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UvVOD

1. UVOD

1.1. Usporadani genii v genomech eukaryot

Uspotadani geni v genomech eukaryotickych organismii bylo dlouho povazovano za
nahodné. Existovala pfedstava o trams-regulaci genové exprese, pii niz si transkripéni
faktory, které rozhoduji o tom, jaké geny budou v urcité¢ tkani exprimovany, vyhleda;ji
ptislusné regulacni sekvence nezdvisle na tom, v jakém misté genomu tyto sekvence lezi.
Nékteré¢ odchylky od ndhodného uspofadani byly sice popsany, napi. u gend vzniklych
tandemovymi duplikacemi (Shen et al, 1981) nebo u gent, které sdileji cis-ptisobici
regulacni elementy (Levine et al., 1983; Scott et al., 1983), avSak tyto ptfipady byly
povazovany spiSe za vyjimky. Postupem casu vSak pfibylo studii, které ukazaly, ze
puvodni pfedstavu o ndhodném rozlozZeni genti v genomech je potieba ptrehodnotit. Diky
dostupnosti kompletni genomové sekvence fady organismt (Adams et al., 2000; Lander et
al., 2001; Venter et al., 2001; Waterston et al., 2002; Hillier et al., 2004) a velkych
souborl genovych expresnich dat (Boguski ef al., 1993; Caron ef al., 2001; Su et al., 2002)
bylo mozné provést analyzy uspotradani genli na trovni celych genomi. S vyuZzitim téchto
dat byly nalezeny dikazy o nendhodném uspofadani genli v kazdém eukaryotickém
genomu, ktery byl dosud studovan (Hurst et al., 2004). Pochopeni tohoto fenoménu ma
vyznam pro odhaleni mechanismi, kterymi byl obsah genomi formovan béhem evoluce,
ale také pro objasnéni, jakym zplsobem je regulovdna a koordinovéna exprese genl
v ruznych ¢astech genomu. Z novych poznatki je zfetelné, ze genomy eukaryotickych
organismll neslouzi pouze jako staticka lozisté¢ pro genetickou informaci, ale jejich
genovy obsah podléha dynamickym zménam. Usporaddni gend v genomech
eukaryotickych organismi je mozné posuzovat ve dvou Urovnich: mezi chromosomy a

podél chromosomii.

1.1.1.  Nendhodny obsah genil na pohlavnich chromosomech

Pfi studiu uspofddani genli mezi chromosomy je obvykle porovnavéana distribuce geni

exprimovanych v ur€ité tkani na jednotlivych chromosomech, ptipadné mezi autosomy a
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pohlavnimi chromosomy. U riiznych organismti bylo zjisténo, Ze jednotlivé autosomy jsou
si svym genovym obsahem navzajem velmi podobné a kazdy z autosomt obsahuje vesmes
ndhodny soubor genll z celého genomu (Vallender & Lahn, 2004). PrestoZe nckteré
vyjimky z tohoto pravidla byly zaznamenéany (Bortoluzzi et al., 1998; Khil et al., 2004),
nebyl pozorovan systematicky trend v souvislosti se zastoupenim urcitych typd gend na
jednotlivych autosomech. Naproti tomu genovy obsah pohlavnich chromosomi je
u vétsiny organismu odlisny od autosomtl.

Pohlavni chromosomy hraji klicovou roli pfi urovani pohlavi u vétSiny Zivocicht
i nékterych rostlin. Vyvinuly se zplivodniho pdru autosomi v né€kolika nezavislych
evolucnich liniich (Ohno, 1967; Matsubara et al., 2006). U raznych taxonu existuji odlisné
systémy chromosomového urceni pohlavi. Mezi nejvice prostudované systémy urceni
pohlavi patii systém XX:XY u savcil a drozofily, systém XX:X0 u Caenorhabditis elegans
a systém ZZ:ZW u ptaka (Vallender & Lahn, 2006). Pohlavi, které ma dva stejné pohlavni
chromosomy se oznacuje jako homogametické a pohlavi, které ma dva rizné pohlavni
chromosomy je heterogametické. Zatimco u savcil jsou sam¢i jedinci heterogameticti (XY)
a samice homogametické (XX), u ptakid je tomu naopak — samice jsou heterogametické
(ZW) a samci homogameticti (ZZ).

Pro neparové pohlavni chromosomy (Y a W) je typické, ze obsahuji velmi maly
pocet funkénich genli a naopak velké mnozstvi nefunk¢nich pseudogent, transpozona a
jinych repetitivnich sekvenci, které jsou obvykle soustiedény v rozsahlych blocich
heterochromatinu (Vallender & Lahn, 2004; Fukova et al., 2007). Genovy obsah neparové-
ho pohlavniho chromosomu Y byl nejlépe prostudovan u clovéka (Skaletsky et al., 2003).
Podstatnou cast lidského chromosomu Y (asi 95%) zaujima oblast specifickd pro samce
(MSY, male-specific region of the Y chromosome), ktera neni homologni k chromosomu
X a proto vni nedochdzi ke crossing-overu. Oblast MSY je slozena z mozaiky
heterochromatinu a tfi typt euchromatinovych sekvenci a v porovnani s autosomy je
genoveé chuda. Geny lezici v této oblasti chromosomu Y Ize rozdé€lit do dvou funkcnich
skupin. Prvni skupinu tvofi geny exprimované v Sirokém spektru tkani (housekeeping
geny), které maji homologni gen na chromosomu X. Druha skupina zahrnuje geny
s vyluénou expresi ve varleti (Lahn & Page, 1997). Tyto geny lezi v ramenech osmi
velkych obracenych repetic a podléhaji genové konverzi. Na obou koncich lidského
chromosomu Y jsou umistény pseduautosomalni oblasti (PAR), které umoziuji parovani a
rekombinaci chromosomti X a Y béhem meidzy. Pseudoautosomalni oblasti se svym

nukleotidovym slozenim, hustotou a obsahem genti podobaji autosomiim. Geny obsazené
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v PAR se stejné jako autosomalni geny vyskytuji v obou pohlavich. Genovy obsah
chromosomu Y na urovni DNA sekvence byl také Castecné charakterizovan u Simpanze
(Hughes et al., 2005). Na Simpanzim chromosomu Y vSak bylo nalezeno mnohem vice
nefuncnich gent, které zdegenerovaly béhem evoluce Simpanzi linie, nez bylo zjisténo na
lidském chromosomu Y. Chromosom Y mysi je v soucasnosti teprve sekvenovan (Alfoldi
et al., 18th International Mouse Genome Conference, 2004). Z ptedchozich studii je vSak
znamo, ze myS$i chromosom Y obsahuje geny nezbytné pro spermatogenezi (Kay et al.,
1991; Agulnik et al., 1994; Mazeyrat et al., 1998). U drozofily je chromosom Y velmi
maly, témét cely vyplnény heterochromatinem (Adams et al., 2000) a bylo na ném
identifikovano nékolik genti, které ovliviiuji plodnost samcti (Carvalho et al., 2001;
Charlesworth, 2001).

Parové pohlavni chromosomy X a Z jsou svou velikosti, po¢tem a hustotou gent
spise podobné autosomtim. Rada studii vsak doklada, Ze nékteré funkéni skupiny gentl jsou
na chromosomu X zastoupené vice a jiné naopak méné nez na autosomech (Hurst, 2001).
Pozoruhodny je zejména nendhodny obsah gent, které jsou preferenéné nebo vylucné
exprimované v jednom pohlavi. Studie rGznych organismli vSak pfinesly protichiidné
poznatky ohledné zastoupeni téchto genli na chromosomu X. Lidsky chromosom X je
napiiklad obohacen o geny, které souviseji s rozmnozovanim nebo s urcenim pohlavi
(Hurst & Randerson, 1999; Saifi & Chandra, 1999). Geny, které jsou specificky
exprimované v prostaté ¢lovéka, jsou na chromosomu X zastoupené dvakrat castéji nez na
autosomech (Lercher et al, 2003b). Chromosom X cloveéka je také obohacen o geny
exprimované v mozku, jejichz mutace zptisobuji mentalni poruchy (Zechner et al., 2001) a
dale o geny exprimované ve svalech (Bortoluzzi et al., 1998). Podobn¢ jako na lidském
chromosomu Y bylo také na lidském chromosomu X odhaleno nékolik velkych
obracenych repetic, které ve svych ramenech obsahuji geny preferencné exprimované ve
varleti a umoziuji genovou konverzi (Warburton et al., 2004). U mysi bylo zjisténo, ze
geny specificky exprimované ve spermatogoniich jsou fadové vicekrat zastoupeny na
chromosomu X (Wang ef al., 2001). Také geny s preferencni expresi v samicich tkanich
(vajenicich a placente) jsou na mySim chromosomu X zastoupeny castéji (Khil e al.,
2004). V rozporu s t€émito poznatky je vSak zjisténi, ze mysi chromosom X je ochuzen
o geny exprimované ve varleti (Khil ef al., 2004). U drozofily bylo zjiSténo, ze se na
chromosomu X téméf nevyskytuji geny s preferencni expresi v samcich (Parisi et al.,
2003) a u Caenorhabditis elegans je chromosom X ochuzen o geny exprimované ve

spermatogennich a oogennich buiikach (Reinke et al., 2000; Reinke et al., 2004). Ptesto, ze



UvVOD

je k dispozici kompletni genomova sekvence kura domaciho (Hillier et al., 2004), genovy

obsah parového pohlavniho chromosomu Z nebyl zatim uspokojivé prostudovan.

1.1.2.  Mechanismy, které¢ ovliviiuji genovy obsah pohlavnich chromosomii

Pro vysvétleni genového obsahu pohlavnich chromosomi je tfeba pochopit, jak pohlavni
chromosomy vznikly a jak probihala jejich evoluce. Vznik pohlavnich chromosomt tzce
souvisi se zménou zplsobu uréeni pohlavi z negenetického na geneticky. U negenetického
zpusobu urceni pohlavi, ktery je rozsifen u mnoha zivocichd, je pohlavi jedinct urc¢eno
pusobenim faktorti vnéjsiho prostiedi (napft. teplotou béhem embryonalniho vyvoje plazi).
Pti genetickém zplisobu urceni pohlavi je pohlavi jedinct uréeno v okamziku oplozeni
podle kombinace pohlavnich chromosomi. Pohlavni chromosomy vznikly z ptivodniho
paru autosomt, ktery nemél ni¢im vyjimecny genovy obsah (Vallender & Lahn, 2004).
Spoustécim mechanismem pro vznik pohlavnich chromosomti byla mutace, kterd zménila
jeden z genti lezicich na tomto autosomu v gen urcujici pohlavi. Pohlavni chromosomy
savcl a ptaka vznikly z odliSného péru autosomi a v disledku mutaci odlisnych genli
urcujicich pohlavi (Graves & Shetty, 2001). U savcli pravdépodobné doslo ke vzniku
pohlavnich chromosomi mutaci genu SOX3, kterd zménila jeho kopii na ptvodnim
chromosomu Y v gen SRY urCujici sam¢i pohlavi (Stevanovic et al., 1993; Foster &
Graves, 1994). U ptaki byl na chromosomu Z identifikovan kandidatni gen DMRT1, jehoz
mutace mohla byt urcujici pro vznik samc¢iho pohlavi, a dva kandidatni geny (ASW a
FETI) lezici na chromosomu W, jejichz mutace mohla dat vznik sami¢imu pohlavi (Smith
et al., 1999). Ackoliv pohlavni chromosomy vznikly béhem evoluce nékolikrat nezavisle
(Ohno, 1967; Matsubara et al., 2006), jejich nasledny vyvoj ma ve vSech liniich podobné
rysy (Graves & Shetty, 2001).

Podle soucasnych evolucnich teorii je genovy obsah pohlavnich chromosomti X a
Y vysledkem plsobeni nejméné Ctyf evolu¢nich procest (Obr. 1) (Vallender & Lahn,
2004). (1) V dasledku potlaceni meiotick¢é rekombinace dosSlo na chromosomu Y
k degeneraci a redukci poc¢tu genii (Ohno, 1967). (2) Geny lezici na chromosomu Y byly
vystaveny konstantni selekci, ktera vedla k fixaci gend, které jsou vyhodné pro samce
(Vallender & Lahn, 2004). (3) Sexualné antagonisticka selekce pusobila na geny, které
jsou vyhodné pro jedno pohlavi a zaroven Skodlivé pro druhé pohlavi a umoznila jejich

rozdilné hromadéni na obou pohlavnich chromosomech (Rice, 1984; Hurst, 2001).
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(4) Na chromosomu X doslo v dusledku jeho hemizygotni expozice také k nahromadéni

recesivnich mutaci gent vyhodnych pro samce.

A - degenerace B - sexualné antagonisticka selekce

— Geny Geny vyhodné pro samice,

ale nevyhodné pro samce

—  Geny vyhodné pro samce,
ale nevyhodné pro samice

Y Y X Y XY
C - konstantni selekce D - hemizygotni expozice
g —  Geny vyhodné pro samce —  Geny vyhodné pro samce
Y Y
X X

Obr. 1. Dusledky piuisobeni ¢tyf evolucnich sil na pohlavni chromosomy.

(A) Redukce poctu genli na chromosomu Y v dasledku jeho degenerace. (B) Sexualni
antagonismus zpusobuje feminizaci chromosomu X a maskulinizaci chromosomu Y.
(C) Konstantni  selekce udrzuje na chromosomu Y geny vyhodné pro samce.
(D) V hemizygotnim stavu se na chromosomu X projevi u¢inek recesivnich alel. (Podle
Vallender & Lahn, 2004, upraveno).

Genovy obsah pohlavnich chromosomii mohou ovliviiovat také jejich epigenetické
modifikace, ke kterym dochdzi v souvislosti s meiotickou inaktivaci pohlavniho
chromosomu X ve spermatogenezi (Lifschytz & Lindsley, 1972; Kelly et al., 2002;
McCarrey et al., 2002; Khil et al., 2004) a kompenzaci davky genti v somatickych buiikach
(Meller, 2000). Predpoklada se, Ze pravé meiotickd inaktivace chromosomu X u samci je
nejpravdépodobnéjsi pfi¢inou ochuzeni chromosomu X o geny exprimované b&hem
spermatogeneze. Jednim z mechanismt, kterym k tomuto ochuzeni dochazi, mohou byt
retropozice. V genomech savct 1 drozofily bylo nalezeno signifikantné vice retropozic
z chromosomu X na autosomy (Betran et al., 2002; Emerson et al., 2004). Velké mnozstvi

téchto retrogenti navic vykazuje expresi pravé béhem spermatogeneze.
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Evolué¢ni procesy, které formuji genovy obsah pohlavnich chromosomii XY a ZW
se mohou trochu lisit. JelikoZ chromosom Z se vyskytuje ¢astéji u samcii nez chromosom
X, je vystaven vys$S§i mutacni rychlosti, nebot’ béhem spermatogeneze dochazi k vice
bunéénym delenim nez béhem oogeneze (Ellegren & Fridolfsson, 1997; Montell et al.,
2001; Axelsson et al., 2004; Kirkpatrick & Hall, 2004). Vys§i mutacni rychlost vytvari
vice genetické variability pro piisobeni selekce. Chromosom Z je také citlivéjsi k u€inktim
pohlavniho vybéru nez chromosom X (Reeve & Pfennig, 2003). U organismu s hetero-
gametickymi samicemi nebyl genovy obsah pohlavnich chromosomi prozkouman. Nelze
proto spolehlivé rozhodnout zda pohlavni chromosomy Z a W ovliviiyji stejné evoluéni ¢i

epigenetické mechanismy jako u chromosomit X a Y.

1.1.3. Nendhodné¢ uspoiaddani genti podél chromosomil

Analyzy genomové sekvence u riznych organisml ukazaly, Zze hustota gend a obsah GC
nejsou rovnomeérné po celé délce chromosomu (Lercher et al., 2003c; Paces et al., 2004).
Diky dostupnosti velkych souborii genovych expresnich dat bylo navic zjisténo, Ze nékteré
skupiny genti jsou podél chromosomil rozmistény nenahodné a maji tendenci vyskytovat se
ve shlucich (klastrech). Pfi analyze shlukovani (klastrovani) genii je obvykle srovnavano,
jak casto se genové klastry pozorované ve skutecném genomu vyskytuji v mnoha ndhodné
vygenerovanych genomech. Neni pfitom podstatné, zda v ndhodnych genomech klastruji
vybrané konkrétni geny, ale zda vzdy klastruji geny, které patii do urcité pfedem vybrané
skupiny gent (napt. koexprimované geny, geny s podobnou funkci). VétSina studii se také
pii analyze klastrovani snazi eliminovat vliv tandemovych duplikaci jako jednu z moznych
pficin nendhodného uspofadani gend v genomu.

Ve vsech dosud analyzovanych genomech eukaryotickych organismi bylo zjisténo,
ze koexprimované geny jsou urcitym zptisobem uspotradany a maji tendenci se vyskytovat
v klastrech (Kosak & Groudine, 2004). S vyuzitim genovych expresnich dat ziskanych
pomoci metody SAGE (sériova analyza genové exprese) z 12 lidskych tkani byla sestavena
transkripni mapa lidského genomu, ktera ukazala nerovnomérnou distribuci genové
exprese podél chromosomd (Caron et al, 2001). Useky s vysokou aktivitou gend
(RIDGEs, regions of increased gene expression) byly odd€lené dlouhymi tseky s nizkou
aktivitou gena (anti-RIDGESs) a jejich rozmisténi korespondovalo s genové bohatymi a

genové chudymi oblastmi lidského genomu. Useky s vysokou aktivitou gentl byly tvofeny
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pfevazn¢ provoznimi (housekeeping) geny, které byly vysoce exprimované ve vsech
tkanich (Lercher et al, 2002). Bylo také zjisténo, ze geny maji tendenci klastrovat
v zavislosti na $ifce jejich exprese (poctu tkdni v nichzZ jsou exprimovany) a Ze dominantni
trend pro klastrovani projevuji pravé geny exprimované v mnoha tkanich (Hurst et al.,
2004). V tusecich s vysokou i nizkou aktivitou genti mohou byt také zastoupeny geny
s tkanove specifikou Ci preferencni expresi (Versteeg ef al., 2003). V lidském genomu vsak
zatim nebyly identifikovany souvislé useky vice genti, které by byly vyluéné exprimované
ve stejném typu tkdné (Hurst et al, 2004). Velikost tisekll s vysokou aktivitou genové
exprese muze také souviset se udrzovanim syntenii v genomech. Srovnani lidské a mysi
genomové sekvence ukdzalo, ze alespon polovina syntennich oblasti mezi obéma genomy
ma délku ~ 20 Mbp, cozZ ptiblizné odpovida velikosti RIDGEs (Waterston et al., 2002).
Kromé uspotadani genii na urovni RIDGEs pfinesly genomické pfistupy také poznatky
o nendhodném usporadani gend na jemngjsi urovni (Kosak & Groudine, 2004). Analyza
genové exprese u drozofily s vyuzitim DNA ¢ipti odhalila, Ze asi 20 % koexprimovanych
gentl je uspotradano ve skupinach o 10-30 genech, které se vyskytuji v tisecich o délce 20
az 200 kb (Spellman & Rubin, 2002). Dikazy o klastrovani geni v genomu drozofily
pfinesla také analyza vefejné dostupnych EST knihoven. Asi 45 % geni exprimovanych
vyluéné ve varlatech drozofily se nachazelo v nepferuSovanych tusecich obsahujicich 4 a
vice genil (Boutanaev et al., 2002). Také u genli koexprimovanych v embryu drozofily a
v oblasti hlavy dospélych jedinct byla zjisténa tendence ke klastrovani (Boutanaev et al.,
2002). V genomu drozofily byly také nalezeny geny uspofadané v operonech, které jsou
ptepisovany do polycistronni pre-mRNA (Trachtulec, 2004; Ben-Shahar et al., 2007).
V genomu C. elegans se ptiblizn€é 15 % gend vyskytuje v operonech dvou az osmi genil
ptepisovanych do polycistronni pre-mRNA (Blumenthal et al., 2002). Tyto operony se 1isi
od operoni bakterii a drozofily tim, ze transkripty jednotlivych genid jsou z pre-mRNA
sesttithavany trans-sestiihem (Blumenthal et al., 2002). Ackoliv operonové geny pied-
stavuji vétSinu koexprimovanych geni u Cerva, signifikantni tendence ke klastrovani
koexprimovanych genti byla popsana i u gentl, které nebyly soucésti operont (Lercher et
al., 2003a). Pomoci DNA ¢ipi a mRNA tagging bylo zjisténo, ze geny koregulované
v ur¢itych bunéénych typech Cerva (svalech, spermiich, oocytech a germinalnich bunkach)
tvofi klastry o dvou az péti genech (Roy et al., 2002). Nendhodné usporadani gent bylo
také popsano u jednobunécného eukaryotického organismu, kvasinky Saccharomyces
cerevisiae. Geny ucastnici se bunécného cyklu, sporulace a feromonové odpovédi u pucici

kvasinky byly usporadané v parech roztrousenych po celém genomu (Cohen et al., 2000).
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U rady téchto genti byla také identifikovana spole¢na aktivacni sekvence ovliviujici
transkripci (UAS, upstream activating sequence).

Dalsi studie se zabyvaly tim, zda tendenci ke klastrovani vykazuji geny s podobnou
funkci. Na rozdil od koexprimovanych gent, vSak definice podobné funkce genli neni
zcela jednoznacna. Tyto geny mohou byt napiiklad soucasti stejné metabolické drahy,
kodovat navzajem interagujici proteiny nebo ovliviiovat spolecny fenotyp (Hurst et al.,
2004). S vyuzitim databaze KEGG (Ogata et al, 1999) byla v genomech riznych
organismi analyzovana distribuce geni, jejichz produkty byly soucasti stejné metabolické
drahy. V genomech cloveka, Cerva, drozofily a kvasinky byla zjisténa signifikantni
tendence ke klastrovani u gent ze stejnych metabolickych drah (Lee & Sonnhammer,
2003). Mnozstvi metabolickych drah, jejichz geny vykazovaly klastrovani bylo
u jednotlivych organismil variabilni (od 30 % u drozofily po 98 % u kvasinky), avSak vétsi
nez by se dalo oc¢ekavat v pfipadé ndhodného vybéru genti (Lee & Sonnhammer, 2003).
Studie vazebné nerovnovahy u 60 mysich inbrednich kment pfinesla dikazy, ze nejméné
¢tvrtina mySiho genomu obsahuje klastry genti s podobnou funkci (Petkov et al., 2005).
Potomci, kteti zdédili alely téchto genli v urcitych kombinacich méli vyhodu pfi ptezivani
v dalSich generacich piibuzenského kiizeni. U kvasinky bylo popsano, ze geny, které
kédovaly podjednotky stabilnich proteinovych komplexii, mély tendenci vyskytovat se
v genomu Vv tésné blizkosti, ve vzdalenosti 10-30 kb (Teichmann & Veitia, 2004).
U kvasinky bylo rovnéz zjiSténo, Zze koexprimované geny umisténé v klastrech Casto patii
do stejné funk¢ni kategorie podle databaze Gene Ontology (Harris et al., 2004); v genomu

clovéka vsak podobny trend nebyl zaznamenan (Fukuoka et al., 2004).

1.1.4. Mechanismy transkripéni regulace

Z predchozich studii vyplyva, ze nendhodné uspotfadani koexprimovanych genii podél
chromosomil existuje na nékolika riznych urovnich. Koexprese byla zjiSténa u malych
klastri obsahujicich jen n€kolik malo gend, ale i u velkych tsekli genomu. Mechanismy,
které reguluji transkripci genti plisobi ve tfech hierarchickych urovnich (van Driel et al.,
2003) (Obr. 2). Na lokalni Grovni je exprese urCitého genu ovlivnéna promotorem, ktery
fidi transkripci prilehlych genti a pfipadné zesilovaem (enhancerem), ktery zvysSuje
aktivitu promotoru. Obousmérny promotor muze zajisStovat koexpresi prilehlych genti na

obou fetézcich DNA (Kruglyak & Tang, 2000; Trinklein et al., 2004). U genl vzniklych
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tandemovymi duplikacemi dochdzi ke koexpresi v dasledku toho, Zze geny maji podobné
promotory (Lercher et al., 2003a; Papp et al., 2003). Nekteré tandemoveé usporadané geny
mohou byt piepisovany do jedné pre-mRNA spolu se sousednim genem a nasledné
sestithany do jednoho transkriptu (Akiva et al., 2006; Parra et al., 2006). V piipad¢
operonovych genil u C. elegans zajistuje jeden promotor koexpresi vSech genli z operonu
do jedné molekuly polycistronni pre-mRNA (Blumenthal et al., 2002). Koexprese nékolika
genll ve vazbé mize byt také zajisténa fuzi téchto genli do jednoho proteinového produktu
(Zhang & Smith, 1998).

Pro vysvétleni koexprese gend ve velkych usecich genomu je tfeba uvazovat dvé
vys$$i trovné organizace chromosomu: stav chromatinu a umisténi chromatinu uvnitr
bunécného jadra (Hurst et al., 2004). Tyto dvé urovné neni vZdy mozné zcela jednoznacné
rozlisit. Kondenzovany chromatin (heterochromatin), v némz jsou geny nepfistupné
pusobeni transkripénich faktord, mé tendenci se obvykle vyskytovat pii okraji jadra
(Cremer & Cremer, 2001; Hurst et al., 2004). Zmény kondenzace chromatinu jsou spojeny
se zménou genové exprese (Eberharter & Becker, 2002) a obvykle doprovazeny
modifikacemi histonti (Strahl & Allis, 2000). Podle soucasného modelu specifické proteiny
modifikuji histony od kontrolniho lokusu podél chromosomu az k hrani¢nimu elementu
(Labrador & Corces, 2002; Turner, 2002) a tyto modifikované histony pak potlacuji
tranksripci prilehlych genti v tomto useku. Tento model vSak nemusi mit univerzalni
platnost. Zda bude gen skutecné exprimovan zavisi také na dalSich faktorech, napf.
metylaci DNA, pozici v bunécném jadie, dostupnosti transkripcnich faktora ¢i pfitomnosti
cis-pusobicich regulacnich elementli (Cohen et al., 2000). Nova studie ukazala, ze
v lidském genomu existuji chromatinové domény o délce nékolika desitek az stovek
kilobazi, které maji podobné histonové modifikace a jsou oddélené¢ Useky DNA
(insulétory), na jejichz hranicich se vaze insulatorovy protein CTCF (Barski et al., 2007).

Pro transkripci genlt ma vyznam také prostorové uspotradani genomu uvniti jadra
(Hurst et al., 2004). Geny umisténé v blizkosti okraje jadra jsou obvykle transkripcné
neaktivni (Andrulis ef al., 1998). Naproti tomu béhem interfdze zaujima kazdy chromosom
v jadfe urcitou pozici, v niz jsou geny piistupné transkripci a sestfihu (Cremer & Cremer,
2001). Genové bohaté chromosomy maji tendenci se vyskytovat spiSe ve wvnitini Casti
jadra, zatimco genové chudé chromosomy lokalizuji u jeho okraje (Boyle et al., 2001).
Geny, jejichZ transkripce je v genomu kvasinky fizena stejnym transkripénim faktorem,
jsou v DNA rozmistény v pravidelnych intervalech (Kepes, 2003). Sto¢enim vlakna DNA

do pravidelnych smycek se vzdalené promotory téchto geni dostanou do vzajemné
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blizkosti a mohou vytvofit tzv. aktivni chromatinové centrum (,,hub*) (de Laat &
Grosveld, 2003). Exprese genli mtize poté probihat v blizkosti téchto regulacnich elementt,
zatimco geny lezici na smyckdch DNA nejsou pfistupné transkripci. Nové poznatky
ukazuji, ze useky DNA mohou byt do transkripénich center aktivné umistovany, coz
nasledné zptisobi zahdjeni ¢i umlceni transkripce prislusnych genti (Osborne et al., 2004).
Genovou expresi a prostorové umisténi genli v jddfe mohou také ovliviiovat epigenetické

regulace prostfednictvim zmény struktury chromatinu (van Driel et al., 2003).

Obr. 2. Znazornéni riuznych drovni transkrip¢ni regulace.

(A) Na primarni trovni ovliviiuji transkripci okolnich genl cis-pisobici regulacni
elementy. Obousmérny promotor reguluje transkripci genli na obou fetézcich DNA
v useku nékolika kilobazi (~ 10kb). (B) Na sekundarni trovni dochazi k modifikaci
histonil v useku mezi kontrolnim lokusem (zobrazen oranzov¢) a hrani¢nim elementem
(zobrazen fialove). Modifikované histony (zobrazené cervené) potlacuji transkripci
ptilehlych gent (Sedé boxy). Transkripce gend (modré boxy) probihd az za hrani¢nim
elementem, kde nemodifikované histony (zobrazené zelené) udrzuji otevienou strukturu
chromatinu. Tento typ regulace transkripce ovliviiuje geny v Useku nékolika stovek
kilobazi (~ 100 kb). (C) Na tercialni trovni se sdruzuji cis-pusobici regulac¢ni elementy
zn€kolika chromatinovych smycek a tvofi transkripni centrum (tzv. aktivni
chromatinovy hub). Geny lezici v blizkosti tohoto centra (modré boxy) jsou piistupné
transkripci, vzdalené geny (Sedé boxy) transkribovany nejsou. Na této Grovni mohou
regulacni elementy ovliviiovat transkripci genii az na vzdalenost nékolika megabazi
(~ 1000 kb). (D) Alternativni zobrazeni tercidlni urovné transkripéni regulace ukazuje
uspotadani chromatinu do kompaktnich chromosomovych domén. Transkripce gent
probihd pouze na povrchu domén (modré boxy); geny umisténé uvnitt domén nejsou
transkribovany (Sedé¢ boxy). (Hurst ef al., 2004).
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1.1.5.  Vznik a udrzovéni genovych klastrii

wrwe

O piiginach vzniku genovych klastrii je mozné spekulovat. Ridici silou pro klastrovani
genll by mohla byt pozitivni selekce na koregulované geny (Hurst et al., 2004). Tuto
predstavu podporuje zjisténi, ze u fady organismtl byly nalezeny klastry koexprimovanych
gentl s podobnou funkci (Lee & Sonnhammer, 2003). Nendhodné usporadani gent vSak
nemusi byt vysledkem plisobeni selekce, nebot’ pii transkripci mize ndhodné dochazet také
k mirné expresi okolnich genti (Spellman & Rubin, 2002). Useky koexprimovanych gent
také ne vzdy obsahuji geny s podobnou funkci (Spellman & Rubin, 2002). Genové klastry
by mohly také vzniknout v dusledku pozitivni selekce na vazané geny (Hurst et al., 2004).
Studie ukazaly, Ze esencidlni geny v genomu kvasinky a C. elegans byly uspotadany
v klastrech, které se vyskytovaly v oblastech genomu s nizkou frekvenci rekombinace
(Kamath et al., 2003; Pal & Hurst, 2003). Také v genomu mysi byly identifikovany velké
oblasti vazebné nerovnovahy, v nichz se preferenéné vyskytovaly urcité alelické
kombinace (Petkov et al., 2005). Rada téchto oblasti obsahovala funkéné podobné geny.
Zatimco vznik genovych klastri neni pfiliS objasnén, ukazuje se, Ze na udrzovani
genovych klastri ma selekce vyznamny podil. Vysoce koexprimované geny v genomu
kvasinky maji tendenci byt uspofadany v parech. Udrzovani genli v tomto uspotfadani vSak
muze byt jen ¢astecné vysvétleno na zéklade jejich vzajemné blizké fyzické vzdalenosti na
chromosomu (Hurst et al.,, 2002). Dikazy pro udrZzovani nékterych genovych klastrl

pomoci selekce byly také nalezeny v genomech ¢lovéka a mysi (Semon & Duret, 2006).
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1.2. Globalni analyza genové exprese

Ptedpokladem pro studium uspofaddni genii v genomech je nejen znalost sekvence
genomil riznych organismd, ale také dostupnost genovych expresnich dat. V poslednim
desetileti zaznamenaly velky rozvoj metody, které umoznuji analyzovat genovou expresi
na urovni celého transkriptomu. Na rozdil od tradi¢nych metod, které jsou zaméteny na
analyzu transkripce jednoho nebo nckolika mdlo geni, dovoluji tyto metody stanovit
aktivitu tisicti gent soucasné. Velké mnozstvi dat, které tyto metody produkuji, vyzaduje
nasledné pocitacové zpracovani a statistické vyhodnoceni. Vytvorena data byvaji obvykle
uloZzena ve vetejné¢ dostupnych databazich. Existuji dvé skupiny metod pro globalni
analyzu genové exprese. Prvni skupina je zaloZena na sekvenovdni fragmenti cDNA
z jednotlivych transkripti. Druhd skupina vyuzivad hybridizace transkripti po jejich
prevedeni do cDNA k probam umisténych na pevném podkladu (DNA ¢ipu). Pfedmétem
této disertacni prace bylo vyuziti dat ziskanych pomoci sekvenacnich metod pro analyzu
uspofadani genll v genomech a proto jsou sekvenani metody v nasledujicim textu
probrany podrobnéji.

Zakladni informaci o genové expresi v urCité tkdni umoznuji ziskat expresni
sekvencni tagy (EST, expressed sequence tags) (Adams et al., 1991). EST piedstavuji
kratké sekvence cDNA (300-500 nukleotid() ziskané z 5' nebo 3' koncti molekul mRNA.
Kazdy EST je sekvenovan pouze jednou a jeho sekvence miize obsahovat velké mnoZzstvi
chyb. Tento nedostatek je vSak nahrazen velkym mnozstvim EST, které jsou dostupné ve
vefejnych databazich. Databaze EST (dbEST - http://www.ncbi.nlm.nih.gov/dbEST/)
v soucasné dobé obsahuje pies 43 milionti EST z vice nez 1300 organismil (Boguski ef al.,
1993). Soubor EST ziskany sekvenovanim molekul ¢cDNA z urcité tkané predstavuje
knihovnu EST, ktera poskytuje zejména kvalitativni informaci o genové expresi (tj. které
geny jsou v této tkani exprimovany). Pro kvantitativni analyzu genové exprese je mozné
vyuzit pouze ty knihovny EST, u nichz pro sekvenovani nebyly cilené vybirany jen nckteré
cDNA (Bonaldo et al., 1996). Sekvence EST a cDNA jsou rovn¢z dostupné v databazi
UniGene (http://www.ncbi.nlm.nih.gov/UniGene/), ktera predstavuje soubor vsech
transkripti daného organismu a pro kazdy transkript definuje reprezentativni sekvenci
(Pontius et al., 2003).

Sériova analyza genové exprese (SAGE) umoziuje kvantitativni analyzu velkého
mnozstvi transkripti soucasné (Velculescu et al, 1995). SAGE je zaloZzena na dvou

zakladnich principech (Obr. 3). Z piesné definované pozice cDNA je izolovan kratky usek
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(tag) o délce 10-17 bp, ktery slouzi pro identifikaci transkriptu. Aby bylo mozné
analyzovat velké mnozstvi tagii soucasné (v sérii), jsou tagy ligovany do konkatemert a ty
pak sekvenovany. Pfi pocitaCovém zpracovani jsou tagy vystithany ze sekvenci
konkatemera a pocty jednotlivych typu tagi usporadany do tabulky. Soubor tagl a jejich
poc¢ti ziskanych v jednom experimentu z molekul cDNA z urité tkané predstavuje
knihovnu SAGE. Knihovny SAGE vytvoiené v riznych laboratofich je mozno vzdjemné
srovnavat za predpokladu, Ze pro izolaci tagi byly pouzity stejné restrikéni enzymy.

K porovnavani SAGE knihoven a hledani rozdiln€ zastoupenych tagii je mozné vyuzit fadu

N e—— AAAAA
- AAAAA
I I AAAAA
mRNA S AAAAA
——f. AAAAA
AAAAA
+ AAAAA
= AAAAA
l Izolace tagu
[
] [
I [
l Ligace tagi do konkatemert
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Pocitacové zpracovani

__l_
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Obr. 3. Zakladni princip sériové analyzy genové exprese (http://www.sagenet.org/).
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statistickych test (Ruijter er al, 2002). Pro identifikaci tagh je obvykle vyuZzivdna
databaze SAGEmap (Lash et al., 2000), ktera ptifazuje jednotlivé typy tagl k transkriptim
definovanym v databazi UniGene. Data ziskand pomoci SAGE byvaji dostupna ve
vetejnych internetovych databazich (napi. GEO, http://www.ncbi.nlm.nih.gov/geo/) (Edgar
et al., 2002). K dispozici jsou také specializované databaze, které poskytuji rovnéz néstroje
pro analyzu SAGE dat (SAGE Genie, http://cgap.nci.nih.gov/SAGE/, Mouse Atlas of Gene
Expression, http://www.mouseatlas.org/) (Boon et al, 2002; Khattra et al., 2006).
K vyuzivani metody SAGE pfispéla také volnad dostupnost podrobného protokolu pro
akademicky vyzkum (http://www.sagenet.org/), coz také umoznilo vyvinuti vylepSenych a
specializovanych variant metody, napt. MicroSAGE, LongSAGE (Saha et al, 2002),
SuperSAGE (Matsumura et al., 2003), miRAGE (Cummins et al., 2006).

Masivni paralelni sekvenovani signatur (MPSS) je podobné jako SAGE zaloZeno
na sekvenovani kratkych signatur (16 bp) z urcité pozice v cDNA. Sekvenovani velkého
mnozstvi signatur probiha soucasné¢ na proprietarnich kulickdch usporadanych v jedné
vrstvé. V kazdém sekvenacnim kroku je sniman obraz, ktery zachycuje fluorescencni
signal vSech kulicek. Sada obrazl je poté prevedena do sekvence nukleotidll a je spocitano
zastoupeni jednotlivych typil signatur. MPSS byla vyvinuta a patentovana firmou Lynx
Therapeutics, Inc. (http://www.lynxgen.com/) (Brenner et al., 2000), ktera také sama
provadi konstrukci knihoven MPSS na zakazku. Tato metoda byla vyuzita naptiklad
v projektu zaméfeném na analyzu mysiho transkriptomu (Mouse Transcriptome Project,
http://www.ncbi.nlm.nih.gov/genome/guide/mouse/MouseTranscriptome.html).

V soucasné dobé dominuje pro globalni analyzu genové exprese pouziti
hybridiza¢nich metod (DNA ¢iptr). Jsou dostupné DNA cCipy od fady vyrobci (Affymetrix,
Agilent, Codelink, Illumina), které jsou zpracovavany ve specializovanych servisnich
laboratofich. Na rozdil od DNA C¢ipt piedstavuji sekvena¢ni metody otevieny systém,
nebot’ nejsou zavislé na zhotoveni prob pro jednotlivé geny a umoziuji identifikovat také
nové¢ transkripty. V budoucnu by mély byt k dispozici dal§si dvé metody pro masivni
sekvenovani: 454 (Roche, http://www.454.com/) (Margulies et al., 2005) a Solexa
(Illumina, http://www.solexa.com/) (Bennett et al., 2005). Dostupnost téchto rychlych a
levnych sekvenaénich technik umozni také jejich vyuziti pro globalni analyzu genové

exprese.
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2. CILE PRACE

2.1. Analyza genii exprimovanych v mySim varleti a jejich usporadani

vV genomu

Prvnim cilem této disertacni prace bylo charakterizovat transkriptom varlete mysi domaéci
(Mus musculus domesticus) pomoci metody SAGE (sériova analyza genové exprese),
s vyuzitim ziskanych dat provést analyzu genomového uspotfadani genti exprimovanych ve
varleti, vyhodnotit genovy obsah chromosomu X a zjistit, zda existuje pozi¢ni klastrovani
genll na chromosomech. Tyto poznatky bylo dile tfeba srovnat s existujicimi studiemi
o nendhodném usporddani genii v genomech jinych organismi. VedlejsSim cilem bylo
vytvofit databazi vetejn¢ dostupnych SAGE knihoven pfipravenych z mysich tkani a
bunéénych linii, kterd poslouzi pro vySe uvedené srovnavaci analyzy a bude vefejné

pristupna na Internetu.

2.2. Analyza genového obsahu chromosomu Z kura domaciho

Z ptedchozich studii je zndmo, ze chromosom X ma nendhodny obsah gent, které jsou
preferencné ¢i vyluéné exprimovany v jednom pohlavi. Cilem této disertacni prace bylo
provést analyzu genového obsahu pohlavniho chromosomu Z, ktery dosud nebyl
uspokojivé prostudovan. Porovnani genového obsahu parového pohlavniho chromosomu
u organismu s heterogametickymi samci a heterogametickymi samicemi by mohlo ptispét
k objasnéni mechanismi, které vedou k nendhodnému obsahu genti na pohlavnich
chromosomech. Pro tuto analyzu byl jako modelovy organismus vyuzit kur domaci (Gallus
gallus), jehoz genomova sekvence je zndma a zéaroven jsou k dispozici vetejné dostupna

genova expresni data.
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3. MATERIAL A METODY

3.1. Analyza genii exprimovanych v mySim varleti a jejich usporadani

vV genomu

3.1.1.  Mysi, odbér tkéani a izolace RNA

Varlata byla ziskana z 11-tydennich mysich samcii z inbredniho kmene C57BL/6J (dale jen
B6), kteii byli chovani v prostiedi bez specifickych patogennich organismi v Ustavu
molekularni genetiky (UMG, Akademie véd Ceské republiky). S my$mi bylo zachazeno
v souladu se zdkonem ¢.264/1992 Sb., na ochranu zvitat proti tyrani. Mysi byly zabity
zlomenim vazu, varlata rychle vyjmuta z téla, zbavena tuniky a homogenizovéana. Celkova

RNA byla vyizolovana pomoci TRIzolu (Invitrogen) podle navodu od vyrobce.

3.1.2. Konstrukce SAGE knihoven, sekvenovani

SAGE knihovny byly pfipraveny podle protokolu pro MicroSAGE verze 1.0e, ktery je
dostupny na webové strance http://www.sagenet.org/. Do vzorku celkové RNA byly
pridany magnetické kulicky s kovalentné navazanym oligo(dT),s (Dynal) a vyizolovana
poly(A) RNA za pomoci magnetu (Obr. 4). Poly(A) RNA navazand na magnetickych
kulickach byla preménéna na dvoutetézcovou cDNA pomoci SuperScript Choice System
kitu (Invitrogen). Poté byla ¢cDNA Stépena kotvicim enzymem Nlalll (New England
Biolabs), takZe na magnetickych kuli¢kach zlstal navazadn usek cDNA od posledniho
restrikéniho mista pro kotvici enzym do 3' konce. Dale byl vzorek rozdélen na dvé stejné
casti a pomoci T4 ligdzy (Invitrogen) piipojeny adaptéry A nebo B, které obsahovaly
rozpoznavaci misto pro tagovaci enzym. V nasledujicim kroku byly tagovacim enzymem
BsmFI (New England Biolabs) odStépeny adaptéry spolu s kratkym tsekem cDNA
(,,tagem*) a odstranén zbytek cDNA navazany na magnetické kulicky. Po zarovnani
koheznich konci pomoci Klenowovy polymerazy (Pharmacia) byly ob¢ c¢asti vzorku

smichany a pisobenim T4 ligazy vytvoieny ,,ditagy®, tj. dva kratké useky cDNA spojené
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mRNA AAAAA  ay
TTTTT=

4

@ syntéza cDNA na oIigo(dT)25 kulickach

cDNA AAAAA
TTTTT—

\

@ Stépeni kotvicim enzymem (Nlalll)

AAAAA
GTAC TTTTT

~

Q rozdéleni na dvé ¢asti, %
ligace adaptért A nebo B
GGGACATG_AAAAA ™ BGGGACATG ——————AAAAA
CCCTGTAC———TTTTT~| CCCTGTAC = TTTTT

“

@ Stépeni tagovacim enzymem (BsmFI) @

BsmFI BsmFI
| — | —
GGGACATGNNNNNNN BGGGACATGNNNNNNN
CCCTGTACNNNNNNNNNNN CCCTGTACNNNNNNNNNNN
@ zarovnani koheznich konct @
GGGACATGNNNNNNNNNNN BGGGACATGNNNNNNNNNNN
CCCTGTACNNNNNNNNNNN CCCTGTACNNNNNNNNNNN

ligace a amplifikace
% s primeryAaB Q

Primer A Nialll
—_—

[—

GGGACATGNNNNNNNNNNNNNNNNNNNNNNCATGTCCC n
CCCTGTACNNNNNNNNNNNNNNNNNNNNNNGTACAGGG

1 e—

@ Nialll Primer B

Stépeni kotvicim enzymem (Nlalll)

NNNNNNNNNNNNNNNNNNNNNNCATG
GTACNNNNNNNNNNNNNNNNNNNNNN

@ ligace do konkatemeru

TAG 1 TAG 2 TAG 3 TAG 4

————CATGNNNNNNNNNNNNNNNNNNNNNNCATGNNNNNNNNNNNNNNNNNNNNNNCATG———
————GTACNNNNNNNNNNNNNNNNNNNNNNGTACNNNNNNNNNNNNNNNNNNNNNNGTAC———

Obr. 4. Schéma konstrukce SAGE knihovny.
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k sobé v protilehlé orientaci s navazanymi adaptéry. V dal§im kroku byly ditagy
amplifikovany PCR s primery navrzenymi podle sekvence adaptérti a produkt PCR byl
rozdélen na polyakrylamidové gelové elektroforéze. Fragment odpovidajici ditagim
(~ 102 bp) byl vyizolovan z gelu a po Stépeni kotvicim enzymem Nlalll byly z ditagh
odd¢leny adaptéry. Smés byla rozdélena na dalsi polyakrylamidové gelové elektroforéze a
z gelu byl vyizolovan fragment o velikosti ~26 bp pfedstavujici ditagy bez adaptért.
Nésledné byly ditagy piisobenim T4 ligdzy pospojovany do konkatemert. Konkatemery
o velikosti 750-1000 bp byly zaklonovany do plazmidu pZero (Invitrogen), ktery byl
transfekovan elektroporaci do bun¢k ElectroMAX DH10Bs (Invitrogen). Klony obsahujici
plazmid pZero s konkatemerem byly selektovany na plotndch obsahujicich antibiotikum
zeocin. Sekvenovani konkatemerti bylo provedeno pomoci univerzalnich primerd M13 na

ptistroji CEQ 2000 DNA Analysis System (Beckmann Coulter).

3.1.3.  Extrakce tagl ze sekvenci konkatemerti

Tagy byly vyextrahovany pomoci Perlového skriptu (sagetag parser.pl), ktery byl
pro tento ucel napsan (Divina, nepublikovano). Skript nejprve v sekvenci konkatemeru
lokalizoval restrikéni mista pro kotvici enzym Nlalll (CATG) a vyextrahoval vSechny
ditagy o délce 22-26 bp. Ditagy, které byly v sekvencich konkatemeri nalezeny
opakovang, byly z dalSiho zpracovani vylouceny. (Kazdy ditag by totiz mél byt zastoupen
pravé jedenkrat, aby byla eliminovéana piipadna preferencni amplifikace nékterych ditagt.)
V dalsim kroku byly z ditagh vyextrahovany jednotlivé tagy o délce 10 bp a odstranény
tagy odvozené ze sekvenci adaptéri. Vysledkem byl seznam tagli a jejich pocta

oznacovany jako SAGE knihovna.

3.1.4.  Identifikace tagl ke genlim

Pro identifikaci tagh ke geniim byla pouzita databaze SAGEmap (Lash et al., 2000)
dostupnd ke stazeni z FTP serveru NCBI (ftp:/ftp.ncbi.nlm.nih.gov/pub/sage/map/
Mm/Nlalll/). Pomoci databaze SAGEmap byly tagy pfifazeny k transkriptim definovanym
v databazi UniGene (Pontius et al., 2003), ktera predstavuje soubor vS§ech znamych mRNA
a EST sekvenci dan¢ho organismu uspofadanych do neredundantnich transkripénich
klastrii. Transkrip¢ni klastry z databaze UniGene byly poté pfifazeny ke geniim z databaze
LocusLink (Pruitt & Maglott, 2001).
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3.1.5.  Parové porovnavani SAGE knihoven

Péarovym porovnavanim SAGE knihoven byly ur€eny tagy, které maji signifikantné odlisné
pocty v jedné a druhé SAGE knihovné. Pro kazdy porovnavany tag byla testovana nulova
hypotéza HO, Ze se jeho zastoupeni v obou porovnavanych SAGE knihovnach nelisi.
K porovnéani pocti tagi byly pouzity simulace Monte Carlo. Vstupnim souborem byla
tabulka o trech sloupcich, ktera obsahovala seznam porovnavanych tagh a jejich
pozorované pocty v prvni a druhé SAGE knihovné. S pouzitim popsaného algoritmu
(Patefield, 1981) bylo vygenerovano 100 000 tabulek, které byly nahodné vyplnény pocty
tagh tak, aby byl zachovan stejny soucet tagi v fadcich a sloupcich jako ve vstupnim
souboru. Pro kazdy tag byl stanoven pocet ndhodnych tabulek v nichz byl rozdil v poctu
tagli v obou SAGE knihovnich stejny nebo vétsi jako ve vstupnim souboru. Proporce
téchto tabulek z celkového poctu ndhodnych tabulek udavala hodnotu pravdépodobnosti
(oznafované ,,p-chance®) chyby a pfi zamitnuti HO.

Pro kazdy porovnavany tag by stanoven koeficient zmény exprese (f;), ktery
vyjadiuje kolikanasobné se zménil pocet tagli v porovnavanych SAGE knihovnach, podle

VZOrce

fi,12 = (1)

kde (f;12) je koeficient zmény exprese pro tag i, (n;;), (n;2) jsou pozorované pocty tagu i
v SAGE knihovnach 1 a 2, a (N;), (NV>) jsou celkové pocty tagli v SAGE knihovnach 1 a 2.
Pro hodnoty koeficienti f; < 1 byla uvadéna jejich zaporna reciproka hodnota (-1/f).
V ptfipadé, Ze byl pocet tagh v jedné z knihoven nulovy (n,; = 0 nebo n;> = 0), byl

uvazovan pocet tagt 1.
3.1.6.  Vybér mySich SAGE knihoven pro analyzu uspofadéni gent
Vv genomu

Pro analyzu uspotadéani genii v genomu byly vybrany SAGE knihovny vytvorené z mySich
tkani, které byly vefejné dostupné ke dni 1. Cervence 2004 (Tabulka 1). Celkem 27 SAGE

knihoven vytvotenych ze somatickych tkani bylo uspotadano do 7 skupin podle typu tkané
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Tabulka 1. Seznam SAGE knihoven pouZitych k analyze usporadani genii v genomu.

Vétsina SAGE knihoven byla ziskdna z databaze Gene Expression Omnibus (odkazy
oznacené¢ GSM, http://www.ncbi.nlm.nih.gov/geo/) (Edgar et al., 2002), zbyvajici byly
stazeny z uvedenych internetovych stranek. Podrobnéjsi informace o SAGE knihovnach je
mozno nalézt v databdzi Mouse SAGE Site (http://mouse.biomed.cas.cz/sage/).
Vysvétlivky: E = embryonalni den, P = postnatalni den.

Nazev SAGE knihovny Pocet tagti Popis - tkan, fyziologicky stav (vék, pohlavi) Odkaz
Brain_Male 51270 cely mozek, normalni (P30, samec) 1)
Brain_Female 50594 cely mozek, normalni (P30, samice) 1)
Brain_Ts65Dn 50414 cely mozek, Ts65Dn translokace (P30, samec) 1)
Neocortex_E15 20107 neokortex, normalni (E15.5) 2)
Neocortex_P1 20626 neokortex, normailni (P1.1) 2)
Hypothalamus 55184 hypotalamus, normalni 3)
Cerebellum_P23 19429 cerebelum, normalni (P23, samec+samice) GSM2451
Hippocampus_SAL 31190 hipokampus, normalni (15-16 tydnud, samec) GSM12540
Hippocampus_LAL 30931 hipokampus, normalni (15-16 tydnu, samec) GSM12541
Retina 53282 sitnice, normalni (dospéla) 3)
Retina_Crx+/+ 51954 sitnice, normaini (P10.5) 3)
Retina_Crx-/- 53709 sitnice, Crx mutant (P10.5) 3)
Outer_Nuclear_Layer 52053 vnéjSi nuklearni vrstva sitnice, normaini 3)

Cornea 62093 rohovka, normalni (6 tydn(, samec) GSM13195
Cornea_P9 63308 rohovka, normalni (P9) GSM13196
Heart 84275 srdce, normalni (3 mésice, samice) GSM1681
Liver 18742 jatra, normalni (10 tydn(, samice) GSM12777
Liver_E3L 18376 jatra, ApoE3L transgen (10 tydn(, samice) GSM12757
Kidney_Saline 11197 ledviny, solna infuze (dospélé, samec) GSM9194
Kidney_Angll 11337 ledviny, infuze Angiotenzinu Il (dospélé, samec) GSM9195
Kidney_1 19793 ledviny, normalni (9-11 tydnu, samec) GSM24251
Kidney_1_UN_Acute 23343 ledviny, akutni poskozeni (9-11 tydnl, samec) GSM24255
Kidney_2 12571 ledviny, normaini (25-28 tydn(, samec) GSM24256
Kidney_2_UN_Chronic 9569 ledviny, chronické po$kozeni (25-28 tydnu, samec) GSM24257
Forelimb 68302 predni konéetina, normaini (E11.5) GSM55
Hindlimb 68348 zadni koncetina, normaini (E11.5) GSM56
Adipose_Retroperitoneal 44974 tukova tkan retroperitonealni (12-14 tydnu, samec) GSM17227
Total_Testis_1 24975 varle, normalni (9 tydnd, samec) GSM34767
Total_Testis_2 51879 varle, normalni (9 tydna, samec) GSM34768
Testis_Somatic_Cells_Adult 81478 varle, bez germinalnich bunék (dospélé, samec) GSM5435

1) http://medgen.unige.ch/research/projects.html
2) http://www.hfi.unimelb.edu.au/research/developmental biology/sage/
3) http://genetics.med.harvard.edu/~cepko/SAGE/
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a tagy z jednotlivych knihoven byly slou¢eny (Tabulka 2). Dalsi dvé skupiny tvotily
2 SAGE knihovny zkonstruované zcelého mySiho varlete v této praci (GSM34767,
GSM34768) a SAGE knihovna pfipravena ze somatickych bunék varlete (GSM5435)
(O'Shaughnessy et al., 2003).

Tabulka 2. Skupiny SAGE knihoven podle typu tkané.

Typ tkané Pocet SAGE knihoven Celkovy pocet tagti
Mozek 9 329745
Oko 6 336399
Srdce 1 84275
Jatra 2 37118
Ledviny 6 87810
Kongetiny 2 136650
Tukova tkan 1 44974
Varle, celé 2 76854
Varle, somatické bunky 1 81478

3.1.7.  Vybér tkdnové specificky exprimovanych geni

Tkénove specificky exprimované geny byly vybrany podle poctu jejich tagii v jednotlivych
skupinach SAGE knihoven (Tabulka 2). Za geny s tkanové specifickou expresi byly
povazovany ty geny, které mély tagy pfitomné pouze v jednom typu tkané a v této tkani

byly zjistény alespon dva jejich tagy.

3.1.8.  Analyza zastoupeni tkanove specifickych gent na chromosomu X

Pfi této analyze byla testovana nulova hypotéza HO, Ze zastoupeni tkanoveé specifickych
X-vazanych genil exprimovanych ve varleti se nelisi od zastoupeni tkanové specifickych
X-vazanych gent exprimovanych v ostatnich somatickych tkanich. Paralelné¢ byly
porovnany tkanoveé specifické geny zjisténé v celém varleti a v somatickych bunikach
varlete s tkanové specifikymi geny, které byly zjistény ve skupiné obsahujici sedm
somatickych tkani. Porovnani poctu X-vazanych tkanove specificky exprimovanych gent
mezi dvéma skupinami tkéni bylo provedeno permuta¢nim testem. Vstupnim souborem
byla tabulka o tfech sloupcich, kterd obsahovala seznam tkanoveé specificky
exprimovanych genti a kazdému z nich pfifazené dvé hodnoty: chromosom, na ktery byl
gen lokalizovan podle databdze LocusLink (Pruitt & Maglott, 2001) (autosom nebo

chromosom X) a tkan, ve které byl gen specificky exprimovan (varle nebo ostatni tkan).
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Pocet X-vazanych geni exprimovanych ve varleti pozorovanych vtomto vstupnim
souboru byl zaznamenan. Bylo vygenerovano 100 000 permutaci vstupniho souboru tak, ze
pokazdé byly promichany chromosomy a zlstal zachovan konstantni pocet genl na
autosomech a chromosomu X. Byl stanoven pocet permutaci, u nichz byl pocet
X-vazanych gend exprimovanych ve varleti a) vétsi nebo roven, b) mensi nebo roven
pozorovanému poctu X-vdzanych genii exprimovanych ve varleti ve vstupnim souboru.
Mensi z téchto dvou hodnot délena celkovym poctem permutaci byla vyndsobena dvéma a
vysledna hodnota povazovana za dvoustrannou hodnotu pravdépodobnosti (,,p-value®)
chyby a pfi zamitnuti HO. Alternativné byla HO testovana Fisherovym exaktnim testem

s pouzitim Ctyfpolni tabulky.

3.1.9.  Vybér genti preferencné exprimovanych ve varleti

Geny preferenéné exprimované ve varleti byly vybrany na zdkladé hodnoty PEM
(preferential expression measure) (Huminiecki et al., 2003), kterd udava miru preferencni

exprese urcitého genu v dané tkani a byla vypocitana podle vzorce

O,
PEM ,, =log,,—**, (2)

gt

kde (PEMy,) je koeficient preferen¢ni exprese genu g v tkani ¢, (og4,) je pozorovany pocet
tagl genu g v tkéni ¢ a (eg;) je oekavany pocet tagl genu g v tkani ¢ za pfedpokladu jeho

stejnomérné exprese ve vsech tkdnich stanoveny podle vzorce

e, =N—, (3)

kde (N) je celkovy pocet tagii v dané tkani, (G) je celkovy pocet tagh genu g ve vSech
tkanich a (7') je celkovy pocet tagl ve vSech tkanich. PEM nabyva pozitivnich hodnot pro
geny, které jsou v dané tkani preferenéné exprimované a negativnich hodnot pro geny
v dané tkani preferenéné reprimované. Cim vétsi (piip. mensi) je hodnota PEM, tim vice je
gen v dané tkani preferenné exprimovan (piip. reprimovan). Geny, které jsou preferencné
exprimované v dané tkani je mozné vybrat porovnanim jejich hodnoty PEM s maximalni
hodnotou PEMmax) dosaZenou v této tkani. Pro vybér gend preferenné exprimovanych

v celém varleti a somatickych butikach varlete bylo zvoleno kritérum PEM >= 2 PEMmax).
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Maximalni hodnoty PEM byly pro cel¢ varle PEMmax) = 1.169 a pro somatické buiky
varlete PEMmax) = 1.145.

3.1.10. Analyza pozicniho uspotfadani gent preferencné exprimovanych

ve varleti

3.1.10.1.  Identifikace pozi¢nich klastri na chromosomech

Pti této analyze byly identifikovany dva typy klastra (,,volné* a ,,té€sné*), které obsahovaly
geny s preferencni expresi v celém varleti a v somatickych buiikach varlete. Vstupnim
souborem byla tabulka obsahujici seznam 16 858 genii v genomu, jejich pozice na
chromosomech a stav exprese vyjadieny hodnotami: exprimovan, preferencné exprimovan
a neexprimovan (popf. informace o expresi neni znama). Kazdy chromosom byl prochazen
pomoci okna o velikosti 3 genti, které bylo posouvano po 1 genu a okna obsahujici 3 geny
s preferencéni expresi byla povazovdna za klastr (t€sné klastry). Podobné byl kazdy
z chromosomil prochdzen pomoci okna o velikosti 6 gend, které bylo posouvano po 1 genu
a okna obsahujici alesponi 3 geny s preferencni expresi byla povazovana za klastr (volné
klastry). Piekryvajici se klastry byly sjednoceny do jednoho klastru zahrnujici vSechny
preferen¢né exprimované geny (zvlast pro tésné a volné klastry). Byl stanoven pocet
preferenéné exprimovanych gent v klastrech nalezenych ve vstupnim souboru (zvlast’ ve

volnych a tésnych klastrech, a zvIast' v celém varleti a v somatickych butikach varlete).

3.1.10.2.  Statistické vyhodnoceni obsahu preferencné exprimovanych genii

v klastrech

Byla testovdna nulova hypotéza HO, ze celkovy pocet preferencné exprimovanych geni
zahrnutych v klastrech ve vstupnim souboru se nelisi od poctu preferenéné exprimovanych
genu identifikovanych v klastrech v ndhodném genomu z né¢hoz byly piedem odstranény
tandemové duplikované geny (viz 3.1.10.3). Hypotéza HO byla testovdna permutacnim
testem, pii némz bylo vygenerovano 100 000 permutaci vstupniho souboru tak, ze pokazdé
byly promichany hodnoty expresnich stavii genti, zatimco pozice genli na chromosomech
zustaly zachovany. Pfi kazdé permutaci byl stanovem pocet preferenéné exprimovanych
gentl v tésnych a volnych klastrech pomoci prochazeni posuvnym oknem (viz 3.1.10.1).

Byl stanoven pocet permutaci, u nichz byl zjistén vétsi nebo stejny pocet preferencné
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exprimovanych genti v klastrech jako ve vstupnim souboru. Proporce téchto permutaci
z celkového poctu permutaci byla povazovana za jednostrannou hodnotu pravdépodobnosti

(,,p-value®) chyby a pfi zamitnuti HO.

3.1.10.3.  Odstranéni tandemové duplikovanych genti z genomu

Ptedpokladem pro vyse uvedenou analyzu bylo odstranéni tandemové duplikovanych genii
z genomu proto, aby mohl byt vyloucen vliv genovych duplikaci na mnozstvi preferenné
exprimovanych gent v klastrech. Tandemové duplikované geny byly identifikovany a
odstranény nasledujicim zptisobem. Nejprve byly z datab4dze LocusLink (Pruitt & Maglott,
2001) vybrany vSechny zndmé mysi geny a byla ur¢ena jejich pozice na chromosomech.
Pro kazdy gen byla z databaze RefSeq (Pruitt & Maglott, 2001) ziskana sekvence proteinu,
ktery je timto genem kodovan a byl proveden proteinovy BLAST (standardni nastaveni)
proti sekvencim vSech zndmych mySich proteinti z databdze RefSeq. Hity, které
dosahovaly hodnot e-value < 1¢™'%, 30 % identity sekvenci a alignment pokryval alespoii
50 % délky sekvenci byly vybrany a nalezené proteiny identifikovany zpét ke geniim
z databaze LocusLink. Pokud se takto identifikované geny vyskytovaly v okoli ptivodniho
genu (uvazovano 10 genli v obou orientacich) byly oba geny (pivodni a nalezeny)
povazovany za tandemové duplikovany par genli a vylouceny z dal$i analyzy. Z ptivodniho
poctu 19 684 znamych genti z databaze LocusLink zbylo po odstranéni tandemové

duplikovanych para celkem 16 858 gent.

3.1.11. Pouzité verze databazi

Pro vSechny uvedené analyzy byly pouzity tyto verze databazi: mysi UniGene (26. biezna
2004, sestaveni #136), SAGEmap (3. dubna 2004, verze odvozend z UniGene #136),
LocusLink (3. dubna 2004), sestaveni mySiho genomu (NCBI mouse genome assembly,

build 32, listopad 2003), RefSeq (3. duben 2004) a Gene Ontology (Cervenec 2004).
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3.2. Analyza genového obsahu chromosomu Z kura domaciho

3.2.1. Vybér EST knihoven

Pro analyzu byly pouzity EST knihovny kura domaciho (Gallus Gallus), které byly vetejné
dostupné v databazi UniGene (14. fijna 2004, sestaveni #24) (Pontius et al., 2003). Celkem
bylo vybrano 68 EST knihoven, které obsahovaly alespont 500 EST a byly pfipraveny ze
zdravych tkani dospélych jedincti. Vybrané EST knihovny byly rozttidény do 14 skupin
podle typu tkan¢ (Tabulka 3).

Tabulka 3. Seznam EST knihoven pouzitych k analyze genového obsahu na

chromosomu Z a jejich rozdéleni do skupin podle typu tkané.

Tkan Pocet EST Celkovy pocet Identifikatory EST knihoven v databazi UniGene

knihoven EST http://lwww.ncbi.nlm.nih.gov/UniGene/
S R A R RS
Lymfocyty 2 40311 3749, 10511
Kongetiny 7 28416 11176, 11177, 11178, 11185, 11216, 11223, 13932
Chondrocyty 5 20950 11202, 11203, 11208, 11210, 11230
Vajecnik 5 18370 11205, 11206, 11207, 11209, 11232
Srdce 6 14866 11186, 11187, 11196, 11197, 11215, 11229
Ledviny a nadledvinky 3 14211 11181, 11200, 11220
Tenké stfevo 3 13551 11182, 11184, 11221
Jatra 5 13409 8831, 8874, 11173, 11174, 11222
Sval 5 10607 11204, 11231, 16033, 16034, 16035
Varle 3 10380 15562, 15563, 16173
Pankreas 3 6903 11211, 11212, 11234
Tukova tkan 3 6171 9526, 10201, 11233
Slezina 1 3060 16172

3.2.2. Lokalizace genli na chromosomy

Pro ucely nasledujicich analyz byly za geny povazovany trankripcni klastry sekvenci
mRNA a EST definované v databazi UniGene (Pontius et al., 2003). Lokalizace gent
v genomu byla uréena pomoci programu BLAT (Kent, 2002), kterym byly provedeny
alignmenty reprezentativnich sekvenci kazdého transkripéniho klastru na genomu (chicken
draft genome assembly, galGal2, unor 2004, UCSC Genome Browser) (Karolchik et al.,
2003; Hillier et al., 2004). Jako parametry pro vyhledani alignmentu byly pouzity:
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minimalné¢ 95% identita sekvenci, alesponn 20% pokryti délky reprezentativni sekvence,
minimalné 96,5% alignment ratio a skore v ramci 0,2% nejlepSich v genomu. Transkripéni
klastry, které byly lokalizovany na vice nez 1 misto v genomu byly z analyzy vylouceny.
Stejné tak byly vylouceny transkripéni klastry mapujici na chromosom W. S pouZitim
téchto kritérii bylo mozné zjistit unikatni polohu v genomu pro 79 % (16 795 z 21 447)

transkrip¢nich klastri reprezentujicich jednotlivé geny.

3.2.3. Vybér tkanove specificky eprimovanych genti

Za tkanove specificky exprimované geny byly povazovany ty, jejichz mRNA a EST
sekvence byly zjistény pouze v jednom typu tkan¢ (Tabulka 3).

3.2.4. Analyza zastoupeni tkanove specifickych genti na chromosomu Z

Byla testovana nulova hypotéza HO, Ze zastoupeni tkanové specifickych genii na
chromosomu Z v germindlnich tkénich (varlatech nebo vajecnicich) se nelisi od zastoupeni
tkanove specifickych genti na chromosomu Z ve skupiné 12 somatickych tkani. Porovnani
poctu Z-vazanych tkanové specificky exprimovanych genti mezi dvéma typy tkani bylo
provedeno permuta¢nim testem. Vstupnim souborem byla tabulka genti o tfech sloupcich,
ktera obsahovala seznam tkanové specificky exprimovanych genti a kazdému z nich byly
pfifazeny dvé hodnoty: chromosom, na ktery byl gen lokalizovan (autosom nebo
chromosom Z) a typ tkédné, vniz byl gen specificky exprimovan (germindlni nebo
somatickd). PoCet Z-vazanych genl exprimovanych v germindlni tkani zjiSténych v tomto
vstupnim souboru byl zaznamendn. Bylo vygenerovano 100 000 permutaci vstupniho
souboru tak, ze pokazdé byly promichany chromosomy a zlstal zachovan konstantni pocet
genl na autosomech a chromosomu Z. Byl stanoven pocet permutaci, u nichz byl pocet
Z-vazanych genl exprimovanych v germinalni tkani a) vétsi nebo roven, b) mensi nebo
roven pozorovanému poctu Z-vdzanych genli exprimovanych v germinalni tkani ve
vstupnim souboru. Mensi z téchto dvou hodnot délend celkovym poctem permutaci byla
vynasobena dvéma a vysledna hodnota povazovana za dvoustrannou hodnotu

pravdépodobnosti (,,p-value®) chyby o pfi zamitnuti HO.
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3.2.5.  Vybér gent preferencné exprimovanych v jednom pohlavi v mozku

Geny preferencné exprimované v jednom pohlavi byly identifikovany v mozkové tkani,
pro kterou existovala expresni data z obou pohlavi. K vybéru gent byly pouzity tii
nenormalizované EST knihovny pfipravené ze samcich (celkem 4230 EST sekvenci) a
sami¢ich mozka (celkem 8399 EST sekvenci), které byly dostupné v databazi UniGene
(identifikatory knihoven: 16171, 15560 a 15561 (http://www.ncbi.nlm.nih.gov/UniGene/).
Geny preferenéné exprimované vsam¢i nebo sami¢i tkani byly vytfidény pomoci
R statistiky, ktera se pouziva pro kvantitativni porovnavani Cetnosti sekvenci v cDNA a
EST knihovnach (Stekel et al., 2000). Pro kazdy gen exprimovany v mozku byla spocitana

R statistika podle vzorce

m xi’ .
R; :fo,_/ IOg( y ]’ 4)

= Nif;

kde (R)) je R statistika pro gen j, (m) je pocCet tkani €1 skupin EST knihoven, (x;;) je pocet
sekvenci genu j ve tkani i, (V;) je celkovy pocet sekvenci ve tkani 7 a (f;) je Cetnost sekvenci

genu j ve vSech tkanich stanovena podle vzorce

i,j

/i = )

M
=

Za geny ptednostné exprimované v sam¢i €1 samici tkani byly povazovany ty geny, pro néz

R statistika piekrocila dany limit.

3.2.6.  Analyza zastoupeni gent preferen¢né exprimovanych v sam¢im a

sami¢im mozku na chromosomu Z

Byla testovana nulova hypotéza HO, Ze se zastoupeni Z-vdzanych gent, které byly
preferencné exprimovany v sam¢im a sami¢im mozku od sebe nelisi. Dale bylo testovano,
zda se proporce Z-vazanych gent preferenéné exprimovanych v sam¢im nebo samicim

mozku 1i§i od proporce Z-vazanych gent ve zjisténych ve skupiné 11 somatickych tkani.
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Statistickd signifikance byla stanovena Fisherovym exaktnim testem s pouzitim Ctyipolni

tabulky.

3.3. Hardware a software

Zpracovani dat bylo provadéno na serveru Sun Ultra 10 (sun4.biomed.cas.cz)
s hardwarovou konfiguraci 1x procesor UltraSPARC-IIi 440MHz, 64-bit, I GB operac¢ni
paméti, 300 GB diskového prostoru a operatnim systémem Solaris 5.8. Vypocetné
s vyuzitim dalSich serverd na platformé¢ PC 1686 s opera¢nim systémem Gentoo Linux:
charon.img.cas.cz (2x procesor Xeon 2,8 GHz, 2 GB operacni paméti, 150 GB diskového
prostoru), lethe.img.cas.cz (2x procesor Xeon 2,0 GHz, 2 GB opera¢ni paméti, 250 GB
diskového prostoru) a medusa.img.cas.cz (2x procesor Xeon 2,2 GHz, 3 GB operacni
paméti, 70 GB diskového prostoru). Data byla zpracovana pomoci skriptli napsanych
v programovacim jazyce Perl a mezivysledky wulozeny v databdzi mySQL
(http://www.mysql.com/). Statistické vyhodnoceni bylo provedeno pomoci skripth
napsanych v prostiedi R (http://www.r-project.org/). Pro vytvafeni alignmenti byly
pouzity programy NCBI BLAST (ftp://ftp.ncbi.nlm.nih.gov/blast/) a BLAT (Jim Kent’s
Web Page, http://www.soe.ucsc.edu/~kent/).
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4. VYSLEDKY

4.1. Analyza genii exprimovanych v mySim varleti a jejich usporadani

vV genomu

4.1.1.  Charakterizace SAGE knihoven z mySich varlat

Pro analyzu genové exprese v mysim varleti byly pfipraveny dvé SAGE knihovny z celych
varlat dosp€lych samcti mysiho kmene C57BL/6J. Jedna knihovna byla vytvofena z RNA
vyizolované z obou varlat jediného samce (Total Testis 1, TT 1). Druha knihovna byla
pfipravena ze smési RNA vyizolované z varlat tfi samci, kteti pochazeli ze stejného vrhu
(Total Testis 2, TT 2). Sekvenovanim téchto knihoven bylo ziskano celkem 24 975 (TT 1)
a 51 879 (TT 2) tagt, které predstavovaly 10 516 (TT 1) a 18 848 (TT 2) unikatnich tagl
(Tabulka 4). Tagy s €etnosti > 1 tvotily 69 % (17 244) a 74 % (38 457) z celkového poctu
tagli a pouze 26,5 % (2 785) a 29 % (5 426) z poctu unikétnich tagl. Podle parametrd,
které udavaly vysoky pocet tagi v klonech, nizké zastoupeni tagi odvozenych z adaptéri
(<1%) a nizky pocet duplikovanych ditagii (~ 1 %), bylo mozné usoudit na vysokou
kvalitu ptipravenych SAGE knihoven. Ob& SAGE knihovny také poskytly velmi podobny
genovy expresni profil varlete (Pearsontiv korelaéni koeficient R* = 0.84 pro unikétni tagy
v obou knihovnach) a potvrdily tak dobrou reprodukovatelnost SAGE. Pii srovnani obou
knihoven pomoci simulaci Monte Carlo vykazovalo 1,3 % tagi (313 z celkového poctu
24 529 unikatnich tagil) signifikantné odlisné pocty v obou knihovnach (p-chance < 0,05)
(Obr. 5, A). Tyto tagy predstavuji biologickou variabilitu v genovych expresnich profilech
a technickou variabilitu vzniklou odchylkami pfi zpracovanim vzorkt. Koeficient zmény
exprese se pro 93,5 % tagii pohyboval v rozmezi od -2,2 do 2,2 a pro 99 % tagl mezi -5 a
5). Prodalsi analyzy byly tagy zobou knihoven slou¢eny do jedné virtudlni SAGE
knihovny (TT 1+2) s celkovym poctem 76 854 tagt, které predstavovaly 24 529 unikatnich
tagll. Primarni data obou SAGE knihoven byla ulozena v databazi genovych expresnich dat

Gene Expression Omnibus (Edgar et al., 2002), kde jsou dostupna pod identifikatory
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GSM34767 (TT 1) a GSM34768 (TT 2). Pro interaktvni prohlizeni a analyzu jsou ob¢
knihovny dostupné také v databazi Mouse SAGE Site (http://mouse.biomed.cas.cz/sage/).

Tabulka 4. Parametry vytvorenych SAGE knihoven z celého mySiho varlete.

SAGE knihovna Total Testis 1 (TT 1) Total Testis 2 (TT 2)
Pocet sekvenovanych klon( 811 1510
Celkovy pocet tagl * 24 975 51879

Pocet unikatnich tagl 10 516 18 848

Pocet tagl s ¢etnosti 1 7731 13422
Parametry kvality

Priimérny pocet tagu v klonu 30.8 34.4

Pocet duplikovanych ditagt 157 (1,2 %) 276 (1,0 %)
Pocet tagli odvozenych z adaptéri 147 (0,6 %) 223 (0,4 %)

* po odstranéni duplikovanych ditagh a tagl odvozenych ze sekvenci adaptéri (tj. TCCCTATTAA,
TCCCCGTACA a vSech moznych jednonukeotidovych obmeén)

Tagy s ¢etnosti > 1 ve slou¢ené SAGE knihovné z mysiho varlete (TT 1+2) byly
ptifazeny ke genim (transkripnim klastrim) definovanym v databazi UniGene tfemi
zpusoby (Tabulka 5). Podle databaze SAGEmap (Lash et al, 2000), kterd je pro
identifikaci tagh pouzivana nejcastéji, bylo mozné ptiradit 92,6 % tagh ke gentim (54,3 %
k jednomu genu a 38,3 % k vice geniim). S pouzitim pfisnéjSich kritérii pro spolehlivou
identifikaci tagl, které jsou pouzivany v databazi Mouse SAGE Site (viz 4.1.5.1), bylo
mozné spolehlivé piifadit 63 % tagh ke geniim (47,5 % k jednomu genu a 15,5 % k vice
geniim), zatimco pro 29,6 % tagl nebyla nalezena spolehliva identifikace. Tento zplsob
identifikace umoznil vice nez dvojnasobné sniZit pocet tagh piifazenych k vice geniim a
eliminovat nespolehlivou identifikaci tagti. Tteti, nejspolehlivéjsi zptisob identifikace tagi,
ktery vyuziva pouze sekvence mRNA dostupné v databazi GenBank (Benson et al., 2003),
umoznil piifadit 51,3 % tagi ke genim (45 % k jednomu genu a 6,3 % k vice genlim) a pro
41,3 % tagli nebyla nalezena spolehliva identifikace. VSechny tfi zpisoby identifikace tagh
odhalily malou proporci tagt (7,4 %), které nebylo mozné identifikovat a mohou
piedstavovat nové transkripty. Seznam 7 481 tagli s cetnosti>1 ve sloucené SAGE

knihovné z celého mysiho varlete (TT 1+2) a jejich identifikace ke geniim podle databaze

Mouse SAGE Site je uveden v on-line ptiloze k publikaci (http://www.biomedcentral.com/
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1471-2164/6/29, Additional file 1). Pro analyzy genomového usporadani genii expri-

movanych ve varleti byl déale v této praci pouzivan nejptisnéjsi a nejspolehlivéjsi zpisob

identifikace tagii podle sekvenci mRNA v datab4zi GenBank.

Tabulka 5. Identifikace tagii v SAGE knihovnach z mySiho varlete (TT 1+2)

ke genim* pFi pouZiti riiznych databazi a zpiisobi pro spolehlivost identifikace.

NCBI SAGEmap Mouse SAGE Site GenBank mRNA
pocet tagu % pocet tagu % pocet tagu %
Identifikace k 1 genu* 4 061 54,3 3553 47,5 3 367 45,0
Identifikace k vice gentim* 2 865 38,3 1157 15,5 472 6,3
Nespolehliva identifikace - - 2216 29,6 3087 41,3
Bez identifikace 555 7.4 555 7.4 555 7.4
Pocet tagl s Cetnosti > 1 7 481 100,0 7 481 100,0 7 481 100,0

* geny predstavuji transkripéni klastry definované v databazi UniGene

Genim zastoupenym v transkriptomu mys$iho varlete byla pfifazena biologicka
funkce podle databaze Gene Ontology (Harris et al., 2004). Bylo zjiSténo, Ze vice nez tisic
genu exprimovanych ve varleti ma néjakou funkci v metabolismu, zejména v metabolismu
proteinti (modifikace proteinl, protein targeting) a nukleovych kyselin (sestavovani a
modifikace chromatinu, replikace DNA, opravy DNA, zpracovani RNA, modifikace
RNA). Podle o¢ekavani byly mezi vysoce exprimovanymi nalezeny geny, které se ucastni
spermatogeneze (napi. protamine 1 a 2, transition protein 1 a 2), ovliviluji uspotfadani
chromosomil, plni funkci v bunééném cyklu a pifi bunécné diferenciaci. Velmi
exprimované byly také geny, které se podileji na bunééném transportu (napt. diazepam
binding inhibitor-like 5, proteasome 26S subunit, ribosomal protein L23), bunécné
signalizaci (napf. calmodulin 1 a 2, sperm autoantigenic protein 17, A kinase PRKA
anchor protein 3, PDZ domain containing 1, WD repeat domain 12), uspoiadani
cytoskeletu (napft. t-complex testis expressed 1, t-complex-associated testis expressed 3,
tubulin alpha 7/alpha 3, tubulin alpha 6, thymosin beta 10) a apoptoze (napi. Bcl2-
associated athanogene 1, Bcl2-like 14, programmed cell death 5, tumor protein
translationally-controlled 1). Z mitochondridlniho genomu byly vysoce exprimovany geny

ATP synthase 6, cytochrome c oxidase I a III.

37



VYSLEDKY

4.1.2.  Srovnani SAGE knihoven z celého mySsiho varlete a somatickych

bunék varlete

Mysi varle je sloZzeno ze dvou hlavnich typli bun€k — germinélnich a somatickych, které se
lisi svou funkci 1 plvodem. Germinalni bunky diferencuji ze spermatogonii pfes
spermatocyty a spermatidy do zralych spermatozoi. Somatické bunky (Sertoliho,
Leydigovy, myoidni) naopak vykonavaji vSechny podptrné funkce potifebné pro uspésny
prubéh spermatogeneze. Varlata dospelych mysi obsahuji v semenotvornych kanalcich asi
88 % germinalnich bunék a 12 % somatickych bunck (Sutcliffe et al., 1991). Je tedy
mozné predpokladat, Ze vétsina transkriptii nalezena v SAGE knihovné pfipravené z celého
mysiho varlete pochazela z germinalnich bunék. Ve vefejné databazi genovych expresnich
dat GEO byla nalezena SAGE knihovna piipravena ze somatickych bunck varlete
dospélych mysi (GSM5435, dale oznaCovana jako ATSC), ktera mohla byt s vyhodou
pouzita ke srovnani s pravé vytvorenou SAGE knihovnou z celého varlete a k ur€eni genil
pfednostné exprimovanych v germindlnich a somatickych buiikdch varlete. Tato knihovna
byla vytvorena z varlat dospélych mysi, ve kterych byly zlikvidovany germinalni bunky
varlat pasobenim busulfanu (O'Shaughnessy et al., 2003). Vyhodou pro porovnani téchto
dvou SAGE knihoven bylo také to, Ze ob¢é knihovny mély podobné parametry — celkovy
pocet taglh (76 854 a 81 478), pocet unikatnich tagi (24 529 a 22 809) a proporci tagi
s ¢etnosti > 1 (Tabulka 6). Srovnani obou SAGE knihoven pomoci simulaci Monte Carlo
potvrdilo znacné rozdily v genové expresi mezi celym mySim varletem a somatickymi
bunkami varlete (Obr. 5, B). Z celkového poctu 42 239 unikétnich tagh v knihovnach
TT 1+2 a ATSC bylo detekovano 3 258 tagl (7,7 %) se signifikantné odliSnou cetnosti
v obou knihovnach (p-chance < 0.05). Koeficient zmény exprese se pro 83 % tagi
pohyboval v rozmezi od -2.2 do 2.2 a pro 92.5 % tagii mezi -5 a 5. Bylo nalezeno 563 tagt,
které mély vice nez desetindsobné zvySeny pocet v somatickych bunkach varlete
(koeficient zmény exprese > 10) a 672 tagii, které dosahovaly vice nez 10x zvySeného
poctu v celém varleti (koeficient zmény exprese <-10). Seznam tagl se signifikantné
odliSnym poc¢tem v SAGE knihovnach z celého varlete a somatickych bunék varlete je
uveden v on-line pfiloze k publikaci (http://www.biomedcentral.com/1471-2164/6/29,
Additional file 2).
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Obr. 5. Grafy znazoriujici parové porovnani SAGE knihoven.

Péarové porovnani dvou SAGE knihoven z celého varlete (A) a SAGE knihoven z celého
varlete a somatickych bun¢k varlete (B). Tagy se signifikantné odliSnymi pocty jsou
znazornény modie (0,01 < p-chance < 0,05) a ¢ervené (p-chance < 0,01) (signifikance byla
stanovena pomoci simulaci Monte Carlo). Tagy pfitomné pouze v jedné z porovnavanych
knihoven jsou znazornény v bodech -0,5 na obou koordinatach. Velikost bodu je imérna
poctu tagt, ktery dany bod zastupuje. SAGE knihovny: TT 1 a TT 2 = jednotlivé knihovny
z celého varlete; TT 1+2 = sloucena knihovna z celého varlete; ATSC = knihovna ze
somatickych bun¢k varlete dospélych mysi.
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Tabulka 6. Parametry SAGE knihoven pripravenych z celého varlete a somatickych

bunék varlete dospélych mysi.

Adult Testis Somatic

SAGE knihovna Total Testis (TT 1+2) Cells (ATSC)
Celkovy pocet tagt 76 854 81478
Pocet unikatnich tagl 24 529 22 809
Pocet tagl s ¢etnosti > 1 7 481 7435
Proporce unikatnich tagt s ¢etnosti > 1

z celkového poctu tagl (%) 77,8 81,1

z poctu unikatnich tagt (%) 30,5 32,6

Geny prednostné exprimované v germinalni a somatické ¢asti varlat byly rozliSeny
s pouzitim striktnich kritérii (p-chance < 0.05, Monte Carlo simulace, koeficient zmény
exprese < -5 nebo >5), které zohlednily moznou ptitomnost transkriptii ze somatickych
bun¢k v SAGE knihovné z celého varlete a transkripti z germinalnich bun¢k v SAGE
knihovné ze somatickych bun€k varlete. Dle uvedenych kritérii bylo vybrano 829 genli
pfednostné exprimovanych v germinalnich buiikach a 944 gentli pfednostné exprimovanych
v somatické Casti varlat. Dale bylo nalezeno 8 gent exprimovanych z mitochondridlniho
genomu: 6 prednostné exprimovanych v somatickych buiikach, 1 pfednostné exprimovany
v germinalnich bunkdch a u 1 genu byly zjistény dvé isoformy (jedna pifednostné
exprimovand v somatickych bunikdch a druhd exprimovand vyluéné v germinélnich
bunikédch). Seznam genii prednostné exprimovanych v germinalnich a somatickych bunikach
varlete je uveden v on-line pfiloze k publikaci (http://www.biomedcentral.com/

1471-2164/6/29, Additional file 3).

4.1.3.  Zastoupeni genll exprimovanych ve varleti na chromosomu X

Ptfedchozi studie ukézaly, ze chromosom X ve srovnani s autosomy obsahuje signifikantné
vice gentli, které jsou specificky nebo preferencné exprimovany v samcich tkanich
(v prostaté Cloveka, ve spermatogoniich mysi) (Wang et al., 2001; Lercher et al., 2003b).
V nasledujicich analyzach bylo proto studovano zastoupeni genti identifikovanych v SAGE
knihovnach z celého varlete a somatickych bunék varlete mySi na autosomech a

chromosomu X. K témto analyzam byly s vyhodou vyuzity vefejné dostupné SAGE
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knihovny ziskané z databaze GEO (Edgar et al., 2002), které byly ptipraveny ze 7 typua
somatickych tkani (Tabulka 1 a Tabulka 2).

Do prvni analyzy byly zahrnuty vSechny geny exprimované ve varleti a
v somatickych tkanich a byly porovnany proporce genti lokalizovanych na chromosomu X.
Z celkového poctu 14 222 gent exprimovanych v celém varleti, somatickych buiikach
varlete a 7 somatickych tkanich (mozek, oko, srdce, jatra, ledviny, koncetiny a tukova
tkan) byly vybrany pouze ty, které byly v souboru vSech tkdni reprezentovany alesponl
dvéma tagy. Proporce geni exprimovanych z chromosomu X vsedmi somatickych
tkanich nebyla rovnomérnd (2,4 - 3,2 %), avsak rozdily mezi jednotlivymi somatickymi
tkdnémi nebyly signifikantni (p > 0.05, Chi-square test pro vSechny dvojice somatickych
tkani). Celkova proporce genii exprimovanych z chromosomu X ve skupiné sedmi
somatickych tkani byla 3,1 % (371 z 11 903 gentl). V somatickych bunkach varlete bylo
zjisténo 3,2 % X-véazanych gent (133 z4 216 gent), zatimco v celém varleti bylo pouze
1,4 % gend (48 z 3 338 genil) exprimovéano z chromosomu X (p < 10, Chi-square test).
Lze tedy uzavfit, Ze transkriptom celého varlete mySi je ochuzen o geny exprimované
z chromosomu X.

Pii druhé analyze bylo srovnavano zastoupeni tkanové specificky exprimovanych
gend na autosomech a chromosomu X ve varlatech a ve skupiné 7 somatickych tkani. Za
tkanove specificky exprimované geny byly povazovany ty, jejichz tagy byly zastoupené
vyhradné v jednom typu tkdné a zaroven byly v této tkani reprezentovany alespon dvéma
tagy. Proporce X-véazanych tkanové specifiky exprimovanych gen v celém varleti a
somatickych bunkach varlete byla srovnavana s proporci tkanové specifickych genti
exprimovanych z chromosomu X ve skupiné¢ 7 somatickych tkanich (Tabulka 7). Z 395
tkanove specificky exprimovanych genil v celém varleti mapovalo 3,5 % (14 genll) na
chromosom X. Podobna proporce tkanové specificky exprimovanych genti lokalizovanych
na chromosomu X byla nalezana také ve skupiné 7 somatickych tkani. V somatickych
buiikach varlete vSak bylo nalezeno 81 tkanové specifickych genii a 13,6 % (11 genil) bylo
exprimovanano z chromosomu X, coz je 3,2 nasobné vyssi proporce ve srovnani s tkanove
specifickymi geny ve skupiné 7 somatickych tkani a predstavuje signifikantni obohaceni
chromosomu X o geny specificky exprimované v somatickych buiikach varlat (p = 0,0024,
dvoustranny test, 100 000 permutaci). Pro vSechny X-vdzané geny specificky exprimované
v celém varleti a somatickych buiikych varlete byly provedeny alignmenty programem
BLAST na sekvenci celého chromosomu X, které potvrdily, Ze zadny z téchto gend nebyl

na chromosomu X duplikovan. Vysledek této analyzy ukazuje, ze chromosom X ve
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srovnani s autosomy obsahuje signifikantné vice gent tkanové specifiky exprimovanych

v somatickych bunikach varlete.

Tabulka 7. Proporce genii specificky exprimovanych v celém varleti, somatickych

buiikach varlete a ostatnich somatickych tkanich na autosomech a chromosomu X.

Tkan Pozorovany pocet genti  O¢ekavany pocet geni % chrX p-value*
varle/lsom.b.varl.  ostatnit. varlelsom.b.varl.  ostatnit. (pozorov.)
Varle chrA 381 836 378 839
chrX 14 41 17 38 3,5 0,4479
Somatické chrA 70 885 77 878
buriky varlete chrxX 11 39 4 46 13,6 0,0024

* dvoustranna hodnota p-value stanovena permutac¢nim testem

4.1.4. Identifikace pozi¢nich genovych klastrl, které obsahuji geny

s preferencni expresi ve varleti

Preferencné exprimované geny mohou byt na rozdil od tkanove specificky exprimovanych
genu exprimovany také v dalSich tkénich, ale podle poctu jejich taglh v riznych typech
tkani 1ze stanovit, ve kterych tkanich jsou exprimovany preferenc¢né. Kritérium pro vybér
téchto genti neni tak piisné jako pro vybér tkanove specifickych genti, coz umoznilo vybrat
dostatek genli pro analyzu jejich uspofddani podél chromosomil. Geny preferencné
exprimované ve varleti (zvlast v celém varleti a v somatickych bunikach varlete) byly
vybrany pomoci PEM (preferential expression measure) (Huminiecki et al., 2003), které
udava miru preferencni exprese v dané tkani (viz 3.1.9). Hodnoty PEM byly vypocitany
pro kazdy gen z celkového poctu 14 222 genti exprimovanych v celém varleti, somatickych
buiikach varlete a 7 somatickych tkanich (mozek, oko, srdce, jatra, ledviny, koncetiny a
tukova tkan). S pouzitim vhodnych kritérii pro hodnotu PEM (viz 3.1.9) bylo vybrano
1300 gent preferencné exprimovanych vcelém varletti a 1050 geni preferencné

exprimovanych v somatickych buiikach varlete (Tabulka 8).
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Tabulka 8. Poéty preferencné exprimovanych genii ve varleti identifikovanych

v pozi¢nich klastrech na chromosomech.

Tkan Varle Somatické bunky varlete

Podet preferenéné exprimovanych gent 1300 1050

v tésnych ve volnych v tésnych ve volnych

klastrech klastrech klastrech klastrech
Podet genu v klastrech (pozorovany) 44 230 36 120
Proporce gen( v klastrech z celkového 3.4 177 3.4 114

poctu (%)

Ocekavany pocet gent v klastrech
stanoveny permutacemi genomu 21.9+8.1 168.4 + 20.1 11.7+59 9421156
(prdmér + sm. odcylka)

Pomér pozorovaného k oéekavanému
poctu gena v klastrech 2.0 1.4 3.1 1.3

Pocet permutaci genomu, v nichz byl
pocet genu v klastrech vétsi nez nebo 741 180 52 5722
roven pozorovanému poctu

p-value (jednostranna) 0.0074 0.0018 0.0005 0.0572

Genové klastry na chromosomech byly identifikovany zv1ast’ pro preferencni geny
exprimované v celém varleti a v somatickych buiikdch varlete. Nasledné bylo testovano,
zda pocet téchto genl v klastrech je statisticky vyznamny. Pro tuto analyzu byly navic
z genomu mysi odstranény tandemové duplikované geny (viz 3.1.10.3), aby byl vyloucen
jejich pfipadny vliv na pocet genii v klastrech. Pomoci posuvného okna byly na
chromosomech identifikovany pozi¢ni klastry obsahujici alespont 3 pftilehlé preferencné
exprimované geny (,,t€sné klastry*) a alespont 3 preferenéné exprimované geny mezi 6
prilehlymi geny (,,volné klastry*) (viz 3.1.10.1). Tésné klastry tedy tvofily podmnozinu
volnych klastri. Celkem bylo nalezeno 44 a 36 genl preferen¢né exprimovanych v celém
varleti a somatickych bufikach varlete, které byly zahrnuty v 13 a 11 tésnych klastrech
(Tabulka 8, Obr. 6). Ve volnych klastrech bylo identifikovano 230 a 120 gent preferenéné
exprimovanych v celém varleti a somatickych buiikach varlete (v 66 a 37 klastech). Dva
tésné klastry a osm volnych klastrl sdilelo geny preferenéné exprimované v celém varleti a
v somatickych bunkach varlete. Statistickd analyza ukézala, Ze pozorovany pocet
preferencné exprimovanych genti zahrnutych v tésnych klastrech byl 2,0 a 3,1 nasobné

vys$i nez pramérny pocet téchto genli v ndhodné vygenerovanych genomech (p = 0.0074 a
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p = 0.0005, jednostranny test, 100 000 permutaci). Ackoliv byl ve volnych klastrech
obsazen pouze 1,4 a 1,3 nasobné¢ vysSi pocet preferenéné exprimovanych genl nez
v ndhodné vygenerovanych genomech, v ptipadé celého varlete byl tento pocet signi-
fikantni a v pfipad¢ somatickych bunék varlete téméf signifikantni (Tabulka 8). Nebylo
prekvapenim, Zze geny vysoce exprimované v celém varleti, které se ucastni
spermatogeneze (protamine 1, 2, 3, transition protein 2), tvotily jeden z tésnych klastrii na
chromosomu 16. Tyto vysledky demonstruji nendhodné uspotadani genii preferencné
exprimovanych v celém varleti a somatickych bunikach varlete v pozi¢nich genovych

klastrech, které nevznikly nedavnou tandemovou duplikaci.

1 2 3 4 5 6 7 8 9 10
11 12 13 14 15 16 17 18 19 X

om <

Obr. 6. Distribuce klastri obsahujicich geny s preferen¢ni expresi ve varleti na

chromosomech.

Pozice 103 klastri podle fyzikdlni mapy mySiho genomu je zobrazena na ideogramu
s odpovidajicimi cytogenetickymi pruhy. Tésné klastry zahrnuji alespont 3 pfilehlé geny
s preferencni expresi ve varleti (dlouhé carky). Volné klastry obsahuji alespon 3 geny
s preferencni expresi ve varleti mezi 6 ptilehlymi geny (kratké carky). Klastry obsahujici
geny s preferencni expresi v celém varleti a somatickych buiikdch varlete nejsou rozliseny.
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4.1.5. Vytvoreni databaze verejn¢ dostupnych SAGE knihoven z mySich

tkani a bunécnych linii

Ptedpokladem pro provedeni vyse uvedenych analyz bylo shromazdéni vefejné dostupnych
SAGE knihoven pfipravenych z mySich tkani a bun&cnych linii a jejich uspofadani do
databaze. Primarni data vétSiny SAGE knihoven byla ziskdna z vetejné databaze genovych
expresnich dat GEO (Edgar et al., 2002). Mensi cast dat byla stazena z webovych stranek
laboratofii, které jednotlivé knihovny piipravily, pfipadné ziskéna z elektronickych ptiloh
publikaci. Do databaze byly zahrnuty SAGE knihovny vytvofené nejpouzivané;si
kombinaci restrikénich enzyma Nlalll a BsmFI, které produkuji tagy o délce 10 bp.
V soucasné dob¢ databaze obsahuje 94 mySich SAGE knihoven s celkovym poctem
3 391 887 tagd.

Data vSech SAGE knihoven byla zpracovana stejnym zplsobem. Kazda SAGE
knihovna byla opatiena informacemi o biologickém materidlu z n€hoz byla pfipravena,
zejména o zdroji tkédné ¢i bunék, fyziologickém stavu a podrobnostmi o jejim zpracovani.
Kazdé SAGE knihovné byl poté pfidélen unikatni nazev vystihujici zdroj a stav
biologického materidlu pouzitého k jeji ptiprave. Pfi zpracovani tagl byly z kazdé SAGE
knihovny odstranény tagy odvozené ze sekvenci adaptéri a piipadné upraven celkovy

pocet taga.

4.1.5.1. Identifikace tagti ke geniim

Identifikace tagi ke genim byla zaloZzena na databazi SAGEmap (Lash et al., 2000)
s pouzitim vylepSenych kritérii pro spolehlivou identifikaci gent. V databazi SAGEmap
jsou tagy pfifazovany k jednotlivym transkripénim klastrim definovanym v databazi
UniGene (Pontius et al., 2003) na zaklad¢ skore, které zohlediiuje pocet a typ sekvenci
mRNA a EST z nichz byl urcity tag vyextrahovan. K danému tagu jsou pak piifazeny dva
transkripéni klastry z databaze UniGene, které dosahovaly nejvyS$siho skore, a ty pied-
stavuji spolehlivou identifikaci ke geniim. Timto zpisobem vSak dochazi k tomu, ze velké
mnozstvi tagih ma identifikaci k vice genim (viz Tabulka 5). Pro databazi Mouse SAGE
Site bylo proto kritérium upraveno tak, ze za spolehlivou identifikaci k danému
transkripénimu klastru v UniGene bylo povaZovéano, pokud byl tag vyextrahovéan alesponl
z jedné sekvence mRNA, alespoit 3 EST s poly(A) signalem nebo alespoit 8 EST bez

poly(A) signalu. Tagy, které byly timto zpiisobem pfitazeny ke 12 a vice transkripénim
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klastrim v UniGene byly pro snadné odliSeni oznaceny jako ‘repetitivni’. Pro identifikaci
exprese mitochondridlnich genti byly také oznaCeny vSechny tagy, které bylo mozno
vyextrahovat z mysi mitochondridlni genomové sekvence (GenBank accession no. J01420)

jako ‘mitochondrialni’.

4.1.5.2. Webové rozhrani

Databaze Mouse SAGE Site je vefejné pfistupnd na internetové adrese:
http://mouse.biomed.cas.cz/sage/ (Obr. 7). Webové rozhrani umoziuje uZivatelim
prohliZeni, porovnavani a prohledavani SAGE dat pomoci n¢kolika snadno ovladatelnych
nastroji. Uzivatelé mohou naptiklad prohlizet obsah kazdé SAGE knihovny vcetné
spolehlivé identifikace tagl k transkripnim klastrim v UniGene a filtrovat seznam tagu

s pouzitim nékolika parametri (sekvence tagu, UniGene klastr, symbol genu, pozice na

Vo~ SAGE Site Main Menu

http:/fmouse. biomed.cas.cz/sagef YWhat is New Database Content YWebrmaster

Serial Analysis of gene expression (SAGE) is a well-established technique for gene expression profiling. SAGE
uses short nucleotide tags (10 bp) from the defined position in the transcripts for identification of expressed genes.
The ligation of the tags into long concatemers and sequencing results in a digital gene expression profile
containing gualitative and gquantitative expression data (SAGE library). The digital output of SAGE allows direct
compatison of expression profiles generated in different laboratories. For more information about the SAGE
technigue visit SAGE-Met homepage.

The Mouse SAGE Site contains a collection of public available SAGE libraries generated from various mouse
tissues and cell lines. The libraries were collected frarm GEO repository as well as from individual laboratories that
made the libraries freely available on the Intermet or in their publications. The current list of libraries with references
to the source is available at Database Content page.

The Mouse SAGE Site aims to provide mouse geneticists with simple web-based tools for browsing, comparing
and searching of SAGE data with reliable tag-to-gene identification. The following tools are currently available:

] Browse SAGE library | SAGE library information
[ ] Compare SAGE libraries | SAGE tag identification
[ | Search in SAGE libraries ] User documentation

‘four questions, comments and suggestions please e-mail to: Petr Divina (divinai@biomed.cas.cz)

References: Divina P, Forejt J. The Mouse SAGE Site: database of public mouse SAGE libraries.
Nucleic Acids Res. 2004 Jan 1; 32(1): D482-3. [PubMed] [Free Full Text at NAR]

The Mouse SAGE Site iz maintained at the Depadment of Mammalian Molecular Genetics, Institute of Molecular Fenetics, Academy of
Sciences of the CR, Prague, Czech Republic and iz supported by the project Center for Integrated Genomics,

The Mouse SAGE Site - Instiute of Molecular Genetics, A5 CR, Prague, Czech Republic - 2003, 2004

Obr. 7. Hlavni stranka databaze Mouse SAGE Site.
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chromosomu, Entrez Gene ID, MGI accession). Nastroj pro parové porovnavani SAGE
knihoven umoziuje definovat dva soubory SAGE knihoven a zobrazit odlisSné
exprimované geny pro zadanou uroven signifikance a koeficient zmény exprese. Data
vSech SAGE knihoven je také mozné prohledavat pomoci stejnych parametrii jako pfi
filtrovani. Vysledek prohledavani vSech knihoven je zobrazen v podobé expresni matice
obsahujici normalizované pocty tagii (tags per million) v jednotlivych SAGE knihovnach
(Obr. 8). Vysledky porovnavani a prohleddvani lze uloZit do textového souboru pro dalsi

analyzy. Ke kazdému nastroji je k dispozici podrobna on-line dokumentace.

voe>, SAGE Site Search in SAGE Libraries

http:#mouse. biomed. cas. c2/saged Help Main fenu

Search and display parameters

Field Operator Walue Sort by (asc)
|Gene syrmbol j |C0ntams j |Psma |Gene syl j Search Tags Export Results

¥ Hide tag-to-gene associations with paEST/EST only evidence

Tays matching the search criteria - 10 tags (listed tags 1-100

Tay UniGene Ref MGC GBk paEST EST  Score  Gene syrnbol Gene name Ch Entrez Gene MG]
GICTGCGTGE 121285 1 1 3 18 78 68005601 Psmal Proteasome (prosome, macrepain) subunit, zlpha type 1 7 26440 MGL1347005
CCAACTCTTG 121265 - - 1 - 5 2001006 Psmal Froteasome (prosome, macropain) subunit, alpha type 1 7 26440 MG 12347005
GTTTAGTGGA 282285 1 1 3 167 896 5005788 Psma2 Proteasome (prosome, maerepain) subunit, alpha type 2 13 191686 MGL104885
GGCCCCGATT 252255 - - 1 - 194 2001195 PsmaZ Froteasome (prosome, macrapain)subunit, alpha type 2 13 19166 MG 104885
GACTATATAT 296338 - - 2 95 18 3002615 Psma3 Similarte proteasome alpha7/CE subunit 12 197167 MG 104883
TCTGTCCAGT 30270 1 1 1 112 268 5003641 Psmad Froteasome (prosome, macropain) subunit, alpha type 4 =] 26441 MG 12347050
AAGAGGAAGA 30270 - - 1 1 31 3001533 Psmad Froteasome (prosome, macropain) subunit, alpha type 4 g 26441 MG 1347060
GCAAAATATCC 208883 1 2 1 78 72 B004854 Psmas Froteasome (prosome, macropain)subunit, alpha type & 3 26442 MG 12347003
CCTGTCTACT 30210 1 - g 94 100 4004658 Psmab Froteasome (prosome, macropain) subunit, alpha type & 12 26443 MG 1347008
AGGLCGGGATC 21728 1 1 2 83 105 5004832 Psma? Froteasome (prosome, macropain)subunit, alpha type 7 2 26444 MG 12347070

Mormalized tay distribution in SAGE libraries (tags per million)
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CCTGTCTACT Psmafi 50 119 20 149 9F 18 - 122 - . - - - - B4 32 2316 91 M7 - - 29 91 150 58 205 38 48 B3 95 54 - 215 59 57 100107 - 81 27 179 88 51 43 - -
AGGLEGEGEATC Psma7? 254 217 158 448 - 54 51 366 111 54 - - - - 32 B5 138146194 281 - 460 58 152150192 223 58 48 111 95 - 110 338 157 245 280 267 5381 152 107 178 &5 101 214 159 418

Obr. 8. Databiaze Mouse SAGE Site - nastroj pro vyhledavani exprimovanych gent

v SAGE knihovnach.
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4.1.5.3. Technické provedeni

Databaze je provozovana na unixovém serveru sun4.biomed.cas.cz (Sun Microsystems,
Solaris 8), na mémZ byl nainstalovan relacni databdzovy systétm mySQL
(http://www.mysql.com/) a webovy server apache (http://www.apache.org/). Webové
rozhrani bylo vytvofeno pomoci nékolika cgi skriptli napsanych v programovacim jazyce
Perl (http://www.perl.com/).

Vlastni strukturu databaze tvoii nckolik skupin tabulek, které byly navzijem
propojeny relacnimi vztahy (Obr. 9). Tti skupiny tabulek (1, 2, 3) obsahuji zdrojova data
z databazi LocusLink (EntrezGene), UniGene a SAGEmap. Z databdze SAGEmap byla
vytfidéna spolehliva identifikace tagli k transkripénim klastrim v databazi UniGene a
geniim v databazi LocusLink (EntrezGene) a uloZena v samostatné skupiné tabulek (4, 5,
6). Dalsi dvé skupiny tabulek obsahuji anotace SAGE knihoven (7) a vlastni data — tagy a
jejich pocéty v jednotlivych SAGE knihovnach (8, 9). Proces aktualizace databaze byl
casteCn¢ automatizovan a zahrnuje stazeni databazi SAGEmap, UniGene, Entrez Gene z
FTP serveru NCBI (ftp:/ftp.ncbi.nlm.nih.gov), jejich pireformatovani pomoci sady
perlovych skripti a naplnéni pfislusnych tabulek v databazi. Pfidavani novych SAGE
knihoven spoc¢iva ve vyplnéni informaci o konstrukci knihovny (anotace) v pfislusné

tabulce a vlozeni tagt a jejich poc¢ti do databaze pomoci perlového skriptu.
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4.2. Analyza genového obsahu chromosomu Z kura domaciho

4.2.1.  Zastoupeni tkanove specificky exprimovanych geni

na chromosomu Z

Na rozdil od genového obsahu chromosomu X nebyl genovy obsah chromosomu Z zatim
uspokojivé studovan. Cilem této analyzy bylo zjistit, zda se lisi zastoupeni tkanove
specifickych genii exprimovanych z chromosomu Z v somatickych tkéanich, varlatech a
vajeCnicich kura domdaciho (Gallus gallus) s vyuzitim genovych expresnich dat z databaze
UniGene (Pontius et al., 2003). Za geny s tkanové specifickou expresi byly povazovany ty,
jejichz reprezentativni mRNA ¢i EST sekvence se vyskytovaly pouze v jedné ze 14 tkani.
Pro kazdou tkan byla urena proporce geni s tkanoveé specifickou expresi lezicich na

chromosomu Z (Tabulka 9).

Tabulka 9. Zastoupeni tkanové specificky exprimovanych geni na autosomech a

chromosomu Z.

Tkan chrA * chrZz * % gentl na chrZ
Mozek 1135 40 3,40
Kongetiny 446 18 3,88
Chondrocyty 527 28 5,05
Srdce 130 3 2,26
Ledviny a nadledvinky 280 6 2,10
Tenké stfevo 235 6 2,49
Jétra 153 7 4,38
Pankreas 36 2 5,26
Sval 156 8 4,88
Tukova tkan 42 1 2,33
Lymfocyty 134 7 4,96
Slezina 42 2 4,55
Somatické tkané 3316 128 3,72
Varle 363 16 4,22
Vajecnik 620 11 1,74

* pocty genti na autosomech (chrA) a na chromosomu Z (chrZ)
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Ve 12 somatickych tkanich se proporce geni vazanych na chromosom Z
pohybovala mezi 2,10 % (ledviny a nadledvinky) a 5,05 % (chondrocyty). Mezi
proporcemi v jednotlivych tkanich vSak nebyly zjiStény signifikantni rozdily (p > 0,05;
Fishertiv exaktni test, pro parova porovnani vSech tkéni) a proto byly v dalsi analyze
slouceny vSechny geny vykazujici specifickou expresi v jedné z 12 somatickych tkani do
jedné skupiny. Primérné zastoupeni tkanoveé specifickych genti na chromosomu Z
exprimovanych v somatickych tkanich bylo 3,72 %. V porovnani stim lezelo na
chromosomu Z 4,22 % genii se specifickou expresi ve varlatech (p > 0,05; dvoustranny
test, 100 000 permutaci), ale pouze 1,74 % genli se specifickou expresi ve vajecnicich
(p = 0,027; dvoustranny test, 100 000 permutaci) (Tabulka 10).

Nizky pocet tkanové specifickych genli exprimovanych ve vajecnicich byl zjistén
pouze u chromosomu Z. U jednotlivych autosomi se proporce gent se specifickou expresi
ve vajecnicich pohybovala mezi 2,7 % a 5,9 % z celkového poctu genti (byly uvazovany
autosomy obsahujici vice nez 500 gend, tj. chr 1-10, 14), zatimco na chromosomu Z byla
tato proporce pouze 1,7 % z celkového podtu 653 genti (p < 0,01, % test mezi pramérnym
zastoupenim gent se specifickou expresi ve vajecnicich na autosomech a na chromosomu
7). Vysledek této analyzy ukazuje, Ze chromosom Z obsahuje signifikantné¢ mensi pocet

genu tkanove specifiky exprimovanych ve vajeénicich.

Tabulka 10. Proporce genii specificky exprimovanych ve varlatech, vaje¢nicich a

somatickych tkanich na autosomech a chromosomu Z.

Tkan Pozorovany pocet genti Ocekavany pocet genl % chrz p-value*
varle/vajeénik somatickat. varle/vajeénik somatickat.  (pozorov.)
Varle chrA 363 2676 365,5 2673,5
chrz 16 96 13,5 98,5 4,22 0,5371
Vajegnik  chrA 620 2676 611,2 2684,8
chrz 11 96 19,8 87,2 1,74 0,0268

* dvoustranna hodnota p-value stanovena permutac¢nim testem
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4.2.2. Zastoupeni genu s preferencni expresi v sam¢i nebo samici

somatické tkani na chromosomu Z

Druha analyza byla zaméfena na geny, které jsou preferencné exprimované v samci nebo
sami¢i somatické tkani (mozku) a bylo porovnavano jejich zastoupeni na chromosomu Z.
Geny s preferencni expresi byly vybrany podle urcitych prahovych hodnot R statistiky,
ktera se pouziva pro kvantitativni srovnavani Cetnosti transkripti v cDNA knihovnach
(Stekel et al., 2000).

Zastoupeni preferencn€ exprimovanych gent (R > 1) vsam¢im mozku na
chromosomu Z ¢inilo 5,6 % (58 z 1029). V sami¢im mozku, byly naproti tomu preferenéné
exprimované geny (R > 1) na chromosomu Z vyrazné¢ méné zastoupeny — bylo nalezeno
pouhych 1,3 % (4 z 314) geni, coz predstavuje vysoce signifikantni rozdil (p <0,001;
FiSerliv exaktni test). Pro méné pfisné prahové hodnoty, R > 0,5 a R > 0 byly rozdily
v zastoupeni genil s preferencni expresi v sam¢im a sami¢im mozku na chromosomu Z

mensi, avSak stale vysoce signifikantni (Obr. 10).

0,09
0.0s | Preferencné exprimované v samcim mozku Il
’ Preferencné exprimované v sami¢im mozku [l

0,07 + Exprimované v ostatnich somatickych tkanich [ -

0,06

0,05
0,04
R>1,0 R>0,5 R>0,0 vsechny geny

0,03
0,02
0,01
0,00

Proporce Z-vazanych genl

Obr. 10. Proporce genii s preferen¢ni expresi v sam¢im nebo sami¢im mozku
na chromosomu Z.

Geny preferenéné exprimované v saméim mozku byly na chromosomu Z zastoupeny
signifikantné¢ vice nez geny prednostné exprimované v samic¢im mozku (pro vSechny
prahové hodnoty R statistiky). Ve srovnani s geny exprimovanymi v ostatnich somatickych
tkanich byly geny s preferenni expresi v sam¢im mozku signifikantné obohacené na
chromosomu Z, zatimco pro geny s preferencni expresi v sami¢im mozku byl patrny pouze
naznak jejich ochuzeni na chromosomu Z.
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Geny prednostné exprimované v sam¢im mozku (R > 1) se na chromosomu Z
vyskytovaly 1,8x cCastéji nez geny exprimované v 11 somatickych tkéanich, coz
predstavovalo vysoce signifikantni obohaceni (p < 0,0001; FiSertiv exaktni test). Naopak
geny s preferencni expresi v sami¢im mozku (R > 1) byly ve srovnani s geny
exprimovanymi v 11 somatickych tkanich 2,5x méné zastoupené na chromosomu Z. Tento
rozdil vSak nebyl vyznamny na 5% hladiné signifikance (p = 0,052; FiSertiv exaktni test),
coz by mohlo byt zpiisobeno nizkym poctem gend prednostné exprimovanych v sami¢im
mozku. Tyto vysledky ukazuji, Ze chromosom Z ma nendhodné zastoupeni gent, které jsou

preferencné exprimovany v sam¢im a samicim mozku.
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S. DISKUSE

5.1. Transkriptom mySiho varlete

Z hlediska evoluce je varle (stejné jako vajecnik) velmi dilezity orgdn, nebot pouze
mutace vzniklé v germinalnich bunkach se mohou pienéaset na potomstvo. Spermatogeneze
slouzi také jako kontrolni bod, ktery eliminuje mnoho ,,de novo* vzniklych mutaci (Cooke
& Saunders, 2002; de Rooij & de Boer, 2003) a chromosomovych ptestaveb (Forejt, 1996;
Ashley, 2002) tak, ze zpisobuje neplodnost jejich nositelti. Meioticka kontrola mize také
vést k neplodnosti mezidruhovych hybridi a napomahat tak vzniku novych druhd. Podle
Haldaneova pravidla, postihuje hybridni sterilita gametogenezi ve varlatech u druht
s heterogametickym pohlavim (XY) (Forejt, 1996; Storchova ef al., 2004).

Pro charakterizaci transkriptomu mys$iho varlete byla v této praci vyuzita sériova
analyza genové exprese (SAGE) (Velculescu et al., 1995). SAGE je osvéd¢ena metoda pro
globalni analyzu genové exprese, kterd umoziluje sestavit katalog exprimovanych gent a
stanovit Uroven jejich exprese. Digitalni charakter ziskanych dat (seznam tagl a jejich
poctll) umozniuje knihovny SAGE snadno kombinovat a porovnavat za predpokladu, ze
byly vytvofeny s pouzitim stejnych restrikénich enzymi a pochdzely z tkani ¢i bunck
jedinct stejného druhu. Vyuziti téchto kataloglh genové exprese je viceucelové a zahrnuje
hledani rozdiln€¢ exprimovanych genli v odliSnych fyziologickych €1 vyvojovych stavech
tkani (Nacht et al., 1999; Norman et al., 2004), identifikaci kandidatnich geni pro lidska
onemocnéni (Blackshaw et al., 2001), funkéni anotaci genomu (Saha et al., 2002; Wei et
al., 2004) nebo analyzu uspoiadani genii v genomech (Hurst et al., 2004).

V této praci byly pfipraveny dvé knihovny SAGE z celych mySich varlat
odebranych dospélym samcim inbredniho kmene C57BL/6J (B6). Kmen B6 byl zvolen
z dtivodu dostupnosti kvalitni genomové sekvence (Waterston et al., 2002) a vyuziti jeho
genomu jako pozadi pti konstrukei série kongennich a konsomickych kment (Singer ef al.,
2004); Gregorova S., Forejt J., osobni sdé€leni). Obé SAGE knihovny z mysSich varlat
obsahovaly dohromady celkovy pocet 76 854 tagii, které predstavovaly 24 529 unikatnich
tagli. Obé SAGE knihovny byly také vysoce kvalitni a obsahovaly velmi nizky pocet kon-
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taminujicich tagi. Genovy expresni profil mysiho varlete ziskany z obou SAGE knihoven
byl velmi podobny, coz potvrdilo dobrou reprodukovatelnost SAGE. Sloucena SAGE
knihovna zcelého mySiho varlete méa srovnatelnou velikost s publikovanou SAGE
knihovnou ze somatickych bunék varlat dospélych mysi (O'Shaughnessy et al., 2003) a je
témét dvakrat tak velka jako knihovna vytvofena s pouzitim modifikované metody SAGE
z celych mysich varlat hybridnich mySi BDF1 (Yao et al., 2004). Vzhledem k velikosti
sloucené SAGE knihovny byly v transkriptomu myS$iho varlete zachyceny stfedné az
vysoce exprimované geny. S pouzitim vylepSenych kritérii pro spolehlivou identifikaci
tagl, které jsou pouzivany v databazi Mouse SAGE Site, bylo mozné spolehlivé priradit
47,5 % taglh (3 553) kjednomu transkriptu a 15,5 % (1 157) tagi k vice transkriptim
definovanym v databazi UniGene (Pontius et al., 2003). Na zéklad¢ anotace v databazi
Gene Ontology (Harris et al., 2004) bylo v transkriptomu mysiho varlete nalezeno ptes
tisic gentl, které se ucastnily metabolismu proteint a nukleovych kyselin, spermatogeneze,
bunécného cyklu, diferenciace, transportu a signalizace. Srovnanim vytvoienych SAGE
knihoven z celého mySiho varlete a vefejné dostupné SAGE knihovny ze somatickych
bunék varlat dospélych mysi (O'Shaughnessy ef al, 2003) byly identifikovany geny
prednostné exprimované v germindlnich a somatickych bunikéach varlat. Oba typy knihoven
z mySich varlat tak navzajem komplementuji informace o genové expresi ve varleti
dospélych mysi. V nové studii byla pomoci SAGE analyzovana také genova exprese
jednotlivych stadii germindlnich bunék mysiho varlete (spermatogonii, spermatocytii a

spermatid) (Wu et al., 2004).

5.2. Nenahodny obsah genii na mySim chromosomu X

Ptedchozi studie genového obsahu chromosomu X u riiznych organismi pfinesly
protichidné poznatky o zastoupeni genti, které jsou preferenéné exprimované v samcich
tkanich. Geny vyluéné exprimované ve spermatogoniich u mySi byly tfadové vicekrat
zastoupené na chromosomu X neZ na autosomech (Wang et al., 2001). Také geny vyluéné
exprimované v prostaté ¢loveéka byly dvakrat Castéji zastoupené na chromosomu X nez na
autosomech (Lercher et al., 2003b). V rozporu s tim je vSak zjisténi, ze geny preferencné
exprimované v samcich se témét nevyskytuji na chromosomu X u drozofily (Parisi et al.,
2003). Podobné, geny exprimované ve spermatogennich bunkdch jsou vyrazné méné

zastoupeny na chromosomu X u C. elegans (Reinke et al., 2000; Reinke et al., 2004).
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Poznatky ziskané analyzou transkriptomu celého mysiho varlete pomoci SAGE v této praci
jsou v souladu s vysledky piedchozi studie, ktera popsala ochuzeni mySiho chromosomu X
o geny exprimované ve varleti na zdklad¢ analyzy dat EST a DNA c¢ipt (Khil et al., 2004).
Obohaceni chromosomu X o geny tkanové specificky exprimované v somatickych
buiikach varlete mysi nebylo dosud zjisténo.

JelikoZ germinélni buniky z riiznych stadii spermatogeneze piedstavuji téméf 90 %
bunék celého varlete u dospélych mysi, ochuzeni chromosomu X o geny exprimované ve
varleti miize souviset s potlacenim transkripce z chromosomu X v priabéhu meidzy. Tyto
poznatky podporuji piedstavu o inaktivaci chromosomu X béhem prvniho meiotického
dé€leni, pro niz existuji prevazné nepiimé ditkkazy u drozofily a mysi (Lifschytz & Lindsley,
1972; Forejt, 1984; Handel & Hunt, 1992; Turner et al., 2002). Ptedpoklada se, ze v
haploidnich germinalnich bunkéch, které vznikaji v pozd¢jsich stadiich spermatogeneze je
Jiz vétSina genli z chromosomu X transkribovana. K inaktivaci chromosomu X b¢hem
meidzy pravdépodobné dochdzi v primarnich spermatocytech. Naproti tomu v Sertoliho
bunkach, které tvoifi somatickou ¢ast semenotvornych kanalkd, miize byt chromosom X
transkripcné aktivni. Tomu také nasvédcuje zjisténi, Ze v transkriptomu somatickych bunék
varlete bylo exprimovano 3,2 % genid z chromosomu X, coz je vice nez dvakrat tak vysoka
proporce nez v transkriptomu celého varlete (1.4 %). Proporce genti exprimovanych
z chromosomu X v somatické tkani varlete a dalSich somatickych tkanich byla navic
srovnatelna.

Geny vyluéné exprimované ve varleti mohou patfit mezi geny se sexudlné
antagonistickymi u¢inky, které by se podle Riceho hypotézy mély vyskytovat Castéji na
chromosomu X nez na autosomech (Rice, 1984). To je zptsobeno tim, ze na chromosomu
X se v hemizigotnim stavu miZe projevit jejich pfiznivy ucinek u jednoho pohlavi
(u samct s pohlavnimi chromosomy XY), zatimco u druhého pohlavi je neptiznivy ucinek
jejich recesivnich alel maskovan (u samic s pohlavnimi chromosomy XX). Hromadéni
gent, jejichz alely jsou pfiznivé pro samce na chromosomu X je nasledné umoznéno
pusobenim modifikujicich genti, které omezi jejich expresi pouze na sam¢i pohlavi (Rice,
1984). Sexualné antagonistickd selekce a inaktivace chromosomu X maji opacné G¢inky na
genovy obsah chromosomu X. Vysledky obou jevll se proto v germindlnich buikach
mohou vzdjemné vyrusit. Expresni profil chromosomu X v somatickych bunkéch je naproti
tomu ovliviiovan pouze sexualné antagonistickou selekci. V souladu s tim byla proporce
tkanoveé specificky exprimovanych X-vazanych gent v celém varleti podobnd jako

u dalSich somatickych tkdni. Ve srovnani s tim byla u somatickych bunék varlat zjiSténa

56



DISKUSE

3,2 nasobné vyssi proporce tkanoveé specifickych genti exprimovanych z chromosomu X.
Riceho hypotézu podporuje také fadoveé vyssi zastoupeni gent vyluéné exprimovanych
v ranych stadiich spermatogeneze (spermatogoniich) na mySim chromosomu X nez na

autosomech (Wang et al., 2001).

5.3. Klastrovani genii s preferen¢ni expresi v mySim varleti

Usporadani genli v genomech eukaryotickych organismi je nendhodné nejen vzhledem
k odlisnému zastoupeni urcitych skupin genli na chromosomu X a autosomech, ale také
v disledku uspotadani genit do pozi¢nich klastri na chromosomech. Tyto ponékud
necekané zaveéry jsou vysledkem analyz globdlnich transkriptomti fady rtznych druht
eukaryotickych organismii (Hurst ef al., 2004). Byly identifikovany riizné typy genovych
klastri, naptiklad rozsahlé domény genti s podobnou expresi u drosofily a cloveka
(Spellman & Rubin, 2002; Versteeg et al., 2003), klastry provoznich (housekeeping) genii
(Lercher et al., 2002), klastry vysoce exprimovanych genti (Caron et al., 2001), ¢i klastry
genl s podobnou Sitkou exprese v oblastech s podobnym obsahem GC (Lercher et al.,
2003c). Zda se také, ze existuje korelace mezi fyzickou velikosti klastri a komplexitou
organismu, nebot’ genové klastry dosahuji velikosti od nékolika kilobazi u kvasinky az po
nekolik megabazi u savci (Fukuoka et al., 2004; Hurst et al., 2004). Ojedinély fenomén
byl popsan u drozofily, u niz se tfetina geni vyluéné exprimovanych ve varleti nachdzi
v klastrech (Boutanaev et al., 2002).

V této praci byla vyuzita statistika PEM (preferential expression measure)
(Huminiecki et al., 2003) pro vybér genli preferenéné exprimovanych v germinalnich
1 somatickych buiikdch varlat mysi a bylo analyzovéano, zda jsou tyto geny uspotradany
v klastrech obsahujicich alespont 3 prilehlé preferenéné exprimované geny ve varleti.
Vysledky ukézaly, ze poCet genl preferencné exprimovanych ve varleti (germinalnich
1 somatickych buiikach), které jsou umisténé v klastrech byl 2-3x vysSi nez by se dalo
oCekavat v porovnani s nahodné¢ vygenerovanymi genomy. Tento jev navic nebyl
disledkem tandemovych duplikaci genti. Piestoze se nendhodné umisténi genti v klastrech
tykalo pouze malé proporce genil preferencné exprimovanych ve varleti, byl tento jev
statisticky signifikantni. Tento poznatek je také v souladu s pfedchozim zjiSténim, ze
dominantni trend pro klastrovani vykazuji geny exprimované v mnoha tkanich, zatimco

klastrovani tkanové specificky exprimovanych genil neni tak vyrazné (Hurst et al., 2004).
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V jiné studii byl rovnéz odhalen pomérné maly, ale piesto statisticky signifikantni pocet
genl (3-5 %), ktery pfispiva k nendhodnému usporadani genomt ¢lovéka a mysi (Semon
& Duret, 2006). Uspofadani geni s podobnou expresi v klastrech mliZze naznacovat
spole¢ny mechanismus regulace jejich transkripce a pfipadné jejich podobnou funkci.
Dtvody usporadani genti v klastrech vSak mohou objasnit podrobné&jsi analyzy gent

obsazenych v jednotlivych genovych klastrech.

5.4. Databaze Mouse SAGE Site

S pribyvajicim mnozstvim expresnich dat, které byly vytvofeny metodou SAGE vznikaly
databaze, které umoznovaly tato data pohodlné prohledavat, zobrazovat a anotovat ke
genim. Transkripéni mapa lidského genomu (http://bioinfo.amc.uva.nl/HTMseq/) byla
jednou z prvnich databézi, ktera integrovala expresni data pfipravend pomoci SAGE
z raznych tkani ¢lovéka s DNA sekvenci lidského genomu (Caron et al., 2001). Vynikajici
databaze SAGE Genie (http://cgap.nci.nih.gov/SAGE), ktera vznikla jako soucast projektu
zaméfeného na analyzu transkriptomu normalnich a naddorovych tkani (Cancer Genome
Anatomy Project), shromazdila SAGE knihovny vytvotené¢ z lidskych a pozdéji také
mysSich tkani a bunéénych linii (Boon et al., 2002). Tato databaze poskytuje také tfadu
nastrojii pro porovnavani a prohledavani SAGE dat a vyuziva unikatni a sofistikovany
piistup pro pfifazovani tagii ke gentim. Dal§i vyznamnou databazi je Mouse Atlas of Gene
Expression (http://www.mouseatlas.org/) obsahujici expresni data ziskana pomoci SAGE
z tkani v riznych stadiich embryondlniho vyvoje mysi (Khattra et al., 2006). K dispozici
jsou také menSi databaze obsahujici SAGE data dalSich organismi, napt. Chicken SAGE
Website (http://www.cgmc.univ-lyonl.fr/Gandrillon/chicken SAGE.php) ¢1 Yeast SAGE
(http://db.yeastgenome.org/cgi-bin/SAGE/querySAGE).

V dobé svého wvytvofeni v roce 2003 byla databaze Mouse SAGE Site
(http://mouse.biomed.cas.cz/sage/) prvni databazi, vniz byla jednotné¢ zorganizovana
vSechna (v té dob¢) vefejné dostupnd SAGE data z mySich tkani a bunéénych linii. Kromé
nastroji pro zobrazovani, porovnavani a prohleddvani SAGE dat byla v databazi v Mouse
SAGE Site pouzita ptisngjsi kritéria pro spolehlivou identifikaci tagh ke genim, ktera
umoznila vyrazné snizit mnozstvi tagi piifazenych k vice genim a eliminovat nespo-
lehlivou identifikaci tagi ke geniim (viz 4.1.1 a 4.1.5.1). Od vlastni publikace byl témét

zdvojnasoben celkovy pocet knihoven uloZenych v této databazi, kterd v soucasné dobé
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obsahuje 94 SAGE knihoven s celkovym poctem 3 391 887 tagii. Aktualizace anotace tagii
ke geniim v databazi Mouse SAGE Site byla pozastavena v bieznu 2005 v disledku toho,
ze bylo pozastaveno vytvareni aktualizovanych verzi databdze SAGEmap (Lash et al,
2000), kterou Mouse SAGE Site vyuziva pro identifikaci tagi ke genim. Béhem roku
2007 by mély byt aktualizace databaze SAGEmap opét vydavany a méla by byt vylepsena
pouzita metoda identifikace tagti ke genim. Pfredpoklada se, Zze poté bude databaze Mouse
SAGE Site opét aktualizovana. Pro budouci rozvoj bude potieba také upravit strukturu
databaze tak, aby do ni bylo mozné ulozit SAGE knihovny vytvofené vylepSenou metodou
LongSAGE, ktera produkuje tagy o délce 17 bp, pripadné¢ SAGE knihovny vytvorené

s pouzitim alternativnich kotvicich enzymt (napt. Sau3Al).

5.5. Nenahodny obsah genii na chromosomu Z kura domaciho

Genovy obsah parového pohlavniho chromosomu u organismi s chromosomovym
systtmem urceni pohlavi ZZ:ZW nebyl zatim uspokojivé prostudovan. S vyuzitim
dostupnych genovych expresnich dat a genomové sekvence kura domaciho (Hillier ef al.,
2004) bylo v této praci zjisténo, ze chromosom Z kura obsahuje nenahodné zastoupeni
urcitych skupin gentt podobné jako chromosom X u savct, drozofily a C. elegans (Hurst &
Randerson, 1999; Saifi & Chandra, 1999; Reinke et al., 2000; Wang et al., 2001; Lercher
et al., 2003b; Parisi et al., 2003; Khil et al., 2004; Reinke et al., 2004). Porovnani
genového obsahu parovych pohlavnich chromosomi X a Z u organismi s odliSnym
systtmem chromosomového uréeni pohlavi by mohlo objasnit, jaké mechanismy se
podileji na nenahodném obsahu téchto chromosom1.

Podle teorie sexualniho antagonismu se na pohlavnich chromosomech fixuji geny,
které jsou vyhodné pro jedno pohlavi (Rice, 1984) v zavislosti na jejich dominanci a na
tom, kterému pohlavi pfinaSeji vyhodu. Dominantni mutace, které zvyhodnuji homo-
gametické pohlavi by se mély hromadit na parovém pohlavnim chromosomu (X ¢i Z),
protoZe tento chromosom se vyskytuje ve dvou kopiich v homogametickém pohlavi, avSak
pouze v jedné kopii v heterogametickém pohlavi. Piedchozi studie ukézaly, ze geny
vyluéné nebo prednostné exprimované v samicich tkdnich u mysi a drosofily jsou
signifikantné vice zastoupené na chromosomu X nez na autosomech (Parisi et al., 2003;
Khil et al., 2004). Tento jev vSak nebyl prokdzan u cClovéka (Lercher et al., 2003b).

V souladu s teorii sexudlniho antagonismu byl na chromosomu Z kura doméciho v této
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praci zjistén signifikantné vyssi obsah genii s preferencni expresi v sam¢im mozku. Proti
ocekavani vSak nebyl chromosom Z kura obohacen o geny se specifickou expresi ve
varleti.

Genovy obsah péarovych pohlavnich chromosomiit X a Z mohou ovliviiovat také
epigenetické modifikace téchto chromosomi, ke kterym dochézi v souvislosti s kompen-
zaci davky genti nebo s inaktivaci chromosomu X béhem meiozy. K meiotické inaktivaci
chromosomu X dochdzi v germinalnich bunikach heterogametickych samci (Lifschytz &
Lindsley, 1972; Forejt, 1984; Handel & Hunt, 1992; Turner et al., 2002), avSak
u organismu s heterogametickymi samicemi nebyla pozorovana (Itoh et al., 2007). Naproti
tomu ke kompenzaci davky genti v somatickych bunkdch dochéazi jak u organismi
s heterogametickymi samci, tak u organismii s heterogametickymi samicemi, pomoci
riznych mechanismu - inaktivaci jednoho ze dvou chromosomil X u samic savcl (Lyon,
1961; Avner & Heard, 2001), zdvojnasobenim exprese genli na jednom chromosomu X
u samci drozofily (Baker et al., 1994; Kelley, 2004) nebo sniZzenim exprese genti na obou
chromosomech X u homogametického pohlavi C. elegans (Meyer, 2000).

V této praci bylo zjisténo, Ze geny se specifickou expresi ve vajecnicich jsou
signifikantné méné zastoupené na chromosomu Z kura doméaciho a také geny s preferencni
expresi v sami¢im mozku vykazuji ndznaky ochuzeni na chromosomu Z. Pokud by byl
mechanismus kompenzace davky genu realizovan u ptak podobné jako u drozofily, bylo
by mozZné vysvétlit ochuzeni chromosomu Z o geny preferen¢né exprimované v samicich
buiikach kura podobné jako ochuzeni chromosomu X o geny preferencné exprimované
v samcich drozofily. Podle hypotézy Rogerse a kolegli by v tomto piipadé¢ bylo nizsi
zastoupeni genl s preferencni expresi u samcii na chromosomu X drosofily zplsobeno
celkové zvySenou expresi genti na chromosomu X u samcii drozofily (Rogers et al., 2003).
Celkové zvySeni genové exprese na chromosomu X u samcii drozofily by totiz mohlo
limitovat dal$i zvySovani exprese genl, které by umoznilo jejich preferencni expresi
v samcich bunkach. K rozdilnému zastoupeni geni s preferencni expresi v sam¢im a
sami¢im mozku na chromosomu Z by mohlo dojit také pokud by u kura doméciho
nedochézelo ke kompenzaci davky genii (Scholz et al., 2006). V tom ptipad¢ by exprese
genll vazanych na chromosom Z byla v samcich tkénich dvojndsobna oproti sami¢im
tkanim. Z vysledki nové studie skute¢né vyplyva, ze mechanismsus kompenzace davky
genu je u ptakd méné efektivni nez u savct (Itoh et al., 2007). Podobné poznatky a zavéry
ohledné zastoupeni genil preferenéné exprimovanych v jednom pohlavi na chromosomu Z

u kura domaciho pfinesla také dalsi prace (Kaiser & Ellegren, 2006).
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6.1.

6.2.

Analyza genli exprimovanych v mysSim varleti a jejich usporadani

vV genomu

Pomoci expresniho profilovani metodou SAGE (sé€riova analyza genové exprese)

byl vytvoren katalog genti exprimovanych ve varleti dospélych mysi.

Byly identifikovany pozi¢ni klastry genti na chromosomech obsahujici geny
s preferencni expresi ve varleti. Tyto klastry obsahovaly signifikantné vysSsi pocet

genll neZ v ndhodné vygenerovanych genomech.

Geny specificky exprimované v somatickych bunikach mySiho varlete byly
signifikantné obohacené na chromosomu X, coz podporuje teorii o hromadéni genti

preferencné exprimovanych v samcich tkénich na chromosomu X.

Geny exprimované z chromosomu X byly ochuzené v transkriptomu celého mysiho
varlete, coz je v souladu s ptedstavou o inaktivaci chromosomu X béhem prvniho

meiotického déleni.

Byla vytvofena vefejné ptistupnd internetova databaze Mouse SAGE Site, ktera
shromazd’uje expresni data z mySich tkani a bunécnych liniich vytvofend pomoci

metody SAGE.

Genovy obsah chromosomu Z kura domaciho

Chromosom Z kura domaciho byl signifikantné¢ obohaceny o geny preferencné

exprimované v sam¢im mozku.
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Geny s preferencni expresi v sami¢im mozku vykazovaly naznak ochuzeni
na chromosomu Z. Podobné, geny specificky exprimované ve vaje€nicich byly na

chromosomu Z signifikantné mén¢ zastoupené.

Vys$i zastoupeni genu s preferencni expresi v samcich tkdnich na chromosomu
Z by mohlo byt zptisobeno tim, ze chromosom Z se vyskytuje v samcich ve dvou

kopiich, zatimco v samicich pouze v jedné kopii.

Geny preferencné ¢i specificky exprimované v samicich tkdnich by mohly byt
ochuzené na chromosomu Z v diisledku epigenetickych modifikaci chromosomu Z,

ke kterym dochézi v souvislosti s kompenzaci davky genii.
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ABSTRACT

The Mouse SAGE Site is a web-based database of
all available public libraries generated by the Serial
Analysis of Gene Expression (SAGE) from various
mouse tissues and cell lines. The database contains
mouse SAGE libraries organized in a uniform way
and provides web-based tools for browsing, com-
paring and searching SAGE data with reliable tag-
to-gene identification. A modified approach based
on the SAGEmap database is used for reliable tag
identification. The Mouse SAGE Site is maintained
on an ongoing basis at the Institute of Molecular
Genetics, Academy of Sciences of the Czech
Republic and is accessible at the internet address
http://mouse.biomed.cas.cz/sage/.

INTRODUCTION

Serial analysis of gene expression (SAGE) is a well-
established technique for gene expression profiling (1).
SAGE uses short nucleotide tags (10 bp) from the defined
position in the transcripts for the identification of expressed
genes. The ligation of the tags into long concatemers and their
sequencing results in the qualitative and quantitative gene
expression profile of a particular tissue.

The main benefits of SAGE include the digital output and
the identification of novel genes. The digital output allows
direct comparisons of SAGE libraries constructed in different
laboratories as long as the anchoring enzyme used in
construction of the library is the same. Various tests have
been proposed to distinguish significantly different frequen-
cies of tags between SAGE libraries (2-5). The identification
of SAGE tags is dependent on the information stored in
sequence databases. The SAGEmap database (6) is the
commonly used resource for the assigment of tags to
transcriptional clusters in the UniGene database (7). Tags
without associations to known genes can be further analysed to
discover new genes (8).

The SAGE data are usually presented on the web pages of
individual laboratories or shared in the Gene Expression
Omnibus (GEO) public repository (9), which serves as a
central distribution hub of public expression data generated by
high-throughput techniques such as microarrays and SAGE.

An excellent website known as SAGE Genie (10) was
created as part of the Cancer Genome Anatomy Project. This
database contains data from more than 150 human SAGE
libraries, predominantly from normal and cancer tissues.
Several web-based tools are available for visualization,
searching and analysis of human SAGE data. SAGE Genie
uses a sophisticated approach for tag-to-gene identification
based on the confident tag list and the ranking of sequence
databases.

Here we present the Mouse SAGE Site—the database of
SAGE libraries generated from various mouse tissues and cell
lines that have been publicly available to date and were
constructed using the Nlalll anchoring enzyme.

ORGANIZATION OF THE DATABASE
Database construction

The database collection currently consists of 56 publicly
available mouse SAGE libraries and is continuously updated.
Forty-one libraries were obtained from the GEO repository
(9); an additional 15 libraries were added from individual
laboratories that published their libraries on the Internet or in
their publications. The total of 2 150 000 tags are stored in the
database at present. An up-to-date list of the assembled SAGE
libraries with a reference to their source is available on the
web page http://mouse.biomed.cas.cz/sage/content.

All the SAGE libraries were organized and data processed
in a uniform way. The libraries were annotated with informa-
tion about the tissue origin, tissue histology or pathology
status, source type (bulk, cell line, cell culture) and with
further information about their construction. Each library was
labelled with a unique name best describing the origin and
status of the tissue. The preparation of actual SAGE data
included removal of the linker-derived tags and all potential
1 bp linker variations. The SAGE library size was then
constituted as the total number of tags excluding linker
impurities.

A modified approach based on the SAGEmap database (6)
was used for reliable tag-to-gene identification. The full list of
tags extracted from mRNA and EST sequences is provided as
part of the SAGEmap database and is available from the
internet address  ftp://ftp.ncbi.nlm.nih.gov/pub/sage/map/.
This list includes tags extracted from the sequences in the
Reference Sequence Project (RefSeq), the Mammalian Gene
Collection (MGC), and the GenBank and dbEST databases
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(11-14). In SAGEmap, according to this list, tag-to-gene
associations are classified by a reliability score and the tag-to-
gene associations with the top two reliability scores are
considered reliable. In the Mouse SAGE Site, tag-to-gene
associations supported by at least one mRNA sequence from
RefSeq, MGC, GenBank or at least three ESTs with a poly(A)
signal or eight ESTs with no poly(A) signal were considered
as reliable and used for tag identification (see Supplementary
Material for detailed information). The tags with reliable
associations to 12 or more UniGene clusters were labelled
as ‘repetitive/low-complexity’ to be easily distinguished.
All possible tags with associations to the mitochondrial
genome were extracted from the mouse mitochondrion
genome sequence, accession no. J01420, and labelled as
‘mitochondrial’.

The Z-test algorithm described previously (4) was imple-
mented for pairwise comparisons of tag frequencies between
SAGE libraries. Performing a lot of pairwise comparisons
leads to an accumulation of Type I errors and increases the
chance of detecting false positives in significantly different
tags. To resolve this issue, the Benjamini-Hochberg
correction of false discovery rate (15) was applied.

The database was constructed to allow easy updating of
supporting databases and the addition of new public mouse
SAGE libraries.

Database description

The Mouse SAGE Site is accessible without restrictions via
the world wide web at the address http://mouse.biomed.cas.cz/
sage/. The database aims to provide mouse geneticists with
easy-to-use web-based tools for exploiting mouse SAGE data.

The tools Browse, Compare and Search are currently
available for the SAGE data. Users can browse the content of
each SAGE library with reliable tag identification to UniGene
clusters and filter the list by several criteria including tag
sequence, UniGene cluster, gene symbol, chromosomal loca-
tion, LocusLink and MGI accession. Separate lists of tags with
matches to the mitochondrial genome, repetitive tags and tags
with unreliable matches are provided for each SAGE library.
The Compare tool allows users to set up two pools of SAGE
libraries and display differentially expressed genes at the
selected significance level and specified fold factor. The data
of all SAGE libraries can be searched by similar criteria to
those for the Browse tool. The Search output shows the
normalized tag count distribution (tags per million) across all
SAGE libraries. The results from the Compare and Search
tools can be exported into tab-delimited text format for further
analysis by the user. All these tools use the modified approach
for reliable tag identification described above and provide
direct links from gene identifiers to external databases—
UniGene, LocusLink and the Mouse Genome Database (16).
Online documentation explains the features of each tool in
more detail.

The Mouse SAGE Site is updated as soon as new builds of
SAGEmap and UniGene databases are released and new
public SAGE libraries from the mouse are available. The
site will be improved in accordance with the progress of
tag-to-gene identification and requests from the scientific
community.

Nucleic Acids Research, 2004, Vol. 32, Database issue D483

SUPPLEMENTARY MATERIAL

Supplementary Material is available at NAR Online. The first
part of the supplement explains the reliable tag identification
approach used in the Mouse SAGE Site. Subsequent parts
show sample outputs from the Compare and Search tools.
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Abstract

Background: We generated the gene expression profile of the total testis from the adult C57BL/
6] male mice using serial analysis of gene expression (SAGE). Two high-quality SAGE libraries
containing a total of 76 854 tags were constructed. An extensive bioinformatic analysis and
comparison of SAGE transcriptomes of the total testis, testicular somatic cells and other mouse
tissues was performed and the theory of male-biased gene accumulation on the X chromosome
was tested.

Results: We sorted out 829 genes predominantly expressed from the germinal part and 944 genes
from the somatic part of the testis. The genes preferentially and specifically expressed in total testis
and testicular somatic cells were identified by comparing the testis SAGE transcriptomes to the
available transcriptomes of seven non-testis tissues. We uncovered chromosomal clusters of
adjacent genes with preferential expression in total testis and testicular somatic cells by a genome-
wide search and found that the clusters encompassed a significantly higher number of genes than
expected by chance. We observed a significant 3.2-fold enrichment of the proportion of X-linked
genes specific for testicular somatic cells, while the proportions of X-linked genes specific for total
testis and for other tissues were comparable. In contrast to the tissue-specific genes, an under-
representation of X-linked genes in the total testis transcriptome but not in the transcriptomes of
testicular somatic cells and other tissues was detected.

Conclusion: Our results provide new evidence in favor of the theory of male-biased genes
accumulation on the X chromosome in testicular somatic cells and indicate the opposite action of
the meiotic X-inactivation in testicular germ cells.

Background

From the selfish DNA perspective [1,2], gonads are funda-
mentally important organs of an organism. During the
first meiotic division of gametogenesis, crossing-over
enhances the re-assortment of information carried in
parental DNA molecules and virtually immortal genetic

information is then transferred to next generations of
mortal individuals via the final products of gametogene-
sis, spermatozoa and eggs. Moreover, testes and ovaries
are the only niches where the paternal and maternal DNA
interacts with a different environment. The dissimilar
gonadal environment enables sex-dependent epigenetic
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Table I: Parameters of constructed SAGE libraries from B6 mouse total testis
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SAGE library Total testis | (TT 1) Total testis 2 (TT 2)
Sequenced clones 811 1510

Total tags* 24 975 51 879
Unique transcripts 10516 18 848

Single copy tags 7731 13 422
Quality parameters

Average tags per clone 344
Duplicated ditags 157 (1.2 %) 276 (1.0 %)
Linker derived tags 147 (0.6 %) 223 (0.4 %)

* excluding tags from duplicated ditags and linker-derived tags (i.e. two linker tags TCCCTATTAA, TCCCCGTACA and all possible |-bp linker tag

variations)

modifications of paternal and maternal DNA such as reac-
tivation of the X chromosome in female germ cells [3,4],
inactivation of a single X chromosome in pachytene sper-
matocytes [5-7] or differential establishment of imprint-
ing marks on paternally or maternally imprinted genes
[8,9]. Spermatogenesis also serves as an important check-
point filtering out many de novo occurring gene mutations
[10,11] and chromosomal rearrangements [12,13] by
making their carriers sterile. A special form of meiotic
checkpoint is represented by hybrid sterility, which facili-
tates creation of new species. Obeying the Haldane's rule,
hybrid sterility preferentially affects gametogenesis in tes-
tis in species with heterogametic (XY) sex [13-15]. Molec-
ular analyses of these phenomena are hindered by the fact
that testis is a complex organ with many types of inti-
mately intermingled somatic and germline cells. Moreo-
ver, the spermatogenic differentiation is almost
impossible to achieve ex vivo, in a cell culture system. The
main cell types can be fractionated, via gravity sedimenta-
tion, centrifugal elutriation or fluorescence activated cell
sorting, but the time required can be fairly long to exclude
possible artificial changes of mRNA levels.

In the present work we used Serial Analysis of Gene
Expression (SAGE) [16] to characterize the transcriptome
of mouse total testis. We created a catalogue of genes
expressed in the adult mouse testis of the C57BL/6]
(abbreviated here B6) inbred strain. The B6 inbred strain
has been chosen because its genome has been recently
sequenced [17] and since it has been selected as a recipi-
ent strain for creation of two sets of Chromosome Substi-
tution Strains, C57BL/6J-Chr#4/1 [18] and C57BL/6] -
Chr#PWD/Ph [Gregorova S, Forejt ] et al., in progress].
Except for the characterization of the total testis transcrip-
tome, we compared our data with the publicly available
SAGE library from adult testis somatic cells [19] and other
SAGE libraries constructed from normal mouse tissues.

Furthermore, we were interested in the organization of
testicular genes in the mouse genome and we present here
a detailed bioinformatic analysis of the distribution of tes-
ticular genes between the X chromosome and autosomes,
and the positional clustering of genes with preferential
expression in testis.

Results

Characterization of the SAGE libraries of B6 mouse testis
We have constructed two high-quality SAGE libraries, TT
1 and TT 2, from the total mouse testis of adult B6 males
(Table 1). The libraries contain 24 975 (TT 1) and 51 879
(TT 2) tags corresponding to 10 516 and 18 848 unique
tags, respectively. The tags with abundance > 1 comprise
17 244 (69 %) and 38 457 (74 %) of the total tag mass but
only 2 785 (26.5 %) and 5 426 (29 %) of the unique tags,
respectively. The high average number of tags per clone (>
30) and low contamination with linker-derived tags (< 1
%) and duplicated ditags (~1%) indicate that the SAGE
libraries are of high quality. Both total testis SAGE librar-
ies provided similar gene expression profiles (R2= 0.84 for
all unique tags, Pearson correlation), which suggests a
good reproducibility of SAGE data. However, a certain
variation was observed in the tag abundances when 24
529 unique tags found in both total testis SAGE libraries
were compared by Monte Carlo simulations. Three hun-
dred thirteen tags exhibited significant differences in their
frequency between TT 1 and TT 2 libraries at p < 0.05 (89
tags at p < 0.01) representing non-hereditary variations in
transcription profiles and variations introduced by the
experimental process. The fold factor value (defined as the
ratio of normalized tag counts in TT 2 to TT 1 libraries,
with ratios < 1 converted to reciprocal negative values) for
93.5 % of the compared tags ranged between -2.2 and 2.2
(for 99% of the tags between -5 and 5). Dot plot compar-
ison and fold factor distribution graphs (Fig. 1A,C) depict
the similarity of both total testis libraries. Despite this var-
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iation, the SAGE method produced reproducible gene
expression profiles and the libraries could be combined
into the total testis SAGE library (referred to hereafter as
TT 1+2) with the total of 76 854 tags and 24 529 unique
tags. The raw data from the total testis SAGE libraries are
deposited in the GEO repository [20] under accession
numbers GSM34767 (TT 1) and GSM34768 (TT 2). The
set of tags with abundance > 1 in TT 1+2 SAGE library with
reliable tag identification is listed in Additional file 1. The
testis SAGE libraries are also freely available for interactive
exploration and analysis in the Mouse SAGE Site database
[21].

Tag-to-gene identification in the Bé6 testis transcriptome
Tag-to-gene identification in the TT 1+2 SAGE library was
evaluated using three different criteria applied to the
SAGEmap database. The first was the most commonly
used SAGEmap reliable mapping [22,23]. The second was
a modified approach based on the SAGEmap full map-
ping file and implemented in the Mouse SAGE Site data-
base [21]. In this approach, the tag-to-gene associations
were considered reliable if supported by tags extracted
from at least one mRNA sequence (from RefSeq, Mamma-
lian Gene Collection or GenBank) or at least 3 ESTs with
a poly(A) signal or at least 8 ESTs with no poly(A) signal
[24]. The third approach (referred to here as RNA evi-
dence mapping) was also based on the SAGEmap full
mapping file. Tag-to-gene associations were considered
reliable if supported by tags extracted from at least one
mRNA sequence. The 7 481 tags with tag count > 1 in the
TT 1+2 library were subjected to the SAGEmap reliable
mapping that could identify 92.6 % tags to UniGene clus-
ters (54.3 % to single and 38.3% to multiple genes; Table
2). When a more restricted reliable mapping from the
Mouse SAGE Site was used, only 63% tags were identified
to UniGene clusters (47.5% to single and 15.5 % to
multiple genes) and about 29.6 % tags had unreliable
identification to one or more UniGene clusters. Based
only on the tags extracted from mRNA sequences, the
RNA evidence mapping identified 51.3 % tags to UniGene
clusters (45 % to single and 6.3 % to multiple genes) leav-
ing 41.3% tags with unreliable identification. Using any
of the tag identification methods, 7.4 % tags could not be
identified to UniGene clusters and may be associated with
novel genes. Further in this work, we used Mouse SAGE
Site or RNA evidence mapping appropriately for a partic-
ular analysis (as indicated in Methods and Additional
files).

Functional categories of genes expressed in total testis

We associated genes and their corresponding tag counts to
functional categories from the biological process ontology
of GO database [25,26] (Fig. 2). In the total testis tran-
scriptome, we observed more than 1000 genes involved in
metabolism, particularly in the protein metabolism (pro-

http://www.biomedcentral.com/1471-2164/6/29

tein modification, protein targeting) and nucleic acid
metabolism (chromatin assembly and modification, DNA
replication, DNA repair, RNA processing, RNA modifica-
tion). As expected, the genes associated with sperma-
togenesis (e.g., protamine 1 and 2, transition proteins 1
and 2), chromosome organization, cell cycle and cell dif-
ferentiation were highly expressed. Notably represented
gene functions also included transport (e.g., diazepam
binding inhibitor-like 5, proteasome 26S subunit, ribos-
omal protein L23), signal transduction (e.g., calmodulin
1 and 2, sperm autoantigenic protein 17, A kinase (PRKA)
anchor protein 3, PDZ domain containing 1, WD repeat
domain 12), cytoskeleton organization (e.g., t-complex
testis expressed1, t-complex-associated testis expressed 3,
tubulin alpha7/alpha 3, tubulin alpha 6, thymosin beta
10) and apoptosis (e.g., Bcl2-associated athanogene 1,
Bcl2-like 14, programmed cell death 5, tumor protein
translationally-controlled 1). From the mitochondrial
genome, ATP synthase 6, cytochrome c oxidase I and III
were the most highly expressed genes.

Comparing the transcriptomes of total testis and adult
testis somatic cells

The mouse testis is composed of two main cell types with
principally different origin and functions, the germ cells
that differentiate from spermatogonia to mature sperma-
tozoa and the somatic cells that carry out all supportive
functions to make the spermatogenesis and reproduction
possible. Seminiferous tubules of the adult testis consist
of approximately 88% germ cells and 12% somatic cells
including myoid and Sertoli cells [27]. We compared our
total testis SAGE library (TT 1+2) with a SAGE library con-
structed from the somatic cells of adult testis (GEO, acces-
sion GSM5435). This library was created from testes
largely devoid of germ cells 60 days after busulphan treat-
ment [19]. The SAGE library sizes are similar for TT 1+2
and the adult testis somatic cells (abbreviated here ATSC)
comprising 76 854 and 81 478 tags, respectively. The
number of unique tags (24 529 and 22 809) as well as the
proportions of tags with abundance > 1 to the total tag
mass (77.8% and 81.1 %) and to the number of unique
tags (30.5 % and 32.6 %) are also comparable (Table 3).
As anticipated, comparison of TT 1+2 and ATSC SAGE
libraries using Monte Carlo simulations revealed exten-
sive differences in gene expression between total testis and
somatic cells of adult testis. Out of the 42 239 unique tags
in TT 1+2 and ATSC libraries, the simulations detected sig-
nificantly different tag abundances in 3 258 tags at p <
0.05. Concerning the fold factor, 83 % of the compared
tags stretch in the range between -2.2 and 2.2 (92.5% tags
between -5 and 5). At the extreme ends, 563 tags reach >
10-fold increase in tag counts in the ATSC library (fold
factor > 10) and 672 tags reach > 10-fold increase in the
TT 1+2 library (fold factor <-10) (see Additional file 2).
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Comparison of mouse testis SAGE libraries represented by dot plots and fold factor distribution graphs. Com-
parison of tag counts between two total testis libraries (A), and between the combined total testis library and adult testis
somatic cells library (B). Tags with significant p-chance are depicted in blue (0.0 < p < 0.05) and red (p < 0.01). Tags missing in
one of the libraries are plotted at -0.5 coordinates. Point size is proportional to the number of represented tags. Distribution
of the fold factor between two total testis libraries (C), and between the combined total testis library and adult testis somatic
cells library (D). Fold factor is the ratio of normalized tag abundances in two SAGE libraries with ratios < | converted to recip-
rocal negatives. For tags missing in one library, normalized tag count of single copy tags was assumed. Abbreviations: TT | =
total testis library |; TT 2 = total testis library 2; TT 142 = combined total testis libraries; ATSC = adult testis somatic cells
library.
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Table 2: Identification of tags in the combined total testis SAGE library (TT 1+2) The tags matching the mitochondrial genome were
omitted in this summary. Tags in group "Unreliable matches" (¥) are considered not reliable according to Mouse SAGE Site and RNA
evidence mappings, because they are not supported by the required number of MRNA and EST sequences. These tags are, however,
included in reliable single/multiple match groups in the SAGEmap reliable mapping, which results in a highly increased number of
reliable multiple matches and a slightly increased number of reliable single matches.

NCBI SAGEmap reliable mapping

Mouse SAGE Site reliable mapping

RNA evidence mapping

tags % tags % tags %
Reliable single match 406l 543 3553 47.5 3367 45.0
Reliable multiple 2 865 383 1 157 15.5 472 6.3
matches
Unreliable match(es)* - - 2216 29.6 3087 41.3
No match 555 74 555 74 555 74
Total tags (tag count > 7 481 100.0 7 481 100.0 7 481 100.0

D)

Dot plot comparison and fold factor distribution graphs
for TT 1+2 and ATSC transcriptomes illustrate their dra-
matic dissimilarities (Fig. 1B,D).

Genes with predominant expression in the germinal or
somatic component of testis

To sort out subsets of genes with predominant expression
in either germinal or somatic cells of testis we applied ten-
tative criteria to account for the presence of somatic cells
in TT 1+2 and for residues of germ cells in ATSC. Predom-
inant expression of a gene was considered if the corre-
sponding tag was significantly more frequent in one of the
libraries (p < 0.05, Monte Carlo simulations) and exhib-
ited at least fivefold enrichment of tag counts (fold factor
<-5 or > 5). According to this criterion a set of 829 genes
is expressed predominantly in germ cells and 944 genes
are expressed mainly from the somatic part of the testis
(see Additional file 3). Moreover, we identified 12 tags
corresponding to 8 genes encoded in the mitochondrial
genome (1 gene with increased tag counts in TT 1+2 and
6 genes with increased tag count in ATSC). A gene coding
for cytochrome c oxidase III (mt-Co3) displayed two tags
separated by 87 bp in mt-Co3 gene mRNA. One isoform
was predominantly present in the ATSC library and the
other was observed exclusively in the TT 1+2 library. Sub-
stantial over-expression of mitochondrial cytochrome c
oxidase complexes I, II, III and NADH dehydrogenase 3
and 4 was noted in testicular somatic cells (see Additional
file 3).

Exploring the dissimilarity of testis transcriptomes and
transcriptomes of other mouse tissues

We examined the similarity of B6 testis transcriptomes to
other available mouse SAGE transcriptomes created from
normal and diseased bulk tissues by hierarchical cluster-

ing. Thirty-two SAGE libraries containing 190 871 unique
tags (including single copy tags) were used as input in this
analysis (see Additional file 4). We computed pair-wise
library distances based on differences between normal-
ized tag counts [28] and used the average agglomerative
method for hierarchical clustering due to the highest
cophenetic correlation (0.936). In the dendrogram of dis-
similarities the two total testis SAGE libraries, TT 1 and TT
2, cluster together in contrast to the library from somatic
cells of the adult testis (Fig. 3). The ATSC library is located
separately and close to the libraries created from heart,
liver and kidney in accord with the somatic origin of all
these tissues. Interestingly, another SAGE library created
from somatic cells of the fetal testis did not cluster with
the ATSC library, but was placed close to the libraries from
developing limbs, juvenile retina and whole brains.
Another cluster consists of the six libraries generated from
the whole adult kidneys. Several specialized brain tissues
form a cluster with a brain tumor tissue (cerebellum,
hippocampus, hypothalamus, medulloblastoma). An
additional small cluster groups three libraries created
from whole brain samples (normal male, trisomic
Ts65Dn male and normal female).

Nonrandom representation of testis-expressed genes on
the X chromosome

Previous works have shown a significant enrichment of
prostate- and spermatogonia-specific genes on the X chro-
mosome when compared to autosomes [29,30]. We asked
what proportion of testis-expressed genes maps to the X
chromosome and compared it with the proportion of X-
linked genes expressed in somatic (non-testis) tissues. Fur-
thermore, we examined whether the proportion of testis-
specific genes on the X chromosome differs from the pro-
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Classification of genes expressed in total testis according to the biological process ontology of the GO data-
base. Bar graphs represent the sum of tag abundances corresponding to genes associated with a particular GO term. Only
selected GO terms with the sum of tag abundances > 500 are displayed. The number of genes associated with each GO term
is indicated inside the bars.
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Table 3: Parameters of the SAGE libraries constructed from total testis and somatic cells of adult testis
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SAGE library Total testis Adult testis somatic cells
TT 142 ATSC

Total tags 76 854 81 478

Unique tags 24 529 22 809

Unique tags with count > | 7 481 7435

Proportions of unique tags with count > |

% of total tags 77.8 8l.1

% of unique tags 305 326

portion of X-linked tissue-specific genes in somatic
tissues.

Out of the 14 222 genes expressed in SAGE libraries from
total testis, adult testis somatic cells and 7 somatic tissues
(brain, eye, heart, liver, kidney, limbs and adipose tissue)
(see Additional file 4) we considered only genes identified
by corresponding tag count > 1. The proportion of genes
expressed from the X chromosome in a pool of 7 somatic
tissues was 3.1 % (374 of 11 903 genes). Although the
proportions of X-linked genes in somatic tissues were
uneven, there were no significant differences among the
tissues (3.2 % in brain, 2.7 % in limbs and eye, 2.6 % in
liver, 2.5 % in kidney and adipose tissue, 2.4 % in heart;
p > 0.05, Chi-square test for brain vs. heart). In testicular
somatic cells, we observed 3.2% X-linked genes (133 of 4
216 genes), while in total testis only 1.4 % genes (48 of 3
338 genes) were expressed from the X chromosome (p <
106, Chi-square test). We can conclude that the number
of expressed X-linked genes is underrepresented in the
transcriptome of total testis.

The same set of 14 222 genes was examined for the distri-
bution of tissue-specific genes on autosomes and the X
chromosome. We compared the genes specific for either
total testis (Table 4, a) or adult testis somatic cells (Table
4, b) in conjunction with somatic (non-testis) tissue-spe-
cific genes. A gene was considered to be tissue-specific if it
was expressed only in one tissue type (total testis or adult
testis somatic cells, brain, eye, heart, liver, kidney, limbs
and adipose tissue). Moreover, the corresponding tag
count > 1 was required to guarantee that the gene is truly
expressed. The tissue-specific genes were assigned to chro-
mosomes according to the LocusLink database and the
significance of their chromosomal distribution was evalu-
ated by permutations (see Methods) and confirmed by
Fisher's exact test (Table 4). Out of the 395 genes specific
for total testis 3.5% mapped to the X chromosome (see

Additional file 5). Essentially the same proportion of X-
linked genes was found for genes specific for 7 somatic
(non-testis) tissues. In testicular somatic cells, we detected
only 81 tissue-specific genes, but 13.6% were X-linked
(see Additional file 5). This is a 3.2-fold increase in the
proportion of testis somatic cell-specific genes on the X
chromosome and represents their significant enrichment
(p = 0.0024, two tailed, 100 000 permutations) in com-
parison to the genes specific for other tissues. All the X-
linked testis-specific genes were subjected to BLAST
against the whole X chromosome, which revealed no
duplicated genes. The results from the permutation analy-
sis indicate a significantly increased amount of testis-spe-
cific genes on the X chromosome in somatic cells of the
testis when compared to autosomal testis-specific genes.
The genes specific for 7 somatic tissues did not show a sig-
nificant preference for the X chromosome. The list of X-
linked genes expressed in total testis and testicular
somatic cells with indicated testis-specific genes is availa-
ble in Additional file 6.

Chromosomal clustering of genes with preferential
expression in testis

Based on the data from testis and other publicly available
SAGE libraries (see Additional file 4) we identified genes
with preferential expression in testis by Preferential
Expression Measure (PEM) [31]. PEM score controls for
the genes that are highly expressed in many tissues
(housekeeping genes) and reports positive values for over-
expressed genes and negative values for under-expressed
genes in a given tissue. Large positive PEM scores for a
gene in a particular tissue indicate that the gene is unusu-
ally highly expressed in that tissue, relative to its expres-
sion in other tissues [31]. We considered a gene to be
preferentially expressed if the PEM score reached at least
50 % of the maximum PEM value encountered in that tis-
sue. Using this criterion, we scored expression of genes in
total testis or testicular somatic cells in conjunction with
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Dissimilarities of mouse SAGE libraries illustrated by a dendrogram. Thirty-two SAGE libraries constructed from
bulk tissues containing 190 871 unique tags (including single copy tags) were selected (see Additional file 4). Pairwise library dis-
tances based on differences between normalized tag counts were computed according to [28]. The average agglomeration
method was used in hierarchical clustering due to the highest cophenetic correlation (0.936) between observed and predicted
distances resulting from the dendrogram. The number of tags in each SAGE library is indicated.
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Table 4: Distribution of testis-specific genes on autosomes and the X chromosome The total of 14 222 LocusLink genes were identified
in total testis, adult testis somatic cells and non-testis tissue SAGE libraries (see Additional file 4) using RNA evidence mapping (tags
matching multiple LocusLink genes were discarded). The genes identified by total tag count = | were then excluded from analysis. The
genes expressed only in one tissue type (total testis, adult testis somatic cells, brain, eye, heart, liver, kidney, limbs and adipose tissue)
were considered to be tissue-specific genes. Chromosomal distribution of genes specific for total testis (a) and testis somatic cells (b)
in comparison to the non-testis tissue-specific genes was evaluated. The significance was tested by permutations (100 000 random
shufflings of the chromosomes while keeping the sum of genes on autosomes and the X chromosome fixed) and confirmed by Fisher's
exact test. Abbreviations: total t. = total testis; t. somatic = testicular somatic cells; other = non-testis tissues; ChrA = autosomes;
ChrX = X chromosome.

a) Total testis: 395 genes specific for the combined total testis SAGE library (TT +2) Other tissues: 877 genes specific for one tissue type in the
pool of other SAGE libraries

Chrom Observed gene counts Gene counts in randomized % observed gene counts Ratio of
genome observed
proportions

total t. other total t. other total t. other total t./other
ChrA 381 836 378 839 96.5 95.3 1.0
ChrX 14 41 17 38 35 4.7 0.7
Permutations yielding < = observed 22 395
gene counts in total t. on ChrX
Permutations, p-value (two tailed) 0.4479
Fisher's exact, p-value (two tailed) 0.4563
Confidence interval (0.95) 0.70 — 2.68

b) Testis somatic cells: 81 genes specific for the adult testis somatic cells SAGE library (ATSC) Other tissues: 924 genes specific for one tissue type
in the pool of other SAGE libraries

Chrom Observed gene counts Gene counts in randomized % observed gene counts Ratio of
genome observed
proportions

t.somatic other t.somatic other t.somatic other t. somatic/
other
ChrA 70 885 77 878 86.4 95.8 0.9
ChrX I 39 4 46 13.6 42 32
Permutations yielding > = observed 121
gene counts in t. somatic on ChrX
Permutations, p-value (two tailed) 0.0024
Fisher's exact, p-value (two tailed) 0.0013
Confidence interval (0.95) 0.13 - 0.64
their expression in 7 other tissues (brain, eye, heart, liver,  sion of 14 222 genes among the studied tissues and for 12
kidney, limbs and adipose tissue). 331 genes we were able to assign a genomic position

according to the NCBI mouse genome assembly (build
Further we analyzed the genome organization of genes 32, mapping 19 684 known LocusLink genes). The
preferentially expressed in testis. We evaluated the expres-  genomic position was resolved for 5 252 and 5 843 genes
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Table 5: Number of preferentially expressed genes in testis located in clusters within tandem duplicate-free mouse genome Out of the
19 684 known genes (LocusLink) mapped on mouse genome assembly (NCBI, build32), 16 858 genes remained in tandem duplicate-
free genome, including | 300 and 1 050 preferentially expressed genes in total testis and testicular somatic cells, respectively.
Chromosome search found clusters containing at least three adjacent preferentially expressed genes (tight clusters) or at least three
preferentially expressed genes among the six adjacent genes (loose clusters). The tight clusters therefore form a subset of the loose
clusters. Observed gene counts were evaluated using permutations (100000 random shufflings of the expression status of genes while
keeping the gene positions constant) and the average number of genes located in clusters in the randomized genomes was computed.

Total testis (TT 1+2) Adult testis somatic cells (ATSC)

1 300 1 050

in tight clusters

Observed gene counts

Proportion of preferentially expressed genes

Gene counts in randomized genomes (mean * std. dev.)
Ratio observed/mean in randomized genomes
Permutations yielding > = observed gene counts
p-value (one tailed)

in loose clusters in tight clusters in loose clusters

44 230 36 120
34% 17.7 % 34% 11.4%
219 +8.1 168.4 + 20.1 11.7+59 942 + 15.6
2.0 1.4 3.1 1.3
741 180 52 5722
0.0074 0.0018 0.0005 0.0572

expressed in total testis and testicular somatic cells,
respectively, including 1 438 (27.4%) and 1 197 (20.5%)
preferentially expressed genes, respectively (see Addi-
tional file 7). To evaluate the gene order of preferentially
expressed genes in testis and to eliminate the effect of tan-
dem duplications we purged the whole mouse genome of
tandemly duplicated genes (see Methods). The tandem
duplicate-free genome resulted in total of 16 858
LocusLink genes and preserved 1 300 and 1 050 genes
preferentially expressed in total testis and testicular
somatic cells, respectively. Using a search with a sliding
window (see Methods) we localized chromosomal clus-
ters containing at least three adjacent preferentially
expressed genes (tight clusters). Similarly, we searched for
clusters with at least three preferentially expressed genes
among the six adjacent genes (loose clusters) to include
genes that could be preferentially expressed but did not
pass the above criterion for preferential expression or their
expression was not detected by SAGE. By definition, the
tight clusters form a subset of the loose clusters. The chro-
mosomal distribution of clusters with preferentially
expressed genes in testis is illustrated in Figure 4. We
observed 44 and 36 genes preferentially expressed in total
testis and testicular somatic cells located in 13 and 11
tight clusters, respectively. Two hundred and thirty and
120 genes preferentially expressed in total testis and testic-
ular somatic cells resided in 66 and 37 loose clusters,
respectively (Table 5; Additional file 8). Two of the tight
clusters and eight of the loose clusters shared preferen-
tially expressed genes between total testis and testicular
somatic cells. Statistical analysis revealed that the
observed number of preferentially expressed genes
located in tight clusters was 2.0-fold and 3.1-fold higher

for total testis and testicular somatic cells, respectively,
than the average number of preferentially expressed genes
located in clusters in randomized genomes (p = 0.0074
and p = 0.0005, one tailed, 100 000 permutations).
Although only slighly higher (1.4- and 1.3-fold) than the
average in randomized genomes, the observed number of
preferentially expressed genes in testis located in loose
clusters was still significant in case of total testis and
nearly significant in case of testicular somatic cells (Table
5). Not surprisingly, the most highly expressed genes
detected in total testis and involved in spermatogenesis
(protamine 1, 2, 3 and transition protein 2) formed one
of the tight clusters on chromosome 16. The results indi-
cate a nonrandom distribution of the genes preferentially
expressed in total testis and testicular somatic cells into
chromosomal clusters, which did not arise from tandem
duplications.

Comparing the B6 and BDF| total testis transcriptomes

In a recent study focused on senescence changes in testis,
a modified SAGE method was used to generate digital
gene expression profiles of total testis from 3- and 29-
month-old mice of the BDF1 strain and 14-month-old
mice of the SAMP1 strain that exhibits an accelerated
senescence [32]. Because of the different anchoring
enzyme (Rsal) used in construction of the libraries and
the limited availability of data from the BDF1 testis tran-
scriptome, we could perform only a rough manual com-
parison of our B6 testis transcriptome (76 854 tags) and
the combined BDF1 testis transcriptome from 3- and 29-
month-old BDF1 mice (41 221 tags). We focused on the
most highly expressed testicular genes in GNF Mouse
Atlas v2 [33,34] that were detected by Affymetrix Gene-
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Figure 4

Chromosomal positions of clusters containing preferentially expressed genes in testis. The positions of 103 gene
clusters according to the physical map are displayed on an ideogram with corresponding cytogenetic bands on chromosomes.
The clusters revealed in total testis and testicular somatic cells are not distinguished. Tight clusters (long dashes) form a subset
of loose clusters (short dashes).

Chips. A set of 35 highly expressed genes in testis (average  total testis, we detected 33 out of 35 genes (the Serfl gene
difference > 9 000) was organized with SAGE tag counts  could not be distinguished because its low complexity tag
from B6 and BDF1 testis (see Additional file 9). In the B6 = matches multiple genes and the Cox7a2 gene is not
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detected because its transcript lacks Nialll restriction site).
In contrast, only 9 genes were detected in the BDF1 testis
library, 13 genes were missing due to the absence of Rsal
restriction site in the transcript and for 13 other genes the
expression data from BDF1 testis were not publicly
available. Furthermore, out of the 35 highly expressed
genes in testis, 21 genes were among the top 100 most
expressed genes in the B6 total testis library, but only 9
genes were among the top 100 most expressed genes in
the BDF1 total testis library. It appears that our SAGE data
from the B6 testis transcriptome shows better correspond-
ence to the microarray data than the data from the tran-
scriptome of BDF1 testis.

Discussion

Serial analysis of gene expression is a high-throughput
method for building a catalogue of expressed genes and
their expression levels of "normal" as well as diseased or
genetically variant tissues and organs [16]. The digital
character of SAGE data enables addition and direct com-
parison of different SAGE libraries, provided they were
built with the same anchoring enzyme and originated
from individuals of the same species. The utilization of
such global transcriptome databases is multifold, includ-
ing positional cloning of mutations or quantitative trait
loci [35,36], functional genome annotation [37,38] or
analysis of a nonrandom gene order [39]. Admittedly, the
SAGE, as used in this work, has several limitations, includ-
ing a significant proportion of repetitive and low com-
plexity tags. The SAGE is obviously more labor-intensive
than transcriptome analysis based on microarrays. At
present, some of these inconveniencies can be solved by
applying LongSAGE or massively parallel signature
sequencing technologies [38,40].

In this study we constructed a SAGE library of the total tes-
tis of the C57BL/6J (B6) mouse inbred strain, compared it
with other public available mouse SAGE libraries and ana-
lyzed localization of testis-expressed genes within the
mouse genome. The B6 strain was favored for the availa-
bility of its high-quality draft genomic sequence [17] and
because series of congenics and recently also consomic
strains have used the B6 strain as a background strain [18]
[Gregorova S, Forejt J, personal communication]. The
combined total testis SAGE library, TT 1+2, consisted of
76 854 total tags representing 24 529 unique tags. The tag-
to-gene reliable identification method used in Mouse
SAGE Site [24] was applied to tags with frequency = 2. Out
of these tags, 47.5% (3 553) revealed a reliable match to
single and 15.5% (1 157) to multiple UniGene clusters.
Considering the size of the total testis SAGE library,
medium to highly expressed genes are present in the
expression profile. The library size is comparable to the
recently published SAGE library of somatic cells of the
mouse testis [19] and almost twice the size of a library
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constructed from the total testis of BDF1 hybrid mice
using a modified SAGE method [32].

Contrary to microarrays, SAGE data are platform inde-
pendent, which permits the use of unrelated datasets com-
ing from various sources to compare gene expression
patterns. We analyzed the mouse testis transcriptome by
comparing our total testis SAGE library to the adult testis
somatic cells library [19] and to additional publicly avail-
able SAGE libraries from 7 different tissues. We recog-
nized three different modes of differential expression. (1)
Predominant expression of genes in the germinal or
somatic part of the testis, which did not consider
expression in other tissues. (2) Preferential expression in
testis that was defined by comparing the expression of tes-
tis to 7 somatic tissues for which SAGE data were availa-
ble. (3) Testis-specific expression that was defined by null
expression (at the resolution of a particular SAGE library)
in SAGE libraries of seven tissues or organs other than tes-
tis. Complete lists of genes predominantly expressed in
germinal or testis-somatic cells, as well as the catalogues
of genes preferentially expressed in testis and testis-spe-
cific genes are available online in Additional file 3, 5 and
Additional file 7.

Conflicting results have been reported on the representa-
tion of male-biased genes on the X chromosome in vari-
ous species. Spermatogonia-specific genes were found to
be an order of magnitude more abundant on the mouse X
chromosome [30]. In human, the prostate-specific genes
were twice more frequent on the X chromosome, but the
female mammary gland- and ovary-specific X-linked
genes were not enriched in respective SAGE libraries [29].
On the contrary, under-representation or absence of male-
biased genes on the X chromosome was reported in
Caenorhabditis elegans [41] and in Drosophila [42,43]. In
the mouse, an under-representation of testis-expressed
and testis-enriched genes on the X chromosome was also
revealed by the analysis of microarray and EST data [5-7].
Our present data favor under-representation of X-linked
genes in the total testis transcriptome but not in testis-
somatic cells. Because the germ cells in different stages of
differentiation constitute about 90% of the total cell mass
of testis, the data indicate that the deficit of X-linked testis-
expressed genes may reflect the lack of transcription from
the X chromosome in meiotic cells. These results are in
agreement with the idea of X-chromosome silencing dur-
ing the first meiotic division, the phenomenon based
mostly on circumstantial evidence in flies and mice [7,44-
46]. Thus, transcription at the haploid stage of sperma-
togenesis is expected for most of the X-linked genes
expressed in total testis. The meiotic X chromosome inac-
tivation seems to be restricted to primary spermatocytes,
but Sertoli cells, which form the somatic part of seminif-
erous tubules, may have the X chromosome in the active
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state. Indeed, in the transcriptome of adult testis somatic
cells the proportion of expressed X-linked genes (3.2 %)
was more than twice higher than in total testis (1.4 %)
and did not differ from the proportion of X-linked genes
expressed in non-testis (somatic) tissues.

Testis-specific genes belong to a wider category of sex-
biased genes, which according to the hypothesis of
sexually antagonistic genes are more likely to spread on
the X chromosome than on autosomes [47]. This is
because on the X chromosome they will express their favo-
rable effect in the hemizygous state (XY) while their dele-
terious effect will be masked by their recessivity in the
other sex (XX). Consequently, accumulation of male-spe-
cific genes on the X chromosome will be possible by the
effect of modifiers that narrow the expression of sex-
biased genes only to the male sex [47]. Thus, the evolution
of sexually antagonistic genes and X inactivation may act
as opposing forces on the germline lineage of testis while
accumulation of male-specific genes could be expected in
somatic cells of testis. In accord with these assumptions
the proportion of X-linked genes specific for total testis
did not significantly differ from the proportion of genes
specific for other tissues, while we observed a significant
3.2-fold enrichment of the proportion of X-linked genes
specific for testicular somatic cells.

The eukaryotic gene order is nonrandom obviously not
only due to shifting of sex-biased genes to and from the X
chromosome, but also owing to a nonrandom clustering
of genes within chromosomes. This somewhat unex-
pected conclusion (taking into account the relative auton-
omy of transgene regulation) is gaining gradual support
from global transcriptome analyses of various eukaryotic
species (see Hurst et al. for review) [39]. The observed
examples of clustering are apparently a mixture of several
unrelated phenomena, including large domains of simi-
larly expressed genes in Drosophila and humans [48,49],
clustering of housekeeping genes [50], clustering of highly
expressed genes [51] or genes with similar expression
breadth in regions of similar GC content [52]. In Dro-
sophila melanogaster one third of testes-specific genes occur
in clusters [43], a phenomenon not reported in any other
species. Using PEM [31] to define preferentially expressed
genes we were able to demonstrate that in the mouse, the
genes preferentially expressed in germ cells as well as in
somatic cells of testis occur in tight clusters with a fre-
quency 2.0-fold and 3.1-fold higher than the expected
average frequency in randomized genomes. Moreover,
our results indicate that this phenomenon is not merely a
consequence of tandem duplications. Further analysis of
clustering of testis-expressed genes may reveal new
insights into the functional organization of the mamma-
lian genome.
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Conclusion

We identified chromosomal clusters of adjacent genes
with preferential expression in testis that contain a signif-
icantly higher number of genes than expected by chance.
This phenomenon is not merely a consequence of tandem
duplication. The genes with specific expression in testicu-
lar somatic cells are more abundant on the X chromo-
some, which favors the theory of accumulation of male-
biased genes on the X chromosome. In contrast, the X-
linked genes are under-represented in the transcriptome
of total testis, which is in accordance with the idea of X-
chromosome inactivation during the first meiotic
division.

Methods

Tissue collection and RNA isolation

Mice were housed in specific pathogen free environment
and their manipulation was in accordance with the Czech
Animal Protection Act No. 246/92, 162/93, and decrees
No. 311/97, fully compatible with the NIH Publication
No. 85-23, revised 1985. Testes were obtained from 9-
week-old males of the C57BL/6] mouse strain. The ani-
mals were killed by cervical dislocation; the testes were
quickly removed from the body and released from tunica.
The total RNA was extracted from homogenized testes
using TRIzol (Invitrogen) according to the manufacturer's
protocol. SAGE libraries were constructed from the total
RNA isolated from both testes of a single male (TT 1) and
from the pool consisting of equal weight amounts of total
RNA isolated from both testes of three male littermates
(TT 2).

Construction of SAGE libraries, sequencing and tag
extraction

SAGE libraries were constructed as described in the Micro-
SAGE protocol version 1.0e available from SAGE
homepage [53] using Nialll as the anchoring enzyme and
BsmFI as the tagging enzyme. Two minor modifications of
the MicroSAGE protocol were employed: the first strand
cDNA synthesis reaction was incubated at 42°C and the
amount of linkers used in the linker ligation step was
decreased to ~10 ng. Sequencing was performed in a Beck-
mann Coulter CEQ 2000 DNA Analysis System. The
sequence files were processed for the tag extraction using
a custom Perl script. Tags were extracted only from clones
containing > 2 ditags. Duplicated ditags, linker tags and
all 1-bp linker variations were removed. Data of total tes-
tis SAGE libraries are available in the GEO repository [20]
under accession numbers GSM34767 (TT 1) and
GSM34768 (TT 2).

Identification of SAGE tags

Tag identification to UniGene clusters was done using
three methods: SAGEmap reliable mapping [22], Mouse
SAGE Site reliable mapping [24] and RNA evidence map-
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ping. The SAGEmap reliable mapping [23] uses a reliabil-
ity score to classify tag-to-gene associations and tag-to-
gene associations with the top two reliability scores are
considered reliable. The Mouse SAGE Site [21] reliable
mapping is based on the SAGEmap full mapping file and
considers reliable the tag-to-gene associations that are
supported by tags extracted from at least one mRNA
sequence (from RefSeq, Mammalian Gene Collection,
GenBank) or at least 3 ESTs with a poly(A) signal or at
least 8 ESTs with no poly(A) signal. The RNA evidence
mapping is also based on the SAGEmap full mapping file
and considers reliable only tag-to-gene associations sup-
ported by tags extracted from at least one mRNA
sequence. Mitochondrial tags were identified using all
possible tags extracted from the mouse mitochondrial
genome reference sequence [GenBank:NC_005089].

Comparison of testis SAGE libraries

Tags significantly different between SAGE libraries were
determined by Monte Carlo simulations. Using the
described algorithm [54] a set of 100 000 random tables
was generated keeping the row and column totals of the
observed data fixed. For each tag, the proportion of simu-
lations that produced a difference equal to or greater than
the observed difference (p-chance) was computed. The set
of 100 000 random tables was generated six times and the
average p-chance was calculated. The fold factor was com-
puted as the ratio of normalized tag counts in two SAGE
libraries with values < 1 converted to reciprocal negatives.
For the tags absent in one library a normalized tag count
of single copy tags was assumed.

Data sources

The SAGE library from somatic cells of the adult testis [19]
was obtained from GEO repository [20], accession
number GSM5435. Other SAGE libraries were obtained
from GEO repository or downloaded from Internet
sources (see Additional file 4 ). The data from the BDF1
testis SAGE library were obtained from a printed table in
publication [32] (only the top 100 genes expressed in
BDF1 testis are listed in publication, the whole library is
currently not publicly available). Microarray data of
mouse testis, generated by the GNF Mouse Atlas v2 project
[33], were obtained from the hgFixed database of the
UCSC Genome Browser [55,56].

Hierarchical clustering of mouse SAGE libraries

Thirty-two mouse SAGE libraries constructed from bulk
tissues (including normal and diseased) that were pub-
licly available to date (July 1, 2004) were selected (see
Additional file 4). For each pair of SAGE libraries a dis-
tance based on differences between normalized tag counts
was computed [28]. The average agglomeration method
was used in hierarchical clustering because of the highest
cophenetic correlation (Pearson correlation between the
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observed distances and the distances calculated from the
dendrogram).

Selection and preparation of mouse SAGE libraries for
genomic analysis

Twenty-seven SAGE libraries created from bulk tissues
(excluding tumors) were organized into 7 groups by tissue
type and tag counts from SAGE libraries within each
group were combined (see Additional file 4). The groups
of SAGE libraries include: brain (9 libraries, 329 745 tags),
eye (6 libraries, 336 399 tags), heart (1 library, 84 275
tags), liver (2 libraries, 37 118 tags), kidney (6 libraries,
87 810 tags), limbs (2 libraries, 136 650 tags) and adipose
tissue (1 library, 44 974 tags). These groups were analyzed
in parallel with total testis (2 libraries, 76 854 tags) and
adult testis somatic cells (1 library, 81 478 tags). All tags
from prepared tissue groups, total testis and adult testis
somatic cells SAGE libraries were identified to UniGene
clusters using RNA evidence mapping (tag-to-gene associ-
ation is supported by at least one mRNA sequence) and
linked to LocusLink genes. Only tags with identification
to a single LocusLink gene were subjected to further anal-
ysis. Tag counts from multiple tags matching the same
LocusLink gene were combined.

Distribution of tissue-specific genes on chromosomes
Analysis was done in parallel for testis-specific genes in
total testis and somatic cells of adult testis. The tissue-spe-
cific genes were selected according to tag counts in the tes-
tis tissue and 7 non-testis tissues (see Additional file 4). A
gene was considered to be tissue-specific if it was
expressed only in one tissue and its expression was sup-
ported by tag count > 1. Each tissue-specific gene was then
assigned to a chromosome (autosome or X chromosome)
according to the LocusLink database and the group (testis
or non-testis). The permutations algorithm performed
100 000 random shufflings of the chromosomes while
keeping the sum of genes on autosomes and the X chro-
mosome constant. The p-value (two tailed) was computed
as doubled number of permutations yielding gene counts
above/below (which of this was lower) or equal to the
observed gene counts in testis tissue and the X
chromosome.

Identification of chromosomal clusters of genes with
preferential expression in testis

The preferential expression measure (PEM) [31] was used
to score differential expression of genes in testis tissues.
PEM for total testis (PEMy;) and adult testis somatic cells
(PEM 1) were calculated for each gene. The gene was
considered to be preferentially expressed in total testis if
PEM > = 1/2 PEMyy(p,y, and in somatic cells of adult tes-
tis if PEMyrgc> = 1/2PEMyr50(max): PEM (max) values repre-
sent the maximum PEM value encountered in the tissue,
PEMp(gmay) = 1.169, PEMyygc(may = 1.145.
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To prepare a tandem duplicate-free mouse genome we
considered 19 684 known genes from the LocusLink data-
base that were mapped on the mouse genome assembly
(NCBI build 32) [57]. For each LocusLink gene, we
obtained a known protein sequence (NP_ accessions)
from the mouse RefSeq collection [58] and performed
protein BLAST (standard settings) against the RefSeq
known protein collection. The hits with expectation value
< le'1%and with an alignment of at least 50% length and
30% identity of the query sequence were processed and
identified to LocusLink genes. If a LocusLink gene located
in the vicinity of the original LocusLink gene was found
among the hits (considering 10 adjacent genes in both
directions), both genes were considered as a tandem
duplicate pair and were excluded from the genome. As a
result a tandem duplicate-free genome with 16 858
LocusLink genes was obtained.

Two sets of gene clusters with preferentially expressed
genes were identified - for total testis and somatic cells of
adult testis. All LocusLink genes from the tandem dupli-
cate-free mouse genome were associated with the expres-
sion status (preferentially expressed, expressed,
unknown). Each chromosome was searched using a slid-
ing window of three adjacent genes and three consecutive
preferentially expressed genes were considered as a cluster
(tight clusters). Another search was performed using a
sliding window of six adjacent genes and at least three
preferentially expressed genes were required to form a
cluster spanning from the first to the last preferentially
expressed gene (loose clusters). The overlapping clusters
were merged into a single cluster encompassing all
involved genes (separately for tight or loose clusters). The
permutations performed 100 000 random shufflings of
the expression status in the genome while keeping the
gene positions constant. A search with the above defined
sliding windows determined the number of preferentially
expressed genes located in clusters in each randomized
genome. The p-value (one tailed) was computed as the
number of permutations yielding greater than or equal to
the observed number of preferentially expressed genes
located in clusters.

Statistical evaluation

All statistical analyses, including Monte Carlo simula-
tions, hierarchical clustering, chromosomal and gene per-
mutations were conducted in R statistical environment
[59] using custom scripts.

Database versions

The following database versions were used in all analyses:
Mouse UniGene build #136 (March 26, 2004), mouse
SAGEmap (April 3, 2004) corresponding to the mouse
UniGene #136, LocusLink (April 3, 2004), mouse
genome assembly NCBI build 32 (November 2003),
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mouse Reference Sequence collection (April 3, 2004) and
Gene Ontology database (July, 2004).
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Additional material

Additional File 1

SAGE tags detected in mouse total testis. List of 7 481 tags with tag
count > 1 in combined total testis SAGE library with reliable tag identifi-
cation according to the Mouse SAGE Site database.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-6-29-S1.xls]

Additional File 2

Tags with significantly different tag counts between total testis and
adult testis somatic cells. List of 3 258 tags with significantly different
tag counts between the total testis and adult testis somatic cells SAGE
libraries determined by Monte Carlo simulations (1 691 tags have
increased tag counts in total testis, 1 567 tags have increased tag counts
in adult testis somatic cells at p-chance < 0.05). The reliable tag identifi-
cation according to the Mouse SAGE Site database is provided.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-6-29-S2 xls]

Additional File 3

Genes with predominant expression in germinal and somatic cells of
the testis. List of 924 and 802 genes with predominant expression in ger-
minal and somatic cells of the testis, respectively, based on the comparison
of total testis and adult testis somatic cells SAGE libraries. Tags with sig-
nificantly different tag counts (p-chance < 0.05, Monte Carlo simulation)
and at least five-fold increased/decreased tag counts were selected and
identified using RNA evidence mapping.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-6-29-S3 xls]

Additional File 4

Mouse SAGE libraries used in genomic analysis and hierarchical clus-
tering. List of mouse SAGE libraries publicly available to date July 1,
2004 that were used in genomic analysis and hierarchical clustering.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-

2164-6-29-S4 xls]
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Additional File 5

Genes specific for total testis or adult testis somatic cells. List of 395
and 81 genes with specific expression in total testis or adult testis somatic
cells determined by comparison to SAGE data from seven non-testis tissues
(brain, eye, heart, liver, kidney, limbs and adipose tissue). A gene was
considered to be testis specific if the corresponding tags were present only
in total testis or adult testis somatic cells SAGE libraries and missing in all
non-testis libraries. Tags were identified using RNA evidence mapping.
Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-6-29-S5.xls]

Additional File 6

Testis expressed genes located on the X chromosome (summary). Sum-
mary of the X-linked genes expressed in total testis and adult testis somatic
cells. Tags were identified using RNA evidence mapping.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-6-29-S6.xls]

Additional File 7

Preferentially expressed genes in total testis and testicular somatic
cells. Preferentially expressed genes were determined separately for total
testis and adult testis somatic cells in conjunction with their expression in
seven non-testis tissues. Expression of genes was scored using preferential
expression measure (PEM). A gene was considered to be preferentially
expressed if PEM score was above 50 % of the maximum PEM value
encountered in that tissue. Tags were identified using RNA evidence
mapping.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-6-29-S7 xls|

Additional File 8

Genes preferentially expressed in testis located in chromosomal clus-
ters within tandem duplicate-free genome. Chromosomal clusters of
genes preferentially expressed in testis were localized by the search with a
sliding window. Two types of clusters were identified: tight clusters (con-
taining at least three adjacent preferentially expressed genes in testis) and
loose clusters (containing at least three preferentially expressed genes in
testis among the six adjacent genes).

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-6-29-88 xls]

Additional File 9

Manual comparison of the most highly expressed genes in three total
testis transcriptomes (GNF atlas, BG testis, BDF1 testis). The list of 35
most highly expressed genes in total testis according to the GNF Mouse
Atlas v2 organized with the appropriate Nlalll and Rsal SAGE tags
extracted from their representative mRNA/RefSeq sequences.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-6-29-59.xls]
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Abstract. Several lines of evidence suggest that the X
chromosome of various animal species has an unusual
complement of genes with sex-biased or sex-specific
expression. However, the study of the X chromosome
gene content in different organisms provided conflict-
ing results. The most striking contrast concerns the
male-biased genes, which were reported to be almost
depleted from the X chromosome in Drosophila but
overrepresented on the X chromosome in mammals.
To elucidate the reason for these discrepancies, we
analysed the gene content of the Z chromosome in
chicken. Our analysis of the publicly available ex-
pressed sequence tags (EST) data and genome draft
sequence revealed a significant underrepresentation of
ovary-specific genes on the chicken Z chromosome.
For the brain-expressed genes, we found a significant
enrichment of male-biased genes but an indication of
underrepresentation of female-biased genes on the Z
chromosome. This is the first report on the nonrandom
gene content in a homogametic sex chromosome of a
species with heterogametic female individuals. Further
comparison of gene contents of the independently
evolved X and Z sex chromosomes may offer new in-
sight into the evolutionary processes leading to the
nonrandom genomic distribution of sex-biased and
sex-specific genes.
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Introduction

Several studies have shown that the X chromosome, a
homogametic sex chromosome in male heterogametic
organisms, differs from autosomes by a nonrandom
content of genes with sex-biased or sex-specific
expression (the genes expressed preferentially or
exclusively in one sex). However, the direction of the
biases in the location of sex-biased and sex-specific
genes is not consistent across species. Thus, in hu-
mans, the genes related to sex and reproduction as
well as the genes connected with brain and muscle
functions were enriched on the X chromosome rela-
tive to autosomes (Bortoluzzi et al. 1998; Hurst and
Randerson 1999; Lercher et al. 2003; Saifi & Chandra
1999; Zechner et al. 2001). In mice, the genes pref-
erentially expressed in ovary, placenta, testicular so-
matic cells, and premeiotic germinal cells were more
abundant on the X chromosome (Divina et al. 2005;
Khil et al. 2004; Wang et al. 2001), whereas the genes
expressed in the male germ line during meiosis were
underrepresented (Divina et al. 2005; Khil et al.
2004). In Caenorhabditis elegans, the genes expressed
in spermatogenic and oogenic cells were underrepre-
sented on the X chromosome (Reinke et al. 2004),
and in Drosophila, the male-biased genes were nearly
absent from the X chromosome regardless of whether
their expression was preponderant in germinal or in
somatic tissues (Parisi et al. 2003; Ranz et al. 2003).

Two main hypotheses exist concerning the possible
mechanisms causing the nonrandom representation of
sex-biased and sex-specific genes on the homogametic
sex chromosome. According to the hypothesis of sex-
ual antagonism (Hurst 2001; Rice 1984), an unusual
homogametic sex chromosome gene content reflects a



nonrandom accumulation of sexually antagonistic
mutations (those favouring one sex, although being
detrimental to the other) on this chromosome. This is
caused by the different time that the homogametic sex
chromosome has spent in the two sexes and by its
hemizygous exposure in the heterogametic sex. The
other hypothesis concerns the epigenetic modifications
of the sex chromosomes associated with meiotic sex
chromosome inactivation and dosage compensation
(Khil et al. 2005; Parisi et al. 2003; Reinke et al. 2004;
Rogers et al. 2003). Although the effect of the meiotic
sex chromosome inactivation on the homogametic sex
chromosome gene content has been well documented
(Betran et al. 2002; Divina et al. 2005; Emerson et al.
2004; Khil et al. 2004; Reinke 2004), the role of dosage
compensation and sexual antagonism remains elusive.
The mechanisms responsible for the nonrandom
representation of sex-biased and sex-specific genes on
the homogametic sex chromosome may be clarified by
analysing the gene content of the Z chromosome, a
homogametic sex chromosome in heterogametic fe-
male organisms. Although the X chromosome occurs
more frequently in female individuals, the Z chro-
mosome spends more time in male individuals. If
sexually antagonistic selection were the primary
mechanism affecting the sex chromosome gene con-
tent, we would expect the opposite trend in the rep-
resentation of sex-biased and sex-specific genes on the
X and Z chromosomes. Other evolutionary processes
also shape the gene content of the X and Z chromo-
somes in slightly different ways. For example, because
the Z chromosome occurs more frequently than the X
chromosome in male individuals, it is exposed to a
higher mutation rate, which provides more material
for selection to act on (Axelsson et al. 2004; Ellegren
& Fridolfsson 1997; Kirkpatrick & Hall 2004; Montell
et al. 2001). The Z chromosome has also been sug-
gested to be more responsive to sexual selection than
the X chromosome (Reeve and Pfennig 2003).
Therefore, the Z chromosome would be expected to
show more profound differences in gene composition,
relative to autosomes, than the X chromosome. Here
we present the first analysis of the gene content of the
Z chromosome in chicken. We show that chicken Z
chromosome gene content is characterized by under-
representation of ovary-specific genes and, to a lesser
extent, of the brain-expressed female-biased genes,
whereas the brain-expressed male-biased genes are
significantly overrepresented on the Z chromosome.

Materials and Methods

EST Data

We used publicly available chicken EST data from NCBI UniGene
database (build no. 24, October 14, 2004) (Wheeler et al. 2005). To
analyse the distribution of tissue-specific genes on autosomes and
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Table 1. The proportion of Z-linked tissue-specific genes in 14
different tissues

Tissue ChrA ChrZ % Z-linked
Brain 1135 40 3.40
Limbs 446 18 3.88
Chondrocytes 527 28 5.05
Heart 130 3 2.26
Kidney and adrenal 280 6 2.10
Small intestine 235 6 2.49
Liver 153 7 4.38
Pancreas 36 2 5.26
Muscle 156 8 4.88
Fat 42 1 2.33
Bursal lymphocytes 134 7 4.96
Spleen 42 2 4.55
All somatic 3316 128 3.72
Testis 363 16 4.22
Ovary 620 11 1.74

ChrA, autosomes; ChrZ, Z chromosome.

the Z chromosome, we selected 68 chicken EST libraries containing
at least 500 ESTs that were prepared from bulk tissues and were
not annotated as diseased or embryonic. These libraries were sorted
into 14 groups representing different tissue types (Supplementary
Table 1). To get enough data for the analysis, we used both non-
normalized and normalized EST libraries (each tissue type was
represented by at least one nonnormalized EST library). In the
normalized libraries, the quantitative information about gene
expression is biased, but the qualitative information about gene
expression, or at least the distribution of genes among the chro-
mosomes, should be preserved, and this was a sufficient condition
for our analysis. Indeed, the proportion of Z-linked genes in the
nonnormalized and normalized libraries did not show any signifi-
cant difference for each of the examined tissues (p > 0.05, Fisher’s
Exact test). The tissue-specific genes were defined as the genes
present in the libraries from one tissue type but not the others. For
subsequent analysis of the distribution of male- and female-biased
genes on autosomes and the Z chromosome, we used three non-
normalized EST libraries prepared from male brain (total 4230
ESTs) and female brain (total 8399 ESTs). The corresponding EST
library IDs were 16171, 15560, and 15561.

Chromosomal Location

For the purpose of our analyses, each UniGene cluster represented a
“gene.” To determine the chromosomal location we aligned the
representative sequence for each UniGene cluster to the chicken draft
genome assembly (galGal2, February 2004, University of California
Santa Cruz [UCSC] Genome Browser) (International Chicken
Genome Sequencing Consortium 2004; Karolchik et al. 2003) using
BLAT (Kent Informatics, Santa Cruz, CA, USA) (Kent 2002).
BLAT was run with parameters used to build the UniGene track of
the UCSC Genome Browser (minimum sequence identity of 95%, at
least 20% coverage of the query sequence, at least 96.5% alignment
ratio, and scores within 0.2% of the best-in-genome). The hits to
multiple locations in the genome were discarded as were the hits to
the W chromosome. Using these criteria, we mapped 79% (16,795 of
the 21,447) UniGene clusters to unique positions in the genome.

Statistics

To control for the effects of tissue specificity (Lercher et al. 2003),
we compared the proportions of Z-linked genes specific for testis
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Table 2. The proportion of the tissue-specific genes expressed in testis and ovary on the Z chromosome and comparison with tissue-specific

genes expressed in somatic tissues

Observed gene counts

Expected gene counts

Tested % Z-linked p value®
tissue Tested tissue Somatic tissues Tested tissue Somatic tissues (observed) (two tailed)
Testis

ChrA 363 2676 365.5 2673.5

ChrZ 16 96 13.5 98.5 4.22 0.537
Ovary

ChrA 620 2676 611.2 2684.8

ChrZ 11 96 19.8 87.2 1.74 0.027

“The p value (two tailed) corresponds to the proportion of permutations producing the gene counts greater or equal (for testis) and lower or
equal (for ovary) to the observed gene counts in the tested tissue and the Z chromosome multiplied by two.

ChrA, autosomes; ChrZ, Z chromosome.

and ovary with the proportions of Z-linked tissue-specific genes in
the pool of 12 somatic tissues by permutation test. All genes were
randomly reassigned to chromosomes while keeping fixed the total
gene count, the total count of genes in each group, and the total
number of genes on autosomes and the Z chromosome. To assess
significance, fractions of permutations producing the gene counts
“lower or equal” and ‘“‘greater or equal” to the observed gene
counts in the tested tissue and the Z chromosome were determined.
The p value (two tailed) was defined as the smaller of these frac-
tions multiplied by two.

The genes with preferential expression in male or in female
brain were sorted out using the R statistic, which was devised
previously for comparison of transcript abundances in cDNA li-
braries (Stekel et al. 2000). The R statistic was computed for each
gene expressed in the brain, and the genes exceeding a given R
threshold were considered as preferentially expressed in male or
female brain. Fisher’s Exact test was used to compare the pro-
portions of male- and female-biased genes located on the Z chro-
mosome.

Results

First, we assessed the allocation of the tissue-specific
genes (the genes expressed exclusively in one tissue)
between autosomes and the Z chromosome. For this
purpose, we compared the proportions of the
Z-linked tissue-specific genes in 14 different tissues
(12 somatic tissues, testis and ovary; Table 1). Be-
cause these proportions did not differ significantly
among the 12 somatic tissues (p > 0.05, Fisher’s
Exact test), we combined the EST data of all somatic
tissues into one pool. Then we analysed whether the
proportions of the Z-linked tissue-specific genes in
testis (male specific) and ovary (female specific) differ
from those in somatic tissues (Table 2). Of the 379
testis-specific genes, 4.2% mapped to the Z chromo-
some, a proportion comparable with 3.5% of the Z-
linked tissue-specific genes present in the pool of 12
somatic tissues (p > 0.05, two tailed, 100,000 per-
mutations). In ovary, 631 tissue-specific genes were
detected, but only 11 of them (1.7%) mapped to the Z
chromosome, which is a significant decrease com-
pared with the Z-linked tissue-specific genes in the
pool of 12 somatic tissues (p = 0.027, two tailed,
100,000 permutations). To confirm that the paucity

of ovary-specific genes concerns only the Z chromo-
some, we further examined the distribution of ovary-
specific genes among individual autosomes. Although
the proportion of ovary-specific genes on the auto-
somes containing at least 500 genes (Chr: 1 to 10 and
14) was uneven (2.7% to 5.9%), it was in all cases
higher than on the Z chromosome, which contained
only 1.7% ovary-specific genes of the total number of
653 Z-linked genes. This represents a significant de-
crease (p < 0.01, Chi-square test) compared with the
average proportion of ovary-specific genes on auto-
somes (3.8% or 620 of 16142). A list of the 11 Z-
linked ovary-specific genes obtained in this analysis is
provided in Supplementary Table 2.

The important question for interpreting our results
is whether the nonrandom distribution concerns only
the genes expressed in ovary, composed of both so-
matic and germinal cells, or also the genes expressed
in pure somatic tissues. To answer this question, we
performed an analysis of the sex-biased genes ex-
pressed in brain, for which the nonnormalized EST
libraries were created separately from male and fe-
male individuals. The genes preferentially expressed
in either male or female brain (male biased or female
biased) were sorted out using different thresholds of
the R statistic (Stekel et al. 2000). When the prefer-
entially expressed genes with R > 1 were selected,
5.6% (58 of 1029) of male-biased genes were located
on the Z chromosome. In comparison, only 1.3% (4
of 314) of female-biased genes were found on the Z
chromosome, representing a highly significant differ-
ence (p < 0.001, Fisher’s Exact test). For more re-
laxed thresholds (R > 0.5and R > 0), the difference
in proportion of male-biased and female-biased genes
on the Z chromosome was smaller but still highly
significant (Fig. 1).

We were also interested whether the male- or fe-
male-biased genes expressed in the brain were en-
riched or impoverished on the Z chromosome. For
that reason we compared the proportions of the
male-biased and female-biased Z-linked genes to
the overall proportion of Z-linked genes expressed in
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Fig. 1. The proportions of Z-linked genes with male- and female-

biased expression in brain for different thresholds of the R statistic.
The R statistic (Stekel et al. 2000) was used as a measure of
sex-biased expression. For all thresholds of the R statistic, the
male-biased genes were significantly more abundant on the Z
chromosome than the female-biased genes. Compared with the
genes expressed in other somatic tissues, the male-biased genes were
significantly enriched on the Z chromosome, whereas the female-
biased genes displayed an indication of underrepresentation on the
Z chromosome.

the pool of 11 other somatic tissues. The male-biased
genes expressed in the brain were 1.8-fold more
abundant on the Z chromosome than the genes ex-
pressed in other somatic tissues, which is a highly
significant difference (p < 0.0001, Fisher’s Exact
test). Significant overrepresentation (1.6-fold) was
also observed for more stringent threshold, R > 2
(p < 0.05, Fisher’s Exact test). Using this threshold,
we sorted out 421 male-biased genes from which 22
mapped to the Z chromosome. In contrast, the fe-
male-biased genes expressed in the brain were 2.5-
fold less abundant on the Z chromosome than the
genes expressed in other somatic tissues. However,
this difference was not significant at the 5% level
because of the low number of female-biased genes
(p = 0.052, Fisher’s Exact test) (Fig. 1). A list of the
Z-linked genes preferentially expressed in male brain
(58 genes) and female brain (4 genes) is available in
Supplementary Table 3. Admittedly, the majority of
these genes are annotated as unknown transcripts.

Discussion

Previous studies have shown that the X chromosome
of various animal species harbours nonrandom pro-
portions of genes with sex-biased or sex-specific
expression. However, selective forces responsible for
this phenomenon remain mostly elusive. Our results
indicate that nonrandom proportions of sex-biased
and sex-specific genes also characterise the Z chro-
mosome in chicken. Comparing the gene contents of
the independently evolved X and Z chromosomes
may help decide which mechanisms are mostly
responsible for the nonrandom genomic distribution
of sex-biased and sex-specific genes. These mecha-
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nisms could involve sexually antagonistic selection
and/or epigenetic modifications of the X/Z chromatin
such as meiotic sex chromosome inactivation and
dosage compensation.

According to the hypothesis of sexual antagonism
(Hurst 2001; Rice 1984), dominant mutations
favouring the homogametic sex but not the heterog-
ametic sex should accumulate on the X/Z chromo-
some because this chromosome spends two thirds of
its time in the homogametic sex but only one third of
its time in the heterogametic sex. Indeed, it was ob-
served that the female-specific and/or female-biased
genes are enriched on the X chromosome in mice and
Drosophila (Khil et al. 2004; Parisi et al. 2003; Ranz
et al. 2003), although this was not confirmed in hu-
mans (Lercher et al. 2003). In chicken, we have found
a significant overrepresentation of the genes ex-
pressed preferentially in the male brain on the Z
chromosome, which is in agreement with the theory
of sexually antagonistic selection. The question still
remains why the testis-specific genes are not enriched
on the chicken Z chromosome as well.

The role of sexually antagonistic selection in the
distribution of genes favouring the heterogametic sex
is more complicated because it depends on the pro-
portion of dominant and recessive mutations that
emerge in the population (or on the average domi-
nance of new mutations) (Rogers et al. 2003). If the
majority of mutations are dominant, we should ex-
pect underrepresentation of genes favouring the het-
erogametic sex on the X/Z chromosome because it
spends only one third of its time in the heterogametic
sex. However, if the majority of mutations are
recessive, the reverse effect should be expected. The
reason is that the recessive mutations favouring the
heterogametic sex have a greater chance to be fixed
on the hemizygous X/Z chromosome where they are
exposed to selection. Studies on the X/Z chromosome
gene content in different organisms provided con-
flicting results. The genes that are preferentially ex-
pressed in the male somatic tissues are enriched on
the X chromosome in mammals (Divina et al. 2005;
Khil et al. 2004; Lercher et al. 2003; Wang et al.
2001). In contrast, the male-biased genes in Dro-
sophila (Parisi et al. 2003; Ranz et al. 2003) and the
female-biased genes in chicken seem to be underrep-
resented on the X/Z chromosome. Assuming that the
proportion of dominant and recessive mutations does
not differ among taxa, the sexually antagonistic
selection is unlikely to explain the discrepancies in the
X/Z chromosome gene content in different species.

Another mechanism affecting sex chromosome
gene content concerns the epigenetic modifications of
the X/Z chromatin, such as meiotic sex chromosome
inactivation and dosage compensation. The meiotic
sex chromosome inactivation occurs in germinal cells
in heterogametic male individuals, but it has not been
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observed in heterogametic female individuals
(Jablonka & Lamb 1990) and hence is unlikely to
affect the complement of genes on the Z chromo-
some. In contrast, the dosage compensation occurs in
somatic cells and has been observed in both heter-
ogametic male and female organisms. Different spe-
cies, however, use different mechanisms to achieve
dosage compensation (Avner & Heard 2001; Baker et
al. 1994; Ellegren 2002; Gupta et al. 2006; Kelley
2004; Meyer 2000). Interestingly, recent findings
suggest that dosage compensation in chicken may be
achieved by the same mechanism as in Drosophila,
i.e., by transcriptional upregulation of the single X/Z
chromosome in heterogametic sex (Bisoni et al. 2005).
According to the hypothesis of Pomiankowski et al.
(Rogers et al. 2003), this mechanism of dosage com-
pensation could lead to the paucity of genes upreg-
ulated in the heterogametic sex on the X/Z
chromosome. The reason is that the overall overac-
tivation of the single X/Z chromosome could con-
strain further increase of transcription in the
heterogametic sex. If dosage compensation is really
achieved by the same mechanism in Drosophila and
birds, our data could support this hypothesis.
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