 0.0% 100.0% 100.0%
STK10 21 Courlt . 6 14 20
% within cycle 30.0% 70.0% 100.0%
24 Count 10 10 20
% within cycle 50.0% 50.0% 100.0%
Count 16 64 80
Total L
% within cycle 20.0% 80.0% 100.0%
15 Count 2 18 20
% within cycle 10.0% 90.0% 100.0%
18 Count 2 18 20
| % within cycle 10.0% 90.0% 100.0%
cycle
C
FKBP 21 ourlt . 16 4 20
% within cycle 80.0% 20.0% 100.0%
24 Count 19 1 20
% within cycle 95.0% 5.0% 100.0%
Count 39 11 80
Total .
% within cycle 48.8% 51.3% 100.0%
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Additional File 7

DETAILED TABLE FOR FIGURE 1

A pivot table showing the success rate as a percentage for the possible combinations of
Cycles and Concentrations for individual genes. The additional information for Figure 1.

Proportion of
success Concentration
Grand
Cycle 0.078| 032| 125| 5| 20]Total
RND1S
15 050| 050] 0.75]0.75 | [1.00 0.70
18 BB | oso| 075|075 |00 0.65
21 BBB| P8 | o.75| o050 fo0 0.50
24 B8 | BBE| oso| BB |10 045
cD83 S
15 o25| [ted| oo | Leo |1eo 0.85
18 o75| e | oo | Leo |1eo 0.95
21 050 075] 075|500 | 1.00 0.80
24 050| 075] 075075100 0.75
EIF3M S
15 1.00| [poo| 10000 koo 1.00
18 1.00| o075 | 100|100 oo 0.95
21 o75| [@88| oso|Loo 100 0.65
24 050 075| 075|075 00BN 055
STK10S
15 1.00| [oo| 100|100 |eo 1.00
18 1.00| {00 1.00] 10000 1.00
21 os0| @8 | o7s |00 koo 0.70
24 075| o075] o7s | S | B8 0.50
FKBP S
15 1.00| [oo| o075 o075 |oo 0.90
18 1.00| o75| o.7s|[1.00 (oo 0.90
21 OIS | [OPN | [N | DS 066 |  O9d
24 OO | [ | [0 | OO |GG | O0d
Grand Total 060| o0.63] o074]075]080 0.70




Serial dilution {1:7) of unpreamplified blood sample, tested with 18s rRNA in GE Dynamic Array 4848 (Fluidigm}.

185 rRNA JHdilution No. of samples: 15]
1k 14.36912 4096
B2X 16.74177 512 Slape: -3.66867| < -3.34254] < -3.01642
645 18 98181 64 Intercept: 28.03668] < 25.01348] < 29.59031
512X 24 52693 2 Efficiency: 085762 < 059147] « 1.12532
4036% 26.761% 1 Residual variance: 0.55757
1x 14458254 4096 SE{intercept): 045215
BX 17.01745 512 SE{slope): 0.15096
4% 13.62085 64 SE{Efficiency): 0.061%6
512X 22.04723 2 Caonfidence: 959
A036% 25.9467 1 Critical t-value: 216037
1k 13 8641 4096 rd: 057417
2X 16.8050% 512
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5. Diskuze

Pocate¢ni determinace a diferenciace bun€k v ¢asném embryonalnim vyvoji

X. laevis zavisi na lokalizaci a distribuci maternalnich faktorii. Z tohoto diivodu byl
tento vyzkum zaméien zejména na lokalizaci maternalni mRNA uvniti zralého
oocytu. Obecné se predpoklada, Ze pfevazna Cast maternalni mRNA je rovhomérné
distribuovana podél animalné-vegetativni osy oocytu a pouze jeji mensi ¢ast vykazuje
lokalizaci bud’ v animalni nebo vegetativni hemisféie (Mowry and Cote, 1999; King
etal., 2005). Nicméné na zaklad¢ nasich vysledku nebyl objeven ani jeden maternalni
transkript, ktery by byl rovnomérmé distribuovan. Sindelka et al. (2008) zavedl
metodu qPCR tomografie, ktera umoznuje stanovit lokalizaci transkript uvnitf
biologického vzorku. V ramci experiment byl oocyt X. laevis rozdélen na 5 ¢asti
podél animalné-vegetativni osy pro urceni lokalizace 15 maternalnich mRNA.
Soucasti predkladané disertacni prace jsou vysledky pokust, u kterych byl zvysen
pocet fezt z piivodnich 5 na 15 a zaroven byl i zdvojnasoben pocet kvantifikovanych
genu. Cilem vyssiho rozliSeni bylo podrobngjsi popsani lokalizaénich gradientd
maternalni mMRNA a moznost identifikovat pfipadné dalsi lokaliza¢ni profily podél
animalné-vegetativni osy zralého oocytu X. laevis. Analyza dat potvrdila rozdéleni
maternalnich transkripti do dvou hlavnich skupin v zavislosti na lokaliza¢nim
profilu. Prvni a zaroven i1 pocetnéjsi skupina transkriptli se vyskytuje v animalni
hemisféfe. Maximum gradientu spociva zhruba ve tietin¢ oocytu (3. — 6. vzorek), coz
pravdépodobné souvisi s umisténim jadra uvnitf oocytu a pasivnim transportem
téchto transkripti z mista jejich syntézy. Animalni skupina maternalni mRNA
prekvapivé zahrnuje i referencni transkripty, které se bézné pouzivaji k normalizaci
genové exprese u zab rodu Xenopus. Tento fakt dokazuje, ze ve studiich
na vnitrobuné¢éné Urovni neni vhodné pouzivat k normalizaci referen¢ni geny, ale
spiSe aplikovat normalizaci na celou bunku. Druha skupina maternalnich mRNA
vykazuje lokalizaci ve vegetativni hemisféfe. Vysoké rozliSeni fezii oocytem
umoznilo rozliSit dvé podskupiny téchto transkriptl, které se 1iSi profilem
vegetativniho gradientu. Determinanty zarodec¢né plazmy vykazuji strmy gradient,
coz sveéd¢i o jejich spojeni s kortexem. Ostatni vegetativné lokalizované mRNA se
vyznacuji pozvolnym profilem smérem k vegetativnimu polu. Tento vysledek dvou
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vegetativnich lokaliza¢nich profili zaroven souvisi s odliSnym typem transportnich
drah, které lokalizuji maternalni transkripty do vegetativni hemisféry oocytu

X. laevis.

Nésledujici krok v prubéhu vyzkumu potvrdil pfenos animalné-vegetativni
asymetrie materndlni mRNA z oocytu do dcefinych bunék v prubéhu casného
ryhovani. Polinaje tfetim bunénym d¢lenim (vyvojové stadium 8 bunek) lze
na embryich pozorovat oddéleni animalnich blastomer od vegetativnich. Z tohoto
divodu byla ke stanoveni lokalizace maternalnich transkripti v jednotlivych
blastomerach pouzita embrya ve vyvojovém stadiu 8 bunék, 16 bunék a 32 bunék.
Vysledek RT-gPCR analyzy dokazal, ze animalni blastomery obsahuji jiné

maternalni transkripty nez vegetativni blastomery.

Dalsim cilem bylo nalezeni molekularnich gradienti maternalni mRNA
s dirazem na uréeni dorzo-ventralni a pravo-levé t€lni osy u embryi ve vyvojovém
stadiu 8 bunék, 16 bunék a 32 bun¢k. Vymezeni ventralni ¢asti embrya nastava jiz
v okamziku pruniku spermie do oocytu a nasledné, v pribéhu procesu kortikalni
rotace, dochazi k nahromadéni dorzalnich determinantl v budouci dorzalni oblasti
embrya. I piestoze byly v nasi studii méfeny vSechny zndmé transkripty gent z Wnt
signalni drahy a jinych signalnich drah specifikujici dorzo-ventralni asymetrii (dvl2,
dvl3, Irp6, wntll, tcf3, gsk3b, ctnnbl, foxhl, trim36 a axinl), zadny nevykazoval
nerovnomérnou distribuci podél této osy. Z tohoto vyplyva, ze ackoliv animalné-
vegetativni asymetrie vznika disledkem nerovnomérné distribuce maternalni mRNA,
vytvofeni dorzo-ventralni télni osy bude vysledek asymetrické distribuce a/nebo
lokalizace jinych biomolekul, pravdépodobné proteini. Nerovnomérna distribuce
materndlnich mMRNA nebyla pozorovana ani ve sméru pravo-levé télni osy. Rozdé¢leni
embrya na pravou a levou ¢ast je definovano prvni embryonéalni ryhou, ale projev teto
osy nastupuje az po gastrulaci. Z molekularniho hlediska byl popsan gen vgl (gdfl),
ktery se podili na specifikaci pravo-levé asymetrie v prub&hu ¢asného embryonalniho
vyvoje X. laevis (Hyatt et al., 1996). Nicméné naSe vysledky neprokazuji
asymetrickou distribuci vgl transkriptu podél této osy az do vyvojového stadia 32

bunék. Model iontového toku dokonce vymezuje pravo-levou télni osu jiz v embryu
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ve stadiu 2-4 bunék, kde se predpoklada nerovnomérnd lokalizace ATPazovych pump
v jednotlivych blastomerach (Blum et al., 2014). Gen atp4 piedstavuje nezbytnou
podjednotku H+/K+-ATPazové pumpy. Nase vysledky meéfeni jeho distribuce
v jednotlivych blastomerach od vyvojového stadia 8 bunék az po stadium 32 bunék
neprokazaly asymetrickou lokalizaci transkriptu atp4 podeél pravo-levé télni osy (tato
data nejsou zahrnuta v publikaci 4.2.). Z tohoto vyplyva, ze ani pravo-leva télni osa
neni ur¢ena asymetrickou distribuci maternalni mRNA v pribéhu ¢asného ryhovani.
Za specifikaci pravo-levé t€lni osy mohou byt opét zodpoveédné jiné biomolekuly
a nebo projev této asymetrie muze nastupovat az v pozdéjSich vyvojovych stadiich

X. laevis.

Predchazejici publikace vedla k zavéru, Ze urceni télnich os a télniho planu
Vv Casném embryonalnim vyvoji X. laevis nelze vyvodit pouze na zaklad¢ lokalizace
maternélnich transkriptt, ale je nutné znat i pfesnou lokalizaci proteint. Tento bod
vSak zahrnuje i ¢aso-prostorovou regulaci translace maternalni mRNA. Nazorny
ptiklad predstavuje porovnani nacasovani translace gdfl a vegt. 1 kdyz tyto
transkripty sdileji stejnou transportni drahu do vegetativni hemisféry, li§i se
Vv translacni aktivité. V pribéhu celé oogeneze dochazi k translaci proteinu Gdfl, ale
ptepis vegt transkriptu je inhibovan. Protein Vegt 1ze pomoci protilatek detekovat az
ve zralém oocytu a jeho vyskyt pietrvava az do gastrulace (Stennard et al., 1999).
Regulace translace materndlni mRNA o€ividn€ zaujimd vyznamnou roli
v determinaci a diferenciaci bun¢k v pritbéhu ¢asné embryogeneze. Z tohoto divodu
bylo dalsim cilem stanovit lokaliza¢ni profily miRNA uvnitt zralého oocytu X. laevis.
Ukazali jsme, ze miRNA je asymetricky distribuovana podél animalné-vegetativni
0Sy oocytu a jeji lokalizaéni profily odpovidaji dvéma ze tii lokaliza¢nich profild,
které byly identifikovany pro maternalni mRNA. Animalni gradient miRNA a mMRNA
pravdépodobné vznika pasivni difuzi téchto molekul z bunétného jadra, které je
lokalizovano v animalni hemisféfe oocytu. Na druhé stran¢ vytvoreni vegetativniho
gradientu je zpusobeno aktivnim transportem, ktery vyzaduje Kkonzervovanou
lokaliza¢ni sekvenci. Nicméné celd nebo pievazna ¢ast miRNA sekvence je nutna
k interakci s cilovou mRNA, a proto tato sekvence pravdépodobné nemiize obsahovat

usek, ktery by umoznil dalsi vazbu s bunéénymi komponenty. Z tohoto divodu
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usuzujeme, ze mRNA mohou byt aktivné transportovany do vegetativni hemisféry
prostfednictvim mRNA molekul, anebo k transportu dochazi jesté¢ ve formé pre-

miRNA, ktera disponuje 70 nukleotidovou sekvenci.

Tato studie ptedstavuje vysledky, které poprvé dokazuji asymetrickou
lokalizaci nekodujicich RNA v ramci jedné buiiky. Nerovnomérna lokalizace miRNA
uvnitf 00Cytu naznacuje jejich Ulohu v Caso-prostorové regulaci translace béhem
¢asného embryonalniho vyvoje X. laevis. Jinymi slovy lze tyto kratké regulacni
molekuly, spole¢né s maternalni mRNA a proteiny, zahrnout do skupiny vyznamnych
bunéénych determinantli, které se podileji na diferenciaci jednotlivych bunck
a na utvareni t€lniho planu embrya. Tuto teorii podporuje i studie, kde bylo ukézano,
7ze miR-18 se podili na vymezeni a formovani zarode¢nych listi béhem ¢asného
embryonalniho vyvoje. Exprese miR-18 byla detekovana v ektodermu a mezodermu
a jeho funkce spociva v potlaceni endodermalniho fenotypu (Colas et al., 2012).
Zaroven tato skuteCnost koreluje s vysledkem pokusii provedenych v Laboratofi
genové exprese, kde byla miR-18 lokalizovana do animalni poloviny zralého oocytu,
coZz piedstavuje oblast presumptivniho ektodermu a &asteCné 1 presumptivniho

mezodermu.

Na zaklad¢é dosazenych vysledki byly popsany lokaliza¢ni profily maternalni
mRNA a miRNA podél animalné-vegetativni osy zraleho oocytu X. laevis. Ukazuje
se, ze nerovhomérnd lokalizace ptedstavuje kliCovy mechanismus asymetrického
déleni bun€k béhem <¢asného embryonalniho vyvoje. Jiz tfinasobny rozdil
v koncentraci bunééného determinantu miize vést ke kompletné¢ odliSnému
bunéénému osudu (Smith and Gurdon, 2004). Tato nerovnomérna lokalizace se vSak
nevztahuje pouze na maternalni biomolekuly. Bylo dokazano, ze dochazi
i k asymetrické distribuci anorganickych ionti a kovi, jako je méd’, zinek a zelezo,

uvniti oocytu X. laevis (Popescu et al., 2007).

Vsechny vySe predkladané vysledky byly stanoveny pomoci kvantitativni
metody RT-gPCR. Tato metoda klade vysoké naroky na kvalitu a stabilitu pouzité
RNA. Jiz ¢aste¢nd degradace RNA vede ke zvySeni technické variability a snizuje

tak presnost ziskanych vysledki. Z tohoto duvodu byla dalsi faze prace zaméfena

104



na objasnéni vlivu enzymatické a teplotni degradace na integritu RNA molekul.
Enzymatickd degradace zastupuje pfirozenou degradaci, taktéZz ozna¢ovanou jako
degradaci post mortem. VVzhledem k ziskanym vysledkiim je ziejmé, Ze ruzné typy
RNA vykazuji odli$nou citlivost k u¢inku degradace post mortem. Piestoze u rRNA
nedochazelo k degradaci ani po nékolika desitkdch minut, mMRNA podléhala
degradaci v fadech jednotek minut. Pravdépodobnou pfi¢inou se zda byt vyssi
odolnost rRNA proti RNazam, které pfednostné degraduji molekuly s polyA koncem
a methylguanosinovou cepickou. Nizky stupenn degradace rRNA se vSak muze
promitnout do chybného vyhodnoceni kvality RNA. Nékteré kapilarni elektroforézy
vyhodnocuji intergitu RNA pouze na zakladé poméru 18S/28S rRNA. I piesto, Ze je
analyzovana RNA vyhodnocena jako vysoce kvalitni, mlize byt vétSina mRNA
molekul ve vzorku degradovana. DalSim cilem vyzkumu bylo porovnani vlivu
enzymatické degradace post mortem na maternalni a zygotickou RNA. Jako
modelové systémy slouzili zralé oocyty X. laevis a pulci ve vyvojovem stadiu 40.
Vzhledem k vysledkim této analyzy bylo prokazéano, ze maternalni mRNA vykazuje
o dva rady vyssi odolnost nez zygoticka mRNA. Tento rozdil mtize byt zptisoben tim,
ze materndlni mRNA je vice chranéna pied pisobenim RNaz nez transkriptom bézné

buriky, ktery mé nedostatek téchto ochrannych faktort.

Jako druhy byl testovdn mechanismus fyzikalni degradace, ktera byla
zastoupena teplotni degradaci. Na zakladé dosaZzenych vysledkd se ukazalo, zZe
zahtivanim izolovanych vzorkti RNA na teplotu 80 °C se snizuje integrita vSech typt

RNA se stejnou ucinnosti a plisobeni této degradace lze pozorovat az v fddech hodin.

Posledni cil disertaéni prace souvisel s kvantifikaci genové exprese
prostiednictvim gPCR piistroje BioMark™. Tento vysokokapacitni systém byl
pouzit ke stanoveni lokalizace maternalni mRNA podél animalné-vegetativni osy
zralého oocytu X. laevis. Hlavni podminkou tsp&$né kvantifikace pomoci BioMark™
pristroje je vysoka koncentrace templatovych molekul. Dostate¢né mnozstvi templatu
je zajistovano pre-amplifikacni reakei. Efektivita této reakce je vsak ovliviiovana jak
poctem zvolenych cykla, tak mnozstvim vstupni RNA nebo mirou exprese

studovaného genu. Dle dosazenych vysledki je ziejmé, Ze nejucinnéj$i pre-
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amplifikacni reakce probihd pfi pouziti fadové desitek ng templatu (testovano bylo
5a 20 ng celkové RNA) spole¢né s 15 nebo 18 pre-amplifikaénimi cykly. Stejné tak
je nutné, aby v prab&hu pre-amplifikace nedochazelo ke zvyseni variability ziskanych
dat. Tato podminka byla ovéfena pii studiu lokalizace maternalni mRNA uvnitf
oocytu. Porovnani lokaliza¢nich profilt transkripti maml (animalni gradient) a vgl
(vegetativni gradient) pied pre-amplifikaci a po pre-amplifikaci potvrdilo, ze tento

krok neptedstavuje zvySené riziko vneseni chyby do naméfenych dat.
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6. Zavéry

1.

Podafilo se identifikovat dvé hlavni skupiny maternalnich mRNA, které
se projevuji odliSnym lokalizaénim gradientem podél animalné-vegetativni
osy uvnité zralého oocytu X. laevis. Animalni gradient vznika spontanné
pasivni diftzi transkriptt z jadra, zatimco vegetativni gradient je tvofen

aktivnim transportem.

Patnact fezi piipravenych z oocytu pomoci vysokorozliSovaci metody
umoznilo rozlisit dvé vegetativni podskupiny mRNA, které se lisi profilem
lokalizacniho gradientu. Determinanty zarode¢né plazmy jsou strmé
lokalizované ve vegetativnim poélu, zatimco gradient ostatnich vegetativné
lokalizovanych mRNA vykazuje pozvolny a kontinualni nartist smérem

k vegetativnimu polu.

Byla potvrzena nerovnomérnd distribuce maternalnich mRNA, které jsou
asymetricky lokalizované podél animalné-vegetativni osy zraleho oocytu,
do jednotlivych dcefinych bunék béhem ryhovani X. laevis. Animalni
blastomery z vyvojovych stadii 8 bun¢k, 16 bun¢k a 32 bunék obsahuji jiné

maternalni transkripty nez vegetativni blastomery.

Vsechny studované maternalni mMRNA vykazovaly rovnomérnou distribuci
podél dorzo-ventralni a pravo-levé té€lni osy u embryi z vyvojovych stadii
8 bungk, 16 bunék a 32 bunck. Z ¢ehoz vyplyva, ze animalné-vegetativni
asymetrie vznika disledkem gradientt mRNA, ale specifikace dorzo-ventralni
a pravo-levé télni osy vznikd nerovnomérnou distribuci jinych biomolekul,

napftiklad proteint.

Byly popsany dva zakladni profily asymetrické lokalizace miRNA podél
animalné-vegetativni osy zralého oocytu X. laevis. Tato nerovnomérna

lokalizace naznacuje, ze miRNA spole¢né s maternalni mRNA a proteiny lze
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zahrnout do skupiny vyznamnych buné¢nych determinantt, které se podileji
na Caso-prostorové diferenciaci jednotlivych bunék a na utvareni t€lniho planu

embrya.

. Byl popsan vliv enzymatické degradace post mortem a teplotni degradace
na ruzné typy molekul RNA. Na piisobeni degradace post mortem je mnohem
citlivgjsi mRNA, zatimco rRNA vykazuje vysokou stabilitu. Z tohoto
vysledku vyplyva, Ze pii piirozené degradaci post mortem neni Zadouci

vyhodnocovat integritu celkové RNA pouze na zakladé integrity rRNA.

. Bylo zjisténo, ze RNA z pulct vykazuje nizsi stabilitu ve srovnani s maternalni
RNA, kterd je pravdépodobné vice chranéna pred ptisobenim RNaz v priabéhu

enzymatickeho typu degradace post mortem.

. Bylo dokazano, ze pre-amplifika¢ni reakce nezvySuje variabilitu naméfenych
dat a zaroven byly vyhodnoceny optimalni podminky poctu pre-
amplifikacnich cykli, mnozstvi celkové RNA a miry exprese studovaného

genu, které ovliviiuji efektivitu této reakce.
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8. Seznam zkratek

Ago
MO
cdx1
CPE
dazl
ddx25
dvl
gdfl
GRP
gsk3p
hCG
HM
LPM
MBT
METRO
MiRNA
MRNA
MRNP
MtRNA
OCT
P-bodies

pgat

Argonaute protein

morpholino oligonukleotides
caudal type homeobox 1
cytoplasmic polyadenylation element
deleted in azoospermia-like
deadsouth

dishevelled

growth differentiation factor 1
gastrocoel roof plate

glycogen synthase kinase 3 beta
human chorionic gonadotropin
hlavovy mezoderm

lateral plate mesoderm
mid-blastula transition
messenger transport organizer
micro ribonucleic acid; microRNA
messenger ribonucleic acid
MRNA and protein complex
mitochondrial RNA

optimal cutting temperature
processing bodies

primordial germ cell-associated transcript
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pitx2

gPCR
RISC
rRNA

RT-miQPCR

RT-gPCR
RQI
scaRNA
UTR

vegt

Whnt
wntll
xbra
Xlsirt

Xnr

paired-like homeodomain 2
quantitative polymerase chain reaction
RNA-induced silencing complex
ribosomal RNA

reverse transcriptase miRNA quantitative polymerase chain

reaction

reverse transcriptase quantitative polymerase chain reaction
RNA Quality Indicator

small cajal body-specific RNA

untranslated region

vegetal T-box transcription factor

Wingless/Int-1

wingless-type member 11

Xenopus brachyury

Xenopus laevis short interspersed repeat transcripts

Xenopus nodal related
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