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Seznam zKkratek

A-NHEJ - alternativni nehomologni spojovani konci DNA (alternative non-
homologous end joining)

APT - protein (adenine phosphoribosyltransferase)

ATM - protein kindza (ataxia teleangiectasia mutated)

ATR - protein kinaza (ataxia telangiectasia and Rad3 related)

BER - bazova excizni oprava DNA (base excision repair)

BIR - model homologni rekombinace (break induced replication)

BLM - Bleomycin

C-NHEJ - kanonické nehomologni spojovani konci DNA (canonical non-
homologous end joining)

DDR - buné¢na odpoveéd’ na poSkozeni DNA (DNA damage response)

DMSS3 - protein (defective in meristem silencing 3)

DNA-PKcs - protein kindza (DNA-dependent protein kinase, catalytic subunit)
DSB - dvouvlaknovy zlom (double strand break)

DSBR - model homologni rekombinace (double strand break repair)

ERCCL - protein (excision repair cross-complementation group 1)

GMIL1 - protein (gama-irradiation and Mitomycin C induced 1)

Gy - jednotka absorbované davky zateni (Gray)

HR - homologni rekombinace (homologous recombination)

IR - ionizujici zafeni (ionizing radiation)

Ku70 a Ku80 - proteiny (thyroid Ku autoantigen 70 and 80 kDa)

LIG - DNA ligaza (DNA ligase)

MIM - protein (hypersensitive to MMS, irradiation and Mitomycin C)

MMEJ - mikrohomologni spojovani koncii DNA (microhomology-mediated end
joining)

MMC - Mitomycin C

MMS - metyl metansulfonat

MRE11 - protein (meiotic recombination 11 homolog)

MSH2 - protein (MutS protein homolog 2)

NBS1 - protein (Nijmegen breakage syndrome 1)

p53 - protein (protein 53 kDa)



PARPL1 - protein (poly(ADP-ribose) polymerase 1)

PCD - autokatalycka bunééna smrt (programmed cell death)

RAD - proteiny (radiation sensitivity)

SCC1 - protein (sister chromatid cohesion protein 1)

SDSA - model homologni rekombinace (synthesis dependent strand annealing)

SMC - proteiny (structure maintenance of chromosomes)

SMCHD - proteiny (structure maintenance of chromosomes hinge domain
containing)

SMCHD1 - protein (structure maintenance of chromosomes hinge domain
containing 1)

SOGL1 - protein (suppressor of gamma response 1)

SSA - model homologni rekombinace (single strand annealing)

SSB - jedno-vlaknovy zlom (single strand break)

UV - ultrafialové zafeni (ultraviolet radiation)

wt - divoky kmen (wild type)

XPF - protein (xeroderma pigmentosum, complementation group F)

XRCCL1 - protein (X-ray repair cross-complementing protein 1)

XRCC4 - protein (X-ray repair cross-complementing protein 4)

y-H2AX - fosforylovana forma histonu H2AX



Abstrakt

Dvouvlaknovy zlom DNA (DSB) je nebezpetny typ poSkozeni DNA, ale
zaroven také slouzi ke kontrolovanému zvySovani genetické variability. Za hlavni
drahy opravy DSB se povazuji homologni rekombinace (HR), vyuZivajici homologni
sekvence, a nehomologni spojovani konct DNA (C-NHEJ). Dva rostlinné modely
Arabidopsis thaliana (Arabidopsis) a mech Physcomitrella pattens (Physcomitrella)
se liSi strategii opravy DSB. Arabidopsis dava ptednost C-NHEJ a Physcomitrella
zase HR. Tyto modelové rostliny jsou porovnany na zakladé¢ méteni kinetiky opravy
DSB a jednovlaknovych zlomi DNA (SSB) kometovym testem.

U obou rostlinnych druhti je polocas prvni rychlé faze opravy DSB kolem
5 minut. | kdyZ je C-NHEJ povaZovana za hlavni drahu opravy DSB u Arabidopsis,
rychld oprava neni zavisla na jejich faktorech AtKu80 a AtLI1G4, coZ poukazuje na
existenci efektivnich zaloznich nehomolognich drah (A-NHEJ). U Physcomitrella
dominuje rychla oprava DSB v mitoticky aktivnich buiikach a také neni zavisla na
PpLIG4. Naopak PpLIG4 se prekvapivé ucastni opravy alkylacniho poskozeni DNA.

Esencialni ligazou rychlé opravy DSB u Arabidopsis je replika¢ni AtLIGI,
ktera je také zodpovédna za opravu alkylacniho poSkozeni DNA, a tak pfedstavuje
funkéni homolog LIG3. Rychld oprava DSB je také zcela zavisld na AtSMCG6b,
Ktery patii do skupiny proteini udrzujicich strukturu chromozomu (SMC). Mensi
defekt v opravé DBS je pozorovan u mutantli podjednotky kohezini AtRAD21
a AtGMI1, nové¢ identifikovaného ¢lena skupiny proteinti, které minimalné obsahuji
SMC dimerizacni doménu (SMCHD). Role AtSMC6b, AtRAD21 a AtGMIl
v opravé DSB spociva v organizaci sesterskych chromatid.

Komplex proteini MREI1, RAD50 a NBS1 (MRN), je jeden z kli¢ovych
senzort a mediatort opravy DSB. U Physcomitrellase na vétsin¢ funkci MRN
komplexu podili pouze PpMRE11 a PpRADS50. Extrémni citlivost ppmrell
a pprad50 vici indukei DSB sice poukazuje na znaény defekt v opravé, ten vSak
nesouvisi s rychlosti jejich opravy, ale naopak s kumulaci mutaci, zejména deleci.
V tomto ohledu je dulezity piedevsim PpRADS50, nebot v jeho nepfitomnosti

se mutabilita zvySuje az o dva fady.



Abstract

DNA double-strand break (DSB) is a dangerous type of DNA damage, but it
also serves in controlled increase of genetic variability. The two major DSB repair
pathways are homologous recombination (HR) using homologous sequences and
non-homologous end joining (C-NHEJ). Two model plants Arabidopsis thaliana
(Arabidopsis) and the moss Physcomitrella patens (Physcomitrella) differ in DSB
repair strategies. Arabidopsis uses C-NHEJ, however Physcomitrella prefers HR.
These plant models are compared on the basis of measurement of DSB and single
strand breaks (SSB) repair by comet assay.

The half-life of the first rapid phase of the DSB repair is about 5 minutes
in both plant species. Although the C-NHEJ is considered as the main DSB repair
pathway in Arabidopsis, rapid repair isindependent of AtLIG4 and AtKu80,
suggesting the existence of the effective backup non-homologous repair pathways
(A-NHEJ). In Physcomitrella, the rapid DBS repair dominates in mitotically active
cells and is also independent of PpLIG4. Conversely, PpLIG4 is surprisingly
involved in the repair of the DNA alkylation damage.

An essential DNA ligase of the rapid DSB repair pathway in Arabidopsis
is the replication ligase AtLIG1, which is also responsible for the alkylation DNA
damage repair, and thus represents a functional homolog of LIG3. The rapid DSB
repair is totally dependent on structural maintenance of chromosomes protein (SMC)
AtSMC6b. A slight defect in the DSB repair is also observed in mutant of cohesin
subunit AtRAD21 and AtGMI1, a newly identified member of a SMC-hinge domain-
containing protein family (SMCHD). The role of AtSMC6b, AtRAD21 and AtGMI1
in the DSB repair lays mainly in the organisation of sister chromatids.

The complex of proteins MRE11, RAD50 and NBS1 (MRN) is one of the key
sensors and mediators of the DSB repair. In Physcomitrella, only PpMRE11 and
PpRADS50 participate on MRN complex functions. Extreme sensitivity of ppmrell
and pprad50 to the induction of DSB suggests extensive defect in repair, which is not
related to the rate of repair, but rather to the accumulation of mutations, especially
deletions. In this regard, PPRADSO is particularly important, because in its absence

the mutability increases up to two orders of magnitude.



1. Uvod

Souhrn procestt spojenych S vyménou genetické informace, at’ uz v ramci
jedné, nebo mezi dvéma molekulami DNA se nazyva rekombinace. Z&kladni
podminkou rekombinace je existence DSB, pfi jehoz opravé miZe dochazet ke
vzniku novych sekvenci DNA. Rizeny vznik DSB a jeho nasledna rekombinantni
oprava je soulasti pfirozenych procesd, jako jsou meiotické déleni, formovani
pohlavi v kvasinkéach, integrace cizorodé DNA, transpozice, zrani lymfocyta
a presmyk tiid imunoglobulini. Rekombinaci se odstranuji také viechny ostatni DSB
a to jak endogenniho, tak exogenniho puvodu. DSB se povazuji za vysoce
nebezpecny typ poskozeni DNA, nebot’ neopraveny zlom muze vést k nepatfi¢né
reorganizaci genomu, ztrat€¢ DNA, nebo indukci buné¢né smrti (Bennett et al. 1996).

Oprava DSB tedy predstavuje kiizovatku mezi genetickou variabilitou
a nestabilitou. Existence DSB si vynutila vznik evoluéné konzervovanych
rekombinantnich drah, kde se uplatiiuji dva zakladni mechanismy, HR a C-NHEJ.
HR vyuZiva pti opravé DSB homologni sekvence, a to z ni déla témét bezchybny
opravny mechanismus. Naopak C-NHEJ jednoduse spojuje konce DNA nezavisle na
homologii, a tak je vice nachylnd ke zménam sekvence v misté opravy. Defekt
v opravé DSB se u savci projevuje zvySenou genetickou nestabilitou a s ni spojenou
predispozici vi¢i nadorovému bujeni (Phillips a McKinnon 2007).

Rostliny vlastni homology vétSiny proteini podilejicich se na opravé DSB
u savcu. V tomto ohledu maji rostliny k savcum bliz nez kvasinky (Shrivastav et al.
2008). Z hlediska opravy DNA pfedstavuji rostliny velmi zajimavy systém. Piisedly
zpusob zivota, vyuzivani nejsilnéj$i biologické redoxni reakce - fotolyzy vody,
tvorba rostlinného téla délenim nckolika apikalnich bunék, u nékterych druhi
dlouhovékost a schopnost vegetativniho mnozeni poukazuji na existenci efektivnich
drah opravy DNA. Studium rostlinné rekombinace prohlubuje porozuméni odolnosti
rostlin vuéi stresu (Boyko a Kovalchuk 2011; Molinier et al. 2006). Zaroven otevira
cestu k cilené genetické manipulaci nékterych rostlin (Puchta a Fauser 2013; Qi et al.
2013). Aplikace poznatkii ma a v budoucnu bude mit zasadni vliv na vynos.

V nedavné dob¢ také studium rekombinace u rostlin piispé€lo K pfehodnoceni
pohledu na opravu DSB a akceptovani dalSiho typu opravy DSB, alternativni NHEJ
(A-NHEJ), nezavislého na HR, ¢i klasickém C-NHEJ (Decottignies 2013). A-NHEJ



je spojovana s naristem chromosomovych translokaci, a to ji postupné stavi
do stiedu soucasného vyzkumu opravy DSB, nebot’ produkce zlomiit DNA je stale
béznym zpusobem 1éEby nadorovych onemocnéni (Lieber 2010a). Studium A-NHEJ
a obecné opravy DSB roz$iii pohled na procesy spojené s udrzovanim integrity
genomu, a tim pomiize nejen pii objasnovani pficin vzniku rakoviny, ale 1 tvorbé

novych terapeutickych ptistupt v jeji 1écbé (Huhn et al. 2013).

1.1. Vznik DSB

Mimo zadmérné¢ indukované DSB se musi bunky vypotadat stadou
neplanovanych zlomu, které vznikaji pii zastaveni replikace DNA a selhani funkce
topoizomerdz. Béhem jednoho bunééného cyklu se savei, ¢i mysi fibroblasty musi
vyporadat piiblizné¢ s 10 DSB endogenniho pivodu (Haber 1999). V piipad¢ rostlin
afady dalsich organizmu je také dilezitym zdrojem DSB proces vysychani
a opétovné hydratace, pfi¢emz extrémni piipad piedstavuji spory a semena (Pitcher
et al. 2007; Kranner et al. 2010).

Vyznamnym endogennim zdrojem DSB jsou kyslikové radikaly. Mitochondrie
preménuji 0,1 — 1 % zpracovavaného kysliku na superoxid (Chance et al. 1979),
ktery je dale konvertovan na hydroxylové radikaly schopné reagovat s bunéénym
matrix. Podobné chloroplasty produkuji zna¢né mnozstvi kyslikovych radikalt pii
fotolyze vody (Triantaphylides a Havaux 2009). Protein D1, centralni cast
fotosystému I, je proto viubec nejéastéji nahrazovanym proteinem (Raven 2012).
Prekroc¢i-li hladina radikalt antioxida¢ni schopnosti buné&¢nych obrannych
mechanizmi, dochazi Kk peroxidaci lipidd membran, poSkozeni proteini a DNA.
Naptiklad sav¢i builkky se musi za jediny den vypotddat az s 10 000 oxidacné
poskozenymi bazemi (Ames et al. 1993) a az 50 000 SSB (Tice a Setlow 1985).

Oxidace bazi DNA, ale také jejich alkylace napiiklad metyl metansulfonat
(MMS), vede k poSkozeni, které je opravovano bazovou excizni (BER) (Lindahl
a Wood 1999). Poskozené baze jsou odstrafiovany specifickymi DNA glykosylazami
za vzniku mista bez baze, které je dale Stépeno specifickou endonukledzou. Pokud
neni vznikly SSB opraven polymerazou a ligdzou, mize zpusobit zastaveni replikace
za vzniku DSB (Kuzminov 2001).

DSB lze také indukovat ultrafialovym (UV), ¢i ionizujicim zafenim (IR).
Napiiklad IR pfi prichodu prostiedim buiky ionizuje molekuly vody a davka 1 gray
(Gy) produkuje 1000 SSB a piiblizn¢ 20 az 40 DSB (Ward 1990). Dale tada
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piirodnich, ale i syntetickych latek, zvySuje mnoZstvi reaktivnich radikala, nebo
reaguje ptimo s DNA. Jednou takovou skupinou latek je ptirodni antibiotikum
s antikancerogennim u¢inkem Bleomycin (BLM), které napodobuji u¢inek IR. BLM
se rutiné pouziva pii 1é¢bé nékterych typt nadora (Lewis a Nydorf 2006). BLM
chelatuje kovy a po interkalaci do DNA a reakci s kyslikem produkuje superoxid
poSkozujici DNA. Redukci se komplex opét aktivuje a nasleduje dalsi $tépeni
za vzniku DSB (Strekowski et al. 1988). Jeho aktivita se vlivem interkalace omezuje
predevsim na DNA, a tak BLM ve srovnani s IR indukuje piiblizné jen 10 SSB
na 1 DSB (Povirk et al. 1977)

1.2. Méreni opravy DSB

Opravu DSB je moZné monitorovat mnoha zpusoby, které viak vzdy postihuji
jen ¢ast zkoumané problematiky. Jednotlivé metody umoznuji sledovat fyzické
spojeni DNA, kovalentni modifikace opravnych proteint, jejich ¢asoprostorove
rozdéleni, ¢i zmény sekvence v misté opravy. Nejbéznéjsi metody detekujici pfimo
fragmentaci genomu jsou pulzni gelova elektroforéza a kometovy test (Ostling
a Johanson 1984; Herschleb et al. 2007). Tyto metody jsou zpravidla mén¢ citlivé,
avSak umoznuji pfimé méteni kinetiky opravy DSB, respektive obnoveni celistvosti
DNA. CitlivéjSi je nepfima vizualizace DSB pomoci imunofluorescenéni detekce
kovalentnich modifikaci proteinti spojenych s opravou DNA (Banath et al. 2004).

Pulzni gelova elektroforéza je ve srovnani s kometovym testem instrumentalné,
a moznosti separace fragmenti DNA o maximalni velikosti 10 Mb (Herschleb et al.
2007). Kometovy test je zaloZzen na elektroforéze jednotlivych bunék ukotvenych
v agarézovem gelu. Vznikly Gtvar ptipomina kometu, ve které mnozZstvi DNA
v ohonu komety koreluje s mirou poSkozeni DNA v dan¢ burice (Ostling a Johanson
1984). Nejbéznéjsi je neutralni, anebo alkalické provedeni kometového testu,
které vede k detekci DSB, anebo SSB. Ptipadna inkubace vzorkd s reparacnimi
endonukledzami umozituje méteni poskozeni DNA, které se samo o sob€ neprojevuje
jako zlom, napftiklad alkylované a oxidované bdze DNA (Angelis et al. 1999; Collins
et al. 1997; Angelis et al. 2000).

Nejbéznéjsi imunofluorescencni znackou spojovanou sopravou DSB
je fosforylovana forma histonu H2AX (y-H2AX). Fluorescen¢ni detekce vyZaduje

fosforylaci rozsahlych oblasti DNA, a tak v piipadé¢ ¢isté lokalni zmény nemusi byt
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rychle opraveny zlom vibec zaznamenan. Naopak jedna detekovana oblast mize
obsahovat vice DSB, anebo se v kone¢ném obrazu mizou promitnout dvé prostoroveé
oddé¢lené oblasti do jedné. Navic o Kkinetice opravy DSB métené prostiednictvim
v-H2AX je nutné uvaZovat jako o defosforylaci (Chowdhury et al. 2005). Regulace
procest, vedoucich od momentu spojeni DNA k ukonceni opravy defosforylaci
y-H2AX, jsou jest¢ méné popsany, nez procesy odpovidajici za jejich formaci.
Napiiklad u kvasinek, pti Opravé parovaciho lokusu pomoci HR, dochazi
k defosforylaci y-H2AX uz béhem prodluzovani vmezeteného vlakna DNA (Keogh
et al. 2006).

Kvalitu opravy DSB je mozné zachytit jejich specifickou indukci v ramci
reportérové sekvence. Zmeéna Ve fenotypu anebo piimo sekvenace vyslednych spojit
pak vypovida o povaze opravy (Puchta 2005). Napiiklad haploidni genom
Physcomitrella umoziuje mutaéni analyzu genu pro adenin fosforibosyltransferazu
(APT). Jeho inaktivaci mutant ziskava schopnost rustu na médiu obsahujicim jinak
toxicky 2-fluoroadenin (Trouiller et al. 2007), a tak je mozné urcit mutabilitu

i povahu inaktivujich mutaci.

1.3. Rozeznani DSB a jeho signalizace

Organizmy vlastni komplexni systém odpovédi na pfitomnost poSkozeni DNA
(DDR). Rozsah poskozeni DNA je zaznamenan DDR, ktera pak spousti procesy
vedouci k zastaveni buné¢ného cyklu, opravé DNA, senescenci a apoptdze. U rostlin
se misto apoptdzy spousti autokatalycka bunééna smrt (PCD) (Lukas et al. 2004;
Hoeberichts a Woltering 2003; Fulcher a Sablowski 2009). DDR je tedy kli¢ova
soucast bunééné viability a genomové stability organizmt, vcetné rostlin
(Yoshiyama et al. 2013a; Jackson a Bartek 2010; Ciccia a Elledge 2010). U savct
DDR piedstavuje vyznamnou bariéru proti rozvoji nadorového bujeni (Jackson
a Bartek 2010; Wyman a Kanaar 2006).

Klicovou roli v aktivaci DDR maji signaliza¢ni fosfokinazy ATM, ATR
a DNA-PKGcs (Sirbu a Cortez 2013). ATM je aktivovana piitomnosti DSB (Bakkenist
a Kastan 2003). Naopak za aktivaci ATR muze fada raznych typt poskozeni DNA,
které souviseji s replikaci, naptiklad jednovlaknové useky DNA (Cimprich a Cortez
2008). Signél je dale mediovan, piicemz dochazi ke kumulaci transkripéniho faktoru

p53, ktery predstavuje kliCovou kiizovatku DDR, na které se rozhoduje o zastaveni
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bunééného cyklu a opravé DNA, anebo apoptdéze (Shieh et al. 1997; Helton a Chen
2007).

Rostliny nemaji p53, klicovy mediator opravy DSB a indukce apoptOzy
(Helton a Chen 2007). Nedavno byl objeven AtSOGI1, prvni exkluzivné rostlinny
transkriptni DDR faktor, ktery je funkéné podobny p53. AtSOGI se sice lisi
v sekvenci a po aktivaci ATM nedochazi k jeho kumulaci, ale v ramci rostlinné DDR
predstavuje hlavni regulator exprese stovek gent (Yoshiyama et al. 2013b;
Yoshiyama et al. 2009). AtSOGI1, obdobné¢ jako p53, rozhoduje o tom,
zda poskozena burika projde endoreduplikaci k senescenci, nebo zanikne pomoci
PCD (Adachi et al. 2011; Fulcher a Sablowski 2009).

U savct aktivované ATM, ATR a DNA-PKGcs fosforyluji fadu proteinli, mimo
jiné histony H2AX na C-koncovém serinu za vzniku y-H2AX (Warmerdam a Kanaar
2010). Tento signal se mtze rozprostirat aZ do vzdalenosti 2 Mb od mista s DSB
(Rogakou et al. 1999). Soubézné dochazi k acetylaci histonu H3 (Brand et al. 2001).
V obou pfipadech se vytvaii vazebna mista pro mnozstvi proteint, které dale
modifikuji a rozvoliuji chromatin, ¢imz se objevuji dalSi vazebnd mista pro proteiny
ucastnici se opravy DSB a signalizace (Stucki et al. 2005; Chapman a Jackson 2008;
Osley et al. 2007). Tyto zmény se postupné §ifi od DSB, nebot’ pfestavba chromatinu
je nezbytnd k efektivni kumulaci y-H2AX (Park et al. 2006).

Imunologickd detekce y-H2AX se stala béZnym nastrojem meéfeni indukce
DSB a jejich opravy, avSak otdzkou zistava, do jaké miry se y-H2AX podili
na opravé DSB. V lidskych bunkach se H2AX vyskytuje piiblizné v 1 z 10
nukleozomu, a tak se n¢jaky H2AX pramérné nachazi az 1 Kb od DSB (Friedberg
et al. 2006). V ptipadé prostorové méné naro¢nych drah nehomologni rekombinace
je to dost daleko na to, aby se y-H2AX piimo podilel na opravé DSB. Ukazuje se,
Zze aktivace ATM je nezbytna pro opravu piiblizné¢ 10 % DSB indukovanych IR,
pticemz tyto zlomy se nachazi ptedevsim v heterochromatinu (Goodarzi et al. 2008).

Za kli¢ovy senzor DSB se povazuje MRN komplex, ktery je tvofen proteiny
MRE11, RAD50 a NBS1 (Lamarche et al. 2010). Témét okamzité po indukci DSB
dochazi k masivni a rychlé akumulaci MRN komplexu v poskozené oblasti DNA
(He et al. 2012; Polo a Jackson 2011), kde se prostiednictvim NBS1 aktivuje ATM
(Girard et al. 2002; Petrini a Stracker 2003; Lamarche et al. 2010). Struktura MRN
komplexu je podminéna RADS50 a umoznuje pieklenout DSB (De Jager et al. 2001).
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Rychla lokalizace a stabilizace DSB je dulezita pro zkraceni doby, po kterou jsou
konce DNA vystaveny nukleazam a navzajem se od sebe vzdaluji. Nukleazova
aktivita MRE11 mizZe vést k resekci koncti DSB a produkci jednovlaknovych useku
DNA, které aktivuji ATR (Jazayeri et al. 2006).

DalSim senzorem DSB je souc¢ast C-NHEJ heterodimer Ku70/Ku80, ktery ma
vysokou vazebnou afinitu via¢i DSB a nachazi se v chromatinu ve vyznamném
mnozstvi (Blier et al. 1993). Navazané Ku70/Ku80 heterodimery muzou byt
preklenuty pomoci DNA-PKcs (Meek et al. 2004). Podobné PARPI1, piestoze je
soucasti BER, mé vyssi afinitu vi¢i DSB nez SSB (D’Silva et al. 1999; Kun et al.
2002), a dokonce by mohl byt odpovédny za smétovani MRN komplexu do blizkosti
DSB (Haince et al. 2008).

K aktivaci ATM dochazi také se zménou struktury chromatinu. Rozvolnéni
DNA vede k vystaveni jinak skrytych epitopt histont, coz dosud neznamym
zpusobem aktivuje ATM nezavisle na MRN komplexu. Dé&je se tak napiiklad
po vystaveni buné¢k hypotonickému prostiedi a po inhibici topoizomeraz Il a histon
deacetylaz (Bakkenist a Kastan 2003; Jang et al. 2010; Siu et al. 2004).

V genomu rostlin nalezneme homology v§ech znamych senzord DSB (Amiard
et al. 2013). Rostliny maji stejny mechanismus signalizace DSB jako jiné eukaryoty
(Yoshiyama et al. 2013a; Sweeney et al. 2009). Zachovana je také role MRN
komplexu v aktivaci ATM (Amiard et al. 2010). Dosud vsak nebyl nalezen homolog
DNA-PKGcs, a tak se fosforylace ucastni pouze ATM a ATR (Friesner et al. 2005;
Culligan et al. 2006; Ricaud et al. 2007). Na rozdil od obratlovci jsou rostlinni
mutanti v ATM, ATR a H2AX za standardnich podminek nerozlisitelni od divokeého
kmene (wt) (Culligan et al. 2004; Culligan a Britt 2008; Lang et al. 2012). Defekt
v AtH2AX vede pouze k lehké zméné v opravé DSB a samotna fosforylace AtH2AX
a aktivace AtATM neni esenciélni pro opravu DSB (Amiard et al. 2010; Lang et al.
2012). Podobné¢ u lidskych bunék oprava DSB probiha i bez aktivace DDR,
avSak DDR rozhoduje o zapojeni jednotlivych typt opravnych drah a koordinuje
opravu s pozici v bunéném cyklu (O’Driscoll a Jeggo 2006).

1.4. Mechanizmy opravy DSB
Selhani replikace v mist¢ poSkozeni DNA piedstavuje nejbéznéjsi zdroj
endogennich DSB. HR umoziiuje replikacni restart, a proto se nachazi u vsech

organizmi. Nutnosti existence homologni sekvence je HR omezena piedev§im
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do S a G, faze bunééného cyklu. Naopak C-NHEJ miize probihat po cely bunécny
cyklus, nebot’ jednoduse spojuje konce DNA nezavisle na homologii. Vlivem
zpracovani konci DNA, at’ uz synthesou, nebo resekci, je oprava pomoci C-NHEJ
vice nachylna ke zméné sekvence DNA (Pfeiffer et al. 2004).

U rychle se délicich bunék je pomérné Casto k dispozici sesterskd chromatida,
atak jim pro opravu DSB sta¢i HR, avSak piestane-li buiika s délenim, zacina byt
HR nedostate¢na. Tento stav si vynutil vznik C-NHEJ. Naptiklad Escherichia coli
nema homology C-NHEJ, avsak bakterialni butiky podléhajici sporulaci a vysychani
jsou odké&zany na C-NHEJ (Shuman a Glickman 2007). Zatim co kvasinky preferuji
HR, rostliny podobné jako vétSina eukaryot dava pirednost C-NHEJ (Kinner et al.
2008).

C-NHEJ se pivodné oznacovala jen NHEJ a az pozd¢ji se zacala oznaCovat
jako kanonicka, ¢i dominantni C-NHEJ, nebot’ se ukazuje, Ze na jejim pozadi operuji
jesté dalsi alternativni drahy A-NHEJ, které jsou proteinovym vybavenim odlisné
od C-NHEJ a HR. Zatimco C-NHEJ je rychla a relativné bezchybna, pomalejsi A-
NHEJ drahy jsou spojovany schromozomovymi translokacemi a genetickou
nestabilitou (Bétermier et al. 2014; Kuhfittig-Kulle et al. 2007; Ferguson et al. 2000).

1.4.1. Homologni rekombinace
Prvnim krokem vSech typti HR je tvorba 3’- jednovlaknovych koncti DNA
nukledzovou aktivitou MRN komplexu. Na tyto konce se pak vaze RAD52
aV zavislosti na ném dalsi opravné proteiny, které tak vytvafi nukleoproteinovou
filamentu (Van Dyck et al. 1999; Assenmacher a Hopfner 2004; Lok a Powell 2012).
Byla popsana fada dil¢ich typu HR (obr.1), které se vzajemné lisi piedevSim
ve zpusobu zpracovani nukleoproteinové filamenty: hybridizace jednovlaknovych
useki DNA (SSA), meiotickA oprava DSB (DSBR), syntézou podminéna
hybridizace vlaken (SDSA) probihajici v somatickych bunikach a zlomem
indukovana replikace (BIR) (Symington 2002; Li a Heyer 2008). Az na SSA model
opravy DSB dochazi béhem HR k hybridizaci dvou rlznych molekul DNA.
Vysledkem HR, kromé SSA mechanismu, je vZdy genova konverse, a tak HR
probihajici v repetitivnich oblastech, nebo vyuzivajici ektopické sekvence muze vést
k nevhodnym reorganizacim genomu. Proto je HR omezena do Sa G, faze
bunééného cyklu, kdy je k dispozici sesterska chromatida (Saleh-Gohari a Helleday
2004).
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Existuje-li homologie v blizkéem okoli DSB, mize RAD52 Kkatalyzovat
hybridizaci 3"- jednovlaknovych konci DNA, a usmérnit tak opravu DSB
ve prospéch SSA. SSA ma piednost piredevsim v oblastech s repetitivnimi
sekvencemi, avSak béhem opravy dochazi ke ztrat¢t DNA mezi homolognimi
sekvencemi (obr. 1). Pokud misto zlomu neobsahuje dostatecnou homologii, RAD52
povoldvd RADS1, ktery vytvaii s3'- jednovldknovym koncem DNA komplex

vyhledavajici homologni sekvence v templatu (Takata et al. 2001).

Q\DSB

\LO MRN
- ®
\l/. RADS2
kratka hledani
homolV homologie
RADﬁl
o—— replikace —
BIR «<—
Nukleaza 5{‘(\1{
* rehybridizace ollidaytiv
— / 3 -konce spoj
s
J X T
SDSA DSBR

Obrézek 1.: Mechanizmy HR. Formovany 3’- jednovlaknovy konec DNA miize byt
zpracovan SSA, DSBR, SDSA anebo BIR mechanizmem.

DSBR model se uplatiuje béhem meidzy a slouzi ke kontrolovanemu
zvySovani genetické variability (Shaw a Moore 1998). Vysledkem je tvorba
Hollidayovy struktury mezi paternalnim a maternalnim chromosomem, ktera muze
byt zpracovéna s pouzitim, nebo bez pouZiti mechanizmu crossing over (obr. 1)
(Schwacha a Kleckner 1995). DSBR je Vv somatickych buikach potladovan,
nebot’ rekombinace mezi neadekvatnimi homolognimi oblastmi je vysoce mutabilni
(Richardson et al. 1998). V somatickych bunkach mtize HR probihat SDSA a BIR
mechanismem, které pro opravu DSB vyuZivaji sesterskeé chromatidy, homologniho
chromozomu, nebo ektopické sekvence. U SDSA je prodlouzeny 3°-konec DNA
rehybridizovan s 3"-koncem DNA za zlomem, ¢imz je znemoZnéna formace
Hollidayova spoje (obr. 1). SDSA umoznuje vysvétlit HR probihajici na substratech
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s homologii pouze na jednom konci DSB, kde druhy nehomologni konec DNA
opravuje C-NHEJ (Puchta 2005). BIR se lisi od SDSA pouze v tom, Ze syntéza DNA
pokracuje na velké vzdalenosti a muze principialné dosahnout az konce chromosomu
(obr. 1). BIR je mozny mechanismus odpovidajici za udrzovani délky telomer
I V nepfitomnosti telomerazy (Nabetani a Ishikawa 2011).

U vétsiny eukaryot neni HR hlavni drdhou opravy DSB, nebot’ Groven cilené
integrace cizorodé DNA je az tisickrat nizsi ve srovnani s nahodilou (Fattah et al.
2008; Britt a May 2003). U Arabidopsis byl uréen podil jednotlivych drah na opravé
DSB indukovanych pomoci sekvenéné specifické endonukledzy. Rostliny podobné
jako vétsina eukaryot opravuji DSB zejména pomoci C-NHEJ. V piipadé homologie
blizké DSB konctim je asi jen 30 % zlomt opravovano SSA a 7 % pomoci SDSA.
Frekvence alelické, ¢i ektopické HR je jesté tisickrat niz$i (Puchta 2005). Kvasinky
jsou naopak témét zcela odkazany na HR, nebot” uz dva DSB muzou byt pro HR
mutanty letalni (Krogh a Symington 2004). Vysoka turoven cilené integrace cizorode
DNA byla napiiklad pozorovéna také u kufecich DT40 bunék (Wang et al. 2001),
nebo u zastupce nizsich rostlin, mechu Physcomitrella (Kamisugi et al. 2005).

1.4.2. C-NHEJ

C-NHEJ se jevi jako dominantni drdha opravy DSB vétsiny eukaryot. C-NHEJ
vytvati mnoho rozdilnych spoju pii stejné po¢ate¢ni sekvenci v mist¢ DSB. Oprava
zadina rozeznanim DSB heterodimerem Ku70/Ku80, ktery méa vysokou afinitu
viuci riznym typim konci DNA a zarovenn se v bufice nachazi ve vyznamném
mnozstvi (Blier et al. 1993; Lieber 2010b; Lieber et al. 1997). Ku70/Ku80
heterodimer témét okamzité asociuje s DSB, piicemz vznikly komplex chrani konce
DNA pfed degradaci a umoziuje jejich pfiblizeni a pieklenuti. Ku70/Ku80
heterodimer povolava dalsi proteiny nezbytné pro opracovani a spojeni DSB (obr. 2),
jako jsou DNA-PKcs, nukleazy Artemis a MRE11, polymerazy p a A a komplex
XRCC4/LIG4 (Lieber 2010b).

LIG4/XRCC4 je nejflexibilngjsi ligaza schopna spojovat nekompatibilni konce
DNA skrze mezery, ¢i jen jedno vlakno DNA (Gu et al. 2007). DNA-PKcs
fosforyluje v okoli DSB fadu proteinti, ¢imz stimuluje endonukleazovou aktivitu
Artemis a liga¢ni aktivitu XRCC4/LIG4 komplexu (Meek et al. 2004). Pocatek

existence Artemis a DNA-PKcs koliduje s poc¢atkem V(D)J rekombinace a mozna,
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Ze se tyto proteiny vyvinuly, aby u obratlovca nahradily funkci MRN komplexu v C-
NHEJ (Falck et al. 2005).

Ptirozené vzniklé DSB zpravidla nejsou piimo ligovatelné a vyzaduji Gpravu
konci DNA pomoci nukleaz a polymerdz. Oba konce DSB jsou zpracovavany
nezavisle a navic i opakovacim mechanizmem, ve kterém se odbouravani DNA muze
stiidat s jejim prodluZzovanim (Povirk 2012). U rostlin byla pozorovana nepiima
umérnost mezi velikosti genomu a délkou deleci, a tak se i pfibuzné rostlinné druhy
muizou vyznamn¢ liSit v obsahu DNA. Béznou soucasti opravy DSB u Arabidopsis
je resekce koncti DNA, coz ziejmé vedlo v prubéhu evoluce k redukci genomu (Kirik
et al. 2000). Podobné v mezidruhovém srovnani lidské HelLa bunécné linie a tabaku
se ukézalo, Ze zatimco v HelLa bunkach je az 50 % DSB opraveno bezchybné,
u tabaku je to jen 20 %. Navic u tabaku jsou delece delSi a inzerce naopak kratSi
(Pelczar et al. 2003). AvSak nejvyznamnéj$i rozdil mezi savci a rostlinami
je diametraln¢ odlisna viabilita C-NHEJ mutanta. Zatimco defekt v C-NHEJ u savci
Casto vede kembryonalni letalit¢, pfislusni mutanti u Arabidopsis jsou

za standardnich podminek nerozliSitelni od wt (Friesner a Britt 2003).

1.4.3. A-NHEJ

Sav¢i bunééné linie s defektem v C-NHEJ jsou citlivi vaci DSB, ale i tak je
dokéazou opravovat (DiBiase et al. 2000; Kabotyanski et al. 1998). Genetické studie
ukazaly, Ze tato C-NHEJ nezavisld& oprava neni mediovdna HR. Naptiklad
kombinace defekti v C-NHEJ a HR u kufecich DT40 bunék nevedla dale k poklesu
v opravé DSB (Wang et al. 2001). Obdobn¢ u Arabidopsis defekt v C-NHEJ a HR
nevede ke zruSeni opravy DSB (Charbonnel et al. 2011). MoZnost nahrazeni celé
C-NHEJ se jevi jako rozumna ve srovnani s nasledky zpisobené neopravenym DSB
(Flores et al. 1998).

U bun¢k C-NHEJ mutanti fady organizmt byl pozorovan narist ve vyuzivani
mikrohomologii pfi opravé DSB, a tak byla postulovana drdha nehomologni
rekombinace fizena mikrohomologii (MMEJ) (Decottignies 2013; McVey a Lee
2008). Avsak pozdé&ji byla u savct objevena A-NHEJ nezavisla na mikrohomologii
(obr. 2) (Boboila et al. 2010; Simsek et al. 2011; Wang et al. 2008). Znalost A-NHEJ
je zatim omezena a jeji studium komplikuje ptfitomnost HR a C-NHEJ. VétSina
dosud objevenych proteini A-NHEJ je spojovana s replikaci a opravou DNA,
atak je velmi slozité vymezit jejich nové role. Diskutabilni je také, zda existuje
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pouze MMEJ, nebo vice A-NHEJ drah. U eukaryot se nachazi tii ligazy LIG1, LIG3
a LIG4. LIG4 je vyhradné spojovana s C-NHEJ, coz poukazuje na jistou roli
zbyvajicich ligaz, LIG1 a LIG3 v A-NHEJ. Pochopeni A-NHEJ tak za¢ina u DNA
ligaz, nebot’ bez pomoci dalSich proteini dokéZou spojovat fragmenty DNA in vitro
(Chen et al. 2009).

Vsechny tii ligazy jsou schopné ligovat tupé konce, avsak LIG1 a LIG3 jsou
méné efektivni nez LIG4. Efektivita se zvySi, pokud DSB obsahuje 2 az 3
komplementarni baze na 3"- koncich DNA. Hybridizace mikrohomologii pak mize
nahradit funkci Ku70/Ku80 heterodimeru, ktery vsak mimo pteklenuti DSB
stimuluje aktivitu LIG4. Stejny substrat zpracovava take LIG1 a LIG3, i kdyZ s nizsi
efektivitou (Gu et al. 2007). Pii formovani genii imunoglobulinii vznikaji DSB
s 3’- koncovymi piesahy. Pokud jsou konce komplementarni, mizou byt spojeny
nezévisle na Ku70/Ku80 heterodimeru (Weinstock et al. 2007). Aktivita LIG4
v savCich B-bunkach je exkluzivné vyhrazena pro C-NHEJ, nebot’ mutant Ku70
a dvojity mutant Ku70/LIG4 vykazuji rozsahlé delece a translokace IgH lokusu
(Boboila et al. 2010). Ur€eni role LIG1 a LIG3 podobné jako zapojeni
mikrohomologii v opravé DSB je komplikované. Napiiklad u mysich bun¢k LIG1
opravuje DSB nezavisle na mikrohomologii, ale az po odstranéni LIG3 (Simsek et al.
2011). U lidskych bunék se naopak obé ligazy podileji na opravé
extrachromozomalniho DSB obsahujiciho mikrohomologi (Liang et al. 2008).

Protoze vétSina piirozené vzniklych DSB nema piedem piipravené
mikrohomologie na 3"- koncich DNA, vyvinula se C-NHEJ jako draha opravy DSB
nezavisla na mikrohomologiich (Gerstein a Lieber 1993). Nejcastéjsi spoj
neobsahuje ani jeden homologni nukleotid a srostoucim poétem homolognich
nukleotidii pouzitych pifi opravé DSB ¢etnost vysledného spoje klesa. VyuZivani
mikrohomologie naopak vyrazné roste pii defektu LIG4 (Gauss a Lieber 1996; Han
a Yu 2008). A-NHEJ zvysuje urovenn chromozomovych piestaveb, a tak divodem
opravy DSB (Virsik-Kopp et al. 2003). Kli¢ovym se jevi Ku70/Ku80 heterodimer,
ktery vazbou na konce DNA brani zpracovani zlomu jinymi opravnymi drahami
(Mansour et al. 2010). Jeho delece obnovuje viabilitu mysSiho mutanta v LIG4
(Karanjawala et al. 2002). Podobn¢ XRCC4/LIG4 u savci inhibuje A-NHEJ (Simsek
a Jasin 2010).
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Obrézek 2.: C-NHEJ a zékladni modely A-NHEJ. MME] je zatazena mezi A-NHEJ.

S A-NHEJ je spojovana fada proteinti: histon H1, PARP1, XRCC1, MRN
komplex, XPF/ERCC1 a DNA polymerazy. MRN komplex hraje uréitou roli
v iniciaci A-NHEJ (Grabarz et al. 2012; Rass et al. 2009). Model zaloZeny na resekci
vychazi zkli¢ové funkce MRN komplexu, ktery je odpovédny za rozeznéni,
pieklenuti a piipravu koncti DNA pted jejich hybridizaci (Rass et al. 2009). MRN
komplex je spole¢né s nukleazou XPF/ERCC1 soucéasti MMEJ (obr. 2) (Ma et al.
2003). Dalsi A-NHEJ je zaloZzena na PARP1 a XRCCI1/LIG3. Ptestoze je PARP1
soucast BER, ma vysokou afinitu via¢i DSB a kompetuje s Ku70/Ku80
heterodimerem o vazbu na DSB (D’Silva et al. 1999; Kun et al. 2002; Wang et al.
2006). PARP1 mimo stabilizaci DSB také stimuluje XRCC1/LIG3 (Audebert et al.
2008; Audebert et al. 2004). Dalsim proteinem schopnym pfemosténi DSB je histon
H1, ktery stimuluje XRCC1/LIG3 a inhibuje HR a C-NHEJ (Rosidi et al. 2008;
Downs et al. 2003). DalSi navrZzeny model A-NHEJ je zaloZen na doplnéni konci
DSB DNA polymerazou a nasledném spojeni ligazou (obr. 2) (Simsek et al. 2011).

U vysSich rostlin se nachazi vice A-NHEJ drah. Na MMEJ u Arabidopsis
participuje kromé AtXPF/AtERCC1 také AtMRE11 (Charbonnel et al. 2011;
Heacock et al. 2004). Naopak AtXRCC1 definuje dalsi A-NHEJ odlisSnou od
C-NHEJ a AtXPF/AtERCC1 mediovane MMEJ (Charbonnel et al. 2010; Charbonnel
et al. 2011). Studie na mitotickych bunkach kofenli semenackt ukazala,
Ze Ctyfnasobny mutant s defektem ve vSech dosud znamych drahach opravy DSB,
tedy C-NHEJ, HR, A-NHEJ a MMEJ sice vykazuje extrémné citlivy fenotyp
vaci DSB, avSak DSB stéle opravuje. Defekt v kinetice opravy DSB vyjadiené
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poétem y-H2AX se projevuje hlavné v prvnich 10 minutach po IR, pak uZz oprava
probiha stejné rychle jako wt. Tato zbytkova ligaéni aktivita se projevuje zvySenou
frekvenci fazi telomer (Charbonnel et al. 2011).

Rostliny postradaji LIG3, ktera je u savct soucasti BER a také A-NHEJ
(Cappelli et al. 1997; Simsek et al. 2011). Jista exkluzivita AtLIG4 v C-NHEJ nutné
poukazuje na zapojeni jedné, nebo obou zbyvajicich DNA ligaz, replika¢ni AtLIG1
apro rostliny specifické AtLIG6 (Waterworth et al. 2010). Semenacky atligd
dokazou registrovat sviij defekt, nebot’ v odpovédi na indukci DSB reaguji zvySenou
expresi zbyvajicich DNA ligdz (Furukawa et al. 2015). Opravdu esencialni
rostlinnou DNA ligazou je jen replika¢ni AtLIG1, nebot” mutant v obou zbyvajicich
ligazach AtLIG4/AtLIG6 stale produkuje viabilni semena a za standardnich
podminek je nerozliSitelny od wt (Waterworth et al. 2010). Esencialnost LIG1
v replikaci se odrézi v tom, Ze u rostlin, ale ani u kvasinek a savcti neni jeji mutant
viabilni (Babiychuk et al. 1998; Petrini et al. 1995; Johnston 1979).

1.5. Proteiny udrzujici strukturu chromozomi v opravé DSB

Veskeré procesy spojené s DNA probihaji na Grovni chromatinu. Na organizaci
chromozomu se podileji také SMC proteiny, které tvoii zaklad t¥i typt komplexi
(obr. 3). Komplex SMC1/3 odpovidd za kohezi sesterskych chromatid, SMC2/4
komplex se podili na kondenzaci chromosomi b&hem dé¢leni bunék a SMC5/6
komplex je zapojen v HR opravé DNA. Participace SMC1/3 a SMC5/6 komplext
na organizaci sesterskych chromatid se u jejich mutanti projevuje defektem v HR
(Potts et al. 2006; De Piccoli et al. 2006). Dokonce i kondenziny se podili na opravé
DNA, kondenzin | je zapojen do opravy SSB a kondezin Il se u¢astni HR (Wu a Yu
2012). Dilezitost SMC komplext podporuje fakt, Ze se béhem evoluce objevily diive
nez histony (Nasmyth a Haering 2005).

Sbaleni molekuly SMC vede Kktvorbé ATPazy oddélené spojnikem
od dimeriza¢ni domény, a pravé dimerizace je zakladem jejich funkce (Haering et al.
2002; Chiu et al. 2004). Podobnou strukturu ma i RAD50, sou¢ast MRN komplexu
(obr. 3) (He et al. 2012). Spojeni dvou MRN komplexti umoziuje ruzné zptsoby
podpory DNA voblasti DSB (Lammens et al. 2011). SMC proteiny naopak

vytvaieji, spole¢né s dalSimi proteiny, prstence kolem DNA duplext (Hirano 2006).
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Obrazek 3.: Struktura SMC a MRN komplexti (Murray a Carr 2008 - upraveno)
a model struktury SMCHD1 a AtGMI1 (Béhmdorfer et al. 2011).

SMC1/3 komplex obepind sesterské chromatidy, a tim usnadiiuji HR mezi
nimi. Defekt v kohezinech vede Kk citlivosti viu¢i DSB, redukci HR a ke kumulaci
chromozomovych aberaci (Covo et al. 2010; Atienza et al. 2005; Sjogren a Nasmyth
2001). Mimo kohezi esencialni pro déleni buiiky existuje i dodateéna koheze, ktera je
indukovana DSB specificky v Sa G, fazi bunécného cyklu v zavislosti na MRN
komplexu (Kim et al. 2002; Strom et al. 2004; Heidinger-Pauli et al. 2008). SMC1/3
komplex se také zapojuje do DRR, napiiklad v savcich se podili na aktivaci S a G,
kontrolniho bodu bunééného cyklu (Watrin a Peters 2009; Yazdi et al. 2002).
Soucasti SMC1/3 komplexu je take RAD21 (obr. 3), ktery byl poprvé identifikovan
u kvasinek (SCC1) skrze citlivy fenotyp vaci ultrafialovému zateni (UV) a IR,
atojeste pred objevem jeho role vdrzeni sesterskych chromatid (Birkenbihl
a Subramani 1992). U Arabidopsis se nachazeji tii homology AtRAD21, které jsou
exprimovany Vv pletivech bohatych na mitotické buiky. Po indukci DSB se zvySuje
exprese pouze u AtRAD21.1 a jenom mutant v AtRAD21.1 je citlivy k IR (da Costa-
Nunes et al. 2006).

SMC5/6 komplex se pon€kud 1isi v sekvenci od kohezini a kondenzinu
(Wu a Yu 2012). SMC6 byl puvodné objeven v kvasinkach skrze citlivost vuéi IR,
kde se podobné jako u jinych organizmi podili na HR mezi sesterskymi
chromatidami (De Piccoli et al. 2006; Lehmann et al. 1995; Potts et al. 2006;
Watanabe et al. 2009). U lidskych bun€k je sméfovani kohezinii do mista DSB
zavislé na SMC5/6 komplexu. Spole¢ny defekt SMC1/3 a SMC5/6 komplexii

se neprojevuje dal$im poklesem ve vyméné sesterskych chromatid, a tak oba
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komplexy figuruji ve stejnych procesech (Potts et al. 2006). U kvasinek se SMC5/6
podili také na stabilizaci TDNA a na opravé rozpadlych replikaénich komplext
(Murray a Carr 2008).

U Arabidopsis se nachazi dva AtSMC6 proteiny, AtSMC6a a AtSMC6b
(AtMIM). T-DNA inzeréni mutant pro AtSMC6b, atmim, je citlivy va¢i MMS, IR
aMMC a vykazuje pokles v HR usomatickych bun€¢k (Mengiste et al. 1999).
Exprese AtSMC6b je v semenadcich az dvacetkrat vyssi nez exprese AtSMC6a, a tak
se AtSMC6b jevi jako hlavni jednotka AtSMC5/6 komplexu, kterd odpovida
zaaZ 75 % veSkerych HR udalosti. U mutantd AtSMC5/AtSMC6 komplexu klesa
po ozafeni IR schopnost organizace chromozomu. U atrad51 je organizace
chromatid srovnatelnd s wt, a to i po indukci DSB, a tak koheze spiSe ptedchazi HR
(Watanabe et al. 2009).

Dimeriza¢ni doména ma zasadni vliv na funkci SMC komplexti. Postupné se
rozrasta nova skupina SMCHD proteinti obsahujicich minimalné SMC dimeriza¢ni
doménu. Nedavno byly popsany dva proteiny, u mysi SMCHDL1 a u rostlin AtDMS3.
Oba proteiny jsou zapojeny v metylaci DNA. SMCHDI1 hraje dilezitou roli
v inaktivaci X-chromosomu (Blewitt et al. 2005; Kanno et al. 2008).

SMCHDI1 strukturné ptipomina SMC proteiny, nebot’ na C- a N- koncich
obsahuje dimerizatni doménu a ATPéazu, které jsou oddélené dosud
necharakterizovanym spojnikem (obr. 3). ATPaza je piibuzna s ATPazou
topizomerazy 1V (Blewitt et al. 2008). Naopak AtDMS3 je tvofen jen dimeriza¢ni
doménu (Kanno et al. 2008). Na zakladé sekvence SMCHD1 byl v genomu
Arabidopsis nalezen dosud neidentifikovany strukturni homolog AtGMI1. Néazev
AtGMI1 je odvozen z pozorovani indukce jeho exprese po pusobeni IR nebo
Mitomycinem C (Bohmdorfer et al. 2011).

1.6. Vybér typu rekombinace

V kazdém konkrétnim piipadé opravy DSB je nutné vybrat takovy typ
rekombinace, ktery nejlépe zajisti stabilitu genomu. Zastoupeni jednotlivych drah
opravy DSB se muze liSit mezi organizmy, v ramci riznych typt bunék organizmu
a jejich vyvojovych stadii, v jednotlivych bunkach béhem buné¢ného cyklu, a déle
také v zavislosti na lokalni struktufe chromatinu a komplexit¢ DSB (oblast kolem

zlomu obsahuje dalsi jiné typy poskozeni DNA). Rizeni vybéru rekombinantni drahy
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je tedy esencialni pro potlaceni genetické nestability a zachovani rovnovahy mezi
stabilitou a diverzitou genomu (Grabarz et al. 2012).

Velikost a organizace genomu maji vliv na frekvenci pouZivani jednotlivych
typa drah opravy DSB. Eukaryoty s malym genomem a vysokym obsahem
jedinecnych sekvenci preferuji HR. Naopak velikost savciho genomu komplikuje
hledani homologie a fakt, Ze obsahuje obrovské mnozZstvi repetici, zvySuje
pravdépodobnost translokaci (Eccles et al. 2009; Lieber et al. 1997). C-NHEJ] je
proto hlavni dréhou opravy DSB vétSiny eukaryot, avsak to nesniZzuje nezbytnou roli
HR rekombinantnim restartu replikace a meidze.

HR vyzaduje formaci pomérné dlouhych 3’- jednovlaknovych DNA konci,
a tak se resekce koncti DSB jevi jako kli¢ova v tizeni HR. Resekce 3"-koncti DNA je
rozdélena do dvou fazi. V té prvni je DSB rozezndn MRN komplexem, ktery odstrani
piiblizn¢ 100 nukleotidd (Mimitou a Symington 2008). V druhé a delSi resekci,
nezbytné pro HR, se zapojuji dalsi nukledzy (Nimonkar et al. 2011). Pravé druha
faze resekce umoznuje obnazeni alesponi 250 nukleotidi kompletni homologie, Kterd
je nezbytnd pro invazi 3’-konce DNA do homologniho duplexu (Rubnitz
a Subramani 1984). Resekce vSak mohou byt substratem A-NHEJ a SSA, které
vyznamné méni sekvenci v misté opravy. SSA by méla byt lokalizovana jen do
repetitivnich oblasti, kde naopak HR mezi Cetnymi a po genomu rozptylenymi
repeticemi vede k vyraznym genomovym piestavbam (Guirouilh-Barbat et al. 2010).
A-NHEJ je zapojena v translokacich (Boboila et al. 2010; Simsek a Jasin 2010),
a proto by méla byt zcela potlacovana.

Resekci je nutné piisné kontrolovat a nukleazovou aktivitu MRE11 omezit
predevsim do Sa G, faze buné¢ného cyklu, kdy ma HR k disposici sesterskou
chromatidu v bezprostiedni blizkosti (Delacéte a Lopez 2008). Indukce p53 v G; fazi
buné¢ného inhibuje resekci a vede k preferovani C-NHEJ (Bertrand et al. 2004).
Podobné ptitomnost Ku70/Ku80 heterodimeru v mist¢ DSB kompeti¢né inhibuje
vazbu RADS52, MRN komplexu a PARP1, a chrani tak DSB konce pied resekci
(Langerak et al. 2011; Van Dyck et al. 1999). AvSak je to MRN komplex,
ktery v ptipad¢ selhani C-NHEJ odstrafiuje z DNA konct Ku70/Ku80 heterodimery
(Wu et al. 2008).

U vétsiny eukaryot se C-NHEJ jevi jako nejlepsi volba pro opravu DSB v G;

fazi a HR v Sa G, fazi bunétného cyklu. Toto rozd€leni vSak ne zcela odpovida
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pozorovanim u savcu, kde v G, fazi bunééného cyklu HR opravuje DSB spojené
s replikaci a v heterochromatinu, ale vSechny ostatni DSB jsou opravovany pomoci
C-NHEJ a HR nastupuje az po jejim selhani (Shibata et al. 2011). Experimenty
poukazuji na rychlou vyménu proteini C-NHEJ a HR v mist¢ DSB, a tak se drahy
muzou stfidat béhem opravy konkrétniho DSB (Mortusewicz et al. 2008). Je vSak
nutné také zohlednit rozsah dalSiho poskozeni DNA v okoli DSB. Nutnost zapojeni
HR stoupa s rostouci komplexitou DSB (Yajima et al. 2013; Schipler a Iliakis 2013).

Rekombinace se uskuteCtiuje na urovni chromatinu, tedy komplexu DNA
s histony a dalSimi proteiny, které opravé DNA piekazi. C-NHEJ je prostorové
nenaro¢na, nebot’ minimalni Usek pro vazbu Ku70/Ku80 heterodimeru piedstavuje
pouze 14 nukleotidi (Yoo et al. 1999). HR naopak vyZaduje odstranéni nukleozomu
a rozvolnéni DNA. V okoli DSB dochazi k pfechodné zméné v acetylaci histont
(van Attikum a Gasser 2005; Tamburini a Tyler 2005). Obecné acetylaci histont
klesa jejich afinita vici DNA. Specificka acetylace histonu H3 napomaha resekci
DSB (Qin a Parthun 2002) a hyperacetylace histonu H4 potla¢uje C-NHEJ (Jazayeri
et al. 2004). Naopak deacetylace histonti usnadiiuje C-NHEJ (Miller et al. 2010).
Fosforylace acetyltransferd&z pomoci DNA-PKcs vede K jejich inhibici, a tak
pozitivné reguluje C-NHEJ (Barlev et al. 1998).

1.7. Odolnost rostlin vaé¢i DSB

Ve srovnani s ¢lovékem jsou rostliny schopné piezit indukei vétsiho mnozstvi
DSB. Pti stejné velkych genomech pieziva kukufice az trikrat vétsi davky IR nez
lidské bunky (Killion a Constantin 1972). Smrtelna davka pro ¢lovéka je 10-20 Gy,
ale u rostlin je pozorovana schopnost piezit davku az 200-3000 Gy (Wada et al.
1998; Kim et al. 2009; Nagata et al. 1999). Existence efektivni opravy DSB u rostlin
muze Souviset snutnosti opravy zlomt DNA, které vznikaji béhem vysychani
a opétovné hydratace. ZvySena resistence vuci IR je pozorovana také u dalSich
organizmu, které podléhaji vykyvim v mnozstvi vody, napiiklad u bakterie
deinococus radiodurans anebo u bezobratlych pijavenek (Zahradka et al. 2006;
Gladyshev a Meselson 2008).

Soucasti zivotniho cyklu rostlin je stddium semene, ve kterém obsah vody
muze klesnout pod 10 % (van Zanten et al. 2011). V tomto stadiu je embryo
v klidovém stavu s potlatenym metabolizmem, a takto mtze pieckat az stovky let

bez ztraty viability (Sallon et al. 2008). S rostouci dobou skladovani v3ak stoupa
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mnozstvi zlomi DNA (Dandoy et al. 1987). Defekt v jejich opravé je spojovan
s chromozomovymi aberacemi a poklesem kli¢ivosti (Abdalla a Roberts 1969;
Osborne et al. 1984). V piirodé semena konc¢i v pude¢, kde se caste¢né rehydratuji
avtomto dormantnim stavu uZz oprava DNA probiha. Napiiklad oves vlastni
efektivni opravu DNA 1 po nékolika cyklech dehydratace a rehydratace semen
(Boubriak et al. 1997).

| kdyZ je oprava DSB esencialni pro zachovani kli¢ivosti semen, zejména
po jejich dlouhodobém skladovani, je dosud jen minimalné charakterizovana. V rané
fazi kliceni Arabidopsis je zesilena exprese proteint opravy DNA (Waterworth et al.
2010). Oprava DSB bé¢hem klieni do jisté miry zavisi na C-NHEJ, nebot’ ozafeni
mutanti této drahy kli¢i pomaleji (Friesner a Britt 2003). Pro rostliny specificka
AtLIG6 se podili na opravé DNA zejména ve starych semenech. Kumulativni efekt
defektu v AtLIG4 a AtLIG6 poukazuje na minimalné dvé odlisné drahy opravy DSB
v kli¢icich semenech. Zaroven vSak viabilita dvojittho mutanta v AtLIG4/AtLIG6
ukazuje, Ze samotnd AtLIG1l je schopnd efektivné odstranovat zlomy DNA
(Waterworth et al. 2010).

Rostlinné organy vznikaji délenim apikalnich meristémua. Meristém se sklada
z klidoveho centra a centralni zony, kde se buniky déli pomalu. To je obklopeno
bunikami, které se déli rychleji a jsou zadkladem budoucich rostlinnych organa
(Vernoux et al. 2000). Pomalé déleni bunék centra meristému poskytuje delSi cas
naopravu DNA, a tak i po akutnim genotoxickém pusobeni pieziva ¢ast bunck
s kvalitnim genomem, které jsou zadkladem novych d¢livych meristematickych
bunék. Rychle se délici meristematické buriky, ve srovnani s vegetativnimi, vykazuji
po indukci poSkozeni DNA vyssi vyskyt PCD, coz piestavuje dal$i mechanizmus
zachovani kvality genomu kmenovych bunék (Fulcher a Sablowski 2009; Ricaud et
al. 2007). PCD vyZaduje de novo syntézu proteind, a tak se jevi spiSe jako
programovana udalost nez jako bezprosttedni nasledek piitomnosti DSB (Fulcher
a Sablowski 2009).

Rostliny nemaji zarode¢nou linii. Gamety se tvofi diferenciaci somatickych
meristematickych bun¢k, a tak se mutace Vv téchto bunkach mulze projevit
u potomstva (Hays 2002). Naptiklad zvysena davka UV-B zveda Grovenn HR a vede
ke zménam v genomu dédénych potomstvem (Ries et al. 2000). Proto je nezbytné

nutna pfitomnost uc¢innych mechanismt udrzujicich stabilitu genetické informace.
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V tomto ohledu je zajimavé, Ze ani u dlouhovékych stromil nebyla zjisténa vyrazné
zvySena muta¢ni uroven (Klekowski 1997).

Rostliny se dokdZou adaptovat na ptitomnost genotoxint. Naptiklad v piipadé
alkyla¢niho poskozeni bazi dochazi k jisté akutni adaptaci prostfednictvim syntézy
opravnych proteint. Nizka davka genotoxinu stimuluje rostlinu, ktera je pak schopna
se ucinné vyrovnat s vyrazné vyssi urovni poskozeni DNA (Angelis et al. 2000).
Studie provadéné na rostlinach v radiaci zamotfenych zénach v okoli Cernobylu
dokumentuji existenci dédi¢né adaptace na geneticky stres, nebot’ potomstvo
vykazuje vyssi rezistenci vuci ¢inidlim indukujicim DSB (Kovalchuk et al. 2004;
Boubriak et al. 2008). Podobn¢ UV-C zafenim zvySena troven HR je pozorovana
I u ¢tvrté generace rostlin nasledujici po pasobeni (Molinier et al. 2006). Rostlindm
je tedy vlastni vyrazna schopnost adaptace na fadu biotickych a abiotickych stresti
skrze genetické a epigenetické zmény (Boyko a Kovalchuk 2011). Frekvence HR
je zvySena po Fadé stresu jako zasoleni pudy, kontaminace tézkymi kovy, UV zafeni,
vystaveni suchu a zimé. ZvySeni intrachromozomalni rekombinace muze také
ptedstavovat obranny mechanizmus akcelerujici vznik novych vlastnosti zvySujicich

odolnost rostlin (Boyko a Kovalchuk 2011; Molinier et al. 2006).
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2. Cile prace

Porovnani kinetiky opravy DSB a vymezeni role C-NHEJ u Arabidopsis
a Physcomitrella.

e Charakterizace ulohy MRN komplexu v opravé DSB u Physcomitrella.
e Vymezeni role AtLIG1 a PpLIG4 v opravé DSB a SSB.

e Prozkoumani vlivu defektu v AtSMC6b, AtRAD21 a SMCHD proteinu AtGMI1
na opravu DSB.
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3. Material a metody

VSichni rostlinni mutanti Arabidposis a Physcomitrella byli pro ucely
experimentu péstovani v petriho miskdch na MS/2 a BCDAT mediu, v tomto potadi.
Izolaci rostlinného materialu usnadnil celofanovy disk vloZzeny mezi rostliny
amedium. Mech Physcomitrella je mozné udrzovat ve filamentarnim stavu
ozna¢ovaném jako protonema, a tak jsou pro studium opravy DNA v zavislosti na
stafi definovana ti stadia nasledujici po pasazi, 1,7 a 14 dni stara protonema.

Vsichni testovani mutanti byli ziskani na zakladé spoluprace, a tak molekularni
metody vedouci K jejich izolaci, stejné jako charakterizaci, byly provadény jinde.
Obdobn¢ dalSi metody uvedené v prezentovanych publikacich, jako pritokova
cytometrie, RT-PCR, exprese GUS, transformace cizorodou DNA, western blot
a sekvenace.

Specializace na studium opravy poskozeni DNA omezila metodiku predevsim
na uréeni toxicity MMS a BLM a hlavné kinetiky opravy SSB a DSB kometovym
testem. Dalsi dulezitou metodou u Physcomitrella byla mutacni analyza genu pro

APT, ktera umoziuje urcit kvalitu opravy DNA v mutantech opravnych proteint.

Piehled metod
Kultivace rostlin
Stanoveni toxicity

Kometovy test
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4. Prezentované publikace

Publikace 1

Rapid repair of DNA double strand breaks in Arabidopsis thaliana is dependent
on proteins involved in chromosome structure maintenance.

Kozak, J., West, C. E., White, C., da Costa-Nunes, J. A., Angelis, K. J.

DNA Repair (Amst)., 2009, 8, 413-419.

IF2000: 4,199

Prispévek autora: analyza kinetiky opravy DSB a podil na pfipravé manuskriptu.

Publikace 2

DNA ligase 1 deficient plants display severe growth defects and delayed repair
of both DNA single and double strand breaks.

Waterworth, W. M., Kozak, J., Provost, C. M., Bray, C. M., Angelis, K.J.,
West, C.E.

BMC Plant Biol., 2009, 9:79

IF2000: 3,744

Ptispévek autora: méteni a analyza kinetiky opravy DSB a SSB.

Publikace 3

GMI1, a structural-maintenance-of-chromosomes-hinge domain-containing protein,
is involved in somatic homologous recombination in Arabidopsis.

Bohmdorfer, G., Schleiffer, A., Brunmeir, R., Ferscha, S., Nizhynska, V., Kozak, J.,
Angelis, K. J., Kreil. D. P., Schweizer, D.

Plant J., 2011, 67, 420-433

IF2011: 6,160

Ptispévek autora: méfeni a analyza kinetiky opravy DSB.
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Publikace 4

MRE11 and RAD50, but not NBS1, are essential for gene targeting in the moss
Physcomitrella patens.

Kamisugi, Y., Schaefer, D. G., Kozak. J., Charlot, F., Vrielynck, N., Hola, M.,
Angelis, K. J., Cuming, A. C., Nogué, F.

Nucleic Acids Res., 2012, 40, 3496-3510

IF2012: 8,278

Ptispévek autora: méfeni a analyza kinetiky opravy DSB.

Publikace 5

Genotoxin induced mutagenesis in the model plant Physcomitrella patens.
Hol4, M., Kozak, J., Vagnerova, R., Angelis, K. J.

Biomed Res. Int., 2013, 2013,

IF2013: 2,706

Prispévek autora: méfeni a analyza kinetiky opravy DSB.

Publikace 6

The AtRAD21.1 and AtRADZ21.3 Arabidopsis cohesins play a synergistic role
in somatic DNA double strand break damage repair.

da Costa-Nunes, J. A., Capitdo, C., Kozdk, J., Costa-Nunes, P., Ducasa, G. M.,
Pontes, O., Angelis, K. J.

BMC Plant Biol. 14, 353 (2014).

IF2014: 3,813

Prispévek autora: méfeni a analyza kinetiky opravy DSB.

Publikace nesouvisejici s obsahem dizerta¢ni prace:

Patent PCT/CZ2015/000052

Helquats with heteroaromatic substituents, preparation thereof, and use thereof as
G-quadruplex stabilizers

Inventors: Teply, F., Hajek, M., Kuzmova, E., Kozak, J., Komérkova, V.,
Hubéalkova, P., Reyes-Gutiérrez, P. E., Jirdsek, M., Sonawane, M. R., Joshi, V. D.,

Severa, L., Novotna, J.
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DNA double strand breaks (DSBs) are one of the most cytotoxic forms of DNA damage and must be repaired
by recombination, predominantly via non-homologous joining of DNA ends (NHE]) in higher eukaryotes.
However, analysis of DSB repair kinetics of plant NHE] mutants atlig4-4 and atku80 with the neutral comet
assay shows that alternative DSB repair pathways are active, Surprisingly, these kinetic measurements

show that DSB repair was faster in the NHE] mutant lines than in wild-type Arabidopsis.

Here we provide the first characterization of this KU-independent, rapid DSB repair pathway operating

ifﬁ“ulggds" in Arabidopsis. The alternate pathway that rapidly removes the majority of DSBs present in nuclear DNA
AtRAD21.1 depends upon structural maintenance of chromosomes (SMC) complex proteins, namely MIM/AtRAD18
AtLIG4-4 and AtRAD21.1. An absolute requirement for SMC proteins and kleisin for rapid repair of DSBs in Arabidopsis
MIM opens new insight into the mechanism of DSB removal in plants.

Bleomycin Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.
Comet assay

1. Introduction

Due to their sessile nature and need of sunlight, plants are partic-
ularly exposed to environmental genotoxins, which lead directly or
indirectly via generation of reactive oxidative species (ROS) to DNA
lesions including single (SSB) and double strand breaks (DSBs). DSBs
are particularly critical lesions, because if unrepaired they lead to
major karyotypic instability and cell death. Early studies showed
that breaks induced in plant DNA by ionizing radiation are rapidly
repaired in genomic DNA of seed embryos [1,2], carrot cell cultures
[3], Tradescantia stamen hairs [4] as well as more recently in grow-
ing root meristems of Vicia faba [5,6]. An important role for DNA
ligases was proposed in pathways for the removal of X-ray induced
DNA breakage, which requires the rejoining of the phosphodiester
bond of the DNA backbone in the final stage of repair [7]. The study
of DNA repair kinetics has benefited greatly from the single cell gel

Abbreviations: DSB, DNA double strand break; SSB, DNA single strand break;
NHE], non-homologous end-joining; C-NHE], classical-NHE]; SMC, structural main-
tenance of chromosomes; ROS, reactive oxidative species; UV, ultraviolet; IR,
ionizing radiation.

* Corresponding author. Tel.: +420 224322603; fax: +420 224322603,

E-mail address: angelis@ueb.cas.cz (KJ. Angelis).

electrophoresis (comet) assay, which has been adapted to differ-
entiate between SSB and DSB repair in genomic DNA [8-10]. This
technique has been successfully applied in DNA repair studies of
various plants such as V. faba [6,11), tobacco [12] and Arabidopsis
[13].

DSB repair is mediated either by homologous recombination
(HR) catalyzed by the RAD52 epistasis group or by non-homologous
end-joining (NHE]), which involves the KU heterodimer and the
DNA ligase 4/XRCC4 complex. The molecular components of these
pathways are highly conserved amongst eukaryotes and recent
studies have revealed the requirement for both HR and NHE] in DSB
repair in plants as reviewed in Bray and West [14] and Bleuyard et
al. [15]. From these studies in plants and other eukaryotes, it was
assumed that NHE] was responsible for the majority of DSB repair
in higher plants. Surprisingly, here we report that the NHE] knock-
out ku80 and ligd Arabidopsis mutants repair DSBs very rapidly,
with similar kinetics to wild-type plants. This demonstrates that
rapid repair of the majority of DSBs in plant cells is independent of
the evolutionarily conserved factors of the “classic” NHE] (C-NHE])
pathway. Furthermore, we have identified putative components of
this rapid DSB repair pathway including the plant orthologue of
structure maintenance of chromosome AtSMC6/AtRAD18 protein
MIM [16] and kleisin AtRAD21.1, whose yeast homologue is part of
SMC1-3 cohesion complex [17].

1568-7864/$ — see front matter. Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.

doi: 10.1016/j.dnarep.2008.11.012
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mim atrad21.1

wt (WS)

atlig4-4 atku80

Fig. 1. Phenotype of Arabidopsis mutant lines. (A) Mature atligd-4 and atku80 mutant lines showed minor growth defects when compared to the background Arabidopsis
ecotype Ws after four weeks growing in soil. (B) No germination or growth defects were detected in the 10-day-old seedlings used for preparation of comet slides (atmim,

atrad21.1, Arabidopsis Ws (wild-type), atligd-4 and atku80).
2. Materials and methods
2.1. Arabidopsis lines

Arabidopsis insertion mutants of atmim [16], atrad21.1 [17] and
atku80 [18] have been described previously. In this study we
used the unpublished line atlig4-4 (Fig. 1A) that is phenotypically
indistinguishable from previously described mutants in this gene
[19,20]. For details on isolation and characterization of atlig4-4 see
Supplementary information.

Interestingly none of mutant lines used in this study showed
delays in germination or growth during the first 10 days after the
onset of germination (Fig. 1B).

Control experiments with wild-type Arabidopsis were carried
out using the same ecotype as the mutant: Arabidopsis Ws in exper-
iments with mim, atku80 and atligd-4 and Arabidopsis Col0 with
atrad2?1.1. The comet data for Ws and Col0 were identical (see
Supplementary information).

2.2. Bleomycin treatment

Seeds were germinated on Petri plates with MS/2 media (M0223,
Duchefa, The Netherlands) solidified with 0.8% Plant Agar (P1001,
Duchefa, The Netherlands) during 16/8 h day/night regime at 22 °C
and 18 “C, respectively. Sensitivity and repair kinetics of Arabidop-
sis wild-type and mutant lines were measured using 10-day-old
Arabidopsis seedlings (Fig. 1B). Prior to treatment, seedlings were
gently transferred from agar to liquid medium in 5cm Petri plates
to avoid drying.

The phenotype was checked by continuous exposure of
seedlings to 5, 50 and 100 pg/ml Bleomycin (Bleocin inj., Euro
Nippon Kayaku GmbH, Germany) for one week in liquid MS/2
(Fig. 2A).

DSB fragmentation of nuclear DNA was measured in seedlings
treated with indicated concentrations of Bleomycin for 1h in lig-
uid MS/2. In repair kinetic experiments, after the treatment with
50 pg/ml Bleomycin seedlings were thoroughly rinsed in H, O, blot-

ted on filter paper and either flash-frozen in liquid N5 (¢=0) or left
to recover on filter discs moist with MS/2 for the indicated repair
times, before being frozen in liquid Ny. Part of the treated seedlings
was also let to recover in liquid MS/2 for one week to see the effect
of this dose on the growth vigor (Fig. 2B).

2.3. Comet assay

DSBs were detected by a neutral comet assay [21] as described
previously [10,13]. In brief, approximately 100 mg of frozen tis-
sue were cut with a razor blade in 300 pl PBS+10mM EDTA on
ice and tissue debris removed by filtration through 50 um mesh
funnels (Partec, Germany) into Eppendorf tubes on ice. 50 ul of
nuclei suspension were dispersed in 200 pl of melted 0.7% LMT
agarose (15510-027, GibcoBRL, Gaithersburg, USA) at 40°C and
four 80l aliquots were immediately pipetted onto each of two
coated microscope slides (in duplicates per slide), covered with a
22mm x 22 mm cover slip and then chilled on ice for 1 min to solid-
ify the agarose. After removal of cover slips, slides were immersed
in lysing solution (2.5M NaCl, 10mM Tris-HCl, 0.1 M EDTA, 1%
N-lauroyl sarcosinate, pH 7.6) on ice for at least 1h to dissolve
cellular membranes and remove attached proteins. The whole pro-
cedure from chopping tissue to placement into lysing solution takes
approximately 3 min. After lysis, slides were twice equilibrated for
5min in TBE electrophoresis buffer to remove salts and detergents.
Comet slides were then subjected to electrophoresis at 1 V/em (app.
12 mA) for 5 min. After electrophoresis, slides were placed for 5min
in 70% EtOH, 5 min in 96% EtOH and air-dried.

Comets were viewed in epifluorescence with a Nikon Eclipse
800 microscope after staining with GelRed stain (Biotium, Hayward,
USA) and evaluated by the Comet module of the LUCIA cytogenetics
software suite (LIM, Praha, Czech Republic).

2.4. Data evaluation

The fraction of DNA in comet tails (% tail-DNA) was used as a
measure of DNA damage. Data for Arabidopsis Ws and Col0 and the
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Fig. 2. Sensitivity of Arabidopsis lines (Arabidopsis Col0, atrad21.1, atmim, atligd-4, atku80 and Arabidopsis Ws) to Bleomycin treatment. (A) 10-day-old seedlings growing for
following week in the presence of 5, 50 and 100 pg Bleomycin/ml in liquid MS/2 media. (B) 10-day-old seedlings treated similarly as for measurement of repair kinetics with

50 g Beomycin/ml for 1h and grown for additional week in liquid MS/2.

four lines (atmim, atrad21-1, atlig4-4 and atku80) analyzed in this
study were measured in at least 3 independent experiments. [n each
experiment, the % tail-DNA was measured at 5 time points: 0, 5,
10, 20 and 60 min after treatment and in control seedlings with-
out treatment. Measurements included 4 independent gel replicas
of 25 evaluated comets totaling at least 300 comets analyzed per
experimental point.

The percentage of damage remaining as plotted in Fig. 4 after a
given repair time (ty) is defined as:

% damage remaining (tx)

_ mean % tail-DNA (ty) — mean % tail-DNA (control) 100
~ mean % tail-DNA (tp) — mean % tail-DNA (control) *

3. Results and discussion

3.1. Bleomycin induction of DSBs and their detection with comet
assay

The radiomimetic antibiotic Bleomycin was used to induce DNA
damage, subsequently detected by the neutral comet assay. In
10-day-old Arabidopsis wild-type seedlings we observed a linear
increase of DNA damage (R? =0.9574) in the 0-50 p.g/ml dose range
(Fig. 3). When treated with 50 p.g/ml Bleomycin, the fraction of DNA
migrating in comet tails was approximately 50% above the back-
ground level in all mutant and wild-type Arabidopsis lines used in
this study (Fig. 4A and B). This shows that Bleomycin is capable
of inducing DSBs with equivalent efficiency regardless of the plant
genotype. Bleomycin, which belongs to a family of low-molecular-
weight glycometallopeptides, functions as a catalyst activated by
interaction with DNA and attachment of Fe(lI) to produce ROS, SSBs
and DSBs [22].

The comet assay carried out under neutral conditions directly
detects DSBs present in nuclear DNA [21,23] and currently rep-
resents, in comparison to other methods [24], the quickest
preparation method for their detection. Preparation of comet slides
fromisolated nuclei takes less than 5 min, making this method par-
ticularly suitable for measurement of rapid repair processes. Speed
and unbiased detection of DSBs is an advantage over non-direct
methods of DSBs quantification as e.g. YH2AX foci [25].

100

80

R2 = 0,9574
60

% tail-DNA

40 |

20

0 10 30 50
ug/ml Bleomycin

Fig.3. Induction of DSBs by Bleomycin. 10-day-old seedlings of Arabidopsis Ws were
treated with 10, 30 and 50 pg/ml Bleomycin for 1 h. Nuclei isolated from treated and
untreated seedlings were analyzed by the neutral comet assay and evaluated for
comet formation. The mean percentage of DNA in the comet tail for 300 comets for
each concentration point are shown. (Error bars—standard error.) Induction of DSB
is linear without any signs of saturation (R? =0.9574) in the 0-50 p.g/ml Bleomycin
concentration range used.
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Fig. 4. Detection of DNA damage by comet assay. Comet slides were prepared from untreated and Bleomycin treated 10-day-old wild-type and mutant seedlings by the
neutral comet protocol. Representative comet images (A) are shown for wild-type (Ws), atmim and atlig4-4 mutants, untreated or treated and left to repair for 60 min. The
extent of DSB repair is manifested by the fraction of DNA remaining in the comet tails after repair recovery (% tail-DNA) and quantified with the LIM software. Mean values of
300 comets are plotted on (B) to show time course of DSB repair in mutant lines over 1 h repair period. Background DNA damage in untreated (control) seedlings and damage
after 1 h treatment with 50 pg/ml Bleomycin (t=0) is similar in all lines. (Error bars—standard error.).

3.2. Genome integrity in untreated plants

In this study we have analyzed young seedlings in the early leaf
development phase [26]. Surprisingly none of mutant lines showed
adelay in germination or growth of the seedling during first 10 days
after the onset of germination (Fig. 1B). However a delayed growth
phenotype was manifested during later stages in all but atrad21.1
mutated lines [16-18]; for atlig4-4 and atku80 see Fig. 1A.

Levels of background DNA damage were similar in all mutant
and wild-type seedlings, with approximately 20% DNA migrating
in the comet tail (Fig. 4A and B). This is surprising as it suggests
that the mutations do not lead directly to the accumulation of DSBs
in nuclear DNA, despite the hypersensitivities of the mutant lines
to induced DNA damage. In contrast to young seedlings, mature
leaves of all mutants and wild-type Arabidopsis showed such exten-

sive fragmentation of nuclear DNA (more than 90% tail-DNA) that
it was not possible to measure differences between lines using this
material (data not shown).

3.3. DSB repair kinetics in wild-type and mutant lines

A 1-h treatment of mutant and wild-type seedlings with
50 pg/ml Bleomycin caused a large shift in the migration of the
genomic DNA. All lines displayed similar extents of fragmentation
with 60-80% of DNA migrating in the comet tail (Fig. 4A and B).
Nevertheless all tested lines effectively survive this dose for one
week (Fig. 2B) as compared to survival of seedlings continuously
exposed even to 10 times lower Bleomycin concentration for the
same time (Fig. 2A). The repair kinetics of mutant and wild-type
plants (Fig. 5) were determined through a time course of recovery
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Fig. 5. Kinetics of DSB repair. Fractions of remaining DSBs were calculated for 0, 5,
10, 20 and 60 min repair time points after the treatment with 50 p.g/ml Bleomycin.
Maximum damage is normalised as 100% at t=0 for all lines. Wild-type, atku80
and atlig4-4 rapidly repair induced DSBs during the first 10 min. atku80 and atlig4-4
have even faster repair rates than wild-type, and this is most pronounced in the first
5min. Contrary to wild-type, atrad21.1 and atmim have clearly slower initial DSB
repair, with a striking repair defect in atmim. The rate constants k and half-lives ,»
were calculated by regression analysis for repair points 0, 5 and 10 min (see Table 1).

from Bleomycin treatment, with the extent of remaining DNA dam-
age calculated from the percentage of DNA in comet tails (Fig. 4B)
as defined in Section 2. Wild-type seedlings displayed very rapid
repair with 80% of DSBs repaired during first 20 min (Fig. 5). Repair
kinetics were biphasic with a very rapid initial phase responsible
for the majority of DSB repair followed by a slower phase in which
the remaining DNA damage was repaired. The later phase of slower
repair represents either the repair of a subset of DSBs by an alterna-
tive pathway or, more likely, other types of DNA lesions induced by
Bleomycin and detected by neutral comet assay such as close SSBs
due to oxidative damage [27].

In order to determine the molecular basis for rapid DSBs repair,
the parameters of repair kinetics for the initial 10min period were
determined in wild-type and mutant lines using a least-square
analysis of the time course of recovery after Bleomycin treatment.
A linear relationship on the semi-logarithmic scale indicates that
rapid removal of DSBs from genomic DNA followed first order
kinetics, suggesting involvement of single rather than two DNA
molecules during the initial stage of DSB repair. The rate constant
k, half-life t; 5 and R? for the initial rates of repair of each mutant
line are provided in Table 1.

Almost all DSBs were removed within 1h of Bleomycin treat-
ment in wild-type, atku80 and atlig4-4 plants(Fig. 5). In comparison
to yeast and mammals, Arabidopsis DSB repair is very rapid with a
tyyz of less than 8 min. Contrary to wild-type, atrad21.1 and atmim
have clearly slower initial DSB repair with a striking repair defect
of atmim. Mutant atmim plants retained a significant level of DNA
damage after 1 h of recovery, with around half of the original num-
ber of Bleomycin induced DSBs. However, some mutant lines did
display variation in the rate of DSB repair during the first 5-10 min

Table 1

Rate constants k and half-times t;; of initial rapid DSB repair in Arabidopsis wild-
type and mutant lines were determined by least-square linear regression of fraction
of DSBs remaining for 0, 5 and 10 min of repair recovery (Fig. 5).

k(min-"') 12 (min) R?
mim 0.0122 56.8 0.9958
atrad21.1 0.0630 11.0 0.9838
wild-type 0.0881 79 0.9932
atligd-4 0.1221 57 0.9168
atku80 0.1244 5.6 0.9058

after treatment (Fig. 5) resulting in significant differences in the
kinetic data provided for the initial rapid phase of DSB repair
(Table 1). Surprisingly mutants in the NHE] pathway (atku80 and
atlig4-4) displayed rapid DSB repair kinetics in the initial repair
phase, even faster than in wild-type seedlings (t;, of 5.6, 5.7 and
7.9 min, respectively). These results provide the first evidence for a
rapid pathway substituting for C-NHE] in the repair of a majority of
DSBs in plants.

In mammals the ligation of non-homologous ends during V(D]
recombination and Ig class switching also depends on Xrcc4 and
DNA ligase IV (Lig4). Nevertheless two recent reports [28,29]
suggest an alternative robust C-NHE] independent DSB cut and
paste recombination pathway. Yan et al. [28] described that IgH
class switching in C-NHE] deficient mouse B-cells uses a novel,
non-classical, end-joining pathway. This alternative end-joining
pathway also frequently joins the IgH locus to other chromosomes
leading to translocations. Nevertheless the authors do not provide
data on the extent and kinetics of this alternative pathway. How-
ever, recent studies have provided the first clues for the mechanism
of alternative DSB repair pathways in plant, yeast and animals.
A common feature of Ku-independent end-joining in eukaryotes
is a greater dependence on microhomologies to facilitate repair,
in pathways termed alternative-NHE], backup-NHE] (B-NHE]) or
microhomology-mediated end-joining (MHE]) [30-33]. While the
molecular basis for this end-joining activity is poorly defined, in
mammals this requires PARP-1, XRCC1 and DNA ligases 3 and/or 1,
rather than LIG4 which is specific for C-NHE] [32,33].

That other factors substitute for KU70/80, LIG4, and possibly for
the entire C-NHE] pathway in plants as in other organisms, implies
the presence of a possible salvage mechanism effectively repairing
one of the most critical DNA lesions by joining of DSB ends [34]. The
main function of this repair pathway in plants could be the demand
for rapid elimination of DSBs that accumulate during seed storage
upon the enset of germination [2,7]. Nevertheless the relationship
of both C-NHE] and a substituting rapid pathway in repair of DSBs
in Arabidopsis remain to be established.

In further analysis of this novel DSB repair pathway we stud-
ied repair capacity and kinetics in Arabidopsis mutant lines with
impaired SMC complexes [35], which are involved in a broad spec-
trum of chromosome maintenance functions, including cohesion
(Smc1-3), chromosome condensation (Smc2-4), and DNA recom-
bination and repair (Smc5-6) [36]. SMCs complexes were strong
candidates to offset missing KU proteins in stabilization of the DSB
for repair.

Cohesins play an important role in the repair of DSBs. In yeast,
mutants in the cohesin subunit SCC1/RAD21/MCD1 are hypersen-
sitive to DNA-damaging agents [37]. It has been proposed that
cohesin facilitates DNA repair by holding sister chromatids together
locally at the DSB (Fig. GA). Shortly after laser irradiation, proteins
known to be involved in the repair of DSBs including both SMC and
non-SMC components of cohesin complexes accumulate along the
beam tracks [38].

RAD21/SCC1 is a member of the superfamily of Kleisin proteins,
which interacts with N- and C-terminal domains of SMC proteins to
formaring-like structure (Fig. 6A). Arabidopsis has three RAD21 gene
homologues. The transcript level of AtRAD21.1 is increased specifi-
cally after induction of DNA damage and this protein plays a critical
role in recovery from DNA damage during seed imbibition, prior to
germination [17]. We show here that atrad21.1 mutant have a nearly
two-fold defect on the initial rate of DSB repair when compared to
wild-type plants (t;;; 11.0min and 7.9 min, respectively) and after
1h 30% of total DNA damage remained unrepaired as compared
to only 15% in wild-type seedlings. The effect of atrad21.1 on DSB
repair is, however, less pronounced than that of atmim.

Of the several SMC mutant lines available, it was decided to
test SMC6/MIM which has been shown to affect several aspects of

39



418 J. Kozak et al. / DNA Repair 8 (2009) 413-419

(A) (B) ©) )]
Sister chromatid cohesion Chromosome maintenance Rapid DSB repair ? C-NHEJ
and repair and repair
» ﬂ | smes o ’ SmcB/Radi8/Mim DNA-PK
Rad21/Scci | |  cohesin i Ligd
2 Ku70/80
‘ Nsel-6 :‘ 0=
SMC1-SMC3 SMC5-SMC6 KU/LIG4

M/R/N ” M/R/N

WmP'e"ﬂ : complex
2_» T 8 s
1]

=E e ——

T 8

v v v

icmisuicz i

Lgﬂ {. ’
—~— 0"

sister chromatid not involved ~ sister chromatid not involved

Fig. 6. Possible roles of Smc complexes in DSB repair. (A) The Smc1-3 cohesin complex stabilizes DSBs by enclosing sister chromatids in proteinaceous loops (in blue) and
enables entry of the M/R/N complex for completing repair by HR. RAD21 and other kleisins are involved in circularization of Smc1-3 heterodimer (structure on top). In
contrast, the Smc5-6 heterodimer forms a V-shaped complex with auxiliary proteins (structure on top), which interacts with DNA through its ends (brown). The complex
can either bind together sister chromatids (B), or as suggested by Lehmann [36] stabilize DSBs by direct linking of both DNA ends (C). Stabilization of DNA ends would then
parallel binding of KU70/80 heterodimer to DSB ends as a prerequisite for direct end-joining in the C-NHE] pathway (D).

chromosome biology [16]. The Smc5-6 complex was initially identi-
fied via a radiation-sensitive mutant of Schizosaccharomyces pombe.
The rad 18-X mutant was isolated in a screen for radiation sensitiv-
ity and was found to be sensitive to both UV and IR [39]. Models
have been proposed in which the role of the Smc5-6 complex is to
hold either sister chromatids or broken DNA ends together to facil-
itate repair of the DSB (Fig. 6B and C). De Piccoli et al. [40] showed
that Smc5-6 complex is recruited to the DSB to support repair by
homologous recombination between sister chromatids, similar to
cohesin functions. In addition smc5-6 mutants suffer from high lev-
els of gross chromosomal rearrangements. Based on the study of
Pebernard et al. [41] there is no clear candidate for a RAD21/SCC1
related factor to bridge head domains. They propose that Smc5-6
may function without enclosing sister chromatids in a proteina-
ceous loop suggesting a dual function of the Smc5-6 complex in
stabilizing DSB as depicted in Fig. 6B and C. This was first indicated
by mutational analysis of smc6, in which the repair function was
separated from the essential role in genome maintenance [42].
The Arabidopsis MIM protein belongs to the Smc5-6 complex
and is an orthologue of Smc6. The corresponding mutant is hyper-
sensitive to UV, IR and mitomycin C and shows a reduced frequency
of intrachromosomal recombination [16]. In our studies, atmim
mutant displayed the most severe reduction in the initial rate of
DSB repair (t;; 56.8 min) with first order kinetics consistent with
complete abolition of the initial rapid repair, leaving only the slower
repair pathway(s) (Fig. 4). This suggests that the initial rapid repair
of DSBs has an absolute requirement for MIM. Interestingly, the
atmim mutant only displayed a two-fold reduction in intrachro-
mosomal recombination, showing that homologous recombination
was still active in this line [43]. Hence, this can be taken as a further
indication that even if HR is involved in the process of rapid DSBs
repair, it is likely not solely responsible for removal of DSBs dur-
ing early rapid stages of DSBs repair. Due to “non-ring” structure
of the SMC5-6 heterodimer, the complex could provide stability by
holding together sister chromatids at the sites of DSB, to facilitate

recombinational repair (Fig. 6B). This structure would also allow
stabilization of DNA ends of DSB in a way the KU proteins binding
to DSB in the C-NHE] repair pathway (Fig. 6D), thereby enabling
access to repair factors for direct sealing of the DSB as depicted in
Fig. 6C. Our preliminary results suggest that DNA ligase 1 could be
one of the factors providing final ligation of DSBs as demonstrated
by two-fold reduction of initial rate of repair in siRNA/Lig1 mutant
(Waterworth et al. (2009), in preparation).

Data obtained with atmim suggests that the Smc5-6 complex is
a key player in rapid, global DSB repair in nuclear DNA, rather than
Smc1-3 components of the cohesion complex to which atrad21.1
belongs.

4. Summary

By using the neutral version of the comet assay to directly
quantify DSBs in nuclear DNA we have found that a previously
uncharacterised pathway is responsible for the rapid repair of the
majority of Bleomycin induced DSBs in nuclear DNA of Arabidop-
sis. This novel recombination mechanism is independent of the
C-NHE] pathway, but requires the SMC protein MIM to stabilize the
DSB and a DNA ligase(s) other than LIG4 for ligation. These results
provide the first biochemical and molecular characterization of an
alternative DSB repair pathway, responsible for the recombination
previously observed in atlig4 and atku80 mutant lines of Arabidopsis
[20,30].
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Abstract

Background: DNA ligase enzymes catalyse the joining of adjacent polynucleotides and as such
play important roles in DNA replication and repair pathways. Eukaryotes possess multiple DNA
ligases with distinct roles in DNA metabolism, with clear differences in the functions of DNA ligase
orthologues between animals, yeast and plants. DNA ligase |, present in all eukaryotes, plays
critical roles in both DNA repair and replication and is indispensable for cell viability.

Results: Knockout mutants of atlig/ are lethal. Therefore, RNAI lines with reduced levels of
AtLIG| were generated to allow the roles and importance of Arabidopsis DNA ligase | in DNA
metabolism to be elucidated. Viable plants were fertile but displayed a severely stunted and
stressed growth phenotype. Cell size was reduced in the silenced lines, whilst flow cytometry
analysis revealed an increase of cells in S-phase in atlig/-RNAi lines relative to wild type plants.
Comet assay analysis of isolated nuclei showed atlig/-RNAi lines displayed slower repair of single
strand breaks (S5Bs) and also double strand breaks (DSBs), implicating AtLIGI in repair of both
these lesions.

Conclusion: Reduced levels of Arabidopsis DNA ligase | in the silenced lines are sufficient to
support plant development but result in retarded growth and reduced cell size, which may reflect
roles for AtLIG| in both replication and repair. The finding that DNA ligase | plays an important
role in DSB repair in addition to its known function in SSB repair, demonstrates the existence of a
previously uncharacterised novel pathway, independent of the conserved NHEJ. These results
indicate that DNA ligase | functions in both DNA replication and in repair of both ss and dsDNA
strand breaks in higher plants.

Background which increase somatic recombination frequencies in
As sessile, photosynthetic organisms, plants are necessar-  plants and their progeny [1]. In plants, repair of DNA
ily exposed to high levels of environmental stresses  damage products is particularly important because
including UVB, gamma irradiation and heavy metals  somatic tissues give rise to germ cells at a relatively late

Page 1 of 12
(page number not for citation purposes)

42



BMC Plant Biology 2009, 9:79

stage in development, which means that mutations accu-
mulating in somatic cells from the effects of environmen-
tal genotoxins can be passed onto the next generation of
plants [2]. Effective cellular response mechanisms have
evolved to cope with DNA damage including cell cycle
delay or arrest and activation of DNA repair pathways [3].

DNA ligases play essential roles in all organisms by main-
taining the physical structure of DNA. These enzymes seal
gaps in the sugar-phosphate backbone of DNA that arise
during DNA replication, DNA damage and repair. In Ara-
bidopsis, as in other eukaryotes, the ligation reaction uses
ATP as a cofactor and the involvement of a covalent AMP-
ligase intermediate [4]. Eukaryotes have evolved multiple
DNA ligase isoforms, with both specific and overlapping
roles in the replication and repair of the nuclear and
organellar genomes. DNA ligase 1 (LIG1) is present in all
eukaryotes where it is required for joining DNA fragments
produced during DNA replication. DNA ligase 1 also
plays important roles in DNA single strand break (SSB)
repair pathways in mammals and yeast. These pathways
are less well characterised in plants, but orthologues of
several SSB repair genes are identifiable in the genomes of
higher plants [5]. LIGI is an essential gene with lethal
knockout phenotypes in yeast, mammalian cells and Ara-
bidopsis [6-8]. Whilst LIG1 is essential for cell division in
yeast and plants, mouse embryos are viable and develop
until mid-term without LIG1, indicating that a second
ligase may substitute for growth up to this point [9]. Sim-
ilarly, mouse cell lines deficient in LIG1 are also viable,
indicating that other DNA ligase activities can substitute
for LIG1 in DNA replication [10]. Interestingly, although
plants deficient in AtLIG1 are null, cell division in game-
tophytes prior to fertilisation appeared unaffected, sug-
gesting that either that a second ligase can partially
substitute for DNA ligase 1, or that ligase 1 levels in hap-
loid cells are sufficient to support gametogenesis [8].

DNA ligase 4 (LIG4) is also present in all eukaryotes and
mediates the final step in the non-homologous end join-
ing (NHEJ) pathway of DSB repair. However, there are
clear differences between eukaryotes regarding the pres-
ence of other forms of DNA ligase. Plants lack a DNA
ligase Il (LIG3) orthologue, which in mammals partici-
pates in base excision repair of the nuclear genome and
also functions in the maintenance of the mitochondrial
genome [11]. Whilst yeast has two DNA ligases (LIG1 and
LIG4), there are three DNA ligase genes in Arabidopsis thal-
iana, two of which (LIG1 and LIG4) have been function-
ally characterised [12]. An additional third DNA ligase
unique to plants, termed ligase VI, has been cloned from
rice and Arabidopsis [13,14] although the in planta func-
tion of this DNA ligase remains to be determined.

http://www.biomedcentral.com/1471-2229/9/79

In addition to the nuclear genome plants possess chloro-
plast and mitochondrial genomes. AtLIG1 has been
shown to be targeted to both the nucleus and the mito-
chondria [15]. This dual targeting is controlled via an evo-
lutionarily conserved posttranscriptional mechanism that
involves the use of alternative start codons to translate dis-
tinct ligase proteins from a single transcript.

Whilst a role for Arabidopsis LIG4 in NHE] is well estab-
lished, the role of the other DNA ligases in Arabidopsis
DNA repair remains unclear. Previous studies have dem-
onstrated that LIG1 is an essential gene in plants, consist-
ent with a non-redundant role in nuclear DNA replication
[8]. However, the lethality of AtLIG1 mutations prevents
analysis of the potential roles of this enzyme in DNA
repair processes in plants. To address this question, we
created Arabidopsis lines with reduced AtLIG1 levels which
were sufficient to allow growth and development, but
which produced plants which were potentially compro-
mised in DNA repair. Analysis of these plants identified
lines which exhibited growth defects and a reduced capac-
ity for the repair of both SSBs and DSBs, providing evi-
dence that AtLIG1 is involved in recombination pathways
in higher plants. This has provided the first report of a role
for AtLIG1 in DSB repair and identification of a novel
DNA DSB repair pathway in plants.

Results

Phenotypic analyses of DNA ligasel deficient plants

In the absence of viable knockout lines, Arabidopsis plants
with reduced levels of LIG1 were generated using an RNAi
approach to gain further insight into gene function (Fig-
ure 1A). Both Arabidopsis DNA LIGASE 1 (AtLIG1) tran-
script and protein levels in the silenced lines were
determined by semi-quantitative RT-PCR and Western
blotting respectively (Figures 1B and 1C). Two lines with
reduced levels of AtLIG1 protein were selected for further
analysis and designated atligl-RNAiA and atligl-RNAiB.
These plants displayed an approximate four-fold reduc-
tion in AtLIG1 protein (Figure 1B), which although result-
ing in severe growth defects, was sufficient for
propagation of these lines through to seed production.

LIG1-deficient plants displayed a stunted and stressed
phenotype (Figure 2A-D) which became more pro-
nounced with age. Leaf and root growth were measured to
quantify growth differences between AtLIG1-silenced
lines and wild type plants. Interestingly the lines with
reduced AtLIG1 protein did not display any delay in ger-
mination (data not shown). During the first one to two
weeks growth roots were significantly smaller in the atlig1-
RNAiA compared to wild type or atlig]-RNAiB plants (p <
0.01 t-Test, Figure 3A-C).
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Silencing DNA ligase | expression in Arabidopsis thaliana. a) organisation of the AtLIG/ region used for silencing B)
Western analysis showing AtLIG| protein levels in wild type and silenced lines C) RT-PCR analysis of AtLIG/ transcript levels in

wild type and silenced lines

A reduction in length and width of the third and fourth
leaves became more pronounced with plant age in both
silenced lines relative to wild type controls (Figure 3B, C).
By 30 days the average length of the third leaves was 4.2
mm in atlig]-RNAi lines as compared to a wild-type value
of 15 mm (p < 0.01 t-Test). Corresponding leaf widths
were 10.4 mm for the wild-type and significantly less for
the RNAI lines at 3.8-4.6 mm (p < 0.01 t-Test). The daily
growth rate was 1.25 + 0.14 mm for wild-type, 0.37 £ 0.10
mm for atligl-RNAiA and 0.35 + 0.14 mm for atligl-

RNAiB line. The final size of mature Arabidopsis leaves is a
function of both cell division and cell expansion [16].
Therefore, further investigation of the reduced organ size
in the atlig]-RNAi lines analysed cell size in protoplasts
isolated from rosette leaves of wild type and silenced lines
after four weeks growth. Cell size was significantly
reduced in the atligl-RNAi lines (Figure 3D) with mean
cell diameters of 22.9 + 0.5 pm and 29.6 + 0.8 um in the
atligl-RNAIA and atlig]-RNAiB lines respectively, com-
pared to 40.5 + 0.8 pm in wild type plants. This 43% and
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Figure 2

Phenotypic analyses of AtLIG| deficient plants. A) Comparison of wild-type and atlig/-RNAIA lines. B) WT and atligl-

RNA; plants photographed 6 weeks after germination. Adaxial leaf from WT (C) and atlig/-RNA:i lines (D) Abaxial surface of WT
(E) and atligI-RNAi lines (F). Bar = | cm
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AtLIG I silencing results in reduced tissue and cell size, but endoreduplication is not affected. A) Root growth in
wild-type compared to atligl-RNAi silenced plants B) Leaf length in wild-type compared to atligi-RNAi silenced plants C) Leaf
width of the third leaves was measured. D) Protoplast cell size from rosette leaves from plants at first bolting. Error bars indi-
cate SE. E) Flow cytometry of wild type 2 week seedlings with Col-0 (red coloured plot) and atlig/-RNAIA (black line). F) Flow
cytometry of wild type 2 week seedlings with Col-0 (red coloured plot) and atlig/-RNAIB (black line). Error bars indicate SE.
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27% reduction in cell size of atligl-RNAiIA and atligl-
RNAIB plants respectively was not sufficient to explain the
approximate 70% reduction in leaf length and 60% reduc-
tion in leaf width observed relative to wild type plants.
This indicated that reduced cell number was also respon-
sible for the decreased organ size in the atligl-RNAi lines.

The extent to which cells have undergone endoreduplica-
tion is an important factor in the determination of plant
cell size [17]. Flow cytometry was performed on the
silenced and wild type plants to determine the ploidy lev-
els of leaf cells. Distinct peaks were observed with wild
type and the atligl-RNAi lines, corresponding to 2C, 4C,
8C, 16C and 32C, with no significant difference between
the wild type and LIG1 depleted lines in terms of peak
height (Figure 3E, F). However, the atligl-RNAi lines both
displayed an increase in cells between 2C and 4C indica-
tive of slowed progression or arrest in S-phase. This is con-
sistent with a requirement for AtLIG1 not only in DNA
replication and may also reflect impairment in DNA
repair pathways leading to compromised S-phase. Nor-
mal endoreduplication in the atligl-RNAi lines was con-
firmed by the development of typical tricomes and a wild
type-like etiolation response, both of which are compro-
mised in mutants affecting the endocycle [18] (data not
shown).

Analysis of atlig| -RNA:i single strand break repair kinetics
Single cell electrophoresis (Comet) assay under strictly
neutral (N/N) or neutral with alkaline unwinding step (A/
N) conditions quantifies the repair kinetics of double or
single strand DNA breaks respectively [19,20]. The Comet
assay was used here to investigate the kinetics of DNA
repair in atligl-RNAi lines compared to wild-type plants.
DNA single strand breaks were induced by MMS treat-
ment in ten-day old seedlings of wild type and AtLIG1
depleted lines, with a linear dose response curve up to 2
mM MMS (Figure 4A). Background DNA damage contrib-
uted around 20% DNA comet tails in untreated (control)
seedlings and 60% of comet tail DNA after 1 hour treat-
ment with 2 mM MMS (t = 0). The effects seen were simi-
lar in wild type and atliglA lines (Figure 4B). Seedlings
treated with 2 mM MMS were analysed using the comet
assay and the atligl-RNAi lines displayed reduced repair
rates of induced DNA SSB damage in comparison to wild-
type with around 50% of damage remaining after 360 min
in controls compared to 85% in atligl-RNAi plants (Figure
4C). Notably, atlig]-RNAi plants, but not wild type con-
trols, demonstrated an initial increase in SSB accumula-
tion in the first 60 min of recovery following MMS
treatment (Figure 4C). This may be attributable to the
accumulation of SSBs arising from unrestricted removal of
alkylated bases induced by MMS in genomic DNA and a
delayed ligation step arising from the limited availability

http://www.biomedcentral.com/1471-2229/9/79

of DNA ligase activity during base excision repair in the
RNAI line.

Reduced rates of DNA double strand break repair in
atligl-RNA.i lines

Single cell electrophoresis under neutral conditions was
used to analyse the repair of DNA double strand breaks in
the wild type and silenced lines. This analysis revealed
similar levels of background (non-induced) DNA damage
in all mutant and wild-type seedlings, with approximately
25% of DNA migrating in the comet tail (Figure 5A, B).
This indicated there was no significant accumulation of
DSBs in 10 day old seedlings deficient in AtLIG1 in the
absence of genotoxin treatment. As differences in growth
between WT and AtLIG1 deficient lines become more pro-
nounced at around 20 days onwards, the effect of dimin-
ished levels of AtLIG1 on the long term growth and
development of the plants may well be attributable to the
accumulation of unrepaired damage.

The radiomimetic bleomycin [21] causes DNA double
strand breaks in DNA. A one hour treatment of the ten-
day seedlings with the bleomycin (30 pg/ml) resulted in a
large shift in the migration of the genomic DNA with 60-
80% migrating in the comet tail, indicative of extensive
fragmentation, with AtLIG1 deficient and wild type plants
displaying similar responses (Figure 5A). Most DSBs were
removed within one hour of bleomycin treatment in wild
type lines (Figure 5). The kinetics of DSB repair in mutant
and wild type plants were then determined by the comet
assay over a time course of recovery from bleomycin treat-
ment, with the extent of DNA damage remaining being
calculated from the percentage of DNA in the tail (as
defined in the Methods). Wild type seedlings displayed
very rapid repair of DSBs. The repair was biphasic, with a
very rapid initial phase followed by a slower phase in
which the small remainder of DNA damage was repaired.
The initial rapid removal of the majority of DSBs from
genomic DNA followed first order kinetics. Analysis of the
first ten minutes following bleomycin treatment found
significantly slower DSB repair in the RNAI lines com-
pared to wild type plants with a t 1/2 of 6.7 and 9.1 min
for two independent RNAI lines compared to 4.9 min for
wild type plants (Figure 5B). These differences led to the
presence of a residual 10-20% of DSBs remaining in the
RNAI lines at 60 min as compared to hardly detectable
levels in wild type plants, equating to the level of DSBs
seen in wild type lines at 20 min. This contrasts with the
repair kinetics of atligd mutant plants, which do not dis-
play a reduction in the initial rapid repair observed in the
atligl-RNAI lines [22]. These results were consistent with
a role for AtLIG1 in a novel pathway for the rapid repair
of DSBs in plants, although the essential roles of this
ligase in plant cells makes it difficult to determine the full
extent of the role of AtLIG1 in this pathway.
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Figure 4 (see previous page)

Kinetics of single strand break repair is altered in the atligl-RNAi lines. (A) Induction of SSBs by methyl methanesul-
fonate (MMS). Ten day old seedlings of Arabidopsis Col0 were treated with for | hour. Nuclei isolated from treated and
untreated seedlings were analysed by the alkali/neutral version of comet assay and evaluated for comet formation. The mean
percentage of DNA in the comet tail for 300 comets for each concentration of MMS are shown. Induction of SSBs is linear in
the 0—2 mM MMS concentrations range (R2 = 0.9638 Col0 and R2=0.9365 atlig/-RNAi respectively). (B) Time course of SSB
repair in Col0 and atlig/-RNAi lines over 6 hour repair period. Background DNA damage in untreated (control) seedlings and
damage after | hour treatment with 2mM MMS (t = 0) is similar in both lines. Contrary to wild type plants, the number of SSBs
in atlig|-RNAIA increases for 60 minutes after the end of treatment suggesting delayed ligation during repair. (C) Kinetics of SSB
repair. The percentage of SSBs remaining were calculated for 0, 20, 60, 180 and 360 minute repair time points after the treat-

ment with 2 mM MMS. Maximum damage is normalised as 100% at t = O for all lines.

Discussion

DNA ligases play essential cellular roles in sealing the
phosphodiester backbone during DNA repair and replica-
tion. Although a role for Arabidopsis LIG4 in NHE] is well
established, the role of the other ligases in Arabidopsis
DNA repair processes remains unclear. In the present
study, the effects of reduced AtLIG1 levels on plant growth
and DNA repair kinetics were investigated by analysis of
RNAI silenced plant lines.

AtLIG1 silenced lines displayed a number of growth
defects associated with reduced organ size and activation
of stress responses. The slowed leaf growth of AtLIG1 defi-
cient lines as compared to wild-type became increasingly
evident with age. This is consistent with a gradual
increased accumulation of DNA damage products with
leaf age due to reduced levels of AtLIG1 resulting in com-
promised repair capacity. AtLIG1 silenced lines displayed
a number of growth defects including reduced organ size
and activation of stress responses. The lack of normal
AtLIG1 levels resulted in reduced cell size and an increase
in cells in S-phase, which over the plant's life span was
manifested phenotypically as retarded leaf growth. This
becomes increasingly evident with plant age and is con-
sistent with a requirement for AtLIG1 for normal growth
and development. The oldest leaves of AtLIG1 deficient
plants began to develop a dark green and eventually pur-
ple colouration, especially marked on the abaxial leaf sur-
face (Figure 2A-D). The development of this stressed
phenotype is similar to previous accounts of the Arabidop-
sis stress response, where the changes in colouration were
due to elevated levels of anthocyanin production [2,23].
The oldest leaves eventually bleached, similar to plants
exposed to a wide range of treatments including high UVC
irradiation [24]. This finding demonstrates that reduction
in normal AtLIG1 levels produces phenotypic changes
associated with environmental stresses, consistent with
the accumulation of DNA damage in the RNAI lines with
age. Environmental stresses often induce reactive oxygen
species resulting in forms of DNA damage are predomi-
nantly repaired via base and nucleotide excision repair
pathways. Chronic exposure to these stresses may also

result in accumulation of DSBs in the plant genome with
time as a consequence of unrepaired single strand breaks
being converted into more cytotoxic DSBs [25,26]. The
stress response exhibited by the atligl-RNAi lines may be
activated by the presence of DNA strand breaks usually
associated with oxidative DNA damage. The AtLIG1 defi-
cient plants displayed reduced growth but interestingly
the RNAI lines bolted and flowered significantly earlier
than wild-type lines (data not shown) in common with
previous studies that reported precocious flowering in
plants stressed by exposure to low levels of gamma-radia-
tion [25] or UVC [27].

Further analysis investigated the repair kinetics of single
and double strand DNA breaks induced in wild type and
silenced lines. Of the different forms of DNA damage,
DSBs are one of the most cytotoxic and, if left unrepaired,
can result in chromosome fragmentation and loss of
genetic information. In eukaryotes, DSBs are repaired by
homologous recombination or NHE] pathways. In Arabi-
dopsis the NHE] pathway components KU70, KU80 and
LIG4 are all required for survival of gamma irradiated
plants [28]. However, several lines of evidence strongly
support the existence of end joining pathways which are
independent of KU and LIG4 in higher plants. Knockout
mutants of classical NHEJ (C-NHE]) pathway compo-
nents in higher plants such as atku80 and atlig4 are able to
integrate T-DNA at random sites in the genome with fre-
quencies of between 10-100% of that found in wild type
plants [29-31]. Consistent with these observations, illegit-
imate end-joining is still active in non-homologous end
joining mutants, observed by chromosomal fusions and
plasmid re-joining assays in planta [32,33]. Recent studies
revealed that atlig4 mutants display rapid rates of DSB
repair, similar to those of wild type plants, indicating
either that a second ligase activity or an independent path-
way can effectively substitute for loss of LIG4 [22]. Analy-
sis of the RNAI lines indicated that AtLIG1 was required
for the initial rapid phase of repair, with reduced AtLIG1
levels resulting in an increase in the halflife of a DSB. This
was not attributable to increased background levels of
DSBs in the untreated atligl-RNAi lines, as these basal lev-
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Figure 5

DSB repair in Arabidopsis Col0 and atlig/-RNAIA and atligl|-RNAIB lines determined by neutral comet assay. (A)
Time course of DSB repair during | -hour repair period. Background DNA damage in untreated (control) seedlings and damage
after | hour treatment with 30 ng/ml bleomycin (t = 0) is similar in all lines. Defects in DSB repair is manifested by DNA
remaining in comet tails (% tail DNA). (B) Kinetics of DSB repair measured over the first 60 min show biphasic kinetics. Per-
cents of DSB remaining were calculated from % tail DNA as described in Comet darta evaluation.
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els of genome fragmentation were similar to wild type
lines. The decreased rates of DSB repair in the silenced
plants suggests that AtLIG1 does not simply substitute for
AtLIG4 in C-NHE]J, as atlig4 mutants do not display a
reduction in this initial rapid phase of DSB repair. Rather,
these results indicate that AtLIG1 is required for the fast
rejoining of the majority of DSBs within 10 min after the
removal of bleomycin. While AtLIG4 is not required for
the rapid initial phase of DSB repair, atligd mutants are
hypersensitive to genotoxic agents. This suggests that a
subset of DSBs may persist in atligd mutants that cannot
be repaired by the rapid, AtLIG1 dependent mechanism.
The repair of these DSBs requires the KU and LIG4 medi-
ated slower repair pathway, and failure to eliminate these
lesions from the genome results in the IR hypersensitivity
of NHEJ mutants. Parallel pathways for end joining have
also been identified in mammals, where a LIG4 and KU
independent pathway has been characterised [34,35]. The
molecular mechanisms of these pathways are beginning
to be determined, with one pathway mediated by PARP1
and LIG3 displaying greatest activity in the G2 phase of
the cell cycle [35]. In vitro studies using human cell
extracts showed that both LIG1 and LIG3 can function in
microhomology mediated end joining, whereas LIG4 was
not required [34]. A significant difference between DSB
repair in plants and mammals is the requirement for LIG4
for the rapid repair of DSBs [35] in contrast to the rapid
DSB repair observed in Arabidopsis lig4 mutant lines [22].
This rapid repair pathway is dependent on the structural
maintenance of chromosome (SMC)-like proteins MIM
and RAD21.1 and analysis of the RNAI lines suggest a role
for LIG1 in this DNA repair pathway. Future studies will
further delineate the molecular mechanism of this repair
pathway in plants.

Conclusion

While atligl null mutants are non-viable, plants with
reduced AtLIG1 levels display growth defects, reduced cell
size and a greater proportion of cells in S-phase, consistent
with roles for Arabidopsis DNA ligase 1 in both DNA repair
and DNA replication pathways. Additionally atligl-RNAi
plants show reduced rates of DNA repair, including a sig-
nificant delay in the initial rapid phase of DSB repair.
These results indicate that AtLIG1 is required for the rapid
KU/LIG4 independent repair of DSBs in plants.

Methods

Generation and characterisation of AtLIGI — RNAi
silenced lines

Vector pFGC5941 (TAIR) was used for generation of the
silencing constructs [36]. This has a CaMV 35S promoter
to drive the expression of the inverted repeat target
sequence separated by a 1,352-bp ChsA intron from the
petunia Chalcone synthase A gene to stabilize the inverted
repeat of the target gene fragment. A 458 bp region of
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AtLIG1 was amplified by PCR with primers incorporating
Xbal and Swal sites for the forward primer: 5'-
GGTCTAGAGGCGCGCCGATACTGAATAAATTCCAGGA-
CATC-3' (LIG1if) and Ascl and BamHI sites for the reverse
primer: 5'-GGTGGGATCCATTTAAATCATCGATATCGT-
TAGATGITACAG-3' (LIGlir). The PCR product was
cloned into pFGC5941 in a two-step cloning procedure
that integrates the fragment in opposite orientations on
either side of the ChsA intron. The RNAi construct was
then used to transform Arabidopsis allowing plant selec-
tion by basta resistance. The extent of AtLIG1 silencing in
plants was determined by Western analysis of AtLIG1 pro-
tein levels (Fig 1A). Polyclonal antiserum was raised to
full length AtLIG1 overexpressed in E. coli. AtLIG1 cDNA
[36] was cloned into the plasmid pCal-c (Stratagene) and
expressed with a C-terminal calmodulin binding protein
(CBP) tag. Expression was induced by the addition of iso-
propylthiogalactoside (1 mM) for 3 h in E. coli strain BL21
(DE3) pLysS (Promega). Bacteria were recovered by cen-
trifugation, resuspended in RS buffer (50 mM Tris-Cl pH
7.5, 50 mM NacCl, 2 mM CaCl,, 5% (v/v) glycerol, 0.1%
(v/v) Triton X100) and lysed by freeze thawing and soni-
cation. The extract was cleared by centrifugation at 13 000
g for 10 min, applied to a calmodulin affinity resin (Strat-
agene) and washed with RS buffer. Purified AtLIG1 pro-
tein was eluted in 50 mM Tris-Cl pH 7.5, 50 mM NaCl, 2
mM EGTA, 5% (v/v) glycerol, 0.1% (v/v) Triton X100.
Further purification was achieved by preparative SDS-
PAGE and coomassie stained bands were electroeluted
(BioRad) and used for immunisation. In Western analysis
of Arabidopsis cell extracts, antiserum to AtLIG1 (but not
preimmune) identified a band of the expected molecular
weight, detected using alkaline phosphatase coupled anti-
sheep IgG secondary antiserum and visualised by incuba-
tion with nitrotetrazolium blue chloride/5-bromo-4-
chloro-3-indolyl phosphate (Sigma).

Comet assay

DSBs were detected by a neutral comet assay [37] and SSB
by A/N version of comet assay as described previously
[20,38] In brief, approximately 100 mg of frozen tissue
was cut with a razor blade in 500 pl PBS+10 mM EDTA on
ice and tissue debris removed by filtration through 50 pm
mesh funnels (Partec, Germany) into Eppendorf tubes on
ice. 30 - 50 pl of nuclei suspension was dispersed in 300
pl of melted 0.5% agarose (GibcoBRL, Gaithersburg,
USA) at 40°C. Four 80 pl aliquots were immediately
pipetted onto each of two coated microscope slides (in
duplicates per slide) on a 40°C heat block, covered with a
22 x 22 mm cover slip and then chilled on ice for 1 min
to solidify the agarose. After removal of cover slips, slides
were dipped in lysing solution (2.5 M NaCl, 10 mM Tris-
HCI, 0.1 M EDTA, 1% N-lauroyl sarcosinate, pH 10) on
ice for at least 1 hour to dissolve cellular membranes and
remove attached proteins. The whole procedure from
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chopping tissue to dipping into lysing solution takes
approximately 3 minutes. After lysis, slides were twice
equilibrated for 5 minutes in TBE electrophoresis buffer to
remove salts and detergents and then electrophoresed at 1
V/cm (app. 20 mA) for 5 minutes. After electrophoresis,
slides were dipped for 5 min in 70% EtOH, 5 min in 96%
EtOH and air-dried. Comets were viewed in epifluores-
cence Nikon Eclipse 800 microscope after staining with
GelRed stain (Biotium, Hayward, USA) and evaluated by
Comet module of Lucia cytogenetics software suite (LIM,
Praha, Czech Republic). Wild-type Col0 were used as con-
trols for experiments with atligl-RNAiA and atligl-RNAiB.

Comet data evaluation

The comet slides were coded and blind evaluated. The
fraction of DNA in comet tails (% tail-DNA) was used as
a measure of DNA damage. Data in this study were meas-
ured in at least 3 independent experiments, each starting
with newly grown Arabidopsis seedlings. In each experi-
ment, the % tail-DNA was measured at 5 time points: 0,
20, 60, 180 and 360 minutes after treatment and in con-
trol seedlings without treatment. Measurements included
4 independent gel replicas of 25 evaluated comets total-
ling at least 300 comets analyzed per experimental point
[38]. The percentage of damage remaining as plotted in
Figure 4 and 5 after a given repair time (t,) is defined as:

mean %7T DNA (tx)-mean %T DNA (control)
mean% T DNA (t()-mean %T DNA (control)

% damage remaining (t,) = x100
Preparation of polyclonal antiserum to Arabidopsis ligase
I protein

The OREF of the cloned Arabidopsis thaliana ligase 1 cDNA
in the pCR2.1 vector (Invitrogen, Leek, The Netherlands)
was amplified with primers containing Bglll (AGCAA-
GATCTTTAAACAATAGTITATCITGGGATCA) and Nhel
(TGCAACATATGGCGTCGACAGTCTCAG) sites at the 5'
and 3' ends of the ORF respectively using the proof-read-
ing DNA polymerase Pfu (Stratagene, UK). The DNA frag-
ment was introduced at the Ndel site of the pET-11b
vector (Calbiochem-Novabiochem, Nottingham, UK) in
frame with a 6xHis tag coding region, yielding 6xHis-
ligase 1 E. coli BL21(DE3)pLysS was transformed with
6xHis -PHR1 and cultured in LB medium supplemented
with 50 mg.I'! ampicilin until an OD 600 nm of 0.6-1.0
was reached. Expression of 6xHis-ligase 1 was induced by
the addition of 1 mM isothiopropylgalactoside and
growth continued for 3 h. Bacterial cell extracts were pre-
pared by sonication of 36 ml cells suspended in 50 mM
Tris-HCI, pH 7.5, 2 mM EDTA, 0.1% Triton X-100 (1:10
buffer: culture media ratio used) and incubated with 100
pg.ml! lysozyme at 30°C for 15 min. The resultant sus-
pension was centrifuged at 10 000 g for 30 min at 4°C.
The pelleted proteins were purified by preparative SDS-
PAGE using 10% acrylamide gels. The 6xHis-AtLIG1 band
was excised from the Coomassie-blue stained gel and

http://www.biomedcentral.com/1471-2229/9/79

destained using several changes of 100 mM Tris-HCI pH
7.0. Protein was electroeluted from the gel slices, mixed
with Freud's adjuvent and used to raise antiserum in
sheep (Scottish Antibody Production Unit, Carluke, Scot-
land).

Western blotting

Proteins were extracted from wheat tissue as described by
Pang and Hays (1991). Protein concentrations were deter-
mined by the Bio-Rad protein assay (Bio-Rad Laborato-
ries, Hemel Hempstead, UK) using bovine serum albumin
(BSA) as a standard. Protein samples were separated by
SDS-PAGE (10% gel) and transferred to PVDF membrane
(Bio-Rad) for 3 h at 100 V. The blots were probed with
anti-ligase 1 antiserum. The immune complexes were
detected by alkaline-phosphatase conjugated antisheep
IgG (Sigma-Aldrich, Poole, UK) and developed using
premixed BCIP/NBT solution (Sigma). Primary and sec-
ondary antisera were used at 1/10000 and 1/30000 dilu-
tions respectively.

Flow cytometry

Ploidy analysis was performed using the Cystain absolute
P kit (Partec) according to the manufacturer's instructions.
Plant nuclei were isolated by chopping fresh leaf material
in extraction buffer (Partec) before filtering through a 50
um membrane. RNase digestion and staining with pro-
pidium iodide was followed by analysis using a Becton
Dickinson FACSCalibur cytometer.

Cell size

Cell size was determined by brightfield microscopy (Zeiss
LSM 510 META Axiovert 200 M inverted confocal micro-
scope) and image analysis using LSM Image browser soft-
ware (Zeiss).
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NHE]J: non-homologous end joining; SSB: Single strand
break; DSB: Double strand break; AtLIG1: Arabidopsis
DNA ligase I; MMS: Methyl methanesulfonate

Authors' contributions

WMW, JK, CMP and CEW performed the experiments.
CEW, CMB and KJA designed the experiments and WMW,
KJA, CMB and CEW wrote the manuscript. All authors
read and approved the final version of the manuscript.

Acknowledgements

Support from the Royal Society, UK for KJA and CEW is gratefully
acknowledged, and work in the labs of CMB and CEW is supported by the
UK Biotechnology and Biological Sciences Research Council and the Lever-
hulme Trust. KJA would like to acknowledge financial support of Ministry
of Education, Sport and Youth of the Czech Republic (project IM0505 and
LC06004), EU 6FP project COMICS (LSHB-CT-2006-037575). We thank
Dr. Georgina Drury for critical reading of the manuscript.

Page 11 of 12
(page number not for citation purposes)

52



BMC Plant Biology 2009, 9:79

References

I
2

20.

21,

22,

23,

Malinier |, Ries G, Zipfel C, Hohn B: Transgeneration memory of
stress in plants. Nature 2006, 442(7106):1046-1049.

Ries G, Heller W, Puchta H, Sandermann H, Seidlitz HK, Hohn B: Ele-
vated UV-B radiation reduces genome stability in plants.
Nature 2000, 406(6791):98-101.

Zhou BB, Elledge 5] The DNA damage response: putting
checkpoints in perspective. Nature 2000, 408(681 1):433-439.
Wu YQ, Hohn B, Ziemienowic A: Characterization of an ATP-
dependent type | DNA ligase from Arabidopsis thaliana.
Plant Mol Biol 2001, 46(2):161-170.

Kunz BA, Anderson HJ, Osmond M|, Vonarx E);: Components of
nucleotide excision repair and DNA damage tolerance in
Arabidopsis thaliana. Environ Mol Mutagen 2005, 45(2):115-127.
Johnston LH, Masmyth KA: Saccharomyces cerevisiae cell cycle
mutant cdc9 is defective in DNA ligase. Nature 1978,
274(5674):891-893.

Petrini JH, Xiao Y, Weaver DT: DNA ligase | mediates essential
functions in mammalian cells. Mol Cell  Biol 1995,
15(8):4303-4308.

Babiychuk E, Cottrill PB, Storozhenko S, Fuangthong M, Chen Y,
O'Farrell MK, Van Montagu M, Inze D, Kushnir 5: Higher plants
possess two structurally different poly(ADP-ribose)
polymerases. Plont | 1998, 15(5):635-645.

Bentley D, Selfridge ], Millar JK, Samuel K, Hole N, Ansell |D, Melten
DW: DNA ligase | is required for fetal liver erythropoiesis but
is not essential for mammalian cell viability. Nat Genet 1996,
13(4):489-491.

Bentley D), Harrison C, Ketchen AM, Redhead N, Samuel K, Water-
fall M, Ansell |D, Melton DW: DNA ligase | null mouse cells show
normal DNA repair activity but altered DNA replication and
reduced genome stability. | Cell S¢i 2002, 1 15(Pt 7):1551-1561.
Lakshmipathy U, Campbell C: Mitochondrial DNA ligase 111 func-
tion is independent of Xrccl. Nucleic Acids Res 2000,
28(20):3880-3886.

Bray CM, Sunderland PA, Waterworth WM, West CE: DNA ligase
—a means to an end joining. SEB Exp Biol Ser 2008, 59:203-217.
Bonatto D, Revers LF, Brendel M, Henriques JA: The eukaryotic
Pso2/Snm|/Artemis proteins and their function as genomic
and cellular caretakers. Braz | Med Biol Res 2005, 38(3):321-334.
West CE, Waterworth WM, Jiang Q, Bray CM: Arabidopsis DNA
ligase IV is induced by gamma-irradiation and interacts with
an Arabidopsis homologue of the double strand break repair
protein XRCC4. Plant | 2000, 24(1):67-78.

Sunderland PA, West CE, Waterworth WM, Bray CM: An evolu-
tionarily conserved translation initiation mechanism regu-
lates nuclear or mitochondrial targeting of DNA ligase | in
Arabidopsis thaliana. The Plant Journal 2006, 47(3):356-367.

De Veylder L, Beeckman T, Beemster GTS, Krols L, Terras F, Lan-
drieu |, Schueren E Van Der, Maes S, Naudts M, Inze D: Functional
Analyﬂs of Cyclin-D dent Kinase Inhibitors of Arabid
sis. Plant Cell 2001, IS(?) 1653- I668

Sugimoto-Shirasu K, Roberts K: "Big it up": endoreduplication
and cell-size control in plants. Current Opinion in Plant Biology
2003, 6(6):544.

Sugimoto-Shirasu K, Stacey NJ, Corsar ], Roberts K, McCann MC:
DMNA Topoisomerase Y| Is Essential for Endoreduplication in
Arabidopsis. Current Biology 2002, 12(20):1782.

Angelis KJ, Dusinska M, Collins AR: Single cell gel electrophore-
sis: detection of DNA damage at different levels of sensitiv-
ity. Electrophoresis 1999, 20(10):2133-2138.

Menke M, Chen I Angehs K] Schubert : DNA damage and repair
in Arabi ed by the comet assay after
treatment \mth r.llfierent classes of genotoxins. Mutat Res
2001, 493(1-2):87-93.

Charles K, Povirk LF: Action of bleomycin on structural mimics
of intermediates in DNA double-strand cleavage. Chem Res
Toxicol 1998, 11{12):1580-1585.

Kozak ), West CE, White C, da Costa-Nunes |A, Angelis KJ: Rapid
repair of DNA double strand breaks in Arabidopsis thaliana
is dependent on proteins involved in chromosome structure
maintenance, DNA Repair (Amst) 2008, 8:413-419.

Wade HK, Bibikova TN, Valentine W], Jenkins Gl: Interactions
within a network of phytochrome, cryptochrome and UV-B
phototransduction pathways regulate chalcone synthase

p

24,

25.

26.

7.

28.

29.

30.

31

32

33

34,

35.

36.

37
38.

http://www.biomedcentral.com/1471-2229/9/79

gene expr in Arabid
2001, 25(6):675-685.

Jiang CZ, Yen CN, Cronin K, Mitchell D, Britt AB: UV-and gamma-
radiation sensitive mutants of Arabidopsis thaliana. Genetics
1997, 147(3):1401-1409.

Kovalchuk |, Molinier |, Yao Y, Arkhipov A, Kovalchuk O: Transcrip-
tome analysis reveals fundamental differences in plant
response to acute and chronic exposure to ionizing radia-
tion. Mutat Res 2007, 624(1-2):101-113.

Kovalchuk |, Titov V, Hohn B, Kovalchuk O: Transcriptome profil-
ing reveals similarities and differences in plant responses to
cadmium and lead. Mutat Res 2005, 570(2):149-161.

Martinez C, Pons E, Prats G, Leon J: Salicylic acid regulates flow-
ering time and links defence responses and reproductive
development. Plant | 2004, 37(2):209-217.

Bleuyard )-Y, Gallego ME, White Cl: Recent advances in under-
standing of the DNA double-strand break repair machinery
of plants. DNA Repair 2006, 5(1):1.

Friesner ], Britt AB: KuB0- and DMNA ligase IV-deficient plants
are sensitive to ionizing radiation and defective in T-DNA
integration. Plant | 2003, 34(4):427-440.

Li ], Vaidya M, White C, Vainstein A, Citovsky V, Tzfira T: Involve-
ment of KUB0 in T-DNA integration in plant cells. PNAS 2005,
102(52):19231-19236.

van Attikum H, Bundock P, Overmeer RM, Lee LY, Gelvin SB,
Hooykaas PJ: The Arabidopsis AtLIG4 gene is required for the
repair of DNA damage, but not for the integration of Agro-
bacterium T-DNA. Nucleic Acids Res 2003, 31(14):4247-4255.
Heacock M, Spangler E, Riha K, Puizina ), Shippen DE: Molecular
analysis of telomere fusions in Arabidopsis: multiple path-
ways for chromosome end-joining. Embo | 2004,
23(11):2304-2313.

Gallego ME, Bleuyard |Y, Daoudal- Cotterell S, ]allut N, White Cl:
KuB80 plays a role in non-h recorn ion but is
not required for T-DNA Integration in Arabidopsis. Plant |
2003, 35(5):557-565.

Liang L, Deng L, Nguyen SC, Zhao X, Maulion CD, Shao C, Tischfield
JA: Human DNA ligases | and lll, but not ligase IV, are
required for microhomology-mediated end joining of DNA
double-strand breaks. Nucl Acids Res 2008, 36(10):3297-3310.
Wu W, Wang M, Wu W, Singh 5K, Mussfeldt T, lliakis G: Repair of
radiation induced DNA double strand breaks by backup
NHE] is enhanced in G2. DNA Repair (Amst) 2008, 7(2):329-338.
Taylor RM, Hamer M|, Rosamond J, Bray CM: Molecular cloning
and functional analysis of the Arabidopsis thaliana DNA
ligase | homologue. Plant | 1998, 14(1):75-81.

Olive PL, Banath |P: The comet assay: a method to measure
DMA damage in individual cells. Nat Protoc 2006, 1(1):23-29.
Lovell DP, Omori T: Statistical issues in the use of the comet
assay. Mutagenesis 2008, 23(3):171-182.

psis leaf tissue. The Plant Journal

disseminating the results of biomedical research in our lifetime.*

Submit your manuscript here:
http:iwwaw biomedcentral comfinfalpublishing_adv.asp

Publish with Bio Med Central and every
scientist can read your work free of charge

“BioMed Central will be the most significant development for

Sir Paul Nurse, Cancer Research UK
Your research papers will be:
+ available free of charge to the entire biomedical community
« peer reviewed and published immediately upon acceptance
+ cited in PubMed and archived on PubMed Central

« yours — you keep the copyright
O BioMedcentral

Page 12 of 12
(page number not for citation purposes)

53



Publikace 3

54



The Plant Journal (2011) 67, 420-433

GMI1, a structural-maintenance-of-chromosomes-hinge

domain-containing protein, is involved in somatic
homologous recombination in Arabidopsis

Gudrun Bohmdorfer'", Alexander Schleiffer®, Reinhard Brunmeir*, Stefan Ferscha', Viktoria Nizhynska‘,
Jaroslav Kozak®, Karel J. Angeliss, David P. Kreil® and Dieter Schweizer'

'Gregor Mendel Institute of Molecular Plant Biology, Austrian Academy of Sciences, Dr. Bohr-Gasse 3,
1030 Vienna, Austria,

?Max F. Perutz Laboratories, Center for Molecular Biology, Department of Biochemistry and Cell Biology,
University of Vienna, Dr. Bohr Gasse 8, 1030 Vienna, Austria,

IMP/IMBA Bioinformatics Department, Dr. Bohr-Gasse 7, 1030 Vienna, Austria,

“Singapore Institute for Clinical Sciences, A-STAR, 30 Medical Drive, 117609 Singapore,

®Institute of Experimental Botany AS CR, Na Karlovce 1, 160 00 Praha 6, Czech Republic, and

SChair of Bioinformatics, Boku University Vienna, 1190 Muthgasse 18, Austria

Received 28 December 2010; revised 3 April 2011; accepted & April 2011; published online 20 May 2011,
“For correspondence (fax +43 1 4277 9748; e-mail gudrun.boehmdorfer@gmi.oeaw.ac.at or gudrun.boehmdorfer@univie.ac.at).

SUMMARY

DNA double-strand breaks (DSBs) pose one of the most severe threats to genome integrity, potentially leading
to cell death. After detection of a DSB, the DNA damage and repair response is initiated and the DSB is repaired
by non-homologous end joining and/or homologous recombination. Many components of these processes are
still unknown in Arabidopsis thaliana. In this work, we characterized y-irradiation and mitomycin C induced 1
(GMI1), a member of the SMC-hinge domain-containing protein family. RT-PCR analysis and promoter-GUS
fusion studies showed that y-irradiation, the radio-mimetic drug bleocin, and the DNA cross-linking agent
mitomyein C strongly enhance GMIT expression particularly in meristematic tissues. The induction of GMIT by
y-irradiation depends on the signalling kinase Ataxia telangiectasia-mutated (ATM) but not on ATM and Rad3-
related (ATR). Epistasis analysis of single and double mutants demonstrated that ATM acts upstream of GMI1
while the atr gmi1-2 double mutant was more sensitive than the respective single mutants. Comet assay
revealed a reduced rate of DNA double-strand break repair in gmi7T mutants during the early recovery phase
after exposure to bleocin. Moreover, the rate of homologous recombination of a reporter construct was
strongly reduced in gmi1 mutant plants upon exposure to bleocin or mitomycin C. GMI1 is the first member of
its protein family known to be involved in DNA repair.

Keywords: structural maintenance of chromosomes, DNA repair, somatic homologous recombination,

doi: 10.1111/j.1365-313X.2011.04604.x

meristem, ATPase, genotoxic stress.

INTRODUCTION

Plant genomes are constantly exposed to various kinds of
threats. Exogenous stresses can include genotoxic com-
pounds polluting the environment, high energy radiation,
or naturally occurring excessive amounts of UV-B radiation.
Additionally, intrinsic factors increase the risk of DNA dam-
age. DNA replication is an error-prone process and can lead
to change or erosion of genetic information. Photosynthesis
and pathogen defence produce reactive oxygen species that
can potentially induce oxidative damage of the DNA leading
to single- and double-strand breaks (DSBs) (Jackson, 2002;

420

Shrivastav et al, 2008). DSBs are very dangerous as one
unrepaired DSB can be lethal for the cell (Bennett et al.,
1993).

Non-homologous end joining {(NHEJ) and homologous
recombination (HR) are the two main DSB repair mecha-
nisms. NHEJ rejoins the loose ends of a DSB after process-
ing of the damaged site and can, therefore, result in loss of
genetic information (Bleuyard et al., 2006). In contrast, HR
repairs DSBs using an intact homologous sequence, pro-
vided for instance by the undamaged sister chromatid as a

© 2011 The Authors
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template and is, thereby, less error-prone. The nature of
the DNA damage and the current cell cycle stage greatly
influence the choice between repair pathways (Barlow et al.,
2008; Shrivastav et al., 2008). In S or G2 phase, the presence
of sister chromatids can facilitate repair via HR. In contrast,
NHEJ may occur during any cell cycle stage, which might be
the reason why the rate of HR is low in somatic cells (Puchta,
1999). Deletion or insertions caused by NHEJ in no longer
proliferating cells are not detrimental to the viability of an
entire plant. It may be more important to quickly repair any
damage. In contrast, it is absolutely vital to keep the genetic
information in meristems intact, as they are the progenitor
cells of all tissues, including the germ line. Meristem cells
have the potential to enter the mitotic cycle and thereby
to pass stages in which sister chromatids are available
as templates for HR. In fact, components of HR are often
upregulated in meristematic tissue such as the shoot apex
(Lafarge and Montane, 2003; Akutsu et al., 2007; Fulcher and
Sablowski, 2009; Yadav et al., 2009).

Structural maintenance of chromosomes (SMC) proteins
are very important for DNA repair (Lehmann, 2005; De
Piccoli et al., 2008; Kozak et al., 2009; Schubert, 2009). They
are conserved chromosomal ATPases and essential in
prokaryotes and eukaryotes. While prokaryotes have only
one copy of the gene, eukaryotes usually have at least six
copies. Their products form three major complexes: SMC1
and SMC3 are the core components of the cohesin complex,
which is important for sister chromatid cohesion, chromo-
some alignment, and segregation in mitosis and meiosis.
SMC2 and SMC4 are part of the condensin complex, which is
primarily responsible for compaction of the genetic infor-
mation during cell division (Losada and Hirano, 2005). The
SMC5 and SMC6 complex is involved in HR. It is thought to
interact with the damaged and the intact sister chromatids
during HR, holding them closely together and facilitating
repair (De Piccoli et al., 2006; Watanabe et al., 2009). SMC
proteins share a canonical structure. Long stretches of
intramolecular coiled coils bring the N- and the C-terminus
of the molecule together to form an ABC-type ATPase. Atthe
other end of the back-folded protein, the SMC hinge domain
resides between the coiled coils (Figure 1). The hinge
domain is important for dimerisation (SMC homodimerisa-
tion in prokaryotes, and SMC1/SMC3, SMC2/SMC4, SMC5/
SMC6 heterodimerisation in eukaryotes). All SMC proteins
function in multi-component complexes (Lehmann, 2005).

Recently, two additional proteins containing an SMC
hinge domain were described: the murine structural main-
tenance of chromosomes hinge domain containing 1
(SmcHD1) and Defective in meristem silencing 3 (DMS3)
from Arabidopsis thaliana. They are members of the struc-
tural-maintenance-of-chromosomes-hinge domain-contain-
ing (SMCHD) family and are involved in DNA methylation
(Blewitt et al., 2005; Kanno et al., 2008). In this work, we
characterize y-irradiation and mitomycin Cinduced 1{GMI1),

© 2011 The Authors
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Figure 1. Protein domain architecture of GMI1 and related proteins.

GMI1 has the same domain architecture as mammalian SmcHD1. They are
related to SMC and DMS3 proteins, as they contain an SMC hinge domain.
GMI1 and SmcHD1 contain a GHKL-ATPase domain that is present in for
instance MutL. In the theoretical protein BAB10393.1 (encoded by MOP3.9) a
transposon (VANDAL17) is inserted in the putative GHKL-ATPase. Schemes
not drawn to scale.

a so far unidentified member of the SMCHD family in
Arabidopsis thaliana. We demonstrate that GMIT expression
is induced by the radio-mimetic drug bleocin and the cross-
linking agent mitomycin C, especially in meristematic
tissues. Its expression depends on the signalling kinase
Ataxia telangiectasia-mutated (ATM) after y-irradiation.
GMI1 contributes to DSB repair and is involved in HR.
GMI1 is the first member of the SMCHD protein family
implicated in a process other than DNA methylation.

RESULTS
GMI1 is related to SMC and to GHKL-ATPase proteins

The domain arrangement of SMCHD proteins differs from
that of canonical SMC proteins. DMS3 consists of a hinge
domain flanked by short coiled coil regions (Figure 1; Kanno
et al., 2008). The murine SmcHD1 has an N-terminal ATPase
domain connected via a structurally undefined linker to the
C-terminal SMC-like hinge domain (Figure 1; Blewitt et al.,
2008). Aravind and colleagues (lyer et al., 2008) classified the
ATPase domain of SmcHD1 to be a member of the MORC
family of Gyrases, Hsp90, histidine kinase, and MutL (GHKL)-
ATPases, structurally related to MutL (Figure 1) and topo-
isomerase V1.

To characterize SMCHD proteins in Arabidopsis thaliana,
we performed iterative NCBI-BLAST searches with the
murine SmcHD1 within the non-redundant protein database.
In addition to At3g49250 (=DMS3), we identified two genes:
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(i) GMI1, which has the same domain architecture as
the murine SmcHD1 (GHKL-ATPase, linker, SMC-like hinge;
Figure 1); and (ii) a putative pseudogene, MOP9.9 (putative
protein BAB10393.1) in head-to-tail orientation to the GMI1
locus. A DNA transposon (VANDAL17) is inserted in the
locus, disrupting the putative GHKL-ATPase domain of
BAB10393.1 (Figure 1; see Data S1 for details).

GMI1is expressed in the region of the shoot/floral
meristems and young flowers

To elucidate in which organs and tissues GMI1 is required,
we analyzed the expression profile of GMIT by RT-PCR.
The amplified cDNA was detected by Southern blotting to
achieve higher sensitivity (Figure 2a). GM!1 was strongly
expressed in seedling suspension culture, closed buds, and
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Figure 2. Spatial expression of GMI1.

(a) Blotted and radio-actively detected RT-PCR products of GMI7and ACTINZ
with RNA from various tissues.

(b-e) Histochemical detection of GMI1,,,:GUS. (b} Young seedling in two-
cotyledon stage (bar size = 1 mm). (c) Older seedling with true leaves (bar
size = 5 mm). (d) Primary root of a young seedling (bar size = 1 mm). (e
Flowering plantlet (size bar = 1 mm).

open flowers. In all other tissues, GMIT mRNA was only
detected at low levels. Our data fit the publicly available
expression profiles showing low overall expression of GMI1
under non-stress conditions (Hruz et al., 2008). Additionally,
we analyzed the expression of GMI1,,,:GUS, a fusion of the
GMI1promoter (-1699 to -3 bp upstream of the ATG) to the
B-glucuronidase (GUS) reporter gene gusA by histochemical
staining (Figure 2b-e). In young seedlings grown on plates,
hydrathodes and the vascular system of cotelydons were
stained, and occasionally spots in the shoot apical meristem
were present (Figure 2b). In older seedlings, the vascular
staining was decreased/absent, whereas the basal area of
the rosette (broader region of the shoot/floral meristem)
gave a strong GUS signal (Figure 2c). In both cases, the root
apical meristem was not stained (Figure 2d). In flowering
plants, the basal area of the rosette, the shoot/floral meris-
tems, lateral shoot/floral primordia, and young flowers
(Figure 2e) were stained. Similar GUS staining patterns were
obtained in several independent GMI1,,,,:GUS plant lines.

Genotoxic drugs or y-irradiation induce the expression
of GMI1, especially in the shoot and root apical meristems

Publicly available expression profiles {Hruz et al., 2008)
suggested that GM/1is strongly induced after treatment with
DNA damaging agents and v-irradiation. To compare the
response of the two SMCHD genes DMS3 and GMI1, we
exposed seedlings to mitomycin C for 24 h in liquid med-
ium. Control plants were left untreated. Mitomycin C cross-
links DNA strands and induces an S-phase arrest in Hela
cells (Mladenov et al., 2007). We tested the expression of
GMI1, DMS3, and, as an input control, Ubiguitin 10 (UBQ10)
by RT-PCR. PCR products were detected by radioactive
probes to increase sensitivity. While the expression of DMS3
remained unaffected, mitomycin C strongly induced the
expression of GMI1 (Figure 3a). To study the effect of the
radio-mimetic drug bleocin {a member of the bleomycin
family; the drug was reported to cleave double-stranded
DNA and to inhibit DNA synthesis (Kandasamy et al., 2009)),
seedlings were cultivated with or without bleocin for
3 weeks. Again, DMS3 mRNA levels were unaltered,
whereas GM!1 was strongly induced (Figure 3a). In short,
we observed a distinct response of DMS3 and GMI1 to
genotoxic stress on the transcriptional level.

Drugs allow a long-term exposure to a DNA damaging
agent, while y-irradiation permits to expose plants to a
controlled pulse of genotoxic activity and to study their
response. Therefore, we treated plants with y-irradiation that
induces oxidative stress causing DNA single and double-
strand breaks as well as damaged bases. We compared the
transcriptional profiles of GMIT and of two repair genes
known to be induced by y-irradiation (Garcia et al., 2003;
Akutsu et al., 2007), namely Breast cancer susceptibility 1
(BRCA1; At4G21070) and Ras associated with diabetes
protein 51 {RAD51, At5G20850). Wild-type plants were

© 2011 The Authors
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Figure 3. GMI1 is induced by mitomycin C, (a)
bleocin, and y-irradiation.
(a) Blotted and radic-actively detected RT-PCR
with RNA from seedlings treated with mitomycin
C (40 pm) for 24 h or from plantlets exposed to
bleocin (100 ng/ml) for 3 weeks. Controls were
left untreated.
{b-d) Real-time RT-PCR with RNA from wild-type GMI1
seedlings at the indicated time-points after
irradiation (100 Gy). Control plants were left
untreated. Expression levels of (bl GMIT, (c) DMS3
BRCA1, and (d) RAD5T were normalized to
ROC3 expression and are relative. Error bars uBQ10
represent the standard deviation of two biolog-
ical replicates. Bleo bleocin, MMC mitomycin C.
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irradiated with 100 Gy, while control plants were left
untreated (0 Gy). RNA was isolated from all samples 1, 3,
5,7,9,and 24 h after the pulse and analyzed by real-time RT-
PCR. vy-irradiation induced all genes tested including GMI1
within the first hour after irradiation (Figures 3b-d). The
expression of RAD51 started to decrease within the first 3 h
(Figure 3d), confirming published data (Garcia et al.,, 2003).
BRCA1 showed a similar response profile (Figure 3c). In
contrast, GMIT mRNA continued to accumulate and began
to decline approximately 5 h after the irradiation (Figure 3b).
The mRNA concentration of all three genes tested returned
to pre-irradiation levels within 24 h,

To visualize where GMI1is expressed, we analyzed plants
containing the GMI1,.,:GUS construct after short and
chronic treatment with bleocin and mitomycin C and after
v-irradiation (Figure 4). For chronic exposure, seedlings
were grown on %MS plates with or without the genotoxic
drug for 1 week and then stained for GUS-activity. For short
treatments, seedlings were grown on %MS media for
1 week and then transferred to liquid ¥:MS media without
(control) or with bleocin or mitomycein C. After incubation for
1.5 and 24 h, plantlets were GUS-stained. In both experi-
mental setups, untreated plants showed no staining except
for occasional spot-like GUS signals in developing true

© 2011 The Authors
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leaves, while bleocin and mitomycin C induced GUS-stain-
ing in true leaves and in the regions of the shoot and root
apical meristem (Figure 4a). Bleocin-treated plants also
showed a GUS-signal in the vasculature close to the root
tip which maybe was caused by diffusion of the strong GUS-
activity from the root apical meristem. The GUS-signal was
strongly induced in developing leaves, the shoot apical
meristem, and lateral root primordia 2 h after y-irradiation,
while meristem cells in the primary root were stained 2 h
later (Figure 4b).

GMI1 expression was strongly enhanced mainly in prolif-
erating tissues after exposure to genotoxic compounds or
y-irradiation suggesting a role of GMI1 in these parts of the
plant.

The characterized T-DNA insertions should lead to
truncated GMI1 protein lacking the SMC hinge domain

To study the function of GMI1 and MOP9.9, we characterized
T-DNA insertions in both genes (Figure 5). We sequenced
the genomic DNA flanking the insertions and isolated
homozygous mutants by genotyping (Figures 51 and S2). In
gmi1-1(SALK_036931) a T-DNA insertion ends with a left T-
DNA borderin intron 20 of GMI1and with another left T-DNA
border in intron 21, thereby deleting exon 21 and parts of

The Plant Journal @ 2011 Blackwell Publishing Ltd, The Plant Journal, (2011), 67, 420-433

58



424 Gudrun Béhmdorfer et al.
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Figure 4. Expression of GMI1is induced by bleocin, mitomycin C, and y-irradiation in meristem-containing tissues.

(a, b) Histochemical detection of GMI1,,,:GUS.

(a) Control plants were grown on media without genatoxins. For chronic exposure, seedlings were grown on media with genotoxic compounds for a week. For time-
course experiments, plantlets were transferred from %MS plates to liquid media with or without supplements. GUS-staining was performed after 1.5 h and 24 h of
exposure.
(b) Five-day-old seedlings were irradiated (100 Gy). Control plants were not irradiated (0 Gy). Samples were stained 2 and 4 h after irradiation. Size bar = 2.6 mm
(whole plant} or 125 ym (shoot apex, primary and lateral root tip).
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introns 20 and 21 and resulting in a frame-shift. Lines gmi1-2
(SALK_075103) terminates with two left borders in intron 25
and adds 25 bp of filler DNA. In gmi7-3 (SALK_091367), the
T-DNA deletes the junction between intron 26 and exon 27,
while the left and right borders of gmi1-4(SAIL_628_B01) are
in intron 29. To ensure that the T-DNA insertions are not
spliced out, we performed RT-PCR with primers flanking or
binding upstream, or downstream of the insertions. We only
detected PCR signals with the primers binding upstream of

Figure 5. Molecular characterization of GMIT

and MOPS.9.

(a) Genomic organization of GMI7 (exons are

black boxes), MOP9.9 (putative exons are grey

boxes), and T-DNA insertions. Numbers indicate

32040 the nucleotide positions on the BAC clone MOPS,
(b) GMI1 protein domains are drawn underneath
their corresponding exons (irrespective of the
introns).

the T-DNA inserts (Figure S3). In all studied lines, the T-DNA
is located in the linker region upstream of the SMC hinge
domain, therefore maybe allowing translation of a truncated
protein lacking the hinge domain. The hinge domain serves
as a dimerisation domain in SMC proteins (Chiu et al., 2004).
As GHKL-ATPases and SMC proteins function as dimers
(Bilwes et al., 1999; Young et al., 2001; Saecker and Record,
2002), lack of the dimerisation domain most likely renders
GMI1 non functional.

© 2011 The Authors
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Under standard growth conditions, we did not observe
any obvious phenotype in the mutant lines. Though GMI1
expression was strong in young buds (suggesting a putative
role in meiosis), pollen fertility appeared to be normal when
analyzed by Alexander staining (data not shown; Alexander,
1969).

The gene MOP9.9 seems to be a duplication of GMI1
and is located at a distance of approximately 1 kb to GMI1
(Figure 5a). We analyzed a T-DNA insertion in MOP9.9
(mop9.9-1; SAIL_831_G04). The T-DNA is inserted in the
third exon of MOP9.9, thereby disrupting the putative
ATPase domain. We were unable to test mop9.9-1 by RT-
PCR as we failed to detect MOP9.9 expression in all tissues
analyzed. Moreover, a transposon replaces part of the
putative ATPase domain of MOP9.9, therefore MOP9.9 is
most likely a pseudogene.

GMI1 is not a master-regulator of the transcriptional
response to y-irradiation

Members of the SMC and the SMCHD families are involved
in transcriptional regulation (Blewitt et al., 2008; Kanno
et al., 2008; Wendt et al., 2008; Wierzbicki et al., 2009). To
determine whether GMI1 regulates the transcriptional
response to y-irradiation, we used Affymetrix ATH1 micro-
arrays to study the gene expression profiles of gmii-1
mutant and wild-type plants both under normal growth
conditions and after y-irradiation. Both the wild-type and the
mutant displayed a strong transcriptional response, with
hundreds of genes reacting to the radiation (Tables S1 and
S2). A comparative screen of the transcriptional responses
of gmi1 and wild-type (Table S3) identified 39 genes with a
positive log-odds ratio for showing a different radiation
response, i.e. with a different response more likely than not
(Table 1). Of these, only two genes were significant at a 5%
false discovery rate threshold (cf. Methods). One of the two
genes was GMIT (At5g24280) itself, which was strongly up-
regulated in the wild-type but was not expressed in the gmi1
mutant. The role of the second identified gene, PDF1.1/
LCR67/AFP1 (At1g75830), is not yet understood. It did not
respond to radiation in the wild-type but was found down-
regulated in the irradiated mutant (from an increased level
in the non-irradiated mutant). It is known to be involved in
the response to biotic stress (De Coninck et al., 2010). In
the remaining candidates, no known DNA repair/DNA dam-
age response genes were identified. Considering the robust
transcriptional response of both, wild-type and gmi1
mutants to y-irradiation as well as the small number
of genes showing a significantly different response, it is
unlikely that GMI1 plays a key regulatory role such as has
been suggested for SOG1 (cf. Supplement and Yoshiyama
et al., 2009).

In conclusion, our results do not suggest that GMI1 is
a master regulator of the transcriptional response to DNA
damage.

© 2011 The Authors
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GMI1 is induced by y-irradiation in an ATM-dependent
manner

Signalling kinases coordinate the DNA damage response
(Cools and De Veylder, 2009). ATM and, to a minor extent,
ATR regulate the transcriptional response after y-irradiation
(Culligan et al., 2006; Ricaud et al., 2007), while WEE1 is
important for the DNA damage checkpoint (De Schutter
et al., 2007). To determine if the induction of GMI7 depends
on any of these three signalling kinases, we performed real-
time RT-PCR analysis with RNA isolated from wild-type
(Col-0) and mutant (atm, atr, weel, or gmi1-1) plants after
v-irradiation. GMI7 was not induced in atm and not detected
in gmii1-1 plants, as the primers were flanking the T-DNA
insertion site in GMI1 (Figure 6). Hence, the expression of
GMI1 upon y-irradiation is ATM-dependent and GMI1 acts
downstream of ATM.

atr gmi1-2 double mutants show an increased sensitivity
to y-irradiation

Our data demonstrated an ATM-dependent induction of
GMI1, therefore atm gmi1 double mutants should be as
sensitive to y-irradiation as atm single mutants. If GMI1
played a prominent role in the ATM-dependent pathway,
mutation of GMI1 should, at least partially, compromise the
ATM-dependent response. Hence, atr gmi1 double mutants
should be more sensitive to y-irradiation than the respective
single mutants. To test this hypothesis, we scored the
recovery of Col-0 wild-type, gmii1-1, gmi1-2, atm, or atr
single, and atm gmi1-2 or atr gmi1-2 double mutants after
y-irradiation (100 Gy). Three weeks after irradiation, gmi1
single mutants were only marginally more sensitive to
v-irradiation than the fully recovered wild-type plants
(Figure 7 and Figures S4 and S5). atm gmil-2 double
mutants were recovering to a similar extent as atm single
mutants (around 10%). Approximately 2/3 of the atr plants
recovered, while only 1/3 of the atr gmi1-2 double mutants
survived the y-irradiation (Figure 7 and Figure S4).

Our sensitivity experiment supports the hypothesis that
GMI1 acts downstream of ATM. gmi1-2 disrupts part of
the ATM-dependent network enhancing the sensitivity of atr
gmi1-2 double mutants to y-irradiation compared with the
respective single mutants.

GMI1 is important for the repair of DSBs presumably
by homologous recombination

To elucidate if GMI1 plays a role in DNA repair, we deter-
mined the repair kinetics of DSBs induced by a 1-h pulse
of 30 ug mI™" bleocin with neutral comet assay. Wild-type
Arabidopsis had nearly repaired all DSBs after 20 min, while
gmi1 mutant plants and the o-kleisin mutant syn2/rad21.1
still showed a decreased repair capacity at this time-point
(Figure 8 and Figure S6). All the DSBs were repaired in every
line 3 h after the pulse. As these results indicated that GMI1
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Figure 6. GMI1 is induced in an ATM-dependent manner 1.5 h after
y-irradiation.

Real-time RT-PCR wild-type and mutant plants. Control plants (white bars)
were left untreated. Irradiated plants (black bars) were harvested 1.5 h after
y-irradiation (100 Gy). Signals were normalized to ROC3 expression and are
relative. The standard deviation was obtained from two biological replicates.

is important for DSB repair, we analyzed the behaviour of
the recombination reporter line 1445 Col (Tinland et al.,
1994; Lucht et al., 2002; Fritsch et al., 2004) in mutant and
wild-type backgrounds. The Arabidopsis line 1445 Col con-
tains two partially overlapping GUS fragments in inverted
orientation separated by a linker. The overlap of several
hundred base pairs between GUS fragments allows the
reconstitution of a functional 35S,,:GUS reporter gene by
HR. Expression of the 35S;,,:GUS reporter results in blue
spots in the plant tissue after GUS-staining. Hence, each
blue spot represents one independent HR event. We crossed
the reporter line with gmi1-1, gmi1-4, and mop9.9-1. All
T-DNA insertions and the reporter construct were in Col-0
background. Without genotoxic treatment, the recombina-
tion rates were not significantly different among all four
lines (P> 0.1; Table 2), while bleocin or mitomycin C treat-
ment significantly increased the number of recombination
events in each line (P < 0.01). For both treatments, the
number of GUS-spots was not significantly different be-
tween mop9.9-1and wild-type (P> 0.1), while it was different
when we compared the two gmi1 mutants to either mop9.9-
1 or wild-type (P < 0.01). As the bleocin and mitomycin C
experiments were not done in parallel, different media bat-
ches could contribute to the observed variation in the
baseline recombination rate of plants not exposed to stress.
The seed stock was identical in both experiments. Theore-
tically, storage conditions could contribute to an altered
homologous recombination rate. To minimize potential
variation contributed by the media, we used the same media
batch for plates with or without genotoxin and did the re-
plicates of each experiment in parallel. For both treatments,
the fold induction observed in gmiT mutants was about half
compared with mop9.9-1 mutants and wild-type. These data
demonstrate that GMI1 is required for HR stimulated by
bleocin or mitomycin C.

DISCUSSION
GMI1 is important for homologous recombination

Cells have complex protein networks to repair DNA damage.
First, the damage is perceived by detector proteins. Next,
this information is passed on by transmitter proteins to
activate and coordinate the action of effector proteins. They
are responsible for a transient arrest of the cell cycle and
repair of the DNA damage. The activity of repair genes is
often regulated on the transcriptional level (Lafarge and
Montane, 2003; Culligan et al., 2006). According to publicly
available databases (Winter et al, 2007) UV-B does not
stimulate GMIT expression, while our data demonstrates
that GMI1 expression is induced by DSBs and oxidative
damage-causing agents such as bleocin, the DNA-cross-
linking compound mitomycin C, and y-irradiation. These
results indicate that GMI1 might be important for the repair
of DSBs.

The activity of the signalling kinases ATM and ATR mainly
regulates the complex DNA damage and repair response
to y-irradiation (Garcia et al., 2003; Culligan et al., 2004). Our
work and the work of others (Culligan et al., 2006) demon-
strate that the expression of GMI71 is ATM-dependent.
Furthermore, atm gmi1-2 double mutants are similarly
sensitive to v-irradiation as atm single mutants. The
enhanced sensitivity of atr gmi1-2 double mutants to
v-irradiation supports the hypothesis that functional GMI1
is important in the ATM-dependent pathway of the DNA
damage response. GMI1 transcripts (detected by real-time
RT-PCR) persist over a longer time-period after y-irradiation
than the transcripts of the two repair genes BRCAT and
RAD51. As most DSBs were reported to be repaired within
the first hour after damage (Kozak et al., 2009; Takahashi
et al., 2010), GMI1 activity might also be required at later
stages of the DNA damage response.

The transcriptional response to y-irradiation is mainly
regulated by ATM and not ATR (Culligan et al., 2006; Ricaud
et al., 2007). Moreover, the transcription factor SOG1 has
been reported to induce transcription of repair and DNA
damage response genes including GMIT (Yoshiyama et al.,
2009). Considering the robust transcriptional response of
wild-type and gmii1-1 plants to y-irradiation as well as
the small number of genes showing a significantly different
response in our comparative screen, it is unlikely that GMI1
plays a key regulatory role such as has been suggested for
SOG1. GMI1 most likely acts as an effector protein important
for HR.

In principle, DSBs are repaired by NHEJ or HR. NHEJ
seems to be the predominant repair mechanism in plants,
consisting mainly of differentiated, no longer dividing cells
(Puchta, 1999). The consequences inflicted by potential loss
of genetic information seem to be less severe in these cells,
as their genetic information will not be passed on to progeny
cells. NHEJ compensating for a decreased efficiency of HR
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Figure 7. atr gmil-2 double mutants show (a) Col-0
enhanced sensitivity to y-irradiation. Y

{a) Pictures were taken 5, 9 and 17 days after

y-irradiation (100 Gy). Control plants were not 0 Gy
irradiated. atr gmi1-2 double mutants are more 5 days
sensitive to y-irradiation than the respective
single mutants while atm gmii-2 mutants
are as sensitive as atm mutants. All pictures are
the same magnification (size bar = 1em).

{b) Percentage of recovered and dead plants
17 days after y-irradiation. On average 60 plants
were counted per sample.

gmit-1 gmi1-2 atm
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0 100
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in gmi1 mutants could explain why gmil plants have no
obvious phenotype under normal growth conditions and a
rather mild sensitivity to y-irradiation. Many components
of somatic HR have an additional role in meiosis. Plants
deficient in these factors are often (at least partially) sterile
(Gallego et al., 2001; Bundock and Hooykaas, 2002; Schuer-
mann et al., 2005). Even though we detected GMI1 expres-
sion in young flowers by RT-PCR and in GMI1,,,,:GUS plants
by staining, we did not observe any obvious reduction in
fertility in gmi71 mutants suggesting that GMI1 is either not
involved in meiosis or an unknown factor compensates for
the loss of GMI1.

In meristematic cells, maintaining sequence integrity is
vital and HR via sister chromatids seems to be the repair
mechanism of choice. Qur data show that GMIT is most
strongly expressed in young dividing tissues and, to a lesser
degree, in the entire plant body. Genotoxic treatment
induced GMIT expression in primary and lateral root mer-
istems and intensified the signal in the shoot apical
meristem. The comet assay demonstrated that GMI1 is
important for rapid DSB repair which is thought to mainly
depend on SMC proteins and the activity of Ligase 1 (LIG1;

© 2011 The Authors

gmit-1 gmit-2 atm

atm gmi1-2 atr atr gmi1-2

(Kozak et al., 2009; Waterworth et al., 2009)). The GUS-spot
reporter assay assigns GMI1 a role in HR upon exposure to
bleocin or mitomycin C, as the recombination rate decreased
by at least half compared with the wild-type. This reduction
is not as pronounced as reported for rad57c mutants, a
component important for strand exchange in HR (Abe et al.,
2005) and is comparable with the value observed for mim
(smc6b) mutants using a similar assay (Mengiste et al.,
1999).

Recent publications demonstrate the importance of the
SMC1/SMC3 and the SMC5/SMC6 complexes in DNA repair
(Kozak et al., 2009; Watanabe et al., 2009; Takahashi et al.,
2010), as they could facilitate HR by keeping the damaged
and the correct sister chromatids closely together {De Piccoli
et al, 2008; Heidinger-Pauli et al., 2008). According to its
protein domains (an ATPase combined with an SMC hinge
domain separated by a linker), GMI1 resembles SMC
proteins. Hence, GMI1 might act in a similar way as SMC
proteins in HR. The reduced recombination rate in gmi?
mutants (lacking the SMC hinge) suggests that this domain
is important for GMI1 function. As the hinge serves as a
dimerisation domain in SMC proteins (Chiu et al., 2004),

The Plant Journal © 2011 Blackwell Publishing Ltd, The Plant Journal, (2011), 67, 420-433
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Figure 8. Repair kinetics of bleocin induced DNA double strand breaks in
Col-0, gmi1-1, gmil-2, and gmil-4.

Fractions of remaining DSBs were calculated for 0, 3, 5, 10, 20, 60 and 180 min
repair time points after treatment with 30 pg mi~" bleocin for 1 h. The
maximum damage was normalized as 100% at t = 0 for all lines. The repair
kinetic parameters were calculated with the Prism five program. The mean
percentage of DNA in the comet tail for 300 comets for each concentration
point is shown (error bars—standard error). All used gmi1 lines show a defect
in DSB repair. The repair kinetics of gmi7-2 is similar to that of atrad21.1
(Figure S6).

we propose a working hypothesis in which GMI1 acts as a
dimer, presumably as part of a higher molecular complex.
ATP-binding and hydrolysis are essential in ABC-ATPases
such as SMC proteins (Hirano, 2002; Losada and Hirano,

2005) and in GHKL-ATPases such as gyrases (Stock, 1999)
for conformational changes. Future biochemical studies and
protein interaction experiments might help to unravel the
putative interaction network of GMI1. Moreover, it would be
interesting if the mammalian homologue of GMI1, SmcHD1,
plays a role in DNA repair/DNA damage response besides
the already reported function in X-inactivation.

EXPERIMENTAL PROCEDURES

Plant material and growth conditions

Plants were grown on soil or on %:MS media (2.21 g Murashige &
Skoog medium including B5 vitamins (Duchefa, http:/www.
duchefa.com/), 10 gL' p*sucrose {Applichem, http:/www.
applichem.com/); pH 5.8; 6 g L' Plant Agar (Duchefa) for solid
media) in 16 h light (approximately 90 umol m™2 sec™') and 8 h
darkness. Seeds were sterilized in 3% Calcium-hypochlorite (Roth,
http://www.lactan.at/) and washed in dH,0. Information on plant
material and genotyping conditions is listed in the Data S1.

Cloning of GMI1,,,:GUS

The putative GMI1 promoter was amplified by PCR (KOD Hifi DNA
polymerase, Novagen) from Col-0 DNA using the primers SF_54
(CTGCAGATGTCTTATCTCTTTCCGAATG) and SF_55 (CCCGGGAA-
CTGATTAACTTTTTTGAATTAC). Purified PCR products (Nucleo-
Spin extract kit Il; Macherey-Nagel, http://www.mn-net.com/) were
subcloned (pCR2.1; Invitrogen, http://www.invitrogen.com/) after
poly-A-adding. A Smal-Pstl fragment was introduced in the Smal-
Pstl digested pCBK04 vector (provided by Karel Riha), replacing the
35S promoter with the putative GMIT promoter.

RT-PCR

For spatial and temporal analysis of GM!7 expression by blotted RT-
PCRs, 3 ug of RNA (SV Total RNA Isolation System; Promega, http://
www.promega.com/) were reverse-transcribed (primer GAC-
CACGCGTATCGATGTCGACTI(16)V; Revertaid, Fermentas, http://
www.fermentas.com/). The diluted cDNA was amplified by PCR (see
Data S1) and blotted on a nylon membrane (Hybond-N; Amersham

Table 2 The rate of somatic homologous recombination of line 1445 Col in gmi7 mutants is reduced compared with wild-type and mop8.9-1

plants

GUS-spots per plant (avg. + st dev.)

Col-0 gmil1-1(-/-) gmil-4 (/- mop9.9-1(-/-)
0 ng ml™" bleocin 0.76 + 0.21 0.75 + 0.04 0.56 + 0.12 0.67 + 0.12
100 ng mI™" bleocin 14,54 + 0.65 5.42 + 1,52 4.47 £+ 0.67 16.5 + 2,18
Fold induction approximately 19-fold approximately 7-fold approximately 7-fold approximately 24-fold
0 pm MMC 0.09 + 0.05 0.11 + 0.06 0.07 + 0.02 0.11 + 0.06
40 um MMC 2.58 + 0.68 1.40 £+ 1.02 1.06 £ 0.52 3.43 1+ 0.94

Fold induction approximately 29-fold

approximately 13-fold

approximately 15-fold approximately 30-fold

Line 1445 Col contains two partially overlapping GUS fragments in inverted orientation separated by a linker. Somatic homologous recombination
reconstitutes a functional GUS-gene manifesting as a blue spot by GUS-staining. After growth on medium with or without genotoxic compounds
plants were GUS-stained and the number of GUS-spots per plant was determined. On }2MS, the number of GUS-spots was comparable in mutant
and wild-type lines {P-value > 0.1). In every plant line, genotoxic treatment induced the number of GUS-spots significantly compared with the
untreated controls (P-value < 0.01). The difference in the number of GUS-spots between wild-type and mop9.9-1 was not significant
(P-value > 0.1), while it was significant for both gmi1 mutant lines compared with either wild-type or mop9.9-1 (P-value < 0.01). The average
(avg.) and the standard deviation {stdev.) were calculated from two technical replicates for the bleocin-experiment and three biological replicates
for the mitomycin C (MMC) experiment. We applied Student's t-test (Microsoft Excel™) for the calculation of the P-values.
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Biosciences; Ausubel, 2001). Hybridization was performed at 65°C
with 32P labelled probes (Hexanucleotide Mix, Roche; Ausubel,
2001). Data were gained by phospho-imaging (Molecular Imager
FX, Bio-Rad and Quantity One, Bio-Rad, http://www.bio-rad.com/).
For chronic bleocin treatment, seedlings were cultivated on %2MS
media with 100 ng mI™" bleocin (Calbiochem, http:/www.cal
biochem.com/) for 3 weeks. To expose plantlets to mitomycin C,
plants were grown on %2MS media for 2 weeks and transferred to
liquid %2MS media with 40 um mitomycin C (Duchefa) for 24 h.

To determine GMI1 induction after y-irradiation by real-time RT-
PCR, wild-type, atm-2, atr-2, wee1-1and gmii-1 seeds were grown
on %MS plates in continuous light (100 umol m~2 sec™"; Percival
CU-36/L4, USA) for 5 days and then irradiated (100 Gy; Co-60-
gamma source Gamma-cell 220, Nordion International, Canada;
Department of Nutritional Sciences, University of Vienna, Althan-
strasse 14, 1090 Vienna, Austria). The dose rate was 27-34 Gy -
min~". RNA was isolated from plants frozen in liquid nitrogen (SV
Total RNA Isolation System; Promega) and 1 pug of total RNA
reverse transcribed (iScript cDNA Synthesis Kit; Bio-Rad). Quanti-
tative PCRs (2 x SensiMix Plus SYBR Kit & Fluorescein (PEQLAB);
105 iCyler Bio-Rad) were analyzed with the IQ5 optical system
software (Bio-Rad). Experiments were performed in triplicates. For
primers and PCR conditions see Data S1.

To test if gmi1-1, gmi1-2, gmii1-3, and gmi1-4 fail to produce
full-length GMIT mRNA, 100 ng RNA (SV Total RNA Isolation
System; Promega) from mutant and wild-type plantlets either
exposure to 100 ng mi™" bleocin for 2 weeks or to 100 Gy Y-
irradiation were reverse-transcribed (iScript cDNA Synthesis Kit;
Bio-Rad; 90 min extension at 42°C) and amplified by PCR (see
Data S1 for details). Genomic Col-0 DNA served as a positive
control in the PCR assays.

Microarray analysis

Sample preparation and expression profiling. Approxi-
mately 50 gmi1-1and wild-type seeds were grown on %2MS plates in
continuous light for 5 days and harvested 1.5 h after irradiation
(100 Gy; as described for the RT-PCR experiments). RNA was iso-
lated with TriReagent (Sigma, https://www.sigmaaldrich.com/) from
plantlets, DNase treated (TurboDNase, Ambion, http://www.
ambion.com/), and purified via PCI extraction and EtOH precipita-
tion. RNA was labelled after quality assessment (Agilent Bioanalyzer
2100, Agilent, http://www.genomics.agilent.com/) and ATH1
microarray hybridizations were performed by NASCarray using the
manufacturer recommended protocols (http:/affymetrix.arabidop-
sis.info/). Three independent biological replicas were grown on
separate 2MS plates. Microarray data were deposited at GEO (acc.
no. GSE23892).

Microarray low-level data analysis and transforms. Low-
level CEL-file analysis included re-assignment of probes to the TAIR
genome annotation to achieve specific signals, removal of
probe-sequence dependent effects, consideration of alternative
chip-to-chip normalization options, and a robust expression signal
summary of probe sets using a multi-chip probe-level model to
down-weight random outlier probes (Huber et al., 2002; Bolstad,
2004; Wu et al., 2004; Dai et al., 2005). See Data S1 for details.

Analysis of differential expression. For every gene, linear
models were fit to obtain a contrast between radiated samples and
the respective matched non-irradiated plants, as well as a contrast
reflecting the differences in radiation response between the mutant
and the wild-type plants. The significance of differences was
adjusted for multiple testing according to Benjamini and Yekutieli
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(2001) to provide strong control of the false discovery rate < 5%.
Few differences were observed between the mutant and wild-type
radiation responses, and more aggressive quantile-quantile nor-
malization together with the more liberal Benjamini-Hochberg
multiple-testing correction yielded similar results, with just one
additional gene identified (At1g75830, q = 4.5%, data not shown).
We consequently also determined the larger number of genes
having a positive log-odds ratio for showing a different response,
i.e. for which a different response was more likely than not. Setting
an appropriate prior is non-trivial and we chose the more conser-
vative estimate (1.2%) of two independent approaches: a prior of
1.2% gave self-consistent results, whereas a prior of 6.4% was
obtained using a convex decreasing density estimate (Langaas
et al., 2005).

Histochemical GUS-staining

Plantlets were vacuum-infiltrated with GUS-staining solution
(100 mm phosphate buffer pH 7.0 (Merck; Applichem), 10 mm EDTA
(Roth), 0.1% Triton X-100 (Applichem), 2 mm potassium hexacy-
anoferrate (ll) trihydrate (Fluka, http://www.sigmaaldrich.com/),
100 ug mi~" chloramphenicol (Roth), 2 mm potassium hexacyano-
ferrate (Ill) (Applichem), 0.5 mg mI~' X-GlcA (Duchefa)) and stained
at 37°C over-night. After fixation (EtOH:acetic acid 3:1; Merck,
Applichem) at room-temperature for 4 h and storage at 4°C in 70%
EtOH (Merck, http://www.merck-chemicals.com/) seedlings were
mounted in 30% glycerol/1x PBS (glycerol for microscopy; Merck)
and visualized under a stereomicroscope (Leica MZ 16 FA, Leica,
http://www.leica.com) or a microscope (Zeiss Axio Imager M1,
Zeiss, http://www.zeiss.com/).

For chronic stress treatments, sterile seeds of two independent
GMI1,,,,:GUS lines were grown on %2MS media with 40 um mito-
mycin C (Duchefa) or 100 ng mi~" bleocin (Calbiochem) for 1 week.
Control plants were left untreated. Seedlings were stained and
analyzed as described above.

For short stress treatments, seedlings were grown on %2MS media
for 5 days and transferred to liquid %2MS with or without 40 um
mitomycin C (Duchefa) or 100 g mI™" bleocin (Calbiochem). Sam-
ples were stained 1.5 and 24 h after transfer and visualized as
mentioned above.

HR assay

Sterile seeds of 1445 Col (Tinland et al., 1994; Lucht et al., 2002;
Fritsch et al., 2004) in Col-0, gmi1-1, gmii-4, or mop9.9-1 back-
ground were grown on %MS plates + 100 ng mI~" bleocin (Cal-
biochem) or +40 um mitomycin C (Duchefa) under long day
conditions for 3 weeks. Plants were stained in GUS staining solu-
tion (see above) at 37°C overnight and cleared in 70% EtOH (Merck)
at room temperature. The number of GUS-spots per seedling was
counted under a stereomicroscope (Leica MZ6). Table 2 lists aver-
age values of two technical replicates (each consisting of 22-45
plants grown on the same ¥%2MS plate) in case of the bleocin
experiment and 3 biological replicates (50 plants grown on separate
1%MS plates per replicate) in case of the mitomycin C experiment.
Standard deviation was calculated using the mean values of each
replicate. The significance of differences was calculated using a
Student’s t-test (Excel, Microsoft).

Sensitivity assay

Sterile Col-0, gmi1-1, gmi1-2, gmiil-4, atm-2, atr-2, atm-2 gmi1-2,
and atr-2 gmi1-2 seeds were grown on %MS plates in continuous
light (100 umol m™2 sec™"; Percival CU-36/L4, USA) for 5 days,
irradiated (100 Gy), and then continued to let grow. Control plants
were left untreated. Pictures were taken 5, 9 and 17 days after
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y-irradiation. The ratio of dead to recovered plants was determined
17 days after irradiation.

Comet assay

Seeds were germinated on Petri plates on %2MS media (Duchefa)
solidified with 0.8% Plant Agar (Duchefa) and overlaid with cello-
phane to ease collection of seedlings at 16 h/8 h day/night regime at
22°C and 18°C, respectively. Sensitivity (Figure S7) and repair
kinetics of Arabidopsis wild-type and mutant lines were measured
using 10-day-old seedlings. Prior to treatment, seedlings were
gently transferred from agar to liquid media to avoid drying. DSB
fragmentation of nuclear DNA was measured in seedlings treated
with 0, 10, 30, and 50 ug mi~" bleocin (inj., Euro Nippon Kayaku
GmbH, http://www.nipponkayaku.co.jp/english/) for 1 h in liquid
%MS.

For repair kinetics, seedlings were rinsed in H,O after bleocin
treatment (30 ug mi™"), blotted on filter paper and either frozen in
liquid N, (t = 0) or left to recover in %2MS for the indicated repair
times, before being frozen in liquid N,. DSBs were detected by a
neutral comet assay (Angelis et al., 1999; Menke et al., 2001; Olive
and Banath, 2006) as described in the Data S1.
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ABSTRACT

The moss Physcomitrella patens is unique among
plant models for the high frequency with which
targeted transgene insertion occurs via homologous
recombination. Transgene integration is believed to
utilize existing machinery for the detection and
repair of DNA double-strand breaks (DSBs). We
undertook targeted knockout of the Physcomitrella
genes encoding components of the principal sensor
of DNA DSBs, the MRN complex. Loss of function of
PpMRE11 or PpPRAD50 strongly and specifically in-
hibited gene targeting, whilst rates of untargeted
transgene integration were relatively unaffected. In
contrast, disruption of the PobNBS1 gene retained
the wild-type capacity to integrate transforming
DNA efficiently at homologous loci. Analysis of the
kinetics of DNA-DSB repair in wild-type and mutant
plants by single-nucleus agarose gel electrophor-
esis revealed that bleomycin-induced fragmentation
of genomic DNA was repaired at approximately
equal rates in each genotype, although both the
Ppmre11 and Pprad50 mutants exhibited severely
restricted growth and development and enhanced
sensitivity to UV-B and bleomycin-induced DNA
damage, compared with wild-type and Ppnbs1
plants. This implies that while extensive DNA
repair can occur in the absence of a functional
MRN complex; this is unsupervised in nature
and results in the accumulation of deleterious

mutations incompatible with normal growth and
development.

INTRODUCTION

DNA double-strand breaks (DSBs) represent one of
the most cytotoxic forms of damage an organism can
acquire (1). Such events occur with high frequency result-
ing from cellular metabolism (such as reactive radicals or
stalled replication forks during S phase) and through the
action of exogenous agents (such as ionizing radiation or
chemical mutagens). Failure to repair such damage can
lead to the irrecoverable loss of genetic material, with
both immediate and long-term consequences: the onset
of cancerous transformation in animal cells, or the
failure to transmit genetic information in gametes (espe-
cially in plants, where there is no early developmental par-
titioning of germ-line and somatic cell lineages).
Unsurprisingly, all living organisms have evolved effi-
cient mechanisms that can be deployed to sense DNA
DSBs, activate DNA repair, cell-cycle arrest and some-
times apoptosis. Such is the importance of these mechan-
isms, that the genes encoding many of the essential
components of the DNA repair machinery are highly
conserved in evolution (2). In particular, this is true of
the mechanism by which the broken ends of DNA mol-
ecules are recognized and recruited into DNA repair
complexes. In eukaryotes, the MRN/MRX complex
undertakes this task (3.,4). This conserved complex is
composed of three proteins, Meiotic recombination
11 (MREIIl), Radiation sensitive 50 (RADS50), and
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Nijmegen Breakage Syndrome 1 (NBSI1) (X-ray sensitive
2, XRS2 in the yeast, Saccharomyces cerevisiae). Together,
the MREIl, RADS50 and NBSI proteins form a
multisubunit complex (M,R,N) that binds the ends of
broken DNA molecules, and can tether the broken ends
through dimerization between adjacent MRN complexes
mediated by an association between the RADS50 compo-
nents (3,5). The formation of MRN-DNA complexes also
initiates a cell-cycle checkpoint through interaction with
the phosphoinositide 3-kinase-related protein kinases
(PIKKs) ATM and ATR (for ‘Ataxia Telangiectasia
Mutated’ and ‘Ataxia Telangiectasia mutated-like and
Rad 3 related’) and the DNA Protein Kinase catalytic
subunit (DNA-PKcs) (6). These proteins phosphorylate
multiple targets to initiate a cascade of downstream
events leading to DNA DSB repair either by non-
homologous end joining (NHEJ), a rapid but occasionally
inaccurate mechanism, or through homologous recombin-
ation (HR), a conservative mechanism that uses an hom-
ologous sequence (e.g. a sister chromatid) as a template to
restore the original sequence at the DSB site. In this latter
pathway, an Mrel l-specific nuclease activity is required
(with other components) for the resection of DNA ends
necessary for strand invasion (7).

Transgene integration into flowering plant genomes
occurs through the agency of endogenous mechanisms
that have evolved for the repair of DNA DSBs.
In flowering plants, the integration of exogenous DNA
whether directly delivered via microprojectile bombard-
ment or protoplast transfection, or delivered by
Agrobacterium-mediated transformation occurs predom-
inantly at random positions throughout the genome,
whereas gene targeting frequencies remain extremely
low (8). Random integration of transgenes requires
enzymes from the NHEJ pathway, and the inefficiency
of GT probably reflects the prevalence of the NHEJ
pathway in repairing DNA DSBs in angiosperms (9-11).
In contrast with flowering plants, transformation of the
moss, Physcomitrella patens, with DNA containing
homology with genomic sequences results in preferential
incorporation of the transforming DNA at these homolo-
gous sequences (12). This facility for ‘gene targeting’ is
similar to that seen in Saccharomyces (13) and suggests a
preference for the use of the HR-dependent pathway as
the primary means of undertaking DSB repair, although
molecular analyses of gene targeting events provide clear
evidence for modification of the transforming DNA by
both NHEJ and HR reactions upon integration (14,15).
Physcomitrella thus represents an excellent model in which
to analyse DNA-DSB repair pathways in plants, particu-
larly in regard to its outstanding gene targeting effi-
ciency (12). Previous studies have shown that PpRADS],
the protein at the core of the HR reaction, was required
to preserve genome integrity and essential to achieve gene
targeting (16,17). The mismatch repair PpMSH?2 gene was
also shown to be essential to preserve genome integrity
and to prevent homeologous gene targeting (18).

We have characterized the role of the Physcomitrella
MRN complex in DNA DSB-repair and gene targeting.
We find that in moss the major loss of function pheno-
types of the MRN complex depends on PpRADS50 or
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PpMREI11, but not PpNBSI. Inactivation of either
PpRADS50 or PpMREII reduced GT ~I11-fold in both
Pprad50 and Ppmrel ] mutants, while illegitimate integra-
tion rates only slightly affected. Gene expression studies
further show that Ppmrell and Pprad50 strains display
constitutively high expression of the DNA damage
response, implying the activation of alternative pathways
to minimize endogenous DNA damage in the mutant
strains. The mutants exhibit a severe developmental
phenotype, possibly associated with early senescence
processes, and hypersensitivity to UV-B and bleomycin-
induced DNA damage.

MATERIALS AND METHODS
Plant material

Physcomitrella patens (Hedw.) B.S.G. ‘Gransden2004’ was
vegetatively propagated as previously described (19).
Individual plants were cultured as ‘spot inocula’ on
BCD agar medium supplemented with 1 mM CaCl, and
SmM ammonium tartrate (BCDAT medium), or as lawns
of protonemal filaments by subculture of homogenized
tissue on BCDAT agar medium overlain with cellophane
for the isolation of protoplasts. Transformation experi-
ments were performed as previously described (20) using
linear fragments of DNA generated either by digestion of
transforming vectors with restriction enzymes (19) or by
polymerase chain reaction (PCR) amplification (14).
Growth conditions for the generation of deletion strains
were as described previously (17).

Gene identification and isolation

Genomic DNA and total RNA were isolated from
Physcomitrella as previously described (19). For verifica-
tion of gene models, RNA was extracted from a
polyribosome-enriched  fraction:  7-day  subcultured
protonemal tissue (~5g squeeze-dried chloronemal
tissue) was homogenized in 30ml extraction buffer
[200mM sucrose 40 mM Tris-HCI, pH 8.5, 60 mMKCI,
30mM  MgCl, 1% (v/v) Triton X-100, 2mM
dithiothreitol] and the extract was clarified at 25000g
for 20min (Sorvall SS34 rotor). The supernatant was
layered over a cushion comprising | M sucrose, 40 mM
Tris-HCI, pH 8.5, 20mM KCI, 10mM MgCl, and
centrifuged for 3h at 141000g (Beckman SW28 rotor).
The pellet was drained and resuspended in 0.5ml
RNA extraction buffer for aqueous phenol extraction (19).
RNA used for RT-PCR was first digested with RQ DNase
I (Promega) to remove residual DNA. Physcomitrella
genomic sequences encoding the MREII, RAD50 and
NBS1 genes were identified by BLAST search (http://
genome.jgi-psf.org/Phypal_1/Phypal_l.home.html). The
available gene models were used for the design of PCR
primers to amplify cognate genomic sequences, which
were cloned in the plasmid pBluescript KS*. PCR
primers used are listed in Supplementary Table S1. In
order to obtain a correct gene model for each sequence,
full-length complementary DNA (cDNA) sequences were
amplified from Physcomitrella polyribosome-derived
RNA by RT-PCR. Total RNA (lpg) was reverse
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transcribed using an oligo-dT, |5 primer and AMV
reverse transcriptase as supplied in the Promega Reverse
Transcription system in a 20-pl reaction. Following
cDNA synthesis, the reaction mixture was diluted by the
addition of 80 ul water, and 1 ul aliquots were used for
PCR amplification using primers predicted to anneal
with 5- and 3/-untranslated region (UTR) sequences
(Supplementary Table S1). PCR products were cloned
by blunt-end ligation into the EcoRV site of pBluescript
KS" for sequence analysis (ABI3130) in the DNA
sequencing facility of the Leeds University Faculty of
Biological Sciences. Predicted polypeptide sequences
were aligned with the orthologous genes from
Arabidopsis thaliana, Homo sapiens and Saccharomyces
cerevisiae using CLUSTALW.

Targeted gene knockout

Gene disruption cassettes were constructed by ligating a
selection cassette comprising a neomycin phospho-
tranferase gene driven by the Cauliflower Mosaic Virus
35S promoter and terminated with the CaMV gene 6 ter-
mination sequence (35S-nptll-g6ter) derived from the
vector pMBL6 (14) into convenient restriction sites
within the cloned PpMREI1I, PpRADS50 and PpNBSI
genes to replace endogenous coding sequences. For the
PpMREII gene, the selection cassette was placed
between residues 1763501 (in exon 4) and 1764332 (in
exon 8) in JGI Phypal_1/scaffold 18. For the PpRADS0
gene the selection cassette was placed between residues
1431738 (in intron 13) and 1433260 (in intron 16) in JGI
Phypal_1/scaffold 51. For the PpNBS1 gene, the selection
cassette was placed between residues 276622 (in intron 4)
and 277547 (in intron 7) in JGI Phypal_1/scaffold 219.
For targeted knockout of the moss genes, fragments of
DNA containing these cassettes and flanked by ~1kb
of 5- and 3-flanking genomic sequence were PCR
amplified. These linear fragments were used to transform
Physcomitrella protoplasts, and stable transformants were
selected following regeneration in medium containing
50 ugml~" G418 for 2 weeks, followed by subculture
onto medium lacking antibiotic for 2 weeks, and a final
subculture on selective medium. Targeted replacement of
the native genes by the disruption cassette was confirmed
by PCR reactions using external, gene-specific primers in
combination with ‘outward-pointing’ selection cassette-
specific primers (Supplementary Table S1). Single-copy
allele replacements were identified by PCR using the
external primer pairs, and the absence of additional trans-
gene insertion in the genome was confirmed by Southern
blot analysis. Conditions for PCR analysis were as previ-
ously described (14) and Southern blot analysis of
genomic DNA was carried out as previously described
(21), using the 35S-nptil-g6ter cassette as a hybridization
probe.

For generation of deletion mutants mrel 14 and rad504,
the 5-and 3'-targeting fragments were amplified from
P. patens genomic DNA and cloned upstream (5) and
downstream (3') of the loxP sites flanking the resistance
cassette in plasmid pBNRF (17) to create the plasmids
pMRElldelta and pRADS50delta, respectively. For the

PpMREII gene, a 1009-bp 5'-targeting fragment (coord-
inates 1763137-1764146 in JGI Phypal_1/scaffold 18) and
an 803-bp 3'-targeting fragment (coordinates 1765334
1766184) were PCR-amplified. For PpRad50, an 831-bp
5" targeting fragment (coordinates 1426648-1427479 in
JGI Phypal_l/scaffold 51) and an 819-bp 3'-targeting
fragment (coordinates 1435197-1436016) were
PCR-amplified.

Moss protoplasts were transformed with pMREI ldelta
digested with BstXI and Asel, or with pRADS0delta
digested with Xbal and Nsil. Stable disruptants were
selected by successive subculture on selective and non-
selective medium and PCR analysis as described above.
Clean deletions in the PpMREII (encompassing exons
7-10) and PpRADS50 genes (exons 4-20) were obtained
by transient Cre recombinase expression (18). Deletions
in the recombinant loci were confirmed by PCR amplifi-
cation using gene-specific external primers MRE11#1 and
MREI11#2, and RAD50#1 and RADS0#2, respectively.
Primers APT#14 and APT#19 were used as positive
controls (Supplementary Table S1).

For gene targeting studies the vectors PpAPT-KO2 (17)
and PpAPT-KO3 have been used. To obtain PpAPT-
KO3, an internal 1631-bp Sall/BglII fragment containing
the 35S:HygR-LoxP marker was deleted in PpAPT-KO2
and replaced by an Xhol/BglIl fragment from pBNRF
(17) containing the 35S:Neo™-LoxP marker.

Analysis of gene expression in mutants

Transcript abundance in selected knockout lines
was determined by RT-PCR of cDNA. Total RNA
was isolated from protonemal tissue (19) and 1pug was
reverse-transcribed using a Promega reverse transcription
system. The 20-ul reaction mixture was diluted 25-fold
and 5ul aliquots were used for PCR. Detection of
Mrell, Rad50 and Nbsl mRNA in mutant lines was
by RT-PCR using primers indicated in Supplementary
Table 1.

For quantitative determination of the relative abun-
dances of transcripts encoding DNA repair genes in
wild-type and mutant strains, quantitative real-time PCR
was carried out using a Qiagen Rotor-Gene Q instrument
and Qiagen SYBR-Green PCR kit. RNA was isolated
from 7-day subcultured protonemal tissue from each
of three independent lines (wild-type, PpmrellKO,
Pprad50K0 and PpnbslKO, respectively), with two repli-
cates for each sample. Transcript abundance was
estimated by reference to both internal and external refer-
ence sequences. As an external reference, Physcomitrella
RNA samples were ‘spiked’ with tenfold serial dilutions
(107'-10™%) of an in vitro transcript from a full-length
wheat ‘Em’ ¢cDNA (22) prior to reverse transcription.
These were used to test a number of candidate internal
reference sequences, corresponding to Physcomitrella
gene models Phypal_1:227826 (SAND family endocytosis
protein), Phypal_1:209451 (Clathrin adapter complex
subunit), Phypal_1:224488  (Acyltransferase) and
Phypal_1:163153 (Ribosomal protein S4) for stability
of expression in response to bleomycin treatment.
Phypal_1:227826 was subsequently selected as the
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internal reference standard for the determination of the
abundances of PpRad51-1 (Phypal_1:206066), PpRad51-2
((Phypal_1:207856), PpPARP-1  (Phypal_1:150949),
PpPARP-2 (Phypal_1:188096) PpKu70 (Phypal_1:
60909), PpKu80 (Phypal_6:23553) and PpCtIP
(Phypal_6:453490) transcripts. Relative transcript abun-
dance was calculated using the AACt method and
normalized to the wild-type value.

Bleomycin and UV-B sensitivity assays

Physcomitrella explants were inoculated as ‘spot inocula’
onto BCDAT-agar plates supplemented with bleomycin
(Bleocin inj., Euro Nippon Kayaku GmbH, Germany)
at concentrations indicated in the text, to determine sen-
sitivity to chronic exposure to the drug. Plant growth was
assessed by measurement of the surface area of each plant
at intervals following inoculation by digital photography
of the plates. The image analysis software ‘Imagel” (23)
was used to convert the digital images to binary format
and determine the colony area based on counting the
number of pixels corresponding to each colony. Colony
area determinations based on different photographs
were normalized for each colony using the estimated
area of the plate.

For acute toxicity testing, protoplast viability and
protonemal growth were analysed. Viability was tested
when protoplasts of wild-type and mrell, rad50 and
nbsl mutants in BCD liquid medium supplemented with
mannitol were treated with bleomycin at concentrations
indicated in the text for 1h. Protoplasts were washed
two times and then resuspended in liquid mannitol
medium. After 20h in the dark, the protoplasts were
spread on BCD agar medium supplemented with
mannitol (~10° protoplasts per Petri dish). After 6 days
regeneration, the number of survivors was counted. We
repeated these experiments three times.

Protoplasts of wild-type, mrell and rad50 mutants were
spread (~50000/plate) on protoplast agar medium
(PpNH4 +0.5% glucose +8.5% mannitol). Plates were
immediately irradiated with UV-B light (308 nm) in a
Stratagene Stratalinker. The intensity of the irradiation
was controlled using the internal probe of the
Stratalinker and one plate of each strain was treated sim-
ultancously. The experiment was repeated three times.
Plates were immediately transferred to darkness for 24 h
after treatment then to standard growth conditions for
protoplast regeneration. Survival was determined after
1 week by microscopic observation.

Protonemal growth was tested by incubating 7-day-old
protonemal tissue in BCDAT liquid medium containing
bleomycin at concentrations indicated in the text for 1h.
The tissue was washed three times with medium lacking
bleomycin and homogenized. Explants were inoculated
onto BCDAT agar medium and recovery following treat-
ment was determined by measuring the increase in plant
surface area over a 3-week period.

Evaluation of spontaneous mutation frequency

Mutations in the PpAPT gene confer resistance to
2-Fluoroadenine (2-FA), a toxic compound for cells.
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The number of 2-FA resistant colonies that grow follow-
ing protoplast regeneration reflects the frequency of spon-
taneous mutations. Protoplasts of wild-type, mrell,
rad50, nbsl and msh2 (18) mutants were regenerated for
6 days on BCD agar medium supplemented with mannitol
(~10° protoplasts per Petri dish) and then transferred
on to BCD agar medium supplemented with 5uM
2-FA (Fluorochem). After 2 weeks, the number of re-
sistant clones was counted. Experiments were repeated
three times and statistically analysed using Fisher’s
exact test.

Isolation of apt mutants after bleomycin treatments

One-day-old protonemata prepared from 10 plates of
7-day-old tissue (around 25.10° dividing cells) of
wild-type and the Pprad50KO mutants were exposed to
sublethal acute doses of bleomycin: 50 ug/ml for 2h for
wild-type and 0.1ug/ml for 1h for the Pprad50KO
mutant, before being transferred onto cellophane-overlaid
BCDAT agar medium supplemented with 2-3 uM 2-FA.
After 3 weeks, resistant foci were clearly visible.
Cellophane discs bearing resistant colonies were
transferred to plates without 2-FA. This process was
repeated three times until stable Ppapt clones were estab-
lished. The results of selection are summarized in
Supplementary Table S2. Genomic DNA was isolated
as previously described (19) and the mutant Ppapt genes
were amplified by PCR and sequenced using the primers
listed in Supplementary Table S1 and indicated in
Supplementary Figure S4.

Gene targeting assays

Transformation efficiency and APT targeting frequency
were measured as previously described (17). Moss proto-
plasts (4.8 x10°) were transformed with the
nonhomologous pBHRF or pBNRF plasmids (17)
digested respectively with HindIII or XmalJI to produce
a linear fragment containing the 35S::hygR or 35S::neoR
markers, or with PpAPT-KO2 or PpAPT-KO3 plasmids
digested respectively with BsaAl/HindIIl or Pvul/BsrGI
to produce the targeting APT fragment containing the
35S::hygR  cassette (from pBHRF) or the35S::neoR
cassette (from pBNRF) flanked by genomic PpAPT se-
quences. Targeted integration of PpAPT-KO2 or
PpAPT-KO3 at the 4PT genomic locus confers resistance
to 2-FA. We selected primary transformants (un-
stable +stable) with 25mgl™' hygromycin B (Duchefa)
for PpAPT-KO2 or with 50mgl~' G418 (Duchefa) for
PpAPT-KO3. Integrative transformants were isolated fol-
lowing a second round of selection. Protonemal explants
from these transformants were then transferred onto
medium containing 5 uM of 2-FA to detect APT gene tar-
geting events. Experiments were repeated three times.

DNA-DSB repair assays

Protonemal lawns of wild-type and mutant strains
subcultured for 1 week were used to generate protonemal
tissue for DNA repair assays by shearing tissue collected
from single 9-cm plates with an IKA T2T Digital Ultra
Turrax homogenizer at maximum speed (24 krpm) for
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I min in Sml of liquid BCD medium. This was spread on
BCD-agar medium overlaid with cellophane and grown
for 1, 7 or 14 days prior to harvesting for bleomycin
treatment.

Protonemata were gently transferred from cellophane to
liquid BCD medium in 4-cm wells of a six-well microtitre
plate to avoid drying. DSBs were induced by addition of
bleomycin to 10, 20, 30 and 50 ugml~' for 1h. Following
treatment, the tissue was thoroughly rinsed in H>O in dis-
posable 22 -pum mesh funnels (Partec GmbH, Germany),
blotted on filter paper and either flash-frozen in liquid N,
(¢ = 0) or left to recover on BCD-agar plates overlaid with
cellophane for the indicated repair times, before being
frozen in liquid N,. All handling and transfer of
protonemata was with tweezers.

DNA-DSBs were detected by a neutral comet assay (24)
as described previously (25,26). Approximately 100 mg of
frozen tissue was cut with a razor blade in 300 pl
phosphate-buffered saline (PBS)+10mM ethylenediami-
netetraacetic acid (EDTA) on ice and the tissue debris
removed by filtration through 50-pum mesh funnels
(Partec GmbH, Germany) into Eppendorf tubes on ice.
Fifty microlitres of nuclear suspension was dispersed
in 200l of melted 0.7% LMT agarose (15510-027,
GibcoBRL, Gaithersburg, USA) at 40° C and four
80-ul aliquots were immediately pipetted onto each of
two agarose coated microscope slides (two duplicates per
slide), covered with a 22 x 22-mm cover slip and then
chilled on ice for I min to solidify the agarose. After
removal of cover slips, slides were dipped in lysis
solution (2.5M NaCl, 10mM Tris-HCI, 0.1 M EDTA,
1% N-lauroyl sarcosinate, pH 7.6) on ice for at least 1h
to dissolve cellular membranes and remove attached
proteins. The whole procedure from chopping tissue to
dipping into lysis solution takes ~3min. After lysis,
slides were twice equilibrated for Smin in Tris-borate-
EDTA (TBE) electrophoresis buffer to remove salts and
detergents. Comet slides were then subjected to electro-
phoresis at 1 V/em (~12 mA) for 5Smin. After electrophor-
esis, slides were dipped for Smin in 70 % EtOH, 5min in
96% EtOH and air-dried.

DNA ‘comets’ were viewed in epifluorescence with a
Nikon Eclipse 800 microscope after staining with
SybrGold stain (Molecular-Probes Invitrogen, USA) and
evaluated by the Comet module of the LUCIA cytogenet-
ics software suite (LIM, Praha, Czech Republic).

Comet assay data analysis

The fraction of DNA in comet tails (% tail-DNA) was
used as a measure of DNA damage. Data for the
wild-type strain and the three mutant lines (Pprad50,
Ppmrell and Ppnbsl) analysed in this study were
obtained in at least three independent experiments. In
each experiment, the % tail-DNA was measured at
seven time points: 0, 5, 10, 20, 60, 180 and 360 min after
treatment and in control tissue without treatment.
Measurements included four independent gel replicas of
25 evaluated comets totalling at least 300 comets analysed
per experimental point.

The percentage of damage remaining as plotted on
figures after given repair time (zy) is defined as:
% damage remaining (¢,)
mean %T DNA damage (7,)
{ —mean %T DNA damage (control) }
~ (mean %T DNA damage () x 100
{ —mean % T DNA damage (control) }

Repair kinetics following two-phase decay kinetics
defined as:

SpanFast = (Y0-Plateau)*PercentFast*0.01

SpanSlow = (Y0-Plateau)*(100-PercentFast)*0.01

Y = Plateau + SpanFast*exp(-KFast*X) + SpanSlow*
exp(-KSlow*X)

was analysed by linear regression of experimental data
with the Prism v.5 program (GrafPad Software Inc.,
USA). Goodness of fit characterized by R-squared was
better than 0.99.

RESULTS
Identification of MRN complex genes

Sequence homology searches of the draft Physcomitrella
genome identified single putative homologues of the
MREII, RADS50, and NBSI genes on sequence scaffolds
18, 51 and 219, respectively. Whilst EST sequences were
available to provide partial support for predicted gene
models for the PpMREII and PpNBSI genes, no corrob-
orative evidence was available for the PpRADS50 gene, and
the automated gene prediction software had not generated
a gene model. We therefore generated gene models for all
three genes based on BLASTX similarity to flowering
plant proteins (Arabidopsis, rice and maize) to identify
putative full-length protein coding sequences, and used
these models to design PCR primers for the amplifica-
tion of full-length protein coding sequences by reverse
transcription-PCR of moss polyribosome-derived RNA.
The resulting ¢cDNA sequences and genomic models
have been deposited in GenBank (Accession Nos:
JF820817 and JF820820 for PpMREII; JF82018 and
JF82021 for PpRADS50; JF82019 and JF82022 for
PpNBSI) and the curated and structurally annotated
gene models entered in the JGI Physcomitrella genome
browser in which they were assigned the Protein ID
numbers Phypal_1:235701 (PpMRE11), Phypal_1:235526
(PpRADS50) and Phypal _1:235702 (PpNBS1).

The deduced polypeptide sequences were compared
with the corresponding human, yeast and flowering plant
sequences (Supplementary Figure S1). Like both the
Arabidopsis and human genes, the PpMREII] gene com-
prises 22 protein-coding exons. There is extensive similarity
among all the MREI1 polypeptides (Supplementary
Figure Sla) especially within the N-terminal two-thirds
of the protein. The Physcomitrella MREI1 protein
contains the characteristic phosphoesterase motifs within
the nuclease domain, the capping domain and amino acids
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(N123 and W225) shown to be essential for the MRE11-
NBSI interaction (4).

The RADS0 sequences (Supplementary Figure S1b) are
also well conserved at the amino-acid sequence level, and
show good conservation of functionally important
domains. The Physcomitrella protein contains the charac-
teristic Walker A and Walker B adenosine triphosphatase
(ATPase) motifs at either end of the sequence that associ-
ate to form a crucially important ATP-binding cassette
(27) and that typify the RADS50 protein. These are
separated by a long coiled-coil domain with a central
CXXC zinc-hook (CPCC in both Physcomitrella and
Arabidopsis) by which pairs of RADS0 proteins interact
in the tethering of broken chromosome ends by the MRN/
MRX complex (28).

The Physcomitrella NBS1 protein (Supplementary
Figure Slc) has an N-terminal fork-head associated
domain, a partial BRCT domain, and putative SQ-
dipeptide phosphorylation sites and conserved MRE11-
interacting motifs in the C-terminal region, as identified
in all previously identified NBS1 orthologs (4).

Generation of targeted knockouts of the MRN
complex genes

We used gene targeting to generate mutant alleles of the
PpMREII, PpRAD50 and PpNBSI genes. For the
PpMREII and PpRADS0 genes, two types of mutant
were  generated:  disruption mutants, designated
mrelIKO and rad50KO, in which several exons were
replaced by an antibiotic selection cassette and deletion
mutants, designated mrellAd and rad504, in which a
number of exons were replaced by a selection cassette
that was subsequently removed by cre-lox recombination
(Figure 1A). For the PpNBS1 gene, we generated a dis-
ruption mutant (nbs/KO) and a deletion mutant in which
the complete coding sequence was deleted (nbsi4). Gene
targeting events were identified by PCR and Southern blot
analyses to identify lines in which precise modification of
the target genes had occurred without additional insertion
of the targeting constructs at adventitious loci. For the
deletion mutants we confirmed by PCR that a portion of
the coding regions was removed using primers that flanked
the deletion (Supplementary Figure S2). RT-PCR analysis
established that the full-length transcripts were no longer
produced in the mutants (Figure 1B). For all further
experiments, we used two independent disruption or two
independent deletion strains which displayed similar
phenotypes.

Gene targeting is strongly decreased in mrell and
rad50 mutants

The MRN complex is one of the earliest respondents to
DNA-DSBs and plays a central role in controlling repair
pathway choice between NHEJ and HR (5). The import-
ance of the MRN complex for DSB repair by HR has been
shown in mrell-deficient chicken DT40 cells in which
gene targeting efficiency is strongly reduced (29). In
contrast, a somatic hyper-recombination phenotype has
been described in the Arabidopsis rad50 mutant (30). In
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order to examine the involvement of the MRN complex in
genetic transformation of Physcomitrella we determined
transformation and gene targeting rates in wild-type,
mrellA, rad504 and nbsIKO cells after transformation
with either an homologous vector designed to inactivate
the PpAPT gene (PpAPT-KO2 or PpAPT-KO3) or a
vector sharing no homology with the moss genome
(pBHRF or pBNRF) to determine the rate of untargeted
transgene integration. Relative transformation frequency
(RTF) was reduced to approximately one-third of the
wild-type level in mrell and rad50 mutants, but gene tar-
geting (GT) was reduced by at least an order of magnitude in
both Ppmrelld and Pprad504 strains compared to
WT, while untargeted integration frequencies were
approximately double that observed in WT (Table 1).
These data demonstrate that an active MRN complex is
required to achieve high GT efficiencies in Physcomitrella,
but thatalow level of GT is possibleinits absence. They also
indicate that the untargeted integration of DNA is still sup-
ported following the loss of MRN function but that this
pathway is not significantly up-regulated as has been
observed to occur in Pprad5] mutants (17). Noticeably,
RTF, GT and untargeted integration rates were unaffected
in the nbs/ KO mutant. These observations suggest that both
PpRADS0 and PpMREI1, but not PpNBSI, are directly
involved in DNA DSB recognition and the targeted inte-
gration of transgenes following transformation.

PpMRE11 and PpRADS0 but not PpNBS1 are essential
for normal growth and development

All the plants containing disruptions or deletions in the
PpMREII and PpRADS0 genes exhibited a severe devel-
opmental phenotype (Figure 2). On minimal BCD
medium, protonemal growth was strongly reduced and
eventually ceased after a month (Figure 2A, C and G).
At this stage, colonies comprised both chloronemal and
caulonemal cells and carried only a few abortive
gametophore initials, whereas WT colonies carried
numerous fully differentiated leafy shoots (Figure 2A, C
and G). In both mutants, the proportion of chloronemata
was enhanced on ammonium tartrate-supplemented
medium (BCDAT), which improved protonemal growth
(Figure 2B, D and H) and enabled the isolation of
numerous protoplasts. The rate of protoplast regeneration
was approximately half that of WT (data not shown).
Gametophore differentiation was also slightly improved
on BCDAT medium, with numerous leafy shoot initials
observed in 2-month-old colonies of both mutants
(Figure 2E, F, I and J). However, further development
into fully expanded leafy shoots was arrested in both
strains, although at an earlier stage in rad50 mutants
than in mrell mutants (compare Figure 2F and J) and
both mutants were thus unable to differentiate reproduct-
ive organs. In contrast, all of the PpnbsIKO disruptant
lines were indistinguishable from wild-type in both
growth rate and developmental progression, producing
normal gametophores and viable spores, demonstrating
that the disruption of PpNBSI was neither detrimental
to development nor to meiosis. These data show that a
functional MRN complex is essential for normal
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Figure 1. Targeted disruption of Physcomirrella MRN genes. (A) Structure of the PpMREII, PpRADS50 and PpNBS! genes. Exons are represented
by shaded boxes, with 5'- and 3-UTR sequences in darker grey. The region deleted by cre-lox excision of a selection cassette is shown as a line above
each gene. For the replacement constructs (below each gene) the extent of targeting sequence homology is indicated by the line, and the P35S-
nptil-gGter selection cassette is shown as a white box, replacing the genomic region indicated by the lines joining the gene structure diagram and the
replacement cassette. Arrows indicate position of primers used for RT-PCR analysis. (B) RT-PCR analysis of MRN transcripts in wild-type and
mutant plants. RNA was isolated from protonemal tissue of wild-type and mutant lines for ¢cDNA synthesis and PCR amplification using
gene-specific primers (PpMRE1NZI+PpMRELH2 for MREII, PpRADS0#1 +PpRADS0#2 for RADSO, PpNBSI#1+PpNBSI#2 for NBSI).
The PpAPT transcript has been used as control (primers: PpAPT#14+PpAPT#19). Primers are listed in Supplementary Figure S4.

Table 1. Comparison of transformation and gene targeting efficiencies

Genotypes PpAPT-KO pBHRF or pBNRF

RTF" Antib® 2FAR GT® RTF" Antib®
Wild type 1+01° 287 (95.7 £ 10.89 212 (70.7 £ 11.29 73.9 £3.3° 0.09 + 0.04¢ 14 (7 £ 2.8%
mrel 14 037 +0.1° 81 (27 + 49 6 (2 +0.59 74 +1° 0.2 +0.01¢ 34 (17.7 + 2.89
radsoA 035 +0.1° 76 (25.3 £ 4.59 4(1,3 069 53+£2.1° 0.17 £ 0.01¢ 31 (15.5 £ 2.59
nbsiA 0.94 +0.1° 261 (87 + 5.6% 178 (59.3 + 4.5% 68.2 + 1.4° 0.17 + 0.03¢ 24 (12 + 1.4

“Relative transformation frequencies (RTF in %/oy) express the frequency of antibiotic-resistant transgenic strains in the whole regenerated
Eopnlation.

GT efficiencies (in percentage) express the frequency of 2-FA resistant among the population of antibiotic-resistant transgenic strains.

“Average and standard deviation was determined from three independent experiments, each of them performed in duplicates.

dAverage and standard deviation was determined from two independent experiments, each of them performed in duplicates.

completion of processes involved in development.
Noticeably, PpNBSI is not required to complete these
processes. The similar phenotype displayed by both
rad50 and mrell mutants argues for the involvement of
the whole MRN complex in these processes. Our data

will assess the molecular mechanisms underlying these
MRN functions.

The mrell and rad50 mutants display increased sensitivity

indicate that this complex is involved in the coordination
between developmental programme and DNA damage
repair and/or cell-cycle control, and future experiments

to DNA damage but no significant mutator phenotype

Wild-type and mrell and rad50 mutant plants were also
analysed for their sensitivity to DNA damaging agents.
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Figure 2. Vegetative developmental phenotypes of mrel/ and rad30 mutants. WT (A and B), Rad50 7-20 (C-F) and Mrell 1-195 (G-J) 30-day-old
colonies grown on BCD (A, C and G) or BCDAT (B, D and H) medium, scale 1cm. (E, F, I and J) aborted gametophores observed at the edge of
2-month-old colonies grown on BCDAT, scale bar 500mm in E and [, 200mm in F and J.

Sensitivity of mutants and WT strains to UV-B (308 nm)
was Investigated using a protoplast survival assay (17).
Both strains displayed increased sensitivity to UV-B
compared to the WT (Figure 3). We further investigated
sensitivity of the mutants to the DSB inducing agent bleo-
mycin. We first monitored the growth of WT and mutant
explants submitted to chronic exposure to different con-
centrations of bleomycin over a 3-week period. In WT
and nbs/KO strains, growth was impaired at low doses
(1-40ng/ml), whilst higher concentrations (200 ng/ml-
1 pg/ml) were lethal (Figure 4A and Supplementary
Figure S3). In contrast, Ppmrell and Pprad50 disruption
and deletion mutants displayed hypersensitivity to bleo-
mycin. At concentrations below 8ng/ml, little or no
growth took place, although the tissue remained green.
At or above this concentration, all mrell and rad50
mutant lines were killed (Figure 4A, Supplementary
Figure S3A and B).

We tested the acute toxicity of bleomycin in wild
type and of the different mutants at the cellular level.
Following incubation for lh with increasing concen-
trations of bleomycin, the ability of protoplasts to div-
ide and regenerate into colonies was assessed by
subculture on drug-free medium. Survival was calculated
as the ratio of protoplasts surviving after 15 days regene-
ration following treatment to the number of proto-
plasts  undergoing normal regeneration  without
treatment. The LD50 for the wild type and nbs/ mutant
was about 500ng/ml bleomycin, whereas the mre/! and

"R =
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70 \\ \ =——mrell

o\

A NN
“ AN\ N\
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Regeneration rate (%)

mloules UV-B

Figure 3. Hypersensitivity of the rad50 and mrel/l mutants to UV-B
treatment. Survival curves of wild type and rad50 and mrell mutant
protoplasts regenerating after exposure to UV-B treatment. Wild-type
survival is represented with diamonds, rad50 mutant survival is repre-
sented with squares and mwrel] mutant survival is represented with tri-
angles. Error bars indicate SDs based on at least two independent
experiments in all cases.

rad50 cells were more sensitive, with an LD50 of ~50ng/
ml (Figure 4B). The mrell and rad50 cells were even more
sensitive than the rad5/-1-2 double mutant, already
described as hypersensitive to bleomycin (16).
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Figure 4. Hypersensitivity of the rad50 and mrell mutants to bleo-
mycin. (A) Wild-type and mutant plants were inoculated as six
explants into quadrants of plates containing standard growth medium
with or without bleomycin at 8 ngml™". For the mutant strains, each
inoculum represents an independent disruption line. The photograph
illustrates the extent of growth 10 days following inoculation of the
explants. (B) Survival curves of wild type and nbsl, mrell, rad50 and
rad5] mutant protoplasts regenerating after exposure to bleomycin
treatment. Error bars indicate SD based on at least two independent
experiments in all cases.

Acute treatment of intact protonemal tissue also
adversely affected the subsequent growth rate of the re-
covering protonemata, with the mrell and rad50 mutants
being more sensitive to bleomycin than the wild type
(Supplementary Figure S3C).

Mutator phenotypes in the absence of proteins essential
for HR have been described in S. cerevisiae or A. nidulans
(31,32). We therefore evaluated the mutator phenotype of
the moss MRN mutants to assess their ability to repair en-
dogenous DNA damage, using as reporter loss of function
of the adenine phosphoribosyl transferase gene (PpAPT) as
previously described (18). The frequencies of apr muta-
tions were lower than 3 x 1077 in wild type, rad50 and
nbs] mutants, was 4 x 10~7 for mrell but was ~100-fold
higher (3.3x107%) in msh2 mutants (Supplementary
Table S3), which is in good accordance with previous re-
sults obtained with this mutant (18). These results indicate
that loss of proteins of the MRN complex does not lead to a
significant mutator phenotype in P. patens. It is most likely
that DNA-DSB repair defects in the mrell and rad50
mutants cause genomic damage so much more severe than

the point mutations seen in the msh2 mutant that cell death
results.

DNA-DSB repair is not affected in mrell and
rad50 mutants

Gene targeting in the mwell and rad50 mutants was
severely impaired, while untargeted integration fre-
quencies were 2-fold higher than those observed in WT.
Since the rad50 and mrell mutants were clearly impaired
in growth and hypersensitive to DNA damage, we
reasoned that the mutants remained capable of ligating
broken ends of DNA molecules, but in an ‘unsupervised’,
and therefore inaccurate manner. We tested this by
directly estimating the ability of wild-type and mutant
strains to repair DNA damage following acute exposure
to bleomycin using single nucleus gel electrophoresis (the
‘comet assay’). Treatment with bleomycin for 1 h resulted
in a linear, dose-dependent fragmentation of genomic
DNA in both wild-type and mutant lines, with the rad50
and mrel [ lines exhibiting a greater susceptibility to DNA
damage than the wild-type and Ppnbs! lines, respectively
(Figure 5A). The rate of repair of DSBs was determined
by measuring the proportion of fragmented DNA at inter-
vals during a recovery period.

Both wild-type and mutant lines exhibited similarly high
rates of DNA repair with a characteristic biphasic profile:
an initial rapid phase (2 1-4 min) accounting for ~60%
of the fragmented DNA, followed by a slower phase
(#12 7-90min) accounting for the remainder (Figure 5B,
Table 2). The rate of DNA repair was closely correlated
with the age of the protonemal tissue following subculture.
Tissue that was homogenized and subcultured for only
I day comprised largely short protonemal fragments,
four to seven cells in length. This tissue exhibited the
most rapid repair kinetics (Figure 5B, Table 2). Tissue
that was subcultured for 1 week comprised longer fila-
ments 15-20 cells in length, whilst after subculture for
2 weeks, the filaments were over 30 cells long. These
tissues were progressively slower in their DNA repair
kinetics (Figure 5C, Table 2) with an increasing propor-
tion of the DNA-DSBs being repaired with slow-phase
kinetics. We ascribe these age-related differences to
the relative representation of apical cells within the
protonemal population. Physcomitrella protonemata
grow by serial division of the apical cells, so that in a
Id-subcultured homogenate, we estimate the propor-
tion of mitotically active apical cells to comprise
30-50% of the total cell population. This proportion
will be 10-15% in 7d-subcultured tissue, and ~3% in
l4d-sucbultured protonemata. Thus, the initial rapid
phase of DNA repair can be accounted for by
processes undertaken in the mitotically competent apical
cells, whilst the slow-phase repair kinetics is likely
due to processes carried out in mitotically inactive
subapical cells.

Although differences can be seen in the rates of DNA
repair between mutant and wild-type strains, these are not
dramatic. Clearly, the extensive fragmentation of DNA
that occurs during the initial bleomycin treatment is
being rapidly reversed, even in mutants in which
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Figure 5. Kinetics of DNA repair in wild-type and mutant plants. (A) Bleomycin dose-response. Protonemal tissue from wild-type and mutant lines
was treated with bleomyein for 1h at the indicated concentrations, prior to nuclear extraction and the analysis of DNA damage by single-cell
electrophoresis (the ‘comet assay’). The extent of DNA damage is indicated by the proportion of DNA detected in the fragmented fraction (the
‘comet tail’). The background level of genomic DNA damage in all lines is similar, at between 20 and 30%. indicating that the mutations have no
significant effect on natural levels of DNA fragmentation. (B) Repair kinetics in 1-day regenerated protonemata. In both wild-type and mutant lines,
the fragmentation of DNA induced by bleomycin is repaired with rapid kinetics (7> between 1 and 4min). (C) Repair kinetics in relation to
protonemal age. As protonemata are regenerated for longer periods (resulting in a concomitant reduction in the proportion of mitotically active
apical cells), so the proportion of the rapid phase DNA repair declines. This occurs in both the wild-type and the rad50K0 mutant lines.

Table 2. Kinetics of DNA repair in wild-type and mutant strains

Genotypes  Tissue age 1, -fast (min) % fast 1> slow (min)
wild-type Id 1.2 61.4 1.6
wild-type 7d 4.0 67.6 329
wild-type 14d 38 67.7 103.4
mrel [KO Id 4.1 96.5 #4.1
nhsi KO 1d 1.9 841 17.0
rad50KO 1d 29 7.4 5.6
rad30K0 7d 29 52.6 18.2
rad50KO 14d 27 46.8 100.0

components of the principal DNA surveillance and repair
system for both HR and NHEJ-mediated repair
(PPMREIT and PpRADS50) have been eliminated.

MRN mutants exhibit enhanced repair

gene expression

One possibility is that in the absence of a viable MRN
complex, DNA-DSBs are repaired, but in an ‘unsuper-
vised” manner. In the absence of the tethering [unction
to hold broken ends in close proximity, repair may be
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Figure 6. Gene expression analysis of DNA repair genes in the
MRN mutants. Quantitative determination of the relative abundances
of transcripts encoding DNA repair genes (PpRad51-1, PpRad51-2,
PpPARP-I. PpPARP-2, PpKu70, PpKuS0 and PpCtP) in T-day-old
wild-type, Ppmrel IKO, PpRad50KO and Ppnbsi KO strains was done
by guantitative real-time PCR. Relative transcript abundance was
calculated using the AACH method and normalized to the wild-type
value. Error bars indicate SD based on at least three independent ex-
periments with two replicates for each sample in all cases.

inaccurate, generating increased numbers of deletions and
promoting end joining between inappropriate ends, result-
ing in increased disruption of essential genes and conse-
quent loss of viability and cell death. Analysis of the
expression of a selection of DNA repair genes, implicated
in HR, NHEJ and alternative end-joining processes,
showed a significantly enhanced accumulation of repair
gene transcripts in MRN mutants relative to wild-type,
and this was most marked in the Ppmrell/KO and
Pprad50K0O mutants (Figure 6). This suggests that in the
absence of a functional MRN complex, the cell initiates an
emergency response by the rest of the DNA repair ma-
chinery. The levels of induction of the repair genes
observed in the mutant lines are comparable to those
seen in wild-type protonemal tissue in response to
DNA-DSB  induction by bleomycin  (Whitaker.J.,
personal communication).

We then directly tested the nature of DNA repair in an
MRN mutant line, by screening a series of apr mutants
generated by bleomycin treatment of both wild-type and
the Pprad50KO mutant. Sublethal doses of bleomycin,
determined by growth tests of bleomycin-treated
protonemal tissue (Supplementary Figure S3C), were
used to generate mutants selected on the basis of resistance
to 2-FA. The mutability of the PpAPT gene in the
Pprad30K0O line was observed to be at least an order
of magnitude greater than that in the wild type
(Supplementary Table S2). The nature of the induced mu-
tations was examined by PCR-amplification and
sequencing of the APT gene from a number of lines.
For wild-type, each mutant analysed contained only
point mutations within the 4PT coding sequence and
introns (Table 3). In contrast, three of the seven mutants
analysed in the Pprad50KO background contained
deletions, varying in length between 10 and 747bp
(Table 3). This supports our working hypothesis that

MRN-unsupervised repair generates more severe forms
of genomic damage.

DISCUSSION

GT Efficiency is reduced in the Physcomitrella rad50
and mrell mutants

In Physcomitrella the protein at the heart of the HR
pathway, PpRADSI, is required simultancously to enable
targeted integration by HR, and to repress untargeted in-
sertion by an as yet unidentified molecular mechanism (17).
The unique GT efficiency of Physcomitrella suggests that
DNA DSBs are predominantly repaired by HR in moss
cells. Our analysis of mutants in the principal sensor of
DNA DSBs, the MRN complex, further shows that
although a fully active MRN complex clearly appears to
be necessary for high-efficiency targeted transgene integra-
tion, a background level of HR with gene targeting reduced
to ~8.6% of wt is still maintained in the absence of either a
functional PpPMREI1 or PpRADS0 protein. This contrasts
with the complete abolition of gene targeting seen in rad5/
null mutants, a component specific to the HR pathway
(17). Noticeably the overall requency of untargeted trans-
gene integration is not reduced in the mrell and rads0
mutants relative to wild type (Table 1), implyving that
whatever mechanisms undertake random transgene inte-
gration, these are relatively unimpaired in the absence of
PpMREI1 or PpRADS0. Together with the observation
that a number of DNA repair genes show enhanced expres-
sion levels in mrel ] and rad30 mutants, our results suggest
that while some HR-mediated repair may still operate in
mrel I and rad50 mutants, the HR pathway is unlikely to
account for the majority of the DNA-DSBs that are
rapidly religated in these mutants.

NBS1 is not required for growth and development or for
HR in Physcomitrella

Phenotypic analyses of mutants in the MRN complex in
moss failed to identify a detectable difference between
wild-type and Ppnbsl knock-outs. In cukaryotes, the
MRN-complex proteins act as the “gatckeepers’ of the
DNA-DSB response, directing the repair of DSBs into
either the NHEJ or HR pathways through the activation
ol the ATM or ATR kinases that (in mammalian cells) are
recruited to sites of DNA damage through analogous
mechanisms involving conserved interaction motifs (6).
The NBSI protein is involved in the recruitment of ATM
to DNA-DSBs and ATRIP is involved in the recruitment
of ATR to single-stranded DNA (ssDNA). The recruit-
ment of ATM is mediated by its direct interaction with
NBS1 which becomes phosphorylated at residues
conserved between the Arabidopsis and Physcomitrella
NBSI sequences (6,33). In A. thaliana, nbsl/atm double
mutants appear additive in their negative consequences
for growth and fertility relative to the wild-type and
single mutants (34). ATM is necessary for the imposition
of a cell-cycle checkpoint, and for the induction of
DNA-damage-responsive gene expression in Arabidopsis,
in which the principal DNA repair pathway is through
NHEJ (33,35). DNA repair in Physcomitrella is believed

79



Nucleic Acids Research, 2012, Vol. 40, No.8 3507

Table 3. Mutations identified in the APT genomic sequence in wild-type and Pprad50-KO 2-FA resistant clones

Clone# Genotype Mutations in CDS Mutations in introns
Point mutations Deletions” Point mutations Deletions®
1 rad50/apt + T (2095)* + T (1683)" -
AT (2517)°
2 rad50/apt A T (1706)* 14501455 -+ T (1683)" -
3 rads0]apt A to T (1461)" 1466-1521 + T (1683)" -
G to C (1534)"
4 rad50]apt T to C (1291)" A G (1524)*
Cto G (1752)* -+ T (1683)"
A T (1730)* + T (2517)
5 rad50}apt A G (1524)" - + T (1683)" -
7 rad50/apt - 1050-1797 - -
11 RADS0/apt A to G (1491)" A A (1052)"
A to C (1498)* T to C (2330)"
G to C (2327)"
-+ GT (2328)"
12 RADS50/apt A A (1052)*
T to G (1376)*
C to A (1569)"
+ G (2328)"
13 RADS50/apt A to C (2475)" - A to T (1591)" -

A T (2499)

“Position 1 corresponds to the first nucleotide in the genomic PpAPT sequence DQI117987.

to operate primarily via the HR pathway, which in mam-
malian cells, at least, depends principally on the activity of
the ATR kinase. Thus, impairment of ATM-related
signalling in the PpnbsIKO mutant may have relatively
little impact on growth and fertility, if NHEJ is subordin-
ate to HR. This conclusion is also supported by the obser-
vation that HR-dependent gene targeting is unaffected in
the Ppnbsl KO mutant. In contrast, NBS1 has been shown
to be essential to HR in chicken DT40 cells, possibly by
processing recombination intermediates (36) and in human
cells recruitment of ATR to sites of DNA damage is de-
pendent on ATM (37). This implies that in Physcomitrella
NBS1 may not be involved in the production of
single-stranded tails that are the substrates for HR and
that induction of the HR pathway, potentially by the
ATR signalling, is independent of ATM. In this respect
Physcomitrella would more resemble budding yeast than
mammals, as Tell, the yeast equivalent of ATM, has only
minor effects on end-processing and is not required for
focus formation by Mecl, the yeast homolog of ATR
(38,39). Alternatively, despite the conservation of the
ATM interaction domain in the PpNBSI protein, ATM
activation might be independent of NBSI in
Physcomitrella. In this context, it would be of interest to
study the exact roles of ATM and ATR in Physcomitrella.

RAD50 and MREI11 are essential for growth and
development in Physcomitrella

Null mutants in any components of the MRN complex are
lethal in vertebrates (5) and are severely compromised in
both budding (40) and fission yeast (41). This is not the
case in plants: in Arabidopsis, AtRad50 and AtMrell
mutants are impaired in growth, fertility and in their
ability to recover from genotoxic stress (42,43), whereas
Atnbsl mutant plants grow normally and are fully fertile

but are sensitive to the DNA cross-linking agent,
mitomycin C (34).

Our analyses show that defects in the MRN complex
can adversely affect moss development. While the
Ppnbs1 KO mutant completed its life cycle normally and
displayed wild-type levels of susceptibility to DNA
damage, the Ppmrell and Pprad50 strains displayed a
strong and similar developmental phenotype. This
included defects in cell viability (reduced protoplast regen-
eration rates), in cell-cycle progression and cell growth
(reduced colony growth) and in the completion of a
complex developmental programme (abortive leafy shoot
development). Precocious arrest of colony growth was
also observed on minimal medium, which most likely
reflects early senescence. This pleiotropic phenotype is
much stronger than that observed in the HR-deficient
Pprad51 mutants (16,17) and implies that genome integ-
rity is more severely impaired by loss of function of the
MRN complex than by the inactivation of the HR
pathway. The phenotype of Ppmrell and Pprad50
mutants also differs from that previously reported for
Ppmsh2 mutants which do not display a strong juvenile
phenotype but accumulate mutations and phenotypic al-
terations during development (18). Noticeably both
Pprad51 and Ppmsh2 mutants also displayed a detectable
mutator phenotype that is absent in Ppmrell and
Pprad50, probably because MRN mutants accumulate a
more extensive and harmful type of DNA damage that
accelerates senescence.

Induced DSBs in Physcomitrella can be repaired via a
mechanism independent of the MRIN complex

Direct analysis of DNA-DSB repair by single-cell electro-
phoresis showed little difference in the rate of repair of
DNA-DSBs in the mrell and rad50 mutants compared to
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wild type. Whilst some HR-mediated transgene integra-
tion still occurs in mrell and rad50 mutants, it is
unlikely that single-strand annealing (SSA) or homolo-
gous strand exchange (HR), which require end-processing,
account for this rapid religation. Therefore, the repair of
DSBs in the mrell and rad50 mutants probably occurs
via a pathway related to NHEJ. However, the reduced
growth and survival of these mutants indicate that such
a pathway reduces the genetic stability characteristic of
MRN-supervised DNA repair.

Two different NHEJ pathways have been already
described, the highly efficient canonical Ku- and DNA
ligase IV-mediated NHEJ pathway (C-NHEJ) in which
most ends are successfully rejoined without alteration of
DNA sequence information (44) and an evolutionarily
conserved alternative end-joining pathway (A-NHEJ)
(45) thought to proceed via microhomology-mediated
end joining (MMEJ), even if the relationship between
A-NHEJ and MME]J is still unclear (45). A-NHEJ repre-
sents a major source of DSB-induced genome rearrange-
ments (translocations, deletions and inversions) (46-48)
and appears to utilize binding of DNA ends by PARP-1
(polyADP ribose polymerase) and ligation by DNA
Ligase IIl in a Ku-independent process (49,50) and
involve the interaction between the MRN complex and
DNA ligase IIIo/XRCCI1 (51). The function of DNA
ligase III is absent in plants, being substituted by DNA
ligase I in base-excision repair (52). It may therefore be
significant that the Ppmrell and Pprad50 mutants show
substantially elevated levels of expression of PARP and
other DNA-repair associated genes, relative to the wild
type, and this elevated gene expression may be responsible
for the activity of an A-NHEJ repair pathway in the
absence of an active MRN complex. Existence of
A-NHEJ in plants has been inferred from observations
that although the frequency of transgene insertion was
reduced in mutants deficient in NHEJ components such
as Atku80 and AtliglV, it was not abolished (53-55), from
the observation of illegitimate fusions between chromo-
some arms in telomerase-deficient Arabidopsis, even in
an Atku80/Atmrell mutant background (56), from the
recent demonstration of rapid ligation of bleomycin-
induced DNA-DSBs in the NHEJ-deficient Atku80 and
Atlig4 mutants (57) and from kinetic measurements of
assembly and processing of DSB-specific y-H2AX
complexes in Arabidopsis mutants deficient in core com-
ponents of the C-NHEJ and A-NHEJ pathways (58). In
budding yeast both C-NHEJ and A-NHEJ are MRX-
dependent processes, with the exonuclease activity of
Mrell playing an important role (59-62), whilst in verte-
brates varying roles for MRN complex components have
been reported (63-66). Whatever the role of the MRN
complex in C-NHEJ or A-NHEIJ in plants, it is likely
that an NHEJ-like pathway mediates the rapid DSB
repair observed in Physcomitrella mrell and rad50
mutants. However, because these mutants are clearly
hypersensitive to DNA damage yet do not show a
mutator phenotype, it would appear that whatever rejoin-
ing of DNA ends is occurring, it is ‘unsupervised’ and
results in genomic perturbations so severe that cells suf-
fering bleomycin-induced breakage soon die.

The rapid interaction of the MRN complex with
DNA-DSBs is essential for their stabilization, through
the tethering of the adjacent free ends by the Rad50
coiled-coil/zinc hook domains (5). By retaining broken
ends in close proximity, the MRN complex thereby super-
vises the DNA repair process, ensuring that the correct
ends are rejoined, and recruiting additional factors
required for either NHEJ or HR-based repair. In the
absence of such tethering, unsupervised end-joining by
backup pathways might occur between unrelated DNA
sequences, with the concomitant accumulation of cyto-
toxic mutations accounting for the reduced rates of
growth and enhanced sensitivity to DNA-damaging
agents observed in the Ppmrell and Pprad50 mutants.
Combinations of mutations affecting C- or A-NHEJ (58)
with mrell or rad50 mutations should give us insight into
the mechanism behind this DSB DNA repair.
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‘The moss Physcomitrella patens is unique for the high frequency of homologous recombination, haploid state, and filamentous
growth during early stages of the vegetative growth, which makes it an excellent model plant to study DNA damage responses. We
used single cell gel electrophoresis (comet) assay to determine kinetics of response to Bleomycin induced DNA oxidative damage
and single and double strand breaks in wild type and mutant lig4 Physcomitrella lines. Moreover, APT gene when inactivated by
induced mutations was used as selectable marker to ascertain mutational background at nucleotide level by sequencing of the APT
locus. We show that extensive repair of DSBs occurs also in the absence of the functional LIG4, whereas repair of SSBs is seriously
compromised. From analysis of induced mutations we conclude that their accumulation rather than remaining lesions in DNA
and blocking progression through cell cycle is incompatible with normal plant growth and development and leads to sensitive

phenotype.

1. Introduction

Plants developed several strategies to protect integrity of their
genome against various environmental stresses. Common
denominator of most of them is oxidative stress mediated
by reactive oxygen species (ROS). The origin of ROS within
the cell could be a consequence of physical or chemical
genotoxic treatment, as well as byproduct of internal oxygen
metabolism often triggered by external stimuli as drought
and salinity. To be able to cope with oxidative stress we have
to assess all faces of this challenge for plants; in particular,
how it affects genetic material of the cells and how eventual
changes are temporarily or permanently expressed in plant
phenotype. This is why we need a flexible and robust model
system, which experimentally enables the use of reverse
genetics for genotoxic and biochemical studies. In this paper
we describe a novel system to be considered for genotoxicity
testing in plants.

The moss Physcomitrella patens is an emerging model
plant [1] with the following differences/advantages as com-
pared to other plant test systems: efficient homologous
recombination (enabling reverse genetics of virtually any

gene), dominant haploid phase (enabling assessment of muta-
tion phenotype), small size plantlets colonies with a quick
and during early vegetative stage also filamentous growth,
easy cultivation in inorganic media and several options of
long term storage. Here we describe and validate a system of
small protonemata fragments with high fraction of apical cells
primarily developed for the purpose of genotoxicity testing.
However, these one-day-old protonemata could be used as a
substitute of protoplasts for other purposes, for example, for
moss transformation [2].

APT (adenine phosphoribosyltransferase) is an enzyme
of the purine salvage pathway that converts adenine into
AMP and its loss of function generates plants resistant to
adenine analogues, for example, 2-FA (2-Fluoroadenine) [3].
Mutational inactivation can be used as selectable marker for
mutator genotyping as well as analysis of mutations in APT
locus on nucleotide level [4-6].

This paper is an extension of our previous study of
Physcomitrella knockout mutants of a key MRN (MREI,
RAD50, and NBSI) complex [6] with a pleiotropic effect
on DSB repair in whole. We explore and validate the above
outlined moss model system for genotoxicity testing in
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plants. We describe a parallel use of SCGE (single cell gel
electrophoresis, comet) assay for detection of DNA damage
and its repair and of APT assay with sequencing analysis of
mutants. On example of /ig4, mutated in a key component
of nonhomologous DSB-end joining pathway (C-NHE]),
we show consequences of mis repair. For strengthening
the model concept we also present preliminary results of
pprad51AB sensitivity to genotoxin treatment and on ppku70
mutation rate.

2. Material and Methods

2.1. Plant Material. Physcomitrella patens (Hedw.) B.S.G.
“Gransden 2004” wild type and pplig4 were vegetatively prop-
agated as previously described [7]. The lig4 and ku70 mutants
of C-NHE]J were generated by D. G. Schaefer, Neuchatel
University, Switzerland, and F. Nogue, INRA, Paris, France,
and kindly provided by E. Nogue. Detailed characteristic of
this mutant will be published elsewhere. Mutant in both
alleles of Physcomitrella RAD5I gene (pprad51AB, clone 721) is
described elsewhere [8] and was kindly provided by B. Reiss,
MPIZ, Cologne, Germany.

Individual plants were cultured as “spot inocula” on
BCD agar medium supplemented with 1mM CaCl, and
5mM ammonium tartrate (BCDAT medium) or as lawns of
protonemal filaments by subculture of homogenized tissue
on BCDAT agar medium overlaid with cellophane in growth
chambers with 18/6 hours day/night cycle at 22/18°C.

One-day-old protonemal tissue for repair and muta-
tion experiments were prepared from one-week-old tissue
scraped from plates, suspended in 8 mL of BCD medium, and
sheared by a T25 homogenizer (IKA, Germany) at 10 000 rpm
for two I-minute cycles and let 24 hours to recover in cultiva-
tion chamber with gentle shaking at 100 rpm. This treatment
yielded suspension of 3-5 cell protonemata filaments, which
readily settle for recovery. Settled protonemata could be
handled without excessive losses by tweezers on glass Petri
plates.

2.2. Bleomycin Treatment and Sensitivity Assay. For treat-
ments was used Bleomycin sulphate supplied as Bleomedac
inj. (Medac, Hamburg, Germany). All solutions were pre-
pared fresh prior treatment from weighted substance in
BCDAT medium.

Protonemal growth was tested by inoculating explants
of wild type and 5 mutant lines onto 6 x 4 multiwell
plates organized to allow in line comparison of the effect of
increasing Bleomycin concentrations. The wells were filled
with 2mL of standard growth BCDAT agar medium without
or with 0.01, 0.1, and 1ugmL™" Bleomycin. The experiment
was carried in 3 independent replicas and monitored up to 3
weeks for growth of “spot inocula.”

Treatment of one-day-old protonemata was performed
on glass 5cm Petri plates with the aid of bent tweezers to
handle tissue and pipettes to remove excess liquids. Opening
of yellow tips is generally small enough to avoid suction of
moss filaments when drawing majority of liquid from tissue
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prior blotting of collected tissue on filter paper to remove the
rest.

In dose-response and repair kinetic experiments, one-
day-old protonemata were after the Bleomycin treatment
thoroughly rinsed in water, blotted on filter paper, and either
flash-frozen in liquid N, (dose response and repair t = 0)
or left to recover on plates in liquid BCDAT medium for the
indicated repair times, before being frozen in liquid N,.

For induction and regeneration of apt mutants one-day-
old protonemata were after Bleomycin treatment thoroughly
rinsed with H,O, suspended in 2mL of BCDAT medium,
and spread on cellophane overlaid BCDAT agar plates, which
were for selection supplemented with 2-FA (2-Fluoroadenine,
Sigma-Aldrich, cat. Nr. 535087) and further incubated in
growth chamber.

2.3. Detection of DNA Lesions. DNA single and double strand
breaks were detected by a SCGE assay using either alkaline
unwinding step A/N [9, 10] or fully neutral N/N protocol
[11,12] as previously described. In brief, approximately 100 mg
of frozen tissue was cut with a razor blade in 300 uL PBS
+ 10 mM EDTA on ice and released nuclei transferred into
Eppendorf tubes on ice. 70 uL of nuclear suspension was
dispersed in 280 uL of melted 0.7% LMT agarose (GibcoBRL,
cat. Nr. 15510-027) at 40°C and four 80 uL aliquots were
immediately pipetted onto each of two coated microscope
slides (in duplicate per slide), covered with a 22 x 22mm
cover slip and then chilled on ice for Imin to solidify the
agarose. After removal of cover slips, slides were immersed
in lysing solution (2.5 M NaCl, 10 mM Tris-HCI, 0.1 M EDTA,
and 1% N-lauroyl sarcosinate, pH 7.6) on ice for at least 1 hour
to dissolve cellular membranes and remove attached proteins.
The whole procedure from chopping tissue to placement
into lysing solution takes approximately 3 minutes. After
lysis, slides were either first incubated 10 minutes in 0.3 M
NaOH, 5mM EDTA, pH 13.5 solution to allow partially
unwind DNA double helix to reveal SSBs (A/N protocol) or
without unwinding step (N/N protocol) directly equilibrated
twice for 5 minutes in TBE electrophoresis buffer to remove
salts and detergents. Comet slides were then subjected to
electrophoresis at 1V cm™" (app. 12 mA) for 3 minutes. After
electrophoresis, slides were placed for 5min in 70% EtOH,
5min in 96% EtOH, and air-dried.

Comets were viewed in epifluorescence with a Nikon
Eclipse 800 microscope stained with SYBR Gold (Molecular
Probes/Invitrogen, cat. Nr. S11494) according to manufacture
recommendation and evaluated by the LUCIA Comet cyto-
genetic software (LIM Inc., Czech Republic).

2.4. SCGE Assay Data Analysis. The fraction of DNA in
comet tails (% tail-DNA, % T DNA) was used as a measure
of DNA damage. Data for the wild type and the mutant
pplig4 line analysed in this study were obtained in at least
three independent experiments. In each experiment, the %
T DNA was measured at seven time points: 0, 5, 10, 20, 60,
180, and 360 min after the treatment and in control tissue
without treatment. Measurements included four independent
gel replicas of 25 evaluated comets totalled in at least 300
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comets analysed per experimental point. The percentage of
damage remaining as plotted on Figure 2(b) after given repair
time (¢, ) is defined as

% damage remaining (t,)

mean % tail-DNA (t,) — mean % tail-DNA (control)
mean % tail-DNA (t,) — mean % tail-DNA (control)

* 100.

(1

Time-course repair data were analysed for one- or two-phase
decay kinetic by Prism v.5 program (GrafPad Software Inc.,

USA).

2.5. Isolation and Analysis of apt Mutants after Bleomycin
Treatment. Mutation rates were measured as the number
of apt mutants that appeared as green foci of regenerating
clones resistant to 2-FA (Figure 3). Treated protonemata were
first incubated approximately 3 weeks on plates with 2 or
3mM 2-FA until first green foci start to emerge. Then whole
cellophane overlay was transferred to a new plate with 8 mM
2-FA and emerging clones were allowed to form colonies.
Stable clones were then counted.

Some clones were further propagated on plates with
8mM 2-FA and their APT locus was subsequently PCR
amplified and sequenced to identify the mutation(s) respon-
sible for the resistance. Approximately 100 mg of tissue was
used to isolate genomic DNA with DNeasy Plant Mini Kit
(Qiagen, cat. Nr. 69104) using “ball” mill Retsch MM301
to homogenize the tissue in 2mL round bottom Eppendorf
tubes. APT locus was amplified from isolated genomic DNA
with KOD Hot Start DNA Polymerase (Millipore/Novagen,
cat. Nr. 71086), purified with the QIAquick PCR Purification
Kit (Qiagen, cat. Nr. 28104) and used as a template for
sequencing with BigDye Terminator v3.1 Cycle Sequencing
Kit (Applied Biosystems, cat. Nr. 4337455). Locations of PCR
primers used for APT amplification and sequencing are
depicted on Supplementary Figure 2 and their sequences are
listed in Supplementary Table 1 (see Supplementary Material
available online at http://dx.doi.org/10.1155/2013/535049). To
keep sequencing cost down only half volume of the BigDye
Ready Reaction Mix was used in a standard sequencing
reaction and combined with the same volume of Half-Term-
Dye-Termination mixture (Sigma-Aldrich, cat. Nr. H1282).

2.6. Analysis of Sequencing Data. Sequences of each clone
obtained on genetic analyser Prism 3130x1 (Applied Biosys-
tems, USA) were stiched together with MacVector program
Assembler 12.7.5 (MacVector, USA) into contigs and aligned
to the latest annotated APT sequence Pplsil4_124V6.1 in
the COSMOSS—the Physcomitrella patens resource database
(https://www.cosmoss.org/).

3. Results and Discussion

In all experiments a model Physcomitrella patens has been
used as one day recovered fragments of 3-5 cell size derived
from the lawn of growing protonema filaments by extensive

ppligd  ppnbsl pprad51AB  pprad50

ey

Bleomycin (ug/mL)

FIGURE 1: Sensitivity of the Physcomitrella patens repair mutants
mrell, ligd, nbsl, rad51AB, and rad50 to chronic exposure of
Bleomycin. Physcomitrella explants were inoculated as “spot inoc-
ula” onto BCDAT-agar plates supplemented with 0, 0.01, 0.1, and
1ug mL ™" Bleomycin and photographed 10 days after inoculation.

shearing. Such one-day-old protonemata represent a unique
system among plants to study plant tissue with up to 50%
of apical dividing cells. Convenient mechanical handling
enables quick processing of tissue after the treatment to
address short repair times and with fine tip tweezers also for
uniform spotting to test sensitivity. In this respect one-day-
old protonemata are preferred system to so far widely used
protoplasts, which could be collected only by centrifugation.
Another reason for using protonemata is possibility their
mechanical disintegration by razor blade chopping for rapid
release of nuclei for SCGE assay. In this way direct use of
protoplasts for comet assay is obstructed by nearly instant
regeneration of the cell wall within 4 hours after the release
from cellulase treatment (unpublished observation), because
cell wall prevents DNA movement from nuclei during elec-
trophoresis.

3.1 Sensitivity to Bleomycin Treatment. Moss wild type and
ppligd, mrell, nbsl, rad51AB, and rad50 [6, 8] mutant lines
were analysed for their sensitivity to radiomimetic Bleomycin
in chronic “survival” assay when test plates with various
concentrations of Bleomycin were inoculated with equal
tissue “spots” of one-day-old protonemata and incubated
up to 3 weeks (Figure1). Only rad5IAB and rad50 strains
displayed one order of a magnitude higher sensitivity in
comparison to other tested lines. The survival growth of
ppmrell is somehow in contradiction with pervious results
of Kamisugi et al. [6], but one has to realize different assay
conditions, for example, acute versus chronic exposure and
protoplast cells versus protonemata. In protonema tissue
under permanent genotoxic stress mrell express phenotype
similar to wild type, nbsl, and also lig4. One can speculate that
3" to 5’ exonuclease and endonuclease activity associated with
MREI is dispensable for tissue survival, but proteins RAD50
and RAD5I supporting DNA structure are not. Kozak et al.
[12] previously showed crucial role of structural maintenance
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FIGURE 2: SSB and DSB repair kinetics determined by SCGE. One-day regenerated protonemal tissue from wild type and pplig4 lines was
treated with Bleomycin for 1h prior to nuclear extraction and the analysis. (a) Dose-response as the percentage of the free DNA moved by
electrophoresis into comet tail (% T DNA) at the indicated Bleomycin concentrations. DSBs were determined by N/N protocol: green: wild
type, blue: ppligd, whereas SSBs were determined by A/N protocol: red: wild type, dark purple: ppligd. (b) Repair kinetics is plotted as %
of DSBs remaining over the 0, 5, 10, 20, 60, 180, and 360 min period of repair recovery. Maximum damage is normalised as 100% at t = 0
for all lines. SSBs were induced by 1-hour treatment with 2 ug mL™" Bleomycin; bright blue: wild type, dark blue: ppligd, and determined by
A/N protocol. DSBs were induced by 1-hour treatment with 30 gg mL™" Bleomycin, green: wild type, orange: ppligd, and determined by N/N
protocol. (Error bars-standard error).
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FiGure 3: Plates with 2-FA resistant foci of wild type Physcomitrella (a and b) and pplig4 (c) after 3 weeks of selection. (a) Untreated
Physcomitrella wild type, (b) 50 ugmL™" Bleomycin treated wild type protonemata for 2 hours, and (c) 5 ug mL™" Bleomycin treated ppligd
protonemata for 1 hour prior being spread on plates with BCDAT medium supplemented with 2 uM 2-FA and cultivated for 3 weeks.

of chromosome complex SMC5/6 in the repair of Bleomycin
induced DSBs. In this context RAD50s have similar structural
role in MRN complex as SMCs in the structure of the SMC5/6
complex [13]. Both these complexes can function in tethering

of broken ends in close proximity.

3.2. Induction of DNA Lesions and Their Repair. Bleomycin,
an ionizing radiation mimicking agent, functions as a catalyst
activated by interaction with DNA and attachment of Fe’*
to produce oxygen radicals leading to lesions as SSBs, DSBs,
AP-sites, and damaged bases [14, 15], which all could be
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readily detected by SCGE [16]. DNA breaks and other lesions
converted to breaks lead to DNA fragmentation and nucleoid
unwinding allowing relaxed DNA to move in electric field
from nuclei out to form a “comet” like object in which
increased quantity of fragmented DNA in comet tail (% T
DNA) is proportional to breakage. DSBs are detected by an
N/N assay when pH of lysing and electrophoretic solutions is
kept under pH 10, whilst for the detection of SSBs DNA after
the lysis is allowed to unwind DNA double-helix in alkali [17]
to separate individual strands and expose their fragmentation
(A/N protocol [9]).

Bleomycin fragmentation of genomic DNA by induction
of SSBs and DSBs is documented on Figure 2(a). Ten times
higher efficiency to induce SSBs than DSBs is in agreement
with generally accepted ratio of 1:10, DSBs versus SSBs,
induced by ionizing radiation. Evidently this also applies for
Bleomycin treatment of Physcomitrella. The background level
of genomic DNA damage in wild type and pplig4 is similar,
between 20 and 25% T DNA, indicating that the repair defect
has no significant effect on natural levels of genomic DNA
fragmentation. Nevertheless, in comparison with wild type,
pplig4 is vulnerable to Bleomycin induction of DSBs and SSBs.

In both wild type and pplig4 lines, the Bleomycin
induced DSBs are repaired with a rapid, biphasic kinetics
(Figure 2(b)). Half-lives of DSB survival 7, , 1.5 min for wild
type and 2.5min for ppligd are similar to 7;,, 2.9 min for
pprad50, Ty, 4.1 min for ppmrell, and 7, 1.9 min for ppnbsI
previously reported in [6].

Contrary to DSBs, SSBs are repaired far less efficiently.
Slow SSB repair might be common feature of plants since
Dona et al. [18] recently observed similar phenomenon in
Medicago truncata cell culture irradiated with different doses
of y-ray. The SSB repair kinetic in wild type Physcomitrella
is clearly biphasic and in this respect parallels repair of
MMS induced SSBs in Arabidopsis [19]. In comparison to
DSBs, substantially smaller fraction of SSBs is repaired with
fast kinetics; the defect even more manifested in pplig4.
It suggests an important role for LIG4 in the repair of
DNA lesions like modified basis, AP sites that are usually
detected as SSBs and are repaired via BER (base excision
repair). It is noteworthy that LIG3, the ligase finishing BER
pathway, is not represented in plants. We showed earlier
that principal substitute for LIG3 in Arabidopsis is LIG1 [19].
The repair kinetic of MMS induced SSBs in atligl posed an
exceptional route. After the treatment the number of breaks
continues to increase during the first hour of repair and after
3 hours returns to the level at the end of treatment. Then
repair continues similarly as in the wild type (see Figure 4
in [19]). Because atligl is an RNAi line with only 40% of
remaining LIGI activity, such repair course is a consequence
of unbalanced BER due to attenuated ligation step. Evidently
the knockout mutation in pplig4 does not have such severe
effect on repair of SSBs; nevertheless, the defect clearly shows
that LIG4 is also involved in the repair of SSBs in plants.

3.3. Induction and Analysis of apt Mutants. The mutator
phenotype was assessed as the loss of function of the APT
gene [4] due to presence or error prone repair of endogenous

DNA damage in the wild-type moss and lig4, mrell, and rad50
repair mutant lines.

We found dramatic, over two orders of magnitude,
variation of mutator phenotype in response to mutagenic
treatment. While wild type Physcomitrella with low mutator
phenotype needed 2 hours and 50 ugmL™" Bleomycin treat-
ment to induce any apt clone, in pprad50 with high mutator
phenotype 1 hour treatment with only 0.1 ug mL™" Bleomycin
was enough for massive induction of apt clones. Other lines,
ppligd and ppmrell, assumed as having “moderate” mutator
phenotype, were mutagenized either with 5 or, respectively,
1ugmL™" Bleomycin for 1 hour. Mutagenesis and clone
selection in Physcomitrella wild type and pplig4 is depicted
on Figure 3. For comparison we normalised the yield of 2-
FA resistant clones to 1 g mL™" Bleomycin treatment per 1g
dry tissue weight in each line as “relative number of ppapts”
The values of these normalised yields range from 9 in wild
type to 875 for pprad50 (see Supplementary Figure 1 where
are plotted summarized results of Bleomycin mutagenesis in
Physcomitrella wild type and lig4, ku70, rad50, mrell, and nbsl
mutants).

Randomly picked apt clones from selection plates were
further propagated on 2-FA media to provide enough mate-
rial for isolation of genomic DNA and sequencing analysis
of APT locus. Results of sequencing analysis are pictured in
Figure 4 and detailed annotations of identified mutations are
summarized in Supplementary Table 2. In total were analysed
5 clones of Physcomitrella wild type, 4 clones of pplig4, 3
clones of ppmrell, and 6 clones of pprad50 and identified 48
mutations. Mutations were according to assumed mechanism
of formation classified as reversions, single base insertion or
deletion, and insertions or deletions larger than 2 bases either
in coding (exons) or noncoding regions of APT locus.

Most of the identified mutations are as expected localised
within CDS, in particular within exon 4 that is annotated as
coding for adenine salvage activity (see Figure 4). Neverthe-
less, in wt:1, lig4:1, lig4:2, and mrell:6 apt clones, mutations
were identified only in the noncoding region and their con-
tribution to mutated APT phenotype has to be established.
Majority of mutations in CDS are point mutations (base
substitution, single base insertions, and deletions) and it is
difficult to dissect the route of their formation. Some of single
base deletions could come from classical or altered NHE]
repair of DSBs [20], but more likely they represent along with
other point mutations outcome of processing base oxidative
damage. Interesting point is that only single base insertions
were identified in APT CDS of pplig4. Insertion of extra base
might imply defect in BER repair of oxidative damage in the
absence of LIG4 and could be associated with defective repair
of SSBs in pplig4.

Long deletions are clearly associated with NHE] repair
of DSBs, because, besides one rather short (8 bp) deletion
in wt:3 clone, all appear in clones derived from mrell and
rad50 background. This supports our working hypothesis
that MRN-unsupervised repair generates more severe forms
of genomic damage [6].

Only one 4 base insertion was identified in noncoding
region of wt:2.
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4, Conclusions

We validated the use of regenerating one-day-old protone-
mal tissue of Physcomitrella patens for complex analysis of
genotoxic stress by parallel study of DNA damage, its repair,
and mutagenic consequences in wild type and lig4 mutant
plants. From experimental point of view we developed a novel
model system where 3-5 cell protonemata filaments with up
to 50% of apical cells can substitute and surplus protoplasts
use. Bleomycin was used to model DNA oxidative genotoxic
stress with all its consequences as SSBs and DSBs, which
can be followed by SCGE. We confirmed in Physcomitrella
as previously in Arabidopsis rapid DSB repair even in the
absence of LIG4, the key ligase of major DSB repair pathway
by NHE] mechanism [12]. Moreover, we showed crucial role
of LIG4 in the repair of S5Bs by BER mechanism, where it
can substitute along with LIGI [19] in plants missing LIG3.
We selected and analysed by sequencing 2-FA resistant clones
with Bleomycin mutated APT locus and found out that
mutation spectra of ligd mutant reflects rather the defect of
SSB than DSB repair. Nevertheless, as previously described
[6], we interpret that mutations due to the error prone

repair in pplig4 rather than unrepaired lesions within DNA
and interfering with progression through the cell cycle are
responsible for pplig4 sensitive phenotype.

Abbreviations

A/N:  Comet assay with alkaline unwinding step
AP: Apurinic/apyrimidinic (site)

APT:  Adenine phosphoribosyltransferase
BER:  Base excision repair

CDS:  Coding DNA sequence

DSB(s): DNA double-strand break(s)

2-FA:  2-Fluoroadenine

HR:  Homologous recombination

MMS: Methyl methanesulfonate

NHE]: Nonhomologous end joining

N/N:  Neutral comet assay

ROS:  Reactive oxygen species

SCGE: Comet assay

SSB(s): DNA single-strand break(s)

Tyt Half-life.
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Abstract

induction of DNA dsb damage is also shown,

L

Background: The RAD21 cohesin plays, besides its well-recognised role in chromatid cohesion, a role in DNA
double strand break (dsb) repair. In Arabidopsis there are three RAD21 paralog genes (AtRAD21.1, AtRAD21.2 and
AtRADZ21.3), yet only AtRAD21.1 has been shown to be required for DNA dsb damage repair. Further investigation
of the role of cohesins in DNA dsb repair was carried out and is here reported.

Results: We show for the first time that not only AtRAD21.1 but also AtRAD21.3 play a role in somatic DNA dsb
repair. Comet data shows that the lack of either cohesins induces a similar high basal level of DNA dsb in the nuclei
and a slower DNA dsb repair kinetics in both cohesin mutants. The observed AtRADZ21.3 transcriptional response to
DNA dsb induction reinforces further the role of this cohesin in DNA dsb repair. The importance of AtRAD21.3 in
DNA dsb damage repair, after exposure to DNA dsb damage inducing agents, is notorious and recognisably
evident at the phenotypical level, particularly when the AtRAD21.1 gene is also disrupted.

Data on the kinetics of DNA dsb damage repair and DNA damage sensitivity assays, of single and double atrad?1
mutants, as well as the transcription dynamics of the AtRAD21 cohesins over a period of 48 hours after the

Conclusions: Our data demonstrates that both Arabidopsis cohesin (AtRAD21.1 and AtRAD21.3) play a role in
somatic DNA dsb repair. Furthermore, the phenotypical data from the atrad21.1 atrad21.3 double mutant indicates
that these two cohesins function synergistically in DNA dsb repair. The implications of this data are discussed.

Keywords: Arabidopsis, AtRAD21.1, AtRAD21.3, Cohesins, Comet assay, DNA damage, Gene expression

Background

RAD21 (also known as SCC1) [1,2], SMC1, SMC3 and
SCC3 are the core subunits of a complex required for
sister chromatid cohesion [3]. Sister chromatid cohesion
in budding yeast is established during late G1 and S
phase [4,5] and is abolished during the metaphase/ana-
phase transition, to allow the correct and timely mitotic
sister chromatid segregation [6]. Sister chromatid cohe-
sion is also established de novo during the G2/M diploid
phases when DNA dsb are formed [5,7]. This de novo
cohesion induced by DNA dsb occurs in budding yeast
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on a genome-wide scale [7,8]. In contrast, in human cells
at the G2 phase, the RAD21 cohesin is recruited and
targeted specifically to the vicinity of the DNA dsb loci
[9,10]. It has been proposed that the de nove cohesion
establishment tethers the DNA dsb damaged strand with
its identical and intact sister chromatid counterpart to
promote error-free DNA repair [7].

DNA dsb can be repaired via different DNA repair
pathways such as the error-free homologous recombin-
ation (HR) pathway, which requires a homologous DNA
strand template for repair, or via other alternative DNA
dsb repair pathways that do not require a homologous tem-
plate. The latter, such as the canonical non-homologous
end-joining (C-NHE]), the single strand annealing and the
micro-homology end-joining DNA repair pathways are
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mostly error-prone [11,12]. In imbibed seeds, for example,
DNA dsb can be repaired via different DNA dsb repair
pathways. Accordingly, mutations that affect either HR or
C-NHE] have been reported to cause loss of viability, or
developmental delay, in seedlings germinated from im-
bibed mutants seeds of Arabidopsis thaliana (henceforth
Arabidopsis) and maize exposed to DNA dsb damage
inducing agents [13-16].

Other than triggering de novo cohesion, DNA dsb dam-
age also triggers changes in gene expression. Some of the
Arabidopsis genes that code for proteins required at the
early stages of HR repair of DNA dsb, such as AtRADS1I,
AtBRCA1, AtRPA-related, AtGR1/COM1/CtIP and GMII,
increase gene expression after DNA dsb induction
[17-23]. Yet, not all Arabidopsis genes involved in HR,
namely AtRADS0 and AtNBSI (which are also involved in
C-NHE]J), are transcriptionally responsive to DNA dsb
damage [21,22,24,25]. DNA dsb damage also induces in-
crease of the expression levels of the AtWEEI, CycBI:1
and AfRAD17, genes that are involved in cell cycle arrest
at G2 [21,26,27]. This DNA dsb induced G2 cell cycle
arrest is detected mainly in meristems [21,22,28,29]. The
observed increase of steady-state transcript levels, induced
by DNA dsb, of the genes mentioned above and of
AtRAD21.1 is mediated by the ATM kinase [21,30].

Arabidopsis has three RAD2I homologous genes;
AtRAD21.1/SYN2, AtRAD21.2/SYN3 and AtRAD21.3/
SYN4 [14,31]. AtRAD21.1 transcripts are detected in low
levels in most plant tissues [14,32], yet in the shoot apex
and particularly in seeds (and more so in dry and imbibed
seeds), higher levels of AtfRAD21.1 transcript can be found
[33-35]. AtRAD21.1 transcripts become more abundant,
in an ATM dependent manner, after DNA dsb induction
[14,20,21]. The detection of higher AtRAD21.1 expression
levels in seeds and the shoot apical apex is particularly
interesting since these contain actively dividing meri-
stem cells where maintenance of genomic integrity is
crucial. Like AtRAD21.1, the AtRAD21.2 gene is also
expressed in different tissues at low levels [14,31]. Yet,
and unlike AtRAD21.1, AtRAD21.2 steady-state tran-
script levels have been shown not to increase in re-
sponse to DNA dsb damage induction [14]. In contrast,
the cohesin AtRAD21.3 exhibits the highest steady-state
transcript levels of all AfRAD21 genes [14]. AtRAD21.3
has been shown to play a role in genome stability and to
be associated with replication factors [36]. Indeed, the
atrad21.3 mutant experiences genomic instability (like
atrad21.1) and chromatid alignment defects [37], yet,
unlike the atrad21.1 mutant, the atrad21.3 single mu-
tant has not been reported to be associated with DNA
dsb damage repair nor to exhibit a DNA dsb damage
hypersensitivity phenotype [14]. However, and unex-
pectedly, AtRAD21.3 is involved in DNA dsb damage
repair.

Page 2 of 14

Here, we report for the first time that AtRAD21.3, like
AtRAD21.1, also plays a role in somatic DNA dsb repair.
Both atrad21.3 and atrad2l.1 single mutants have a
higher basal level of DNA dsb, in comparison to wild-type
Columbia-0 (Col). Additionally, the atrad21.3 mutation
also affects the kinetics of DNA dsb damage repair after
the induction of DNA dsb. Furthermore, the combination
of both mutations renders the imbibed seeds of the
atrad21.1 atrad21.3 double mutant more hypersensitive
to DNA dsb induction than the atrad2l.1 and the
atrad21.3 single mutants.

We also show that the emergency-like AtRAD21.1 gene
expression response to DNA damage is triggered immedi-
ately and abruptly after the induction of DNA dsb.

Results

The AtRAD21.1 complementation construct is sufficient to
promote resistance to ionising radiation-induced damage
in imbibed seeds

The atrad21.1 mutation (salk_044851) renders Arabidopsis
imbibed seeds hypersensitive to DNA dsb-inducing agents
[14]. To establish that the described phenotype is caused
by the atrad21.1 mutation alone, and not derived from
chromosomal rearrangement or the disruption of another
gene not physically linked to the T-DNA insertion [38],
atrad21.1 mutant plants were transformed with the com-
plementation construct.

To obtain the complementation construct, the genomic
region comprising the AfRAD21.1 gene and its 2,602 bp
upstream sequence, was amplified as a single PCR product
and cloned. Sequencing of the genomic complementation
construct confirmed that the coding sequence in the
construct is identical to the coding sequence of the
AtRAD21.1 wild-type allele. Sequencing also confirmed
that the complementation construct AtRAD21.1 gene
sequence is cloned in frame with the epitope-tags GFP-
6xHis (from the pMDC107 vector).

The transformation of atrad21.1 homozygous plants
with the complementation construct yielded, at least,
nine independently transformed complementation lines
(Comp). Five of these lines were further analysed and
shown to rescue the atrad21.1 mutant phenotype, exhibit-
ing wild-type-like resistance to a dose of 150 Gy (3.25 Gy/
minute; source: Cs137) of ionising radiation (Figure 1).
These plants were genotyped and confirmed to carry the
complementation construct and the atrad2l.1 mutant
allele (data not shown). Hence, our results show that the
AtRAD21.1 gene and its upstream sequence are required
and sufficient to rescue the atrad21.1 mutant phenotype
(hypersensitivity to ionising radiation) (Figure 1). Molecu-
lar characterisation of a Comp line exposed to ionising
radiation also suggests a correlation between the re-
established Col-like resistance to ionising radiation and
the high amounts of AtRAD21.1-GFP-6xHis transcript

92



da Costa-Nunes et al. BMC Plant Biology 2014, 14:353
http://www.biomedcentral.com/1471-2229/14/353

s A
atrad21.1 <

Figure 1 The genomic construct, comprising the putative
AtRAD21.1 promoter region and gene, complements the
atrad21.1 mutation. The complementation lines (Comp) are not
hypersensitive to DNA dsb damage inducing ionising radiation,
unlike the atrad2?1.1 mutant. Plants were photographed 27 days
after exposure of the imbibed seeds to ionising radiation (150 Gy;
3.25 Gy/minute; source: Cs137). Two independent complementation
lines (Comp) (in atrad2].1 mutant background carrying the
complementation construct) and the atrad21.1 mutant

(with no complementation construct) are shown.

detected (Additional file 1: Figures Sla and Slc); (pri-
mer pairs: CR1+ GFPOUT and 3HOMS6 + GFPOUT;
Additional file 1: Table S1).

The complementation lines also demonstrate that the
atrad2].] mutant retains the ability to be transformed and
integrate T-DNA into its genome and that the epitope-tag
(GFP-6xHis) fused to the predicted C-terminal end of the
AtRAD21.1 protein does not affect the function of the
AtRAD21.1 protein in y-ray irradiated imbibed seeds
(Figure 1). Unfortunately, we were not able to detect GFP
signal using fluorescence microscopy, either in non-
irradiated or in y-ray irradiated complementation lines
(data not shown), possibly due to conformational changes
of the GFP tag in the context of the recombinant protein.

AtRAD21.1 expression: an emergency-like response to
DNA dsb damage induction

It has been shown that the transcription of AtRAD2I.1 is
responsive to the induction of DNA dsb damage (in an
ATM dependent manner) [14,20,21], and that the atrad21.1
mutant imbibed seeds are hypersensitive to DNA dsb
damage [14]. This suggests that the AtRAD21.1 transcript
content increase, induced by DNA dsb, may be required for
DNA dsb damage repair.

It has been reported that, 1 hour after the exposure to
100 Gy of ionising radiation, no significant change in
AtRAD21.2 and AtRAD21.3 gene transcription is detect-
able in a northern blot [14]. Yet, it is not known whether
transcription also remains unchanged when higher doses
of ionising radiation are applied and more DNA damage
is induced. The AtRAD21.2 and AtRAD21.3 gene tran-
scription dynamics at different time points after the induc-
tion of DNA dsb damage are also unknown. Hence, due
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to the importance of the RAD21 cohesin in DNA repair,
and due to the lack of a more detailed characterisation of
Arabidopsis AtRAD21 gene expression responsiveness to
DNA dsb, we monitored the dynamics of AtRAD21.1,
AtRAD21.2 and AtRAD21.3 transcript content at different
time points, during the first 48 hours After Exposure to
Tonising radiation (AEI). The AtRAD21 genes’ transcript
content variation was monitored in rosette leaves from
four weeks old Col plant, using quantitative real-time PCR
(qRT-PCR), after exposure to 316 Gy of ionising radiation
(2.65 Gy/minute; source: Co60).

As early as 5 minutes AEI, we observed a 50-fold increase
of AtRAD21.1 transcript content in irradiated versus con-
trol (non-irradiated) samples (Figure 2; Additional file 1:
Figures S2(A) and S2(B); Additional file 1: Table S2). The
amount of transcript peaked circa 1 to 2 hours AEIL being
almost 100-fold higher than in non-irradiated samples
(Figure 2; Additional file 1: Table S2). At 4 hours AEIL the
steady state levels of AtRAD21.1 transcript progressively
decrease, approaching non-irradiated levels after 48 hour
AEI (Figure 2). The presented data was obtained from three
independent replicates, and using two different primer pairs
(Additional file 1: Table S3; primer pairs ‘1" and ‘1 m’) tar-
geting two different regions of the AtRAD2I.1 transcript
(Additional file 1: Figure SIf).

AtRADS51, a gene involved in HR [17], and AtRAD21.1
have very similar patterns of transcript steady-state con-
tent variation. This variation is, however, much more
pronounced in A(RADSI than in AtRAD21.1. AtRADSI
reaches a peak of 317-fold increase in transcript steady-
state levels, 2 hours AEI (Figure 2; Additional file 1:
Figures S2(A) and S2(B); Additional file 1: Table S2).

Reports on AfRAD21.2 and AfRAD21.3 gene expression
after DNA dsb induction are limited to certain time points
(i.e. 1 hour AEI and 1.5 hours AEI; northern blots and
microarray data, respectively [14,21]), and suggest that the
expression of these genes is not responsive to the induc-
tion of DNA dsb. Our results show that AZRAD21.2 tran-
script content is diminished during most of the period of
48 hours after the induction of DNA dsb (Figure 2); The
AtATM mRNA content variation after the induction of
DNA dsb is more difficult to interpret since a decrease as
well as an increase in transcription content is detected
(Additional file 1: Figure S2(A)). In contrast, the qRT-
PCR data shows that the steady-state AtRAD2I1.3
transcript levels double after the exposure to 316 Gy of
ionising radiation. AtRAD21.3 expression, which is not
as responsive as AtRAD2I1.1 is to DNA dsb induction,
reaches its peak between 4 and 8 hours AEI in contrast
with AtRAD21.1 transcript levels that reach their peak
circa 1 to 2 hours AEI (Figure 2; Additional file 1:
Figure S2(A)). These observations suggest that these
two cohesin genes may be required for different roles
in the cell since the dynamics of their RNA content
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Figure 2 AtRAD21.1 has an emergency-like transcription response to DNA dsb damage. Steady-state AIRAD21.1 and AtRADS T transcript
levels increase abruptly immediately after the end of irradiation exposure (AEI) in four weeks old Col rosette leaves irradiated with 316 Gy
(265 Gy/minute; source: Co60); Non-irradiated samples were used as reference (i.e. 1 fold). The AtRAD21.1 and AtRADS T steady-state transcript level
peak is detected 1 to 2 hours (AEl) (60 to 120 minutes); peaks of circa 100-fold and 317-fold increase in AtRAD21.1 and AtRADS 1, respectively
AtRAD21.1 steady-state transcript levels revert to normal expression levels after 48 hours (2880 minutes) AEL AtRAD21.2 and AtRAD21.3 transcript
levels variation is mild, in comparison to AtRAD21.1, even if AtRAD21.3 transcript steady-state levels increase by two-fold in response to DNA dsb
Values are the mean of three biological replicates for each time point. The relative transcript content was calculated using Actin2 and AtEF1aA4 as
the reference genes, and normalized against the non-irradiated sample. The error bars represent the standard deviation. Quantitative RT-PCR data
is available in Additional file 1: Table S2

variation, after the induction of DNA dsb damage, is
not identical.

AtRAD21.3, in association with AtRAD21.1, confers
resistance to ionising radiation-induced damage

Because gRT-PCR data shows that the induction of
DNA dsb induces the doubling of the AtRAD21.3
steady-state transcript content, we investigated further if
AtRAD21.3 does play a role in DNA dsb repair. Unlike
atrad21.1, the atrad21.3 single mutant does not exhibit
clearly discernible DNA dsb damage hypersensitivity
phenotypes (such as DNA damage induced lethality)
[14]. Hence, we used the atrad2l.l atrad2l.3 double
mutant to more easily identify and characterise the role
played by AtRAD21.3 in DNA dsb. The rational is that
any atrad2l.3 induced DNA dsb damage phenotype
(that may go unnoticed in the atrad21i.3 single mutant
because it is masked by the function played by
AtRAD21.1) will be more easily detected in the double
mutant. The atrad21.1 atrad21.3 double mutant plants

are viable and fully fertile, producing a full seed set in
each silique (data not shown).

30 days after irradiating (with y-ray) imbibed seeds
with 150 Gy (3.25 Gy/minute; source: Cs137), atrad21.1
atrad21.3 seedlings exhibit a more acute hypersensitivity
to y-irradiation than the atrad21.1 seedlings (Figure 3).
The atrad21.1 atrad21.3 y-ray hypersensitivity pheno-
type, in comparison to the atrad21.1 and atrad21.3 single
mutants, is characterised by a higher incidence of seed-
lings that bear only two expanded cotyledons and no true
leaves (Figure 4). This is particularly evident at 100 Gy
(y-rays; 3.25 Gy/minute; source: Cs137) (Figure 4(A);
Additional file 1: Table S4 and Figure S3), although a few
seedlings do develop more true leaves. The higher inci-
dence of seedlings with no true leaves in the atrad21.1
atrad21.3 double mutant, in comparison to the atrad2l
single mutants and Col, is clearly reflected in the value of
the medians (Figure 4(B)), modes and means (Additional
file 1: Table S5 and Figure S4). Furthermore, according to
the Mann—Whitney U-test analysis of the number of true
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atrad2l.1

Figure 3 The atrad21.1 atrad21.3 double mutant is more hypersensitive to DNA dsb damage than atrad21.1. Both the atrad? 1.1 atrad?1.3
double mutant and the atrad21.7 single mutant are hypersensitive to exposure to ionising radiation (150 Gy), being the former more hypersensitive
than the latter; as observed in different experimental replicas. In contrast, the atrad?1.3 single mutant reaches a development stage more similar 1o
Col, even after exposure to 150 Gy of ionising radiation. The differences in development are highlighted in the blown up images (3x magnification) of
seedlings after exposure to 150 Gy of ionising radiation. These illustrate the predominant double mutant seedlings’ phenotype; development arrest
and senesce at an early developmental stage, namely in seedlings with none or one true leaf. These blown up images also show that atrad21.1
seedlings experience severe development delay, yet not as severe as in the double mutant (seedlings bear more true leaves than the double mutant).
In both the single and double mutants, some plants manage to develop further, forming more true leaves. All seedlings were germinated from
irradiated imbibed seeds exposed to 150 Gy of y-rays (0.7532 Gy/minute +/— 0.003 Gy/minute; source: Cs137) and photographed 30 days after
irradiation. 0 Gy - not exposed to ionising radiation. Col - wild-type Columbia-0 plants.

atrad2l.1 atrad21.3

(e o

leaves data (obtained 15 days after the exposure to 100 Gy
and 150 Gy (y-rays; 3.25 Gy/minute; source: Cs137)), the
atrad21.1 atrad21.3 double mutant is significantly different
(p value (p) =0, 2-tailed hypothesis) from Col (Figure 4(B)).
Comparatively to the double mutant, y-ray hypersensitive
atrad21.] mutant seedlings bear more true leaves. Still,
atrad21.1 is developmentally delayed in comparison to
wild-type as far as the number of true leaves and the size
of the leaves is concerned (Figures 3 and 4). At 100 Gy,
atrad21.1 is already significantly different from Col, albeit
with a higher p value (p = 0.00652) than the double mutant
(p=0). In contrast, atrad21.3 is not significantly different
from Col at 100 Gy (p = 0.06432). Only at 150 Gy is it pos-
sible to detect a significant difference between atrad21.3
and Col (Figure 4(B); Additional file 1: Figure S4). Ultim-
ately, many, if not all, of the seedlings exhibiting hypersen-
sitivity to ionising radiation (mostly the afrad21.1 and the
atrad2l1.1 atrad21.3 mutants with none or few true leaves)
will senesce.

The kinetics of DNA dsb damage repair is affected, and
higher basal levels of DNA dsb are detected, in the
atrad21.3 mutant

To further characterise the role of AtRAD21 cohesins,
we monitored repair of DNA dsb by comet assays in 10-
days-old seedlings exposed to Bleomycin. We chose to

use Bleomycin, a radiomimetic cancerostatic agent that
induces DNA dsb in a similar manner to ionising radi-
ation [39], because it allowed us to compare our results
with previously published data of DNA dsb repair kinet-
ics [23,40,41]. Three different atrad2l homozygous mu-
tants were used in the comet assay (atrad21.1, atrad21.3
and atrad21.1 atrad21.3). The atrad21.2 mutant was ex-
cluded from this and other assays because, to the best of
our knowledge, there are no viable atrad21.2 homozy-
gous mutant knockout lines available [42].

Repair kinetics observed in seedlings of wild-type Col,
atrad21.1, atrad21.3 and the atrad21.1 atrad21.3 double
mutant control (not exposed) and exposed to 10 pg/ml
Bleomycin are not significantly different (data not
shown). However, when higher Bleomycin concentrations
(30 pg/ml) are used, which result in the induction of more
DNA dsb [40], impaired DNA dsb repair becomes percep-
tible in the single mutants relative to wild-type. Significant
differences are particularly evident between 10 to 60
minutes after DNA dsb induction (Figure 5(A)), i.e. in the
transition period from the initial fast phase of dsb repair
kinetics to the following slow phase of dsb repair kinetics
[43,44] (Additional file 1: Figure S5; Additional file 1: Table
S6). Unlike the single mutants, atrad2l.l atrad21.3 has
wild-type-like (Col-like) DNA dsb damage repair kinet-
ics when exposed to 30 pg/ml Bleomycin. Yet, the
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from the compiled data tables (Additional file 1; Table S4).

Figure 4 DNA dsb severely affects development in the atrad21.1 atrad21.3 double mutant. (A) atrad?1.1 atrad21.3 displays the severest
DNA dsb damage induced developmental arrest. The highest frequency of seedlings arrested at the early stages of development (0 and 1 true
leaf) in the atrad21.1 atrad21.3 double mutant illustrates its high hypersensitivity to DNA dsb damage. At 100 Gy, this frequency is higher in the
double mutant than in the single mutants and Col; only at 150 Gy does this frequency, in atrad21.1 and the double mutant, become similar, At
100 Gy, the frequency of seedlings with 0 and 1 true leaf, in Col and in atrad21.3, is similar; but at 150 Gy it becomes higher in atrad21.3.

(B) atrad2?1.1 atrad21.3 and atrad21.1 are significantly different from Col (100 Gy). Medians and the Mann-Whitney non-parametric test (p value
(p)<0.01, 2-tailed hypothesis) show that DNA dsb induces severe development arrest in atrad21.] atrad?1.3, and less so in atrad?1.1, Both mutants
are significantly different from Col (100 Gy and 150 Gy). Only at 150 Gy is atrad21.3 also significantly different from Col. Error bars: standard
deviation of the data (to the median). Black asterisk: significant difference (0<p<0.01), (Col versus atrad21.1; 100 Gy, U=2026; p=0.00652). Grey
asterisk: significant difference (p=0) at 100 Gy: (Col versus atrad21.1; U=726.5); and at 150 Gy: (Col versus atrad21.1; U=52/85), (Col versus atrad21.3;
U=4712), (Col versus atrad21.1 atrad21.3; U=2920.5). atrad21.3 is not significantly different from Col at 100 Gy (U=2635; p=0.06432). Figure 4

(A and B): true leaves were counted in GM germinated seedlings, 15 days after the irradiation of imbibed seeds with 0 Gy (mock irradiation)

or 100 Gy or 150 Gy (y-rays; 3.25 Gy/minute; source: Cs137). Col - wild-type Columbia-0. Frequencies and medians were calculated with the data

double mutant as well as the atrad2l.1 and the
atrad21.3 single mutants exhibit a significantly higher
content of nuclear DNA dsb (high basal level of DNA
dsb) then the wild-type (Figure 5(B)), even when there
is no induction of DNA dsb.

The atrad21.1 atrad21.3 double mutant hypersensitivity
to DNA dsb damage is less acute than in the atku80
atrad21.1 double mutant and the atku80 single mutant
DNA dsb are repaired via different DNA repair pathways.
RAD21 has been proposed to facilitate DNA dsb repair
via HR by keeping the homologous DNA sequences of sis-
ter chromatids in close proximity [7]. However, in plants,
DNA dsb are predominantly repaired via direct joining of
double stand breaks’ ends (particularly via the Canonical-
Non-Homologous-End Joining — C-NHE]), which do not
require an extended homologous DNA sequence strand
for repair [45]. To determine the consequences of disrupt-
ing AtRAD21 (which has been associated with HR) in a
C-NHE] DNA repair pathway mutant, we've introgressed

the atrad21.] mutant allele into the atku80 mutant back-
ground [46] to produce the atrad2l.l atku80 double
mutant.

The atku80 atrad21.1 double mutant plants were geno-
typed (Additional file 1: Figure S6) and shown to be viable.
Under normal growth conditions (non-irradiated with
ionising radiation), these plants have a normal vegetative
and fertility phenotype; seed set in each silique of the
double mutant is indistinguishable from that of Col plants
(data not shown). When the imbibed seeds of atku80
atrad21.1 double mutant, and the atku80 mutant, are ex-
posed to y-rays (100 Gy, 3.25 Gy/minute; source: Cs137),
both mutants exhibit a similar acute hypersensitivity
phenotype (Figure 6; 100 Gy). No hypersensitivity to DNA
dsb is detected when imbibed Col, atku80 and arku80
atrad2l.] mutant seeds are irradiated with 50 Gy
(3.25 Gy/minute; source: Cs137) of ionising radiation (data
not shown).

Comparison of hypersensitivities to DNA dsb induced
by ionising radiation shows that atku80 and atku80
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Figure 5 DNA dsb basal levels and repair kinetics are altered in
the atrad21.1 and atrad21.3 mutants. (A) atrad?1.1 and atrad21.3
single mutants’ DNA dsb damage repair kinetics is similar, During
the first 60 minutes after DNA dsb damage induction, atrad21.7 and
atrad2?1.3 mutants retain more unrepaired DNA dsb than Col. This
difference is more striking at 10 minutes (62.1% to 72.2% of induced
DNA dsb remain unrepaired in the single mutants versus 40.2% in
Col), 20 minutes (55.4% to 60.9% in the single mutant versus 31.3%
in Col) and 60 minutes (20.3% to 22.1% in the single mutants versus
17.1% in Col) after DNA dsb damage induction. The atrad21.1
atrad21.3 double mutant has a Col-like DNA dsb damage repair
kinetics. DNA dsb damage quantification was carried out on nuclei
from 10-days old seedlings harvested 0, 3, 5, 10, 20, 60 and 180
minutes after exposure to 30 pg/ml Bleomycin. Col - wild-type
Columbia-0 plant. (B) atrad21.1, atrad21.3 and atrad21.1 atrad21.3
mutants have higher basal levels of DNA dsb than Col. The amount
of DNA dsb detected, by comet assay, in nuclei obtained from
seedlings not exposed to DNA dsb inducing agent, indicates that
the amount of DNA dsb detected in Col is significantly lower than
the amount detected in atrad21.1, atrad21.3 and atrad21.1 atrad21.3
mutants. DNA dsb damage quantification was carried out on nuclei
from 10-days old seedlings that were not exposed to Bleomycin.
Error bars represent the standard error. Col - wild-type Columbia-0
plant. Comet assay data is available in Additional file 1: Table S6.

atrad2l.] mutants are clearly more hypersensitive to
DNA dsb than the atrad2l.1 atrad21.3 double mutant,
and even more so then the atrad2l.l single mutant
(Figure 6).

These observations indicate that even though the
AtRAD21.1 and AtRAD21.3 cohesins play an important
role in DNA dsb repair in imbibed seeds, the AtKu80
protein, that is associated with C-NHE], plays a predom-
inant role in DNA dsb repair. This is in agreement with
previous reports that show that the C-NHE] repair path-
way is the predominant repair pathway in plants [45].
Due to the severity of the atku80 and atku80 atrad21.1
mutant phenotypes it is not possible to determine if the
DNA damage hypersensitivity phenotype observed in the
atku80 atrad21.1 double mutant is identical to that of
the atku80, or if it is cumulative, yet masked by the se-
verity of the atku80 phenotype.

Discussion

AtRAD21.1 and AtRAD21.3 Arabidopsis thaliana cohesins’
emergency response to DNA dsb damage

The increase of steady-state AtRAD21.3 RNA levels, and
more dramatically, the rapid and immediate increase of
steady-state AtRAD21.1 RNA levels after the induction
of DNA dsb suggests that both cohesins play a role in an
emergency response to DNA dsb damage (Figure 2;
Additional file 1: Figure S2). Transcription upregulation
of the AtRAD21.1-GFP-6xHis transgene in the comple-
mentation line plants upon exposure to ionising radiation
(Additional file 1: Figure Slc) and the rescue of the
atrad21.1 DNA dsb damage hypersensitivity phenotype in
these same lines (Figure 1) links the AtRAD2I.1

97



da Costa-Nunes et al. BMC Plant Biology 2014, 14:353
http://www.biomedcentral.com/1471-2229/14/353

Page 8 of 14

Cutrad2 1 erm? <
Pl \ \

3

atrad?l.1 \

1 atrad2l.1
atku80 atrad21.1!

atku80 atrad21.1

atrad21.1 atrad21.1 atrad21.3

Figure 6 C-NHEJ versus HR associated atrad21 DNA dsb damage hypersensitivity. Comparison of the DNA dsb damage induced phenotypes of
the C-NHEJ associated atku80 mutant versus the HR associated rad?1 mutations. Imbibed seeds of mutants homozygous for the atku80 mutant allele
(atku80 atrad21.1 and atku80) are extremely hypersensitive to DNA dsb; furthermore, they are more hypersensitive to DNA dsb than the atrad21.7
atrad21.3 double mutant and even more so than the atrad21.1 single mutant; this has been confirmed in different experimental replicas. The blown up
(2x magnification) seedlings’ pictures show atku80 and atku80 atrad21.1 exhibiting a mare severe hypersensitivity to DNA dsb damage than atrad21.1
atrad21.3. While some atrad21.1 atrad21.3 seedlings are still able to form some true leaves (a seedling with nine small true leaves is shown) after
irradiation with 100 Gy of ionising radiation, atku80 and atku80 atrad2?1.1 development is arrested at an earlier stage (seedlings with no true leaves or
with one incipient true leaf). The atrad21.1 seedlings exhibit the least hypersensitive phenotype of all four mutants. Imbibed seeds were exposed to
100 Gy of ionising radiation (3.25 Gy/minute; source: Cs137); 0 Gy were not exposed to ionising radiation. The seedlings germinated from the irradiated

Wassilewskija-1 plant.

imbibed seeds were photographed 23 days after the exposure to ionising radiation. Cal - wild-type Columbia-0 plant; Ws - wild type

emergency response to DNA dsb repair. This data sug-
gests that the upregulation of AfRAD21.1 transcriptional
activity could be directly correlated with an increase in co-
hesion induced by DNA dsb (de nove cohesion). This hy-
pothesis is in accordance with the reported observation
that DNA damage induces in Col an increase in sister
chromatid cohesion just 10 minutes after exposure to
irradiation [47]. Moreover, and also 10 minutes after the
induction of DNA dsb damage, the atrad21.] mutant
experiences a striking delay in DNA dsb repair (Figure 5
(A)). Together, these observations suggest that, as ob-
served with RAD21 homologues in other organisms,
AtRAD21.1 could also be involved in DNA dsb induced
de novo cohesion required for DNA dsb repair in Arabi-
dopsis. Indeed, in yeast and human cells, it has been
proposed that the recruitment of RAD21 cohesin to chro-
mosomes after DNA dsb induction [7,9,10] reinforces the
tethering of sister chromatids by quickly establishing
DNA dsb induced de novo cohesion. Further experiments
will be required to demonstrate if this AtRAD21.1 emer-
gency response indeed leads to the de novo cohesion and
the increased sister chromatid cohesion. The upregulation
of AtRAD21.3 transcription (Figure 2) and the concurrent
slower DNA dsb repair detected 10 minutes after the in-
duction of DNA dsb (Figure 5) suggest that AtRAD21.3
may also be involved in an AtRAD21.1-like DNA dsb re-
pair emergency response.

Finally, the similar timing of AtRADS1 and AtRAD21.1
transcript content increase (QRT-PCR data) suggests that
AtRAD21.1 might also be required during the first
stages of DNA dsb repair. AtRADS5I, similarly to its
homologues in yeast, is thought to be involved in DNA
strand invasion and homology search during the first
stages of recombination [48-50]. Hence, AtRAD21.1
may play a role at the early stages of somatic recombin-
ation (DNA dsb repair) too.

Both AtRAD21.1 and AtRAD21.3 are required for DNA
dsb repair
AtRAD21.1 and AtRAD21.3 are required for DNA dsb
repair when numerous DNA dsb are induced (30 pg/ml
Bleomycin) (Figure 5(A)), as well as when plants are not
exposed to DNA dsb inducing agents (Figure 5(B)).
atrad21.1, atrad21.3 single mutants, and the atrad21.1
atrad21.3 double mutant, exhibit similar and signifi-
cantly higher basal level of DNA dsb when compared to
Col (Figure 5(B)). This indicates that AtRAD21.1 and
AtRAD21.3 are probably required for the repair (or
restrict the formation) of DNA dsb induced by endogen-
ous stresses (such as DNA replication) or naturally
occurring environmental stresses.
DNA repair kinetics data from atrad21.1 [40], atrad21.3
(Figure 5(A)), and other Arabidopsis mutants affecting HR

98



da Costa-Nunes et al. BMIC Plant Biology 2014, 14:353
http://www.biomedcentral.com/1471-2229/14/353

in somatic tissue and with no apparent deleterious defects
during meiosis, such as atradl7 [26] and gmil (a SMC-
Hinge Domain containing protein) [23], shows that these
mutants experience a delay in DNA dsb repair when many
DNA dsb are induced. This delay is evident, as early as 10
to 20 minutes after bleomycin treatment, in the atrad21.1
and atrad21.3 mutant seedlings (Figure 5(A)), as well as in
the gmil mutants [23]. These similarities suggest that like
GMI1, AtRAD21.1 and AtRAD21.3 may also be involved
in HR. The decrease in DNA dsb repair kinetics observed
in the atrad2l.1 and atrad21.3 single mutants has also
been observed in yeast strains that contain low amounts of
RAD21 protein [51]. This suggests a correlation between
the amount of induced DNA dsb in the cell, and the
amount of RAD21 protein required for the DNA dsb re-
pair. Indeed, when low Bleomycin concentration (10 pg/ml)
is used, inducing few DNA dsb, the observed repair kinetics
between Col, the atrad21.1, atrad21.3 and atrad2l.1
atrad21.3 is not significantly different (data not shown).
One possible explanation for the similarity in repair kinetics
being that the level of chromosome cohesion remaining in
the mutant lines is sufficient to countervail the small
amount of DNA dsb produced, and hence the efficiency of
DNA dsb repair is not affected. Yet, when more DNA dsb
are produced (30 pg/ml Bleomycin) [40], the lack of
AtRAD21.1 or AtRAD21.3 in the single mutants becomes
critical for DNA repair.

We hypothesise that an increasing number of DNA dsb
in the cell leads to an increasing need of an abundant pool
of cohesin proteins to establish de novo cohesion, to allow
DNA dsb HR repair. Hence, a less abundant pool of cohe-
sins in the atrad21.1 and atrad21.3 single mutants would
account for the less efficient DNA repair (slower kinetics)
observed during the first 10 to 20 minutes after the induc-
tion of a high incidence of DNA dsb (Figure 5(A)). The
slower DNA repair kinetics observed in the atrad21.1 and
atrad21.3 single mutants could also be caused by an
AtRAD21-dependent DNA-damage-repair-checkpoint.
Indeed, the yeast rad2l mutation has been correlated
with the disruption of DNA-damage-induced-check-
points. Likewise, in mammalian cells, RAD21 is in-
volved in DNA-damage-induced cell cycle progression
arrest during DNA replication and at the G2/M cell
cycle stages [52-54].

In the particular case of the atrad2l.1 atrad21.3
double mutant, which has a wild-type-like repair kinetic
(Figure 5(A)), it is plausible that due to the knockout of
both AtRAD21.1 and AtRAD21.3 genes (Additional file 1:
Figure S6), an AtRAD21-dependent DNA dsb repair
pathway becomes fully compromised. Consequently, we
propose that in the double mutant, the DNA dsb repair is
switched to an AtRAD21-non-dependent DNA dsb repair
pathway with a kinetics similar to the one observed in the
atku80 mutant [40] and wild-type. AtKu80 is associated
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with NHE] DNA repair, unlike RAD21 (the AtRAD21
homologue), AtRAD17 and GMI that are associated with
HR [23,26,44,53,55).

Further experiments will help validate these or other
hypothesis.

Acute hypersensitivity to DNA dsb in the atrad21.1
atrad21.3 double mutant

Despite the lack of AtRAD21.3 protein, which has been
attributed a role in sister chromatid arm cohesion and
centromere cohesion [37], the atrad21.3 single mutant
morphology appears not to differ from that of Col, after
exposure to ionising radiation (Figure 3). Only a more
detailed characterisation (number of true leaves) of the
atrad21.3 mutant indicates that only after exposure to
high doses of radiation (Figure 4(B); 150 Gy) does the
difference between atrad21.3 and Col becomes signifi-
cant. Furthermore, the lack of AtRAD21.3 cohesin in
the atrad21.1 atrad21.3 mutant background results in a
higher DNA dsb hypersensitivity phenotype, compara-
tively to the atrad2l1.1 single mutant’s and Col's DNA
dsb hypersensitivity phenotype (Figure 3; Figure 4;
Figure 6). These results indicate that both AtRAD21.1
and AtRAD21.3 contribute to the plant’s ability to cope
with DNA dsb damage, with AtRAD21.3 having a syn-
ergistic and non-redundant effect on the AtRAD21.1
function. Other examples exist of synergistic actions on
DNA dsb damage repair and genome stability, namely
AtRADS0 and TERT, NBS1 and TERT, NBSI and ATM
[25,56,57].

A shift from an AtRAD21-dependent, possibly error free
HR repair, to an error-prone-AtRAD21-independent DNA
dsb repair pathway could be at the origin of the increased
hypersensitivity of the atrad21.1 atrad21.3 double mutant
to DNA dsb damage. This shift would give rise to an in-
creased frequency of deleterious mutations resulting from
the DNA dsb repair, hence inducing the enhanced hyper-
sensitivity to DNA dsb observed in the double mutant
(Figure 2). Increased frequency of genomic lesions has
been observed in the moss Physcomitrella patens ppmrel 1
and pprad50 mutants [41]. These authors propose that
this increased frequency of lesions is caused by a shift to
an error-prone DNA repair pathway that directly joins the
DNA dsb ends after processing them, and also by the dis-
ruption of the RAD50 and MREI1 role in tethering the
two DNA dsb ends in close proximity.

Even though atrad21.1 atrad21.3, atku80 and wild-type
have comparable DNA dsb repair kinetics, the double mu-
tant is not as hypersensitive to DNA dsb as the atku80
mutant [40] (Figure 6). One can speculate that this differ-
ence is caused by the choice of different DNA dsb repair
pathways in the imbibed seeds of the atku80 and
atrad21.1 atrad21.3 mutants.
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Figure 7 Proposed model: AtRAD21.1 and AtRAD21.3 before
and after induction of DNA dsb damage. (A) Before the
induction of DNA dsh, sister chromatid cohesion is promoted by
AtRAD21.3 (green rings), and possibly also by some AtRAD21.1 (red
rings) associated with DNA dsb created by endogenous factors. (B)
After the induction of DNA dsb breaks (flash), AtRAD21.1 expression
is enhanced. This is expected to increase the pool of cohesin
complexes containing AtRAD21.1 (red rings) in the cell, hence
contributing to promote and enhance sister chromatid cohesion. (€)
The DNA dsb damage induced increase of AtRAD21.3 transcript
content (that accurs after that of AtRAD21.1), is also expected to
contribute to increase the pool cohesin complexes containing
AtRAD21.3 (green rings). These cohesin complexes (green circles)
may reinforce sister chromatid cohesion, or they may replace (all or
some of) the AtRAD21.1 cohesin complexes (red rings) that
generated the de novo cohesion. It has been proposed that the
increased cohesion facilitates DNA dsb repair by promoting physical
proximity between the chromatid with a DNA dsb (orange) and its
intact sister chromatid (black). Green and red rings: cohesin
complexes tethering the two sister chromatids (black and orange).
Yellow lines: the site of the DNA dsb. Flash (yellow): the DNA dsb
inducing agent

Proposed role of AtRAD21.3 and AtRAD21.1 in sister
chromatid cohesion and DNA repair

In this work we show that both AtRAD21.3 and
AtRAD21.1 are involved in DNA dsb repair. In Figure 7 is
illustrated an hypothesis that proposes that upon induc-
tion of DNA dsb, the AZRAD21.1 emergency transcrip-
tional response ensures an enriched pool of AtRAD21.1
that will reinforce sister chromatid cohesion after the in-
duction of DNA dsb. This function appears to be required
at the early stages of DNA dsb repair (Figure 2), and is
crucial since the atrad21.1 is hypersensitive to DNA dsb
damage. AtRAD21.3 upregulation is also proposed to con-
tribute, but at a later stage, to the pool of AtRAD21 cohe-
sin proteins required for DNA dsb repair after the
induction of DNA dsb. However, the AtRAD21.3 primar-
ily role may be to establish chromosome cohesion and
contribute to chromosome structure regardless of the
presence or the absence of DNA dsb. Indeed, data from
Takahashi and Quimbaya et al. [36] hint that AtRAD21.3
cohesion may be associated with DNA replication. Hence,
the major AtRAD21.3 contribution to the repair of DNA
dsb may be to provide a pre-existing chromosome scaffold
and cohesion that will aid the repair of DNA dsb that arise
subsequently.

The conjecture that AtRAD21.3 plays a role in
chromosome structure is based on evidences that the
RAD?21 protein, in metazoans, is involved in chromatin
structure [58,59] and associates with the nuclear matrix
[60]. Interestingly, like for the atrad2l.3 mutant [14]
(Additional file 1: Figure S7), it has also been reported
that the mis-expression or the knocking-out of some
matrix-associated proteins that contribute to chromatin
remodelling, also affects flower-bolting time [61,62].
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Conclusions

The identification of AtRAD21.3’s involvement in DNA
dsb damage repair adds another player to the group of
known proteins that are involved in DNA dsb repair in
Arabidopsis. A role for AtRAD21.3 in DNA dsb damage
repair is clearly demonstrated by the comet assay data
and the y-ray hypersensitivity phenotype observed in the
atrad21.1 atrad21.3 double mutant. Likewise, the reduced
number of true leaves in the atrad21.3 single mutant, in
comparison to Col, particularly after exposure to high
dosages of radiation (150 Gy), is also an indication that
AtRAD21.3 plays a role in DNA dsb damage repair. Fur-
thermore, the different y-ray hypersensitivity phenotypes
exhibited by the atrad2l.1, atrad21.3 and atrad21.1
atrad21.3 mutants, and the fact that both genes are upreg-
ulated in response to DNA dsb damage indicates that their
functions in DNA dsb damage repair are not redundant.
Our data reveals an increased level of complexity to the
involvement of cohesins in DNA dsb damage repair that
could be specific to plants.

Methods

Plant material

Arabidopsis thaliana seeds were surface sterilised, plated
in germination medium, and imbibed in the dark at 4°C,
for three to four days. All seedlings, except those depicted
in Figure 3, were grown on germination solid medium
(GM) (MS medium + Gamborg B5 vitamins, 1% sucrose;
0.8% micro-agar - Duchefa) in sterile Petri dishes or in
pots containing a sterilised commercial mix of turf, soil
and fertiliser; pH 5.5 - 6.5. Both GM and soil grown plants
were kept in growth chambers with a light cycle of
16 hours of light at 22°C alternating with 8 hours of dark-
ness at 19°C. In the assay depicted in Figure 3, imbibed
sterilised seeds were germinated and grown for 30 days in
%MS solid medium, in a growth chamber with continuous
light (24 hours) at 21°C.

Primers used for genotyping are shown in Additional
file 1: Table S7, and plant material sources (Col, Ws,
atku80, atrad21.1, atrad21.3 and atrad21.1 atrad21.3) are
described in Additional file 1: Materials and Methods.
Plant genomic DNA was extracted using the method de-
vised by Edwards et al. [63].

AtRAD21.1 complementation construct

The complementation construct comprises the upstream
genomic region (2,602 bp) and the coding genomic se-
quence (containing the introns and exons) of AtRAD21.1
(4,109 bp), excluding the translation stop codon. The
genomic fragment was PCR amplified using the Pfx50
DNA polymerase enzyme (Invitrogen), following the man-
ufacturer’s protocol; the primers GP1G (CACCGCAT
CTTTGCTCACCTACCTCAAACG) and GR1cDR (ACA
AGCTTTTTGTGGTCTGGAAACACGCAT) were used
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(Additional file 1: Figure S1f)). Genomic DNA isolated
from the MHK7 P1 clone (provided by Arabidopsis Bio-
logical Resource Centre - ABRC) was used as template.
The PCR product was cloned in a pENTR/D-topo vector
(Invitrogen), recombined into the pMDC107 vector [64]
using the LR clonase II enzyme mix reaction (Invitrogen),
and sequenced.

AtRAD21.1 complementation lines

Col and atrad21.1 homozygous mutant plants were trans-
formed with the genomic AfRAD21.1-GFP-6xHis comple-
mentation construct by the floral dip method [65], using
the Agrobacterium tumefaciens GV3101 strain carrying
the plasmid pMP90RK [66]. T1 transformants were se-
lected on hygromycin containing media, and T2 seeds
harvested. T2 seeds were exposed to ionising radiation
(DNA damage sensitivity assay) and those plants not dis-
playing hypersensitivity to DNA dsb (27 days after expos-
ure to 150 Gy of ionising radiation) were genotyped
(primer pairs information is available in Additional file 1:
Table S7). The expression of the AtRAD21.1-GFP-6xHis
construct was assessed (verifying complementation) by
RT-PCR using RNA extracted from samples, frozen in
liquid nitrogen, 1 hour after exposure to irradiation and
mock-irradiation (Additional file 1: Table S1). RNA was
extracted from irradiated (150 Gy; 3.25 Gy/minute; source:
Cs137) rosette leaves from a heterozygous atrad21.1 plant,
and seedlings from a complementation line (in atrad21.1
homozygous mutant genetic background) and from non-
irradiated (mock) Col rosette leaves. cDNA was synthe-
sised (as described in Additional file 1: Materials and
Methods).

lonising radiation sensitivity assays

Four weeks old Col plants grown in vitro (in GM solid
medium) were irradiated with 316 Gy (2.65 Gy/minute;
source: Co60), in the dark. The dosage of radiation
absorbed by the samples was monitored with radiation
dosimeters placed under and over the irradiated samples.
After irradiation, the plants were placed back in the
growth chamber.

Irradiation of seeds was carried out after surface steri-
lising, and imbibing the seeds in sterile 0.1% agarose for
3 to 4 days at 4°C, in the dark. Seeds were irradiated
inside a GammacCell 2000 with the calculated dosages of
50 Gy, 100 Gy or 150 Gy of ionising radiation (y-rays;
3.25 Gy/minute; source: Cs137), or inside a GammaCell
40 with the calculated dosages of 150 Gy (y-rays;
0.7532 Gy/minute +/- 0.003 Gy/minute; source: Cs137).
After irradiation, seeds were plated on GM solid
medium and grown in sterile conditions in the growth
chamber. Imbibed seeds and four weeks-old plants, used
as experimental controls, were not irradiated (0 Gy).
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Statistical analysis

The number of emerging, and formed, true leaves was
counted in individual seedling after 15 days after the
irradiation (15 DAI), or mock-irradiation, of the seeds.
The irradiated (and non-irradiated, 0 Gy) seeds were im-
bibed in 0.1% agarose for 3 days, in the dark at 4°C,
prior to being irradiated with 100 Gy or 150 Gy (y-rays;
3.25 Gy/minute; source Cs137). The seeds were germi-
nated and grown in sterile petri dishes, on germination
solid medium (GM), in a growth chamber (16 hours of
light, 22°C; 8 hours of dark, 19°C).

Non-parametric Mann—Whitney U-test [67] (p < 0.01; 2-
tailed hypothesis) was performed to determine if there are
significant differences between the atrad21.1, atrad21.3
and atrad21.1 atrad21.3 mutants and the wild type plants
Col; differences in hypersensitivity to ionising radiation
exposure were estimated via the number of true leaves per
seedlings. The compiled data (Additional file 1: Table S4)
was used in the Mann—Whitney U-test.

RNA extraction and quantitative real-time PCR expression
data acquisition and analysis

Rosette leaves from non-irradiated and irradiated four
weeks old Col plants grown in GM medium were har-
vested 5, 15, 30 and 45 minutes, and 1, 2, 4, 6, 8, 10, 24
and 48 hours after the 316 Gy irradiation session
(2.65 Gy/minute; source: Co60), and immediately frozen
in liquid nitrogen and stored at —80°C. RNA was extracted
from three independent biological replicas (irradiated and
non-irradiated) and cDNA was synthesised. The transcript
steady-state levels were quantified by Real-Time PCR. The
monitored genes were: the cohesin genes being charac-
terised (AtRAD21.1, AtRAD21.2, AtRAD21.3), AtATM,
the positive control AtRADS1 [68], and the reference
genes (Actin2 and AtEF1aA4) [47,68]. Relative quantifica-
tion of transcript accumulation was obtained using the
Pfaffl method [69]. Primer information and further proto-
col information is provided in Additional file 1: Materials
and Methods and Additional file 1: Table S3.

Comet assay: DNA dsb induction, data acquisition and
evaluation

Nuclear DNA dsb fragmentation of 10-days-old Arabidop-
sis seedlings (Col and atrad21.1, atrad21.3 and atrad21.1
atrad21.3 homozygous mutant lines) was assessed with the
neutral protocol for single cell gel electrophoresis (comet)
assay [40,70]. Untreated seedlings, and seedlings treated
with 10 pg/ml and 30 pg/ml Bleomycin Sulfate (cancero-
static Bleomedac Medac, Germany) for 1 hour in liquid
1%MS, were harvested and frozen in liquid nitrogen 3, 5, 10,
20, 60 and 180 minutes after the Bleomycin treatment
(DNA dsb inducing agent). After processing, nuclear
‘comets’ were stained with SYBR Gold stain (Molecular
Probes/Invitrogen), viewed in an epifluorescence Nikon
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Eclipse 800 microscope and evaluated by the Comet
module (LUCIA Comet Assay) of the LUCIA cytogenetics
software (LIM, Czech Republic). Three independent exper-
iments were performed and compiled. The incidence of
DNA dsb was measured as the fraction of fragmented
DNA that moved from the comet head to the comet tail
(% tail-DNA). The calculated percentage of DNA damage
remaining for each given repair time t, is defined as:

K(t) = % damage remaining(tx)

mean %tail-DNA(tx) — mean %tail-DNA (control)

100
* mean Ytail-DNA(t0) — mean %tail-DNA (control) *

A more detailed protocol is provided in Additional file 1:
Materials and Methods.

Supporting data
The data set(s) supporting the results of this article are

included within the article and in its additional file.

Additional file

Additional file 1: Materials and Methods. Plant Material; gRT-PCR
analysis; Comet assay. Figure S1. AtRAD21.1-GFP-6xHis transcript
detection, and gene schematic representation. Figure S2. Relative
variation of steady-state transcript levels during the 48 hours after the
exposure to ionising radiation. Figure S3. Frequency of seedlings with
different numbers of true leaves, in different genotypes, before and after
exposure to ionising radiation. Figure S4. Mean of the number of true
leaves per seedling after exposure to ionising radiation. Figure S5. Comet
assay - significant differences. Figure $6. Genotyping of the homozygous
mutant plants. Figure S7. Bolting phenotype. Table S1. Primers to monitor
gene expression (RT-PCR). Table S2. Relative variation of transcript steady-
state content in Col, after the induction of DNA dsb damage. Table S3.
Primers for qRT-PCR quantification of AtRAD21 transcript steady state levels
variation after exposure to ionising radiation. Table S4. Number of true
leaves per seedling. Table S5. Mean, Mode and Median (true leaves per
seedling). Table S6. Comet assay data. Table S7. Primers for mutants and
complementation lines genotyping.
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5. Diskuze

Efektivni rekombinace urcuje schopnost rostlin vyrovnat se s DSB. Dva
oblibené rostlinné modely reprezentujici vysSi a niz8i rostliny, Arabidopsis
a Physcomitrella, se 1isi nejen ve stavbé téla, ale i koncepci opravy DSB. T¢lo
zastupce krytosemennych rostlin, Arabidopsis, je tvofeno diploidnim sporofytem.
Naopak zelena ¢ast mechu Physcomitrella je haploidni gametofyt. 1 pifes svij
haploidni charakter je vSak Physcomitrella vysoce efektivni v cilené integraci
cizorodé DNA, kterd je naopak u diploidni Arabidopsis miziva (Kamisugi et al.
2005; Hanin a Paszkowski 2003). AvSak schopnost integrace cizorodé DNA
nevypovida o rychlosti opravy DSB. Vybizelo se tedy porovnat kinetiku opravy DSB
téchto U dvou sice piibuznych, ale evolu¢né vzdalenych druhti. Testovanymi stadii
byly 10 dni stary semenacek Arabidopsis a 1, 7 a 14 dni stard protonema
Physcomitrella lisici se mnozstvim apikalnich bunék ( 1 den — 50 %, 7 dni — 15 %
alddni-3%).

5.1. Oprava DSB u Arabidopsis a Physcomitrella

Pfi monitorovani opravy DSB byla pouzita neutralni varianta kometoveho testu
a k indukci DSB slouzilo hodinové pusobeni BLM. Pomérné vysoké davky BLM
(30 - 50 pg/ml) byly nezbytné pro vyraznou fragmentaci genomu a vytvoieni
méficiho okna, v némz piiblizn¢ polovina jaderné DNA byla volnd a migrovala
v elektrickém poli. V kontrolnich vzorcich studovanych wt Arabidopsis
a Physcomitrella ohon komety obsahoval 20-25 % jaderné DNA (Kozék et al. 2009;
Kamisugi et al. 2012). Tato z&kladni hodnota vypovidala o piitomnosti jist¢ho
mnozstvi zlomi DNA, piedevsim SSB, které podle modelu formace ohonu komety
umoznuji rozvolnéni superstuktury domén DNA a tak i migraci této Casti DNA
v elektrickém poli. Takto formovany ohon je spojen s hlavou komety (Collins 2004).
Naopak indukce DSB se projevuje migraci fragmentd DNA, které migraci vytvaii
ohon, jenZ neni spojen s hlavou komety (Olive a Banath 1993).

Kinetika opravy DSB méla u obou rostlinnych druht bifazicky pribéh,
pticemz prvni velmi rychla faze byla odpovédna za odstranéni vétsiny indukovaného
poskozeni. U Arabidopsis i Physcomitrella bylo opraveno béhem prvnich 20 minut
vice nez 80 % indukovanych DSB a poloc¢as prvni faze byl kolem 5 minut (Kozék et

al. 2009; Kamisugi et al. 2012). Pozorovani takto rychlé opravy DSB neni bézné.
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U savci, stejné jako kvasinek se polocas prvni faze opravy pohybuje v fadu desitek
minut. Snadna piiprava vzorku v ramci kometového testu sice umoznila zachytit
Kinetiku rychlé opravy DSB, ale na druhou stranu byl polo¢as prvni faze stejny jako
prvni méfeny ¢as zkoumané Kinetiky.

U savcu se za klicové faktory prvni, stejné¢ jako druhé faze opravy DSB,
povazuji predevsim proteiny C-NHEJ. Proteiny nezbytné pro druhou pomalejsi fazi
opravy jsou ATM, y-H2AX, MRN komplex a dalsi faktory, které hraji roli
vrozvolnéni DNA a signalizaci. Druhd, pomalejsi fdze opravy mulze také
reprezentovat Casov€é naro¢néjsi opravu v heterochromatinu, nebo opravu
komplexnéjsiho poskozeni DNA (Goodarzi et al. 2010; Stenerléw et al. 2000).

V kometovém testu se k lyzi jader pouZiva roztok o vysokém obsahu soli, ktery
uvolni vétsSinu proteini z vazby na DNA. Piesto vSak mohla byt extrémné rychla
oprava DSB vysledkem vyvazani fragmenttt DNA opravnymi proteiny, a tak mohlo
dojit k zamaskovani opravdoveho obnoveni celistvosti DNA. K vyloudeni této
moznosti byla do lyzovaciho roztoku ptidana Proteinaza K. U semenackd, hodinové
pusobeni formaldehydem o koncentraci 10 mM, ktery se bézné pouziva k fixaci
bunéénych struktur, vedlo ke kompletni inhibici migrace DNA v elektrickém poli.
Naopak piidavek proteinazy K obnovil trovenn migrace DNA na pavodni kontrolni
hodnotu. PouZziti tohoto modifikovaneho protokolu pti analyze kinetiky opravy DSB
vyvratilo podezieni, ze by rychld oprava byla metodologickym artefaktem
(nepublikovéno).

Indukce rozsahlé fragmentace genomu nezbytné pro analyzy kinetiky opravy
DSB byla v piipadé¢ wt Arabidopsis a Physcomitrella stale biologicky relevantni,
nebot’ semenacky, stejné jako 1 den stard protonema piezivaly akutni hodinové
pusobeni BLM o koncentraci az 50 pg/ml. Indukce DSB se projevila jen zpomalenim
rastu  (Kamisugi et al. 2012; Kozak et al. 2009). ProtoZze nedochazelo
K bezprostiednimu odumfieni rostlin, musely byt spojovany piedev§im sobé
odpovidajici konce DNA. Rychld oprava DSB, a sni spojend schopnost piezit
vysoké akutni davky BLM, byla srovnatelnd u téchto zastupct nizSich a vysSich
rostlin.

V piipadé¢ chronické toxicity BLM se projevil vyrazny rozdil mezi Arabidopsis
a Physcomitrella. Semenacky ptezivaly 50 i 100 pg/ml BLM (Kozak et al. 2009).
Naopak pro 1 den starou protonemu byla davka 0,2 - 1 pg/ml BLM letalni (Kamisugi
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et al. 2012; Hola et al. 2013). V piipadé Arabidopsis se pusobilo na pomérné
diferencovanou rostlinu, zatimco u Physcomitrella se jednalo o fragmenty
protonemy, které obsahovaly az 50 % apikalnich mitoticky aktivnich bun¢k. Obecné
mohla byt vyssi citlivost délicich se bunék vu¢i DSB zdrojem rozdilné chronické
toxicity BLM. Citlivost Arabidopsis se vyrazné zvysila, pokud byla vystavena BLM
uz od semene. Budouci semenacek se musel vyvijet v prostredi indukujicim DSB,
atak davka zastavujici rozvoj pravych listki byla jen 10 pg/ml BLM
(nepublikovéno).

Ruzné stara stadia protonemy Physcomitrella se liSila v Cetnosti zastoupeni
mitoticky aktivnich bun¢k, a to se projevilo v kinetice opravy DSB. Oprava DSB
byla nejrychlejsi u 1 den staré protonemy a rostoucim staiim se prodluzoval polocas
prvni i druha faze opravy. U Physcomitrella tak rychla oprava DSB dominovala
v mitoticky aktivnich apikalnich bunkach (Kamisugi et al. 2012).

5.2. Oprava DSB v mutantech C-NHEJ drahy

Za hlavni drahu opravy DSB v somatickych bunkach vyssich rostlin
se povazuje C-NHEJ (Puchta 2005). Mutanti C-NHEJ jsou sice citlivi vuci IR
(Friesner a Britt 2003), ale na druhou stranu u nich stale probiha fuze telomer, ligace
linearizovanych plastidi i integrace cizorodé DNA (Heacock et al. 2004;
van Attikum et al. 2003; Gallego et al. 2003). Tato C-NHEJ nezavisla oprava DSB
(A-NHEJ) neni mediovdna HR (Charbonnel et al. 2011; Decottignies 2013).
U C-NHEJ mutantd je nehomologni spojovani DSB stale aktivni a tak zustava
otazkou, do jaké miry se C-NHEJ podili na opravé DSB.

U semenacki mutanti C-NHEJ nebyla pozorovana kumulace endogennich
DSB, tedy defekt v C-NHEJ nevedl za standardnich podminek k detekovatelné
fragmentaci DNA. Vzhledem Kk citlivému fenotypu C-NHEJ mutantd bylo
pickvapivé, ze oprava DSB probihala u atku80 a atlig4 stejné rychle, ne-li dokonce
rychleji nez ve wt. Na pozadi C-NHEJ se projevila dalsi draha opravy DSB s masivni
ligacni aktivitou. Na zaklad¢ prvnich dvou casovych bodi 5 a 10 minut byly
stanoveny alespon piiblizné polo¢asy prvni faze opravy. U atku80 a atlig4 byla prvni
faze opravy DSB dokonce rychlejsi nez uwt (Kozédk et al. 2009). Pozdé&ji bylo
méfeni pro atligd opakovano a analyza dat programem GraphPad Prism ukézala,
Ze pro atligd stejné jako wt je 50% DSB odstranéno b&éhem prvni faze, avsak jeji

polocas je u atligd 1,3 minut a u wt 4,2 minut (nepublikovano). Podobné
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u Physcomitrella, 1 den stara protonema pplig4 nevykazovala ve srovnani s wt defekt
v opravé DSB. Polocasy prvni faze opravy pro wt a ppligd byly 1,5 a 2,5 minut (Hola
et al. 2013).

C-NHEJ nezavislé spojovani DSB u Arabidopsis nebylo mozné ptipsat HR,
nebot’ jeji Giroven je obecné velmi nizka (Puchta 2005), a tak se opravy DSB mohla
ucastnit A-NHEJ. Naopak pro Physcomitrella je dokumentovana vyrazné vysSi
urovent HR, a tak se jeji ucast na rychlé opravé DSB nedala vyloucit (Kamisugi et al.
2005). Avsak obecny model bifazické opravy DSB pocita s HR spiSe v druhé
pomalejsi fazi (Goodarzi et al. 2010) a kinetika opravy DSB u pprad51AB byla
srovnatelna s wt (nepublikovano).

Physcomitrella byla v ptipadé chronického ptisobeni BLM vyrazné citlivEjsi
neZ Arabidopsis. Riist protonemy byl zcela inhibovan ptisobenim BLM o koncentraci
1 pg/ml, a to u pplig4 stejné jako u wt (Hola et al. 2013). Naopak semenacky atku80,
atligd a wt prezivaly nejen hodinové, ale dokonce i tydenni ptisobeni BLM
o koncentraci az 100 ug/ml (Kozék et al. 2009), piestoze byl pro atku80 a atlig4
dokumentovan citlivy fenotyp vici DSB (West et al. 2002; van Attikum et al. 2003).
Rozdil vtomto chovani spocival Vvrizné nastavenych cytotoxickych testech.
Piisobenim na semena anebo semenacky jen s d€loznimi listky se vyuzilo déleni
bunék k zintenzivnéni toxického efektu DSB u atku80 a atlig4d. Naopak pokud se
pusobilo na jiz rozvinuté semenacky s prvni rozetou pravych listki, citlivy fenotyp
C-NHEJ mutantd nebyl znatelny. Po vysazeni semen na Zivnou pudu obsahujici
BLM, byl citlivy fenotyp C-HNEJ mutantii pozorovan uz pii koncentraci 3-5 pg/ml
(nepublikovano).

Rychla, C-NHEJ nezavisla oprava DSB musela byt pon¢kud mutabilni, nebot’
indukce DSB vedla kcitlivému fenotypu atku80 a atligd (West et al. 2002;
van Attikum et al. 2003). Pritomnost C-NHEJ u Arabidopsis by tak mohla inhibovat
jiné rychlejsi drahy opravy DSB za ti¢elem potlaceni kumulace nevhodnych mutaci.
Naopak u Physcomitrella m¢l pplig4 stejny fenotyp jako wt, a to jak v toxicité BLM,
tak v kinetice opravy DSB. U Physcomitrella mohl byt defekt v C-HNEJ do zna¢né
miry nahrazen HR, pti¢emz pouZiti této bezchybné opravy DSB by mohlo vysvétlit
stejnou citlivost pplig4 a wt via¢i DSB (Hola et al. 2013).

U Arabidopsis se kinetika opravy DSB métena kometovym testem liSila
od kinetiky ziskané prostfednictvim pocitani ohnisek y-HA2X. V mitotickych
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bunkach kofenovych meristéma byl u atku80 po indukci DSB pozorovan defekt
Vv odstranovani y-HA2X. Srovnatelny defekt mél i atxrccl, a tak na ném zaloZena
A-NHEJ nezavisla draha nebyla v téchto buiikach jen ¢isté zalozni (Charbonnel et al.
2010). Rozdilna kinetika opravy DSB u atku80 mohla byt disledkem odlisného
principu méfeni mnozstvi DSB v kometovem testu a pii po¢itani ohnisek y-HA2X.

V kometovém testu byly pouZivany semenacky, tedy predev$im somatické
buniky a vysoké davky BLM, které vedly k rozsahlé fragmentaci DNA, pii¢emz
detekce DSB byla zaloZena na obnoveni celistvosti DNA (Kozak et al. 2009).
Naopak v ¢ist¢ mitotickych bunkach wt vedlo 25 Gy kformaci celkem
15 samostatnych signala y-HA2X. Srostouci mirou defektu v opravé DSB se
signifikantn¢ zvedala Groveni maximalniho po¢tu y-HA2X, a to az na dvojnasobek
u mutanta vSech dosud znamych drah opravy DSB (Charbonnel et al. 2011). U wt
tedy musela byt ¢ast indukovanych DSB opravena diive, nez se vytvofilo dostate¢né
velké ohnisko umozZiujici fluorescencni detekci y-HA2X, a tak ¢ast opravy DSB

nebyla méfenim y-HA2X zachycena.

5.3. AtLIGI1 je urcujici pro rychlou opravu DSB

Pozorovani rychlé opravy DSB u atlig4 a pplig4 vedlo nutné k zavéru, Ze jina
ligaza musela byt schopna toto poSkozeni odstranit (Kozak et al. 2009; Hola et al.
2013). V genomu Physcomitrella se mimo PpLI1G4 nachazi jen PpLIG1. Zustava tak
otazkou, zda PpLIG1 vystupuje u mechu pouze v HR, anebo je schopna HR proteiny
opustit a participovat i na A-NHEJ. Vzhledem k ptitomnosti rychlé opravy DSB
i umutanti  PpRADS51AB  (nepublikovano), = PpRAD50 a PpMRE1l,
charakteristickych vyraznym poklesem v HR se nedala G¢ast PpLIG1 v A-NHEJ
vyloucit (Markmann-Mulisch et al. 2007; Kamisugi et al. 2012).

U Arabidospis se mimo AtLIG1 nachazi jesté pro rostliny specifickd AtLIGS6,
ktera se podili na opravé DNA v semenech (Waterworth et al. 2010). Kinetika
opravy DSB probihala u atligé srovnateln¢ s wt, a tak AtLIG6 nebyla dulezita pro
prvni rychlou fazi opravy DSB (nepublikovano). Opravdu esencialni rostlinnou DNA
ligdzou je jen replika¢ni AtLIG1 (Waterworth et al. 2010). Esencialnost AtLIG1
v replikaci se odrazi v tom, Ze atligl neni viabilni (Babiychuk et al. 1998). Ke studiu
funkce AtLIG1 byla pouZita RNA inhibi¢ni technologie, kterou byli pfipraveni dva
mutanti se snizenym obsahem proteinu (Waterworth et al. 2009).
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Ve srovnani s wt byl obsah AtLIG1 u atligla sniZzen ¢tytikrat a u atliglb jen
dvakrat. V souladu s niz$i expresi AtLIG] bylo u mutanti pozorovano zvySené
mnozstvi bunék v S-fazi bunééného cyklu. Mutanti atligla a atliglb byli zakrn¢lého
vzrastu a s rostoucim stafim vykazovali fenotyp podobny rostlinam, které byly
vystaveny UV ¢i IR (Waterworth et al. 2009; Jiang et al. 1997; Kovalchuk et al.
2007). Piesto byli atligla a atliglb fertilni. AtLIG1 mohla byt z¢asti substituovana
jinou ligdzou, anebo mnozstvi AtLIG1 pfitomné v haploidnich bunkach staéilo pro
jejich zdarné déleni (Babiychuk et al. 1998).

NiZ8i mnoZstvi AtLIG1 se projevovalo jako environmentalni stres, aviak aZ po
dvou, ¢i tiech tydnech rastu. U 10 dni starych semenacka atligla a atliglb nebyl
pozorovan za standardnich podminek vyraznéjsi mutantni fenotyp a ani kometovy
test neukazal kumulaci SSB a DSB. U atligla a atliglb mohlo dochazet k akceleraci
poskozeni DNA az kolem t#i tydnt, nebo Se v tomto ¢ase kone¢né projevila postupna
kumulace mutaci, jejichz zdrojem byla tak nizka troven poskozeni DNA, Ze byla
pod detekénim limitem kometoveho testu. Rozdily v mnozstvi AtLIG1 se naopak
vyrazné€ projevily v Kinetice opravy DSB. Oprava DSB byla u atligla a atliglb
ve srovnani s wt pomalejsi s polocasy prvni faze 9,1 respektive 6,7 minut. AtLIG1
se jevila jako klicova ligaza rychlé faze opravy DSB (Waterworth et al. 2009).

U atligla byla patrna nizka efektivita C-NHEJ v piipadé rozsahlé fragmentace
genomu. Zatimco defekt v AtLIG4 (Kozék et al. 2009) anebo AtLIG6 se v kinetice
opravy DSB neprojevil (nepublikovano), pokles v AtLIG1 vedl aZ k dvojnasobnému
prodlouZeni prvni faze opravy DSB (Waterworth et al. 2009). Za rychlou opravu
DSB tak byla zodpovédna predevsim A-NHEJ zalozena na AtLIG1, avSak vzhledem
K jeji esencialnosti nebylo mozné urcit jeji roli v plném rozsahu. U Arabidopsis
se ve srovnani s AtLIG1 definovanou A-NHEJ jevila C-NHEJ spiSe jako zalozni,
minimalné v pfipad¢ rozsahlé fragmentace genomu, kdy mohlo dojit k piekroceni

opravné kapacity C-NHEJ a nutnosti povolani A-NHEJ.

5.4. Oprava SSB v rostlinach

Pro méfeni opravy SSB byl do neutralni varianty kometoveho testu zarazen
krok alkalické denaturace (Menke et al. 2001). Ve srovnani s opravou DSB byla
oprava SSB u Arabidopsis a Physcomitrella vyrazné pomalejsi (Waterworth et al.
2009; Hola et al. 2013). To vsak muze byt obecna vlastnost rostlin (Dona et al.

2014). Za standardnich podminek sice nebyla u atligla a pplig4d pozorovana
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kumulace SSB, avSak u obou mutantt defekt v DNA ligaze vedl k poklesu v kinetice
opravy indukovanych SSB (Waterworth et al. 2009; Hola et al. 2013).

U atligla byl patrny vyrazny defekt v opravé SSB, respektive alkyla¢niho
poSkozeni DNA, kde bylo po 6 hodinach opraveno pfiblizné dvakrat méné SSB nez
uwt. SniZzena uroven exprese AtLIG1 se take projevila zcela odlisnym prabéhem
Kinetiky opravy SSB. Béhem prvni hodiny po pusobeni MMS byl u atligla
pozorovan narast v mnozstvi SSB, ktery mohl souviset s mechanizmem opravy
alkylaéniho poskozeni DNA, kde excizni ¢ast BER odstraniuje poskozené baze
a produkuje SSB. Nasledna ligace byla u atligla méné efektivni neZ excese
posSkozenych bazi, a to se zpocatku projevilo kumulaci SSB. U Arabidopsis byla
AtLIG1 zapojena do BER, a pfestavovala tak funkéni homolog LIG3 (Waterworth
et al. 2009). Podobn¢ také neddvna studie prokazala ucast AtLIG1 v BER a vyvrétila
moZnost zapojeni AtLIG4 (Cérdoba-Cafiero et al. 2011).

U LIG4 se obecné pocita pouze s roli v opravé DSB v ramci C-NHEJ (Adachi
et al. 2001; Tomkinson et al. 2013), piestoze v in vitro testech jsou vSechny DNA
ligdzy schopné pomérné efektivné ligovat jak DSB, tak SSB (Chen et al. 2009).
U Physcomitrella pplig4 byl viibec poprvé pozorovan defekt v opravé SSB. Defekt
nebyl tak vyrazny jako u atligla, ale poukazoval na roli PpLIG4 v opravé
modifikovanych bazi, tedy na ucast BER. U Physcomitrella, kde byl pplig4 stejné
citlivy vi¢i DSB jako wt a spojoval fragmenty DNA stejné rychle, se paradoxné
projevil defekt v kinetice opravy modifikovanych bazi DNA. PpLIG4 opravovala
SSB nezavisle na C-NHEJ, nebot’ v souvislosti s poruchou v BER se po indukci
poSkozeni DNA u pplig4 projevila kumulace pievazné bodovych inzerci v genu
pro APT. Naopak u ppku70 byla mutabilita APT srovnatelna s wt (Hola et al. 2013).
Vzhledem k tomu, Ze v genomu Physcomitrella byly identifikovany pouze dvé DNA
ligdzy, PpLIG1 a PpLIG4, mohlo by byt nepraktické omezit funkci PpLIG4 pouze na
opravu DSB. Na rozdil od Physcomitrella se u Arabidopsis AtLI1G4 na BER nepodili
(Cordoba-Cariero et al. 2011).

5.5. MRN komplex v opravé DSB u Physcomitrella

Physcomitrella vykazuje az 100 % ucinnost cilené integrace cizorodé DNA,
a tak se HR jevi jako hlavni mechanismus opravy DSB (Kamisugi et al. 2005; Reski
1998). Jista frakce integraci probiha také za ucasti C-NHEJ (Kamisugi et al. 2006).

Naopak méieni kinetiky opravy DSB ukézalo, Ze C-NHEJ a ani HR nebyly samy
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0 sobé klicové pro rychlou a efektivni opravu DSB (Hola et al. 2013;
nepublikovano). Mimo Ku70/Ku80 heterodimer se za dalSi senzor DSB povaZuje
MRN komplex, ktery svou ¢innosti ovliviiuje HR, C- i A-NHEJ (De Jager et al.
2001; Lamarche et al. 2010; Rass et al. 2009; So et al. 2009). Proto byl u Pp
zkouman vliv defektu MRN komplexu na opravu DSB.

Fenotyp pprad50 a ppmrell se za standardnich podminek projevoval
neschopnosti produkce listki a sporofytu. Naopak ppnbsl byl nerozliSitelny od wt
a nem¢l evidentni problém s mei6zou a produkci spor, a tak pouze centralni proteiny
MRN komplexu, PpPRAD50 a PpMREL11, byly nezbytné pro dokonceni vyvojového
programu mechu (Kamisugi et al. 2012).

Defekt v PpRAD50 a PpMRE11l se projevoval citlivym fenotypem vaci
akutnimu poSkozeni DNA. Toxicita byla uréena z poétu regenerovanych protoplasti
izolovanych z protonemy, ktera byla vystavena rostoucim davkdm BLM a UV
zateni. V pripadé BLM stacilo k dosazeni poloviéni viability pprad50 a ppmrell
ptiblizné 50 ng/ml, avSak u ppnbsl a wt to bylo az 500 ng/ml. Pokud se Kk ur¢eni
toxicity BLM pouzila 1 den stara protonema, wt piezival i 50 ug/ml. Naopak
u pprads50 a ppmrell uz Spg/ml vedlo k zastaveni rastu (Kamisugi et al. 2012).
Duvodem vyrazného rozdilu v toxicit¢ BLM u protoplasta a protonemy mohl byt
dodateény stres zptisobeny izolaci a regeneraci protoplastti.

V piipad¢ chronické toxicity BLM byli pprad50 a ppmrell dokonce citlivejsi
nez pprad51AB (Markmann-Mulisch et al. 2007). Letalni pro né¢ bylo uz 8 ng/mi
BLM (Kamisugi et al. 2012). Pokus byl nasledn¢ opakovan spole¢né s ppligd
a pprad51AB, kde se vSak podafilo zreprodukovat citlivy fenotyp jen pro pprad50.
Duvod ztraty fenotypu u ppmrell byl neznamy (Hol4 et al. 2013).

V souladu s funkci MRN komplexu v HR byl u pprad50 a ppmrell pozorovan
fadovy pokles v urovni cilené integrace cizorodé DNA a jen dvojnasobny narust
integrace nahodilé (Kamisugi et al. 2012). Pro srovnani, v piipadé pprad51AB byla
cilend integrace zcela zruSena, a naopak doSlo k vyraznému navySeni integrace
nahodilé (Markmann-Mulisch et al. 2007; Schaefer et al. 2010). Funk¢éni PpRADS0
a PpMREI11 sice umoznovaly vysoce efektivni cilenou integraci, ale nebyly zcela
nezbytné, nebot’ v jejich nepiitomnosti HR stale probihala, avSak s ucinnosti jen
kolem 10 %. Naopak u ppnbsl byla HR stale pln¢ funkc¢ni, a tak se PpNBS1
nepodilel na resekci 3"~ jednovldknovych koncti DNA (Kamisugi et al. 2012).
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U savct MRN komplex povolava ATM do oblasti s DSB, usnadiuje jeji
aktivaci a tidi opravu smérem k HR, nebo C-NHEJ (So et al. 2009; Lamarche et al.
2010). MRN komplex interaguje prostfednictvim NBS1 s ATM, ktera nasledné
NBS1 fosforyluje v doméné konzervované i u Arabidopsis a Physcomitrella (Falck
etal. 2005; Garcia et al. 2003). Defekt v PpPNBS1 vSak nevedl k retardovanému
rastu, problémim v meidze, zménam V cilené integraci DNA a ani k citlivému
fenotypu vucéi DSB (Kamisugi et al. 2012). Fenotyp ppnbsl vyvratil G¢ast PpNBS1
na aktivaci PPATM, anebo pii vyfazeni PpATM signalizace mohlo dojit ke spousténi
HR podobné jako u kvasinek pomoci ATR a nezavisle na ATM (Dubrana et al. 2007;
Mantiero et al. 2007). Také u Arabidopsis byl atnbsl srovnatelny swt a atrad50
aatmrell vykazovali defekt v ristu, plodnosti a odpovédi na indukci poSkozeni
DNA. Avsak kombinace defektu v AtNBS1 a AtATM méla aditivni negativni vliv na
rist a plodnost, coz poukazovalo na jejich ponékud odlisné tlohy v aktivaci DDR
a opravé DSB (Waterworth et al. 2007).

U 1 den staré protonemy mutanti MRN komplexu byla kinetika opravy DSB
srovnatelna s wt. V rdmci prvni faze bylo opraveno ptiblizné 60-90 % indukovanych
DSB, a to s polo¢asem 1-4 minuty. Bez ohledu na jisté rozdily v polo¢asech, mutanti
MRN komplexu byli srovnateln¢ efektivni v opravé rozsahle fragmentovaného
genomu jako wt (Kamisugi et al. 2012), a to i pies fakt, ze se jedna o obecné
vyznamnou soucast opravy DSB zahrnujici HR, C- a A-NHEJ (Lamarche et al. 2010;
Rass et al. 2009; So et al. 2009).

Zékladem mnoha funkci MRN komplexu je schopnost tvorby dimeri
prostfednictvim RADS50 (Hohl et al. 2011), a tak pro studium zavislosti Kinetiky
opravy DSB na stafi protonemy byl vybran pprad50. S ristem protonemy klesalo
zastoupeni mitoticky aktivnich bunék, coZ se u wt projevilo prodlouzenim prvni
i druhé faze opravy DSB. Naopak u pprad50 se sice rychlost prvni faze opravy se
stafim neménila, avSak klesala jeji i¢ast na celkové opravé ze 70 % na 45 %.
To se nakonec projevilo v odlisnych kinetickych profilech opravy DSB u 14 dni staré
protonemy wt a pprad50. S rostoucim stafim mizela ¢ast rychlé opravy DSB ftizena
PpRADS50 a potazmo celym MRN komplexem (Kamisugi et al. 2012).

Kinetika opravy DSB u 1 den staré protonemy pprad50 a ppmrell nemohla
byt divodem jejich extrémné citlivého fenotypu vaci DSB. Ten mohl souviset

s poklesem v HR a moznou kumulaci mutaci vedoucich k zastaveni ristu a bunééné
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smrti. Naptiklad u kvasinek byl v souvislosti s defektem v HR pozorovan zvyseny
vyskyt mutaci (Seong et al. 1997). Samotny defekt v PpRAD50 a PpMRE11l
se za standardnich podminek nevedl k vyrazné&j§imu nardstu v mutabilit¢ PpAPT,
ptirozen¢ho selekéniho genu (Kamisugi et al. 2012). Naopak u mutanta PpMSH2,
soucast drahy opravy chybného parovani bazi, byl pozorovan az 100 nasobny nartst
v mutabilité, ktery souvisel s kumulaci pfedev§im bodovych mutaci (Trouiller et al.
2006; Kamisugi et al. 2012). Ztrata funkce MRN komplexu nevedla za standardnich
podminek ke kumulaci mutaci, a tak se defekt v PPRADS50 a PpPMRE11 neprojevil
v kvalité opravy endogenniho poSkozeni DNA.

Po indukci DSB se mutabilita PpAPT zvysila, a to jak u pprad50, tak wt.
K zisk&ni PpAPT mutanti wt bylo nezbytné pouzit BLM o koncentraci 50 pug/ml
po 2 hodiny na rozdil od pprad50, kde stacilo jen hodinové ptsobeni o koncentraci
0,1 pg/ml. Na zakladé¢ uvedenych koncentraci BLM se u pprad50 projevil defekt
v kvalit¢ opravy DSB pfinejmensim fadovym navySenim mutability PpAPT.
Sekvenace selektovanych PpAPT mutanti wt vyjevila pfitomnost pouze bodovych
mutaci. Naopak u 3 ze 7 ppapt/pprad50 byly pozorovany rozsahlé delece o délce
10 az 747 bazi (Kamisugi et al. 2012). I ptes nizky pocet sekvenovanych ppapt
se ukazalo, Ze ztrata ¢asti strukturalni podpory v misté DSB, realizované PPRAD50,
vedla ke kumulaci vyraznych zmén v sekvenci DNA, zejména deleci.

Mutabilita PpAPT byla dale stanovena pro ppmrell, ppnbsl, pplig4 a ppku80.
Pocet ziskanych ppapt na jednotlivych genetickych pozadich byl piepocitan
nalug/ml BLM a gram suché protonemy. Takto normalizovana data ukazala
aZz o dva tady vyssi mutabilitu PpAPT u pprad50, avSak pouze ndsobné navyseni
bylo pozorovano u ppmrell a ppnbsl a ppligd. PPRAD50 mél tedy zasadni vliv
na potlaceni kumulace zmén v genomu Physcomitrella. Sekvenace ukazala, Ze mimo
pprad50 a ppmrell, inaktivaci PpAPT genu zpusobily piedev§im bodové mutace
(substituce, inzerce a delece) v kddujicich oblastech, pfedevsim v exonu 4, ktery byl
anotovan jako oblast kodujici enzymovou aktivitu. Piekvapivé u 4 mutanta PpAPT
na ruznych genetickych pozadich byly detekovany mutace pouze v nekodujicich
oblastech, a tak se povahu ztraty PpAPT aktivity zatim nepodatilo vysvétlit (Hola
etal. 2013).

Zdrojem bodovych mutaci mize byt C- a nebo A-NHEJ, ale je

pravdépodobnéjsi, Ze vznikaji v souvislosti s opravou oxida¢niho poSkozeni bazi
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DNA. Naopak delsi delece bylo mozné piipsat C-NHEJ anebo A-NHEJ, nebot” az na
jednu relativné kratkou deleci nalezenou u wt se vSechny ostatni detekované delece
nachazeli pouze u ppmrell a pprad50 (Kamisugi et al. 2012; Hola et al. 2013).
Defekt v MRN komplexu vedl i bez indukce DSB k akumulaci transkripti
proteinu podilejicich se na opravé DNA. Zejména u ppmrell a pprad50 byla patrna
zvySena exprese PpRAD51-1, PpRAD51-2, PpPARP-1, PpPARP-2, PpKu80
a PpKu70 (Kamisugi et al. 2012). | kdyZ byla u mutantt MRN komplexu pozorovana
vyrazna indukce PpRAD51-1 a stdle u nich probihala v omezené mite cilena
integrace, je celkem nepravdépodobné, ze by HR odpovidala za rychlou opravu DSB
v pprad50 a ppmrell. NavySeni mutability poukazovalo spiSe na mechanizmy

zaloZené na rekombinaci nehomologni.

5.6. Role AtSMC6b, AtRAD21 a AtGMI1 v opravé DSB

Pro mutanty proteini AtSMC6b (AtMIM), AtRAD21 a AtGMIL,
které participuji na organizaci struktury chromozomu, byl pozorovan citlivy fenotyp
vaci poSkozeni DNA. Zatimco role SMC6 a RAD21 byla u Arabidopsis a jinych
organismi delsi dobu zkoumana, funkce SMCHD proteinu AtGMI byla zcela
neznama. Analyza kinetiky opravy DSB u vySe uvedenych mutantt ukazala rizné
intenzivni defekt v jejich opravé (Kozak et al. 2009; da Costa-Nunes et al. 2014;
Bohmdorfer et al. 2011), ptestoze je HR povazovana za minoritni drahu opravy DSB
u Arabidopsis (Puchta 2005; Britt a May 2003). MoZnou G¢ast HR na rychlé opravé
DSB by bylo vhodné podrobit dal§imu studiu naptiklad analyzou jejich opravy

u viceCetnych mutanta jednotlivych opravnych drah.

5.6.1. AtSMC6Db a rychlé oprava DSB

Vliv defektu v proteinech AtSMC6b a AtRAD21.1 na kinetiku opravy DSB
byl analyzovéan v sérii experimenti spoleéné s mutanty C-NHEJ. Nejvétsi defekt
v opravé DSB byl pozorovan u atsmc6b, kde v souladu s predchozi studii oprava
DSB probihala monofazicky s polo¢asem kolem 1 hodiny (Kozék et al. 2009; Takeda
et al. 2004). V piipad¢ indukce poskozeni DNA u semen byl atsmc6b citlivy vaci
UV, IR a MMC (Mengiste et al. 1999). | kdyz atsmc6b vykazoval zna¢ny defekt
v kinetice opravy DSB, semenacky atsmcéb nebyly ve srovnani swt znatelné
citlivéjSi vaci akutnimu, ani chronickému ptsobeni BLM. Navzdory stale funkéni

C-NHEJ nebyla u atsmc6b pozorovana pocate¢ni rychla faze opravy DSB. V piipadé
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rozsahlé fragmentace genomu nezavisela rychla faze opravy DSB na C-NHEJ,
ale byla zcela odkéazana na procesy spojené s AtSMC6b (Kozéak et al. 2009).

Pro AtSMC5/6 komplex byla navrZena obdobnd funkce jako u jinych
organismd, tj. stabilizace sesterskych chromatid, tedy funkce v HR béhem S a G;
faze bunééného cyklu (Watanabe et al. 2009). V souladu s tim atsmc6b vykazoval
Mengiste et al. 1999; Hanin et al. 2000). Av3ak defekt v kinetice opravy DSB
u atsmc6b se nedal vysvétlit pouze vyfazenim HR z funkce. Znamenalo by to,
Ze zarychlou fazi opravy DSB by byla zcela odpovédna HR, cozZ se vSak ponékud
vylucuje s minoritni roli HR v opravé DSB u Arabidopsis (Puchta 2005; Britt a May
2003).

Pribéh kinetiky opravy DSB u atsmc6b spiSe poukazoval na obecnéjsi roli
AtSMC6b v opravé DSB. Na zaklad¢ dat byl navrzen model, ve kterém AtSMC6b
piispiva k opravé DSB nejen skrze stabilizaci struktury DNA organizaci sesterskych
chromatid, ale také pieklenutim zlomu podobné jako Ku70/Ku80 heterodimer,
nebo MRN komplex, a tak by mohl participovat nejen na HR, ale i A- a C-NHEJ
(Kozék et al. 2009). Mutac¢ni analyza u kvasinek ukazala odd¢litelnost funkci SMC6
v opravé DSB a strukturni organizaci genomu (Fousteri a Lehmann 2000). AtSMC6b
by tak mimo strukturni roli mohl fungovat také jako mediator, nebot’ cely SMC5/6
komplex je tvofen dalSimi proteiny s potencialn¢ zajimavymi enzymatickymi

aktivitami, ubikvitinaci a sumoylaci (obr. 3) (Potts a Yu 2005; Doyle et al. 2010).

5.6.2. Podjednotka kohezinii AtRAD21 v opravé DSB

Napted byla kinetika opravy DSB urena jen pro atrad21.1 a to ve stejném
panelu experimentd spole¢né s atsmc6b a mutanty C-NHEJ. Vyrazeni AtRAD21.1
vedlo k defektu v kinetice opravy DSB, kde sice zstal zachovan bifazicky pribéh,
avSak doSlo k prodlouzeni prvni faze jejich opravy. Stejné jako u atsmc6b,
semenacky atrad21.1 nevykazovaly citlivy  fenotyp  vua¢i  akutnimu,
nebo chronickému ptisobeni BLM (Kozék et al. 2009).

Ve druhé studii byly ze tii existujicich homologi AtRAD21 analyzovani pouze
atrad21.1 a atrad21.3, nebot’ homozygotni mutant AtRAD21.2 nebyl k dispozici
(Jiang et al. 2007). Pti nizsich davkach IR vykazoval citlivy fenotyp pouze atrad21.1
(da Costa-Nunes et al. 2006). ZvySeni davky ze 100 Gy na 150 Gy vedlo k projevu
citlivého fenotypu i u atrad21.3. U dvojittho mutanta AtRAD21.1/AtRAD21.3
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se ukazal synergisticky a neredundantni efekt AtRAD21.3 na roli AtRAD21.1
(da Costa-Nunes et al. 2014). Davka 100 Gy zvySovala expresi pouze AtRAD21.1
(da Costa-Nunes et al. 2006). Trikrat vyssi davka IR vedla kindukci exprese
i AtRAD21.3. AvSak vradmci DDR hral vyraznéjsi roli AtRAD21.1, nebot’ jeho
exprese se po indukci poSkozeni DNA zvysila az o dva fady, naopak pro AtRAD21.3
se exprese zvedla pouze dvakrat (da Costa-Nunes et al. 2014).

U atrad2?1.1 a atrad21.3 byl pozorovan defekt v kinetice opravy DSB, pii¢emz
zpomaleni opravy bylo nejvice patrné v rozmezi 10 aZz 20 minut po pusobeni BLM,
tedy na rozmezi mezi rychlou a pomalou fazi opravy DSB. Prestoze
atrad21.1/atrad21.3 byl vice citlivy vuci indukci DSB nezZ jednotlivi mutanti,
kinetika opravy DSB u dvojitého mutanta byla srovnatelnd s wt (da Costa-Nunes
etal. 2014). U atrad21.1/atrad21.3 mohlo dojit ke kompletnimu zruSeni AtRAD21
dependentni opravy DSB, pti¢emz oprava pak byla smérovana k drahdm, které vedly
ke Kkinetice srovnatelné swt. RAD21 je spojovan sfunkci vHR a tak posun
od AtRAD21 dependentni, pravdépodobné bezchybné HR opravy DSB, kvice
chybovému AtRAD21 nezavislému procesu vedl k vétsi citlivosti
atrad21.1/atrad21.3 vici BLM.

U atrad21.1 a atrad21.3 nebyl zaznamenan defekt v opravé DSB, pokud
se k jejich indukci pouZzilo BLM o koncentraci 10 ug/ml. Defekt v kinetice opravy
DSB se u mutanti projevil az pti tiikrat vy3Si davce (nepublikovano). VEétsi mnozstvi
DSB mohlo vyvézat vice AtRAD21 proteinu na zajisténi de novo koheze v mistech
poskozeni DNA, a proto se snizeni celkové zasoby AtRAD21 u atrad2l.l
a atrad21.3 projevilo poklesem efektivity opravy DSB (da Costa-Nunes et al. 2014).
Zpomaleni opravy DSB u atrad21.1 a atrad21.3 mohlo také souviset s poruchou
v DDR. U savcu byl totiZz po indukci DSB u mutanta RAD21 pozorovan defekt
v n¢kterych kontrolnich bodech buné¢ného cyklu (Watrin a Peters 2009; Yazdi et al.
2002).

Na zéklad¢ ziskanych dat byl navrzen model funkce AtRAD21 v opravé DSB,
ktery je zaloZen na stabilizaci struktury chromozomu a vyuziti sesterské chromatidy.
V neptitomnosti DSB je koheze dana pfedevsim AtRAD21.3, nebot’ po indukci DSB
dochézelo k minimalnimu navyseni jeho exprese (da Costa-Nunes et al. 2014). Navic
by tento protein mohl byt asociovan sreplikaci (Takahashi et al. 2010). Hlavni

ptispévek AtRAD21.3 k opravé DSB je v ptedem piipravené kohezi sesterskych
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chromatid. Naopak masivni indukce AtRAD21.1 po pusobeni IR vede k navySeni
zasoby proteinu, pravdépodobné na pokryti de novo koheze v mistech poSkozeni
DNA (da Costa-Nunes et al. 2014). Oba proteiny by tak mohli vystupovat v opravé

DSB synergisticky a neredundantné.

5.6.2. SMCHD protein AtGMI1 v opravé DSB

Mimo skupinu SMC proteinti existuji také proteiny obsahujici minimalné¢ SMC
dimeriza¢ni doménu a vytvaii novou skupinu SMCHD proteint (Blewitt et al. 2005;
Kanno et al. 2008). V genomu Arabidopsis se nachdzi mimo AtDMS3 dalsi dvé
sekvence, které vykazovaly vyraznou shodu s SMCHD1 a to dosud neidentifikovany
AtGMI1 a jeho pseudogen, ve kterém byla ATPazova doména pieruSena
transpozomem (Bohmdorfer et al. 2011).

Pro studium role AtGMI1 vopravé DSB byli pfipraveni Ctyfi mutanti
s ozna¢enim atgmil-1 aZ atgmil-4. Nazev GMI1 byl odvozen z pozorovani vyrazné
indukce exprese AtGMI1 po pisobeni IR a MMC. Naopak exprese AtDMS3
se neménila. Expresni profil AtGMI1 se po indukci DSB ponékud lisil od AtRAD51
a AtBRCAL. Exprese AtGMI1 dosahovala maxima pozd¢ji a zaroven pietrvavala déle
neZz exprese AtRAD51 a AtBRCAL. K indukované expresi AtGMI1 dochézelo
ptredevsim v rozvijejicich se pravych listcich a apikalnich meristémech (Bhmdorfer
etal. 2011).

Transkripéni odpovéd’ po indukci DSB je u Arabidopsis tfizena AtATM
a AtATR (Culligan et al. 2006; Ricaud et al. 2007). Analyza indukované exprese
AtGMI1 u atatm, atatr, weel a wt ukazala absolutni zavislost na AtATM. VyS3si
citlivost atgmil-2/atatr vaci DSB ve srovnani s atgmil-2 a atatr poukazala na defekt
v Casti AtATM tizené DRR u atgmil-2 (Béhmdorfer et al. 2011). AtGMI1 tak mohl
byt zapojen do mediace DDR, nebot’ pro SMCHD1 i AtDMS3 byla pozorovéana ucast
na regulaci transkripci (Kanno et al. 2008; Blewitt et al. 2008). AvSak expresni
profily wt a atgmil-1 po indukci DSB byly srovnatelné, a tak se AtGMI1 na rozdil
od AtSOG1 nepodilel na ftizeni exprese opravnych proteini (Bohmdorfer et al.
2011). Naopak, po indukci poSkozeni DNA AtSOGL1 tidil expresi mnoha gen,
véetné AtGMI1 (Yoshiyama et al. 2009).

Kinetika opravy DSB u mutantd AtGMI1 vykazovala defekt, ktery byl stejné
jako u mutanti AtRAD21 nejvice patrny v ¢ase 10 az 20 minut po pusobeni BLM.
AtGMI1 by mohl byt mediator HR, nebot’ u mutantt AtGMI1 byla po indukci
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posSkozeni DNA pozorovana polovi¢ni troven HR ve srovnani s wt (Béhmdorfer
et al. 2011). Pokles v HR byl sice méné vyrazny nez u atrad51c, avsak srovnatelny
s atsmc6b (Mengiste et al. 1999; Abe et al. 2005).

AtGMI1 je vibec prvni ¢len skupiny SMCHD proteinti, pro kterého byla
dokumentovana role v opravé DNA. AtGMIL1 strukturou piipomina SMC proteiny.
Mimo dimerizaéni doménu obsahuje také dosud neurceny spojnik a hlavné
ATPazovou doménu (Béhmdorfer et al. 2011). SMC1/3 a SMC5/6 se jako dimery
ucastni opravy DSB, kde usnadiuji HR prostfednictvim prostorové organizace
sesterskych chromatid (Chiu et al. 2004; De Piccoli et al. 2006; Heidinger-Pauli et al.
2008). Mutanti AtGMI1 postradali dimeriza¢ni doménu, a tak snizena uroven HR
i defekt v Kkinetice opravy DSB poukazoval na dilezitost této domény a tedy
i dimerizace ve funkci AtGMI1. V navrhovaném modelu se AtGMI1 Gcastni opravy
DSB jako dimer, ktery stabilizuje sesterské chromatidy podobné jako AtSMC1/3
a AtSMC5/6 komplexy a tim napoméaha HR (Béhmdorfer et al. 2011).
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6. Zavér

V piedkladanych publikacich jsou prezentovany vysledky, které do jisté miry méni
pohled na opravu DNA u rostlin. U Arabidopsis i Physcomitrella je oprava DSB
rychld a G¢inna s polocasem prvni faze opravy okolo 5 minut. Vétsina DSB
je zrozsahle fragmentovaného genomu odstranéna pomérné kvalitnim zptsobem,
nebot” Arabidopsis i Physcomitrella indukci DSB piezivaji. U Physcomitrella rychla
oprava DSB dominuje v mitoticky aktivnich buikach.

U Arabidopsis neni rychla oprava DSB zavisla na C-NHEJ. Naopak je pro ni
zcela esencialni SMC protein AtSMC6b, ktery se muze stabilizaci DNA t¢astnit HR,
a pravdépodobné je také obecnéjsim faktorem opravy DSB. AtSMC6b by také mohl
spole¢né s AtLIG1 definovat novou A-NHEJ, nebot’ ze vSech dostupnych DNA ligaz
ma AtLIG1 jako jedina signifikantni vliv na rychlou opravu DSB. AtLIG1 se podili
také na opravé alkyla¢niho poSkozeni DNA a tak pfedstavuje rostlinny homolog
LIG3.

Podobnou roli vopravé DSB maji AtRAD21 a AtGMILl. Pro funkci
AtRAD21.1 a AtRAD21.3 byl navrzen model, ve kterém jimi piedem pfipravena
koheze sesterskych chromatid ptispiva k opravé DSB pomoci HR. S indukci DSB
se vyrazné navySuje mnozstvi AtRAD21.1, ktery pak umoznuje de novo kohezi
v mistech poskozeni DNA. AtGMI1 je vibec prvni ¢len SMCHD skupiny proteint
s prokazanou roli v opravé DNA. AtGMI1 podobné jako SMC proteiny muze
fungovat jako dimer. Indukce DSB vede v zavislosti na AtATM k jeho expresi a tak
se podobn¢ jako AtRAD21 muze podilet na kohezi anebo de novo kohezi,
a tim usnadnovat HR.

Stejné jako u Arabidopsis, ani u Physcomitrella neni PpLIG4, a tedy celd
C-NHEJ, esenciélni pro rychlou opravu DSB. Piekvapivé se PpLIG4 v rozporu se
svou obecnou funkci v C-NHEJ ucastni BER a chrani tak pfed kumulaci bodovych
mutaci. Vibec poprvé byla pozorovdna C-NHEJ nezavisla dloha LIG4 v opravé
DNA.

U Physcomitrella se pouze PpMRE1l a PpRADS50 jevi jako esenciélni
pro funkce MRN komplexu. Oba dva proteiny jsou klicové pro dokonceni
vyvojového programu mechu stejné jako pro efektivni cilenou integraci cizorodé

DNA. Extrémné citlivy fenotyp ppmrell a pprad50 vaci BLM nesouvisi s kinetikou
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opravy DSB, ale s kumulaci mutaci. Pro ochranu genomu je zasadni strukturni
funkce PpRADS50, nebot’ v jeho nepiitomnosti se mutabilita PPAPT zvySuje aZ o dva

rady.

121



7. Seznam literatury

Abdalla, F.H. a Roberts, E.H., 1969. The effects of temperature and moisture on
genetic changes in seeds of barley, broad beans and peas during storage. Annals of
Botany, (33), pp.153-167.

Abe, K. et al., 2005. Arabidopsis RAD51C gene is important for homologous
recombination in meiosis and mitosis. Plant physiology, 139(2), pp.896-908.

Adachi, N. et al., 2001. DNA ligase 1V-deficient cells are more resistant to ionizing
radiation in the absence of Ku70: Implications for DNA double-strand break
repair. Proceedings of the National Academy of Sciences of the United States of
America, 98, pp.12109-12113.

Adachi, S. et al., 2011. Programmed induction of endoreduplication by DNA double-
strand breaks in Arabidopsis. Proceedings of the National Academy of Sciences of
the United States of America, 108, pp.10004-10009.

Ames, B.N., Shigenaga, M.K. a Hagen, T.M., 1993. Oxidants, antioxidants, and the
degenerative diseases of aging. Proceedings of the National Academy of Sciences
of the United States of America, 90, pp.7915-7922.

Amiard, S. et al., 2010. Distinct roles of the ATR kinase and the Mre11-Rad50-Nbs1
complex in the maintenance of chromosomal stability in Arabidopsis. The Plant
cell, 22, pp.3020-3033.

Amiard, S., Gallego, M.E. a White, C.1., 2013. Signaling of double strand breaks and
deprotected telomeres in Arabidopsis. Frontiers in plant science, 4(October),
p.405.

Angelis, K.J. et al., 2000. Adaptation to alkylation damage in DNA measured by the
comet assay. Environmental and molecular mutagenesis, 36(2), pp.146-150.

Angelis, K.J. et al., 1999. Single cell gel electrophoresis: detection of DNA damage
at different levels of sensitivity. Electrophoresis, 20(10), pp.2133-2138.

Assenmacher, N. a Hopfner, K.P., 2004. MRE11/RAD50/NBS1: Complex activities.
Chromosoma, 113, pp.157-166.

Atienza, J.M. et al., 2005. Suppression of RAD21 gene expression decreases cell
growth and enhances cytotoxicity of etoposide and bleomycin in human breast
cancer cells. Molecular cancer therapeutics, 4(3), pp.361-368.

van Attikum, H. et al., 2003. The Arabidopsis AtLIG4 gene is required for the repair
of DNA damage, but not for the integration of Agrobacterium T-DNA. Nucleic
Acids Research, 31(14), pp.4247-4255.

122



van Attikum, H. a Gasser, S.M., 2005. The histone code at DNA breaks: a guide to
repair? Nature reviews. Molecular cell biology, 6, pp.757-765.

Audebert, M. et al., 2008. Effect of double-strand break DNA sequence on the
PARP-1 NHEJ pathway. Biochemical and Biophysical Research
Communications, 369, pp.982-988.

Audebert, M. et al., 2004. Involvement of poly(ADP-ribose) polymerase-1 and
XRCC1/DNA ligase Il in an alternative route for DNA double-strand breaks
rejoining. Journal of Biological Chemistry, 279, pp.55117-55126.

Babiychuk, E. et al., 1998. Higher plants possess two structurally different
poly(ADP-ribose) polymerases. Plant Journal, 15(5), pp.635-645.

Bakkenist, C.J. a Kastan, M.B., 2003. DNA damage activates ATM through
intermolecular autophosphorylation and dimer dissociation. Nature, 421, pp.499-
506.

Banath, J.P. et al., 2004. Radiation sensitivity, H2AX phosphorylation, and kinetics
of repair of DNA strand breaks in irradiated cervical cancer cell lines. Cancer
Research, 64(19), pp.7144-7149.

Barlev, N.A. et al., 1998. Repression of GCN5 histone acetyltransferase activity via
bromodomain-mediated binding and phosphorylation by the Ku-DNA-dependent
protein kinase complex. Molecular and cellular biology, 18, pp.1349-1358.

Bennett, C.B. et al.,, 1996. A Double-Strand Break within a Yeast Artificial
Chromosome ( YAC ) Containing Human DNA Can Result in YAC Loss ,
Deletion , or Cell Lethality. , 16(8), pp.4414-4425.

Bertrand, P. et al., 2004. p53’s double life: Transactivation-independent repression of
homologous recombination. Trends in Genetics, 20, pp.235-243.

Bétermier, M. et al., 2014. Is Non-Homologous End-Joining Really an Inherently
Error-Prone Process? PLoS Genetics, 10(1).

Birkenbihl, R.P. a Subramani, S., 1992. Cloning and characterization of rad21 an
essential gene of Schizosaccharomyces pombe involved in DNA double-strand-
break repair. Nucleic acids research, 20(24), pp.6605-6611.

Blewitt, M.E. et al., 2005. An N-ethyl-N-nitrosourea screen for genes involved in
variegation in the mouse. Proceedings of the National Academy of Sciences of the
United States of America, 102(21), pp.7629-7634.

Blewitt, M.E. et al., 2008. SmcHD1, containing a structural-maintenance-of-
chromosomes hinge domain, has a critical role in X inactivation. Nature genetics,
40(5), pp.663-669.

123



Blier, P.R. et al., 1993. Binding of Ku protein to DNA: Measurement of affinity for
ends and demonstration of binding to nicks. Journal of Biological Chemistry, 268,
pp.7594-7601.

Boboila, C. et al., 2010. Alternative end-joining catalyzes robust IgH locus deletions
and translocations in the combined absence of ligase 4 and Ku70. Proceedings of
the National Academy of Sciences of the United States of America, 107, pp.3034—
3039.

Bohmdorfer, G. et al., 2011. GMI1, a structural-maintenance-of-chromosomes-hinge
domain-containing protein, is involved in somatic homologous recombination in
Arabidopsis. Plant Journal, 67(3), pp.420-433.

Boubriak, I. et al., 1997. The requirement for DNA repair in desiccation tolerance of
germinating embryos. Seed Science Research, 7.

Boubriak, I.1. et al., 2008. Adaptation and impairment of DNA repair function in
pollen of Betula verrucosa and seeds of Oenothera biennis from differently
radionuclide- contaminated sites of Chernobyl. Annals of Botany, 101, pp.267-
276.

Boyko, A. a Kovalchuk, 1., 2011. Genome instability and epigenetic modification-
heritable responses to environmental stress? Current Opinion in Plant Biology,
14, pp.260-266.

Brand, M. et al., 2001. UV-damaged DNA-binding protein in the TFTC complex
links DNA damage recognition to nucleosome acetylation. EMBO Journal, 20,
pp.3187-3196.

Britt, A.B. a May, G.D., 2003. Re-engineering plant gene targeting. Trends in Plant
Science, 8(2), pp.90-95.

Cappelli, E. et al., 1997. Involvement of XRCC1 and DNA ligase Ill gene products
in DNA base excision repair. Journal of Biological Chemistry, 272(38),
pp.23970-23975.

Ciccia, A. a Elledge, S.J., 2010. The DNA Damage Response: Making It Safe to Play
with Knives. Molecular Cell, 40, pp.179-204.

Cimprich, K.A. a Cortez, D., 2008. ATR: an essential regulator of genome integrity.
Nature reviews. Molecular cell biology, 9, pp.616-627.

Collins, A.R., 2004. The comet assay for DNA damage and repair: principles,
applications, and limitations. Molecular Biotechnology, 26(3), pp.249-261.

Collins, A.R. et al., 1997. The comet assay: What can it really tell us? Mutation
Research - Fundamental and Molecular Mechanisms of Mutagenesis, 375(2),
pp.183-193.

124



Cordoba-Cafiero, D. et al., 2011. Arabidopsis ARP endonuclease functions in a
branched base excision DNA repair pathway completed by LIG1. Plant Journal,
68(4), pp.693-702.

da Costa-Nunes, J.A. et al., 2006. Characterization of the three Arabidopsis thaliana
RAD?21 cohesins reveals differential responses to ionizing radiation. J Exp Bot,
57(4), pp.971-983.

da Costa-Nunes, J.A. et al., 2014. The AtRAD21.1 and AtRAD21.3 Arabidopsis
cohesins play a synergistic role in somatic DNA double strand break damage
repair. BMC plant biology, 14, p.353.

Covo, S. et al.,, 2010. Cohesin is limiting for the suppression of DNA damage-
induced recombination between homologous chromosomes. PLoS Genetics, 6(7),
pp.1-16.

Culligan, K.M. et al., 2004. ATR regulates a G2-phase cell-cycle checkpoint in
Arabidopsis thaliana. The Plant cell, 16, pp.1091-1104.

Culligan, K.M. et al., 2006. ATR and ATM play both distinct and additive roles in
response to ionizing radiation. Plant Journal, 48(6), pp.947-961.

Culligan, K.M. a Britt, A.B., 2008. Both ATM and ATR promote the efficient and
accurate processing of programmed meiotic double-strand breaks. Plant Journal,
55, pp.629-638.

D’Silva, I. et al., 1999. Relative affinities of poly(ADP-ribose) polymerase and
DNA-dependent protein kinase for DNA strand interruptions. Biochimica et
Biophysica Acta - Protein Structure and Molecular Enzymology, 1430, pp.119-
126.

Dandoy, E. et al., 1987. Appearance and repair of apurinic/apyrimidinic sites in DNA
during early germination of Zea mays. Mutation Research, 181, pp.57-60.

Decottignies, A., 2013. Alternative end-joining mechanisms: A historical
perspective. Frontiers in Genetics, 4.

Delacote, F. a Lopez, B.S., 2008. Importance of the cell cycle phase for the choice of
the appropriate DSB repair pathway, for genome stability maintenance: The trans-
S double-strand break repair model. Cell Cycle, 7, pp.33-38.

DiBiase, S.J. et al, 2000. DNA-dependent protein kinase stimulates an
independently active, nonhomologous, end-joining apparatus. Cancer Research,
60, pp.1245-1253.

Dona, M. et al.,, 2014. Dose-Dependent Reactive Species Accumulation and
Preferential Double-Strand Breaks Repair are Featured in the y-ray Response in
Medicago truncatula Cells. Plant Molecular Biology Reporter, 32(1), pp.129-141.

125



Downs, J.A. et al., 2003. Suppression of homologous recombination by the
Saccharomyces cerevisiae linker histone. Molecular Cell, 11, pp.1685-1692.

Doyle, J.M. et al., 2010. MAGE-RING protein complexes comprise a family of E3
ubiquitin ligases. Molecular Cell, 39(6), pp.963-974.

Dubrana, K. et al., 2007. The processing of double-strand breaks and binding of
single-strand-binding proteins RPA and Rad51 modulate the formation of ATR-
kinase foci in yeast. Journal of cell science, 120(Pt 23), pp.4209-4220.

Van Dyck, E. et al., 1999. Binding of double-strand breaks in DNA by human Rad52
protein. Nature, 398, pp.728-731.

Eccles, L.J. et al., 2009. Hierarchy of lesion processing governs the repair, double-
strand break formation and mutability of three-lesion clustered DNA damage.
Nucleic Acids Research, 38, pp.1123-1134.

Falck, J. et al., 2005. Conserved modes of recruitment of ATM, ATR and DNA-PKcs
to sites of DNA damage. Nature, 434, pp.605-611.

Fattah, F.J. et al., 2008. Ku70, an essential gene, modulates the frequency of rAAV-
mediated gene targeting in human somatic cells. Proceedings of the National
Academy of Sciences of the United States of America, 105, pp.8703-8708.

Ferguson, D.O. et al., 2000. The nonhomologous end-joining pathway of DNA repair
is required for genomic stability and the suppression of translocations.
Proceedings of the National Academy of Sciences of the United States of America,
97, pp.6630-6633.

Flores, M.J. et al., 1998. Protection provided by exogenous DNA ligase in GO human
lymphocytes treated with restriction enzyme Mspl or bleomycin as shown by the
comet assay. Environmental and Molecular Mutagenesis, 32(4), pp.336-343.

Fousteri, M.l. a Lehmann, A.R., 2000. A novel SMC protein complex in
Schizosaccharomyces pombe contains the Rad18 DNA repair protein. The EMBO
journal, 19(7), pp.1691-1702.

Friedberg, E.C. et al., 2006. DNA Repair and Mutagenesis, Washington, D.C.: ASM
Press.

Friesner, J. a Britt, A.B., 2003. Ku80- and DNA ligase IV-deficient plants are
sensitive to ionizing radiation and defective in T-DNA integration. Plant Journal,
34(4), pp.427-440.

Friesner, J.D. et al.,, 2005. lonizing radiation-dependent gamma-H2AX focus
formation requires ataxia telangiectasia mutated and ataxia telangiectasia mutated
and Rad3-related. Molecular biology of the cell, 16, pp.2566-2576.

126



Fulcher, N. a Sablowski, R., 2009. Hypersensitivity to DNA damage in plant stem
cell niches. Proceedings of the National Academy of Sciences of the United States
of America, 106, pp.20984-20988.

Furukawa, T. et al., 2015. Arabidopsis DNA polymerase lambda mutant is mildly
sensitive to DNA double strand breaks but defective in integration of a transgene.
Frontiers in plant science, 6, p.357.

Gallego, M.E. et al., 2003. Ku80 plays a role in non-homologous recombination but
is not required for T-DNA integration in Arabidopsis. Plant Journal, 35(5),
pp.557-565.

Garcia, V. et al., 2003. AtATM is essential for meiosis and the somatic response to
DNA damage in plants. The Plant cell, 15(1), pp.119-132.

Gauss, G.H. a Lieber, M.R., 1996. Mechanistic constraints on diversity in human
V(D)J recombination. Molecular and cellular biology, 16, pp.258-269.

Gerstein, R.M. a Lieber, M.R., 1993. Extent to which homology can constrain coding
exon junctional diversity in V(D)J recombination. Nature, 363, pp.625-627.

Girard, P.M. et al., 2002. Nbsl1 promotes ATM dependent phosphorylation events
including those required for G1/S arrest. Oncogene, 21, pp.4191-4199.

Gladyshev, E. a Meselson, M., 2008. Extreme resistance of bdelloid rotifers to
ionizing radiation. Proceedings of the National Academy of Sciences of the United
States of America, 105, pp.5139-5144.

Goodarzi, A.A. et al., 2008. ATM Signaling Facilitates Repair of DNA Double-
Strand Breaks Associated with Heterochromatin. Molecular Cell, 31, pp.167-177.

Goodarzi, A.A. et al., 2010. The influence of heterochromatin on DNA double strand
break repair: Getting the strong, silent type to relax. DNA Repair, 9(12), pp.1273-
1282.

Grabarz, A. et al., 2012. Initiation of DNA double strand break repair : signaling and
single-stranded resection dictate the choice be- tween homologous recombination
, hon-homologous end-joining and alternative end-joining. , 2(3), pp.249-268.

Gu, J. et al., 2007. XRCC4:DNA ligase IV can ligate incompatible DNA ends and
can ligate across gaps. The EMBO journal, 26, pp.1010-1023.

Guirouilh-Barbat, J.K. et al., 2010. AKT1/BRCAL in the control of homologous
recombination and genetic stability: the missing link between hereditary and
sporadic breast cancers. Oncotarget, 1, pp.691-699.

Haber, J.E., 1999. DNA recombination: The replication connection. Trends in
Biochemical Sciences, 24, pp.271-275.

127



Haering, C.H. et al., 2002. Molecular architecture of SMC proteins and the yeast
cohesin complex. Molecular Cell, 9(4), pp.773-788.

Haince, J.F. et al., 2008. PARP1-dependent kinetics of recruitment of MRE11 and
NBS1 proteins to multiple DNA damage sites. Journal of Biological Chemistry,
283, pp.1197-1208.

Han, L. a Yu, K., 2008. Altered kinetics of nonhomologous end joining and class
switch recombination in ligase IV-deficient B cells. The Journal of experimental
medicine, 205, pp.2745-2753.

Hanin, M. et al.,, 2000. Elevated levels of intrachromosomal homologous
recombination in Arabidopsis overexpressing the MIM gene. Plant Journal,
24(2), pp.183-189.

Hanin, M. a Paszkowski, J., 2003. Plant genome modification by homologous
recombination. Current Opinion in Plant Biology, 6(2), pp.157-162.

Hays, J.B., 2002. Arabidopsis thaliana, a versatile model system for study of
eukaryotic genome-maintenance functions. DNA Repair, 1, pp.579-600.

He, J. et al., 2012. Rad50 zinc hook is important for the Mrell complex to bind
chromosomal DNA double-stranded breaks and initiate various DNA damage
responses. Journal of Biological Chemistry, 287, pp.31747-31756.

Heacock, M. et al., 2004. Molecular analysis of telomere fusions in Arabidopsis:
multiple pathways for chromosome end-joining. The EMBO journal, 23, pp.2304—
2313.

Heidinger-Pauli, J.M. et al., 2008. The Kleisin Subunit of Cohesin Dictates Damage-
Induced Cohesion. Molecular Cell, 31(1), pp.47-56.

Helton, E.S. a Chen, X., 2007. p53 modulation of the DNA damage response.
Journal of Cellular Biochemistry, 100, pp.883-896.

Herschleb, J. et al., 2007. Pulsed-field gel electrophoresis. Nature protocols, 2(3),
pp.677-684.

Hirano, T., 2006. At the heart of the chromosome: SMC proteins in action. Nature
reviews. Molecular cell biology, 7(5), pp.311-322.

Hoeberichts, F.A. a Woltering, E.J., 2003. Multiple mediators of plant programmed
cell death: Interplay of conserved cell death mechanisms and plant-specific
regulators. BioEssays, 25, pp.47-57.

Hohl, M. et al., 2011. The Rad50 coiled-coil domain is indispensable for Mrell
complex functions. Nature Structural & Molecular Biology, 18(10), pp.1124-
1131.

128



Hola, M. et al., 2013. Genotoxin induced mutagenesis in the model plant
physcomitrella patens. BioMed Research International, 2013.

Hihn, D. et al., 2013. Targeting DNA double-strand break signalling and repair:
recent advances in cancer therapy. Swiss medical weekly, 143.

Chance, B. et al., 1979. Hydroperoxide metabolism in mammalian organs.
Physiological reviews, 59, pp.527-605.

Chapman, J.R. a Jackson, S.P., 2008. Phospho-dependent interactions between NBS1
and MDC1 mediate chromatin retention of the MRN complex at sites of DNA
damage. EMBO reports, 9, pp.795-801.

Charbonnel, C. et al., 2011. Kinetic analysis of DNA double-strand break repair
pathways in Arabidopsis. DNA Repair, 10, pp.611-619.

Charbonnel, C. et al., 2010. Xrccl-dependent and Ku-dependent DNA double-strand
break repair kinetics in Arabidopsis plants. Plant Journal, 64, pp.280-290.

Chen, X. et al., 2009. Distinct kinetics of human DNA ligases I, Illa, IIIB, and IV
reveal direct DNA sensing ability and differential physiological functions in DNA
repair. DNA Repair, 8(8), pp.961-968.

Chiu, A. et al., 2004. DNA interaction and dimerization of eukaryotic SMC hinge
domains. Journal of Biological Chemistry, 279(25), pp.26233-26242.

Chowdhury, D. et al., 2005. gamma-H2AX dephosphorylation by protein
phosphatase 2A facilitates DNA double-strand break repair. Molecular cell, 20(5),
pp.801-809.

Jackson, S.P. a Bartek, J., 2010. The DNA-damage response in human biology and
disease. Nature, 461, pp.1071-1078.

De Jager, M. et al., 2001. Human Rad50/Mrell is a flexible complex that can tether
DNA ends. Molecular Cell, 8, pp.1129-1135.

Jang, E.R. et al., 2010. ATM modulates transcription in response to histone
deacetylase inhibition as part of its DNA damage response. Experimental a
molecular medicine, 42, pp.195-204.

Jazayeri, A. et al., 2006. ATM- and cell cycle-dependent regulation of ATR in
response to DNA double-strand breaks. Nature cell biology, 8, pp.37-45.

Jazayeri, A. et al., S.P., 2004. Saccharomyces cerevisiae Sin3p facilitates DNA
double-strand break repair. Proceedings of the National Academy of Sciences of
the United States of America, 101, pp.1644-1649.

Jiang, C.Z. et al., 1997. UV- and gamma-radiation sensitive mutants of Arabidopsis
thaliana. Genetics, 147(3), pp.1401-1409.

129



Jiang, L. et al., 2007. The Arabidopsis cohesin protein SYN3 localizes to the
nucleolus and is essential for gametogenesis. Plant Journal, 50(6), pp.1020-1034.

Johnston, L.H., 1979. The DNA repair capability of cdc9, the Saccharomyces
cerevisiae mutant defective in DNA ligase. Molecular a general genetics : MGG,
170(1), pp.89-92.

Kabotyanski, E.B. et al., 1998. Double-strand break repair in Ku86- and XRCC4-
deficient cells. Nucleic acids research, 26, pp.5333-5342.

Kamisugi, Y. et al., 2012. MRE11 and RADS50, but not NBS1, are essential for gene
targeting in the moss Physcomitrella patens. Nucleic Acids Research, 40(8),
pp.3496-3510.

Kamisugi, Y. et al.,, 2006. The mechanism of gene targeting in Physcomitrella
patens: homologous recombination, concatenation and multiple integration.
Nucleic acids research, 34(21), pp.6205-14.

Kamisugi, Y. et al., 2005. Parameters determining the efficiency of gene targeting in
the moss Physcomitrella patens. Nucleic Acids Research, 33(19), pp.1-10.

Kanno, T. et al., 2008. A structural-maintenance-of-chromosomes hinge domain-
containing protein is required for RNA-directed DNA methylation. Nature
genetics, 40(5), pp.670-675.

Karanjawala, Z.E. et al., 2002. The embryonic lethality in DNA ligase 1V-deficient
mice is rescued by deletion of Ku: Implications for unifying the heterogeneous
phenotypes of NHEJ mutants. DNA Repair, 1, pp.1017-1026.

Keogh, M.C. et al., 2006. A phosphatase complex that dephosphorylates
gammaH2AX regulates DNA damage checkpoint recovery. Nature, 439(7075),
pp.497-501.

Killion, D.D. a Constantin, M.J., 1972. Gamma irradiation of corn plants: Effects of
exposure, exposure rate, and developmental stage on survival, height, and grain
yield of two cultivars. Radiation Botany, 12(3), pp.159-164.

Kim, J.H. et al., 2009. Characterization of metabolic distur- bances closely linked to
the delayed senescence of Arabidopsis leaves after y irradiation. Environmental
and Experimental Botany, 67, pp.363-371.

Kim, J.S. et al., 2002. Specific recruitment of human cohesin to laser-induced DNA
damage. Journal of Biological Chemistry, 277(47), pp.45149-45153.

Kinner, A. et al., 2008. Gamma-H2AX in recognition and signaling of DNA double-
strand breaks in the context of chromatin. Nucleic acids research, 36(17),
pp.5678-94.

130



Kirik, A. et al., 2000. Species-specific double-strand break repair and genome
evolution in plants. The EMBO journal, 19, pp.5562-5566.

Klekowski, E., 1997. Somatic mutation theory of clonality. In H. DeKroon a J. van
Groenendael, eds. Ecology and Evolutionary Biology of Clonal Plants. Leyden:
Backbuys Publishers, pp. 1-15.

Kovalchuk, 1. et al., 2004. Molecular aspects of plant adaptation to life in the
Chernobyl zone. Plant physiology, 135, pp.357-363.

Kovalchuk, I. et al., 2007. Transcriptome analysis reveals fundamental differences in
plant response to acute and chronic exposure to ionizing radiation. Mutation
Research-Fundamental and Molecular Mechanisms of Mutagenesis, 624(1-2),
pp.101-113.

Kozak, J. et al., 2009. Rapid repair of DNA double strand breaks in Arabidopsis
thaliana is dependent on proteins involved in chromosome structure maintenance.
DNA Repair, 8(3), pp.413-4109.

Kranner, 1. et al., 2010. What is stress? Concepts, definitions and applications in seed
science. New Phytologist, 188(3), pp.655-673.

Krogh, B.O. a Symington, L.S., 2004. Recombination proteins in yeast. Annual
review of genetics, 38, pp.233-271.

Kuhfittig-Kulle, S. et al., 2007. The mutagenic potential of non-homologous end
joining in the absence of the NHEJ core factors Ku70/80, DNA-PKcs and
XRCC4-LiglV. Mutagenesis, 22, pp.217-233.

Kun, E. et al., 2002. Coenzymatic activity of randomly broken or intact double-
stranded DNAs in auto and histone H1 trans-poly(ADP-ribosylation), catalyzed
by poly(ADP-ribose) polymerase (PARP I). Journal of Biological Chemistry, 277,
pp.39066—39069.

Kuzminov, A., 2001. Single-strand interruptions in replicating chromosomes cause
double-strand breaks. Proceedings of the National Academy of Sciences of the
United States of America, 98(15), pp.8241-8246.

Lamarche, B. et al., 2010. The MRN complex in double-strand break repair and
telomere maintenance. FEBS letters, 584(17), pp.3682—-3695.

Lammens, K. et al., 2011. The Mrell:Rad50 structure shows an ATP-dependent
molecular clamp in DNA double-strand break repair. Cell, 145(1), pp.54-66.

Lang, J. et al., 2012. Plant yYH2AX foci are required for proper DNA DSB repair
responses and colocalize with E2F factors. New Phytologist, 194, pp.353-363.

131



Langerak, P. et al., 2011. Release of Ku and MRN from DNA ends by Mrell
nuclease activity and Ctpl is required for homologous recombination repair of
double-strand breaks. PLoS Genetics, 7.

Lehmann, A.R. et al., 1995. The rad18 gene of Schizosaccharomyces pombe defines
a new subgroup of the SMC superfamily involved in DNA repair. Molecular and
cellular biology, 15(12), pp.7067-7080.

Lewis, T.G. a Nydorf, E.D., 2006. Intralesional bleomycin for warts: a review.
Journal of drugs in dermatology : JDD, 5, pp.499-504.

Li, X. a Heyer, W.D., 2008. Homologous recombination in DNA repair and DNA
damage tolerance. Cell research, 18, pp.99-113.

Liang, L. et al., 2008. Human DNA ligases I and Ill, but not ligase IV, are required
for microhomology-mediated end joining of DNA double-strand breaks. Nucleic
Acids Research, 36(10), pp.3297-3310.

Lieber, M.R., 2010a. NHEJ and its backup pathways in chromosomal translocations.
Nature structural & molecular biology, 17(4), pp.393-395.

Lieber, M.R., 2010b. The mechanism of double-strand DNA break repair by the
nonhomologous DNA end-joining pathway. Annual review of biochemistry, 79,
pp.181-211.

Lieber, M.R. et al., 1997. Tying loose ends: Roles of Ku and DNA-dependent protein
kinase in the repair of double-strand breaks. Current Opinion in Genetics and
Development, 7, pp.99-104.

Lindahl, T. a Wood, R.D., 1999. Quality control by DNA repair. Science, 286(5446),
pp.1897-1905.

Lok, B.H. a Powell, S.N., 2012. Molecular pathways: Understanding the role of
Rad52 in homologous recombination for therapeutic advancement. Clinical
Cancer Research, 18, pp.6400-6406.

Lukas, J. et al., 2004. Mammalian cell cycle checkpoints: Signalling pathways and
their organization in space and time. DNA Repair, 3, pp.997-1007.

Ma, J.L. et al.,, 2003. Yeast Mrell and Radl proteins define a Ku-independent
mechanism to repair double-strand breaks lacking overlapping end sequences.
Molecular and cellular biology, 23(23), pp.8820-8828.

Mansour, W.Y. et al., 2010. The alternative end-joining pathway for repair of DNA
double-strand  breaks requires PARP1 but is not dependent upon
microhomologies. Nucleic Acids Research, 38, pp.6065-6077.

Mantiero, D. et al., 2007. Dual role for Saccharomyces cerevisiae Tell in the
checkpoint response to double-strand breaks. EMBO reports, 8(4), pp.380-387.

132



Markmann-Mulisch, U. et al., 2007. Differential requirements for RAD51 in
Physcomitrella patens and Arabidopsis thaliana development and DNA damage
repair. The Plant cell, 19(10), pp.3080-3089.

McVey, M. a Lee, S.E., 2008. MMEJ repair of double-strand breaks (director’s cut):
deleted sequences and alternative endings. Trends in Genetics, 24, pp.529-538.

Meek, K. et al., 2004. The DNA-dependent protein kinase: The director at the end.
Immunological Reviews, 200, pp.132-141.

Mengiste, T. et al., 1999. An SMC-like protein is required for efficient homologous
recombination in arabidopsis. EMBO Journal, 18(16), pp.4505-4512.

Menke, M. et al., 2001. DNA damage and repair in Arabidopsis thaliana as measured
by the comet assay after treatment with different classes of genotoxins. Mutation
research, 493(1-2), pp.87-93.

Miller, K.M. et al., 2010. Human HDAC1 and HDAC?2 function in the DNA-damage
response to promote DNA nonhomologous end-joining. Nature structural &
molecular biology, 17, pp.1144-1151.

Mimitou, E.P. a Symington, L.S., 2008. Sae2, Exol and Sgsl collaborate in DNA
double-strand break processing. Nature, 455, pp.770-774.

Molinier, J. et al., 2006. Transgeneration memory of stress in plants. Nature, 442,
pp.1046-1049.

Mortusewicz, O. et al.,, 2008. Spatiotemporal dynamics of regulatory protein
recruitment at DNA damage sites. Journal of Cellular Biochemistry, 104,
pp.1562-1569.

Murray, J.M. a Carr, A.M., 2008. Smc5/6: a link between DNA repair and
unidirectional replication? Nature reviews. Molecular cell biology, 9(2), pp.177-
182.

Nabetani, A. a Ishikawa, F., 2011. Alternative lengthening of telomeres pathway:
Recombination-mediated telomere maintenance mechanism in human cells.
Journal of Biochemistry, 149, pp.5-14.

Nagata, T. et al., 1999. Gamma-radiation induces leaf trichome formation in
Arabidopsis. Plant physiology, 120, pp.113-120.

Nasmyth, K. a Haering, C.H., 2005. The structure and function of SMC and kleisin
complexes. Annual review of biochemistry, 74, pp.595-648.

Nimonkar, A. V. et al., 2011. BLM-DNA2-RPA-MRN and EXO1-BLM-RPA-MRN
constitute two DNA end resection machineries for human DNA break repair.
Genes and Development, 25, pp.350-362.

133



O’Driscoll, M. a Jeggo, P.A., 2006. The role of double-strand break repair - insights
from human genetics. Nature reviews. Genetics, 7, pp.45-54.

Olive, P.L. a Banath, J.P., 1993. Detection of DNA double-strand breaks through the
cell cycle after exposure to X-rays, bleomycin, etoposide and 125ldUrd.
International journal of radiation biology, 64(Charlton 1986), pp.349-358.

Osborne, D. et al., 1984. DNA repair in plant cells. An essential event of early
embryo germination in seeds. Folia Biologica, 30(Spec No), pp.155-169.

Osley, M.A. et al., 2007. ATP-dependent chromatin remodeling factors and DNA
damage repair. Mutation Research - Fundamental and Molecular Mechanisms of
Mutagenesis, 618, pp.65-80.

Ostling, O. a Johanson, K.J., 1984. Microelectrophoretic study of radiation-induced
DNA damages in individual mammalian cells. Biochemical and biophysical
research communications, 123(1), pp.291-298.

Park, J.H. et al., 2006. Mammalian SWI/SNF complexes facilitate DNA double-
strand break repair by promoting gamma-H2AX induction. The EMBO journal,
25, pp.3986-3997.

Pelczar, P. et al., 2003. Different genome maintenance strategies in human and
tobacco cells. Journal of Molecular Biology, 331, pp.771-779.

Petrini, J.H. et al., 1995. DNA ligase | mediates essential functions in mammalian
cells. Molecular and cellular biology, 15(8), pp.4303-4308.

Petrini, J.H.J. a Stracker, T.H., 2003. The cellular response to DNA double-strand
breaks: Defining the sensors and mediators. Trends in Cell Biology, 13, pp.458-
462.

Pfeiffer, P. et al., 2004. Pathways of DNA double-strand break repair and their
impact on the prevention and formation of chromosomal aberrations. In
Cytogenetic and Genome Research. pp. 7-13.

Phillips, E.R. a McKinnon, P.J., 2007. DNA double-strand break repair and
development. Oncogene, 26(56), pp.7799-808.

De Piccoli, G. et al., 2006. Smc5-Smc6 mediate DNA double-strand-break repair by
promoting sister-chromatid recombination. Nature cell biology, 8(9), pp.1032-
1034.

Pitcher, R.S. et al., 2007. NHEJ protects mycobacteria in stationary phase against the
harmful effects of desiccation. DNA Repair, 6, pp.1271-1276.

Polo, S. a Jackson, S., 2011. Dynamics of DNA damage response proteins at DNA
breaks: a focus on protein modifications. Genes a development, pp.409-433.

134



Potts, P.R. et al.,, 2006. Human SMC5/6 complex promotes sister chromatid
homologous recombination by recruiting the SMC1/3 cohesin complex to double-
strand breaks. The EMBO journal, 25(14), pp.3377-3388.

Potts, P.R. a Yu, H., 2005. Human MMS21/NSE2 is a SUMO ligase required for
DNA repair. Molecular and cellular biology, 25(16), pp.7021-7032.

Povirk, L.F. et al., 1977. Dna double-strand breaks and alkali-labile bonds produced
by bleomycin. Nucleic Acids Research, 4, pp.3573-3580.

Povirk, L.F., 2012. Processing of Damaged DNA Ends for Double-Strand Break
Repair in Mammalian Cells. ISRN Molecular Biology, 2012, pp.1-16.

Puchta, H., 2005. The repair of double-strand breaks in plants: Mechanisms and
consequences for genome evolution. Journal of Experimental Botany, 56, pp.1-
14,

Puchta, H. a Fauser, F., 2013. Gene targeting in plants: 25 years later. The
International journal of developmental biology, 57(6-8), pp.629-37.

Qi, Y. et al., 2013. Increasing frequencies of site-specific mutagenesis and gene
targeting in Arabidopsis by manipulating DNA repair pathways. Genome
Research, 23, pp.547-554.

Qin, S. a Parthun, M.R., 2002. Histone H3 and the histone acetyltransferase Hatlp
contribute to DNA double-strand break repair. Molecular and cellular biology,
22, pp.8353-8365.

Rass, E. et al., 2009. Role of Mrell in chromosomal nonhomologous end joining in
mammalian cells. Nature structural & molecular biology, 16, pp.819-824.

Raven, J.A., 2012. Protein turnover and plant RNA and phosphorus requirements in
relation to nitrogen fixation. Plant Science, 188-189, pp.25-35.

Reski, R., 1998. Physcomitrella and Arabidopsis: the David and Goliath of reverse
genetics. Trends in Plant Science, 3(6), pp.209-210.

Ricaud, L. et al., 2007. ATM-mediated transcriptional and developmental responses
to y-rays in Arabidopsis. PLoS ONE, 2(5).

Ries, G. et al., 2000. Elevated UV-B radiation reduces genome stability in plants.
Nature, 406, pp.98-101.

Richardson, C. et al.,, 1998. Double-strand break repair by interchromosomal
recombination: Suppression of chromosomal translocations. Genes and
Development, 12, pp.3831-3842.

Rogakou, E.P. et al., 1999. Megabase chromatin domains involved in DNA double-
strand breaks in vivo. Journal of Cell Biology, 146, pp.905-915.

135



Rosidi, B. et al., 2008. Histone H1 functions as a stimulatory factor in backup
pathways of NHEJ. Nucleic Acids Research, 36, pp.1610-1623.

Rubnitz, J. a Subramani, S., 1984. The minimum amount of homology required for
homologous recombination in mammalian cells. Molecular and cellular biology,

Saleh-Gohari, N. a Helleday, T., 2004. Conservative homologous recombination
preferentially repairs DNA double-strand breaks in the S phase of the cell cycle in
human cells. Nucleic acids research, 32, pp.3683-3688.

Sallon, S. et al., 2008. Germination, genetics, and growth of an ancient date seed.
Science (New York, N.Y.), 320, p.1464.

Seong, K.Y. et al., 1997. Cloning of an E. coli RecA and yeast RAD51 homolog,
radA, an allele of the uvsC in Aspergillus nidulans and its mutator effects.
Molecules and cells, 7(2), pp.284-289.

Shaw, P. a Moore, G., 1998. Meiosis: vive la difference! Current opinion in plant
biology, 1, pp.458-462.

Shibata, A. et al., 2011. Factors determining DNA double-strand break repair
pathway choice in G2 phase. EMBO J, 30, pp.1079-1092.

Shieh, S.Y. et al., 1997. DNA damage-induced phosphorylation of p53 alleviates
inhibition by MDM2. Cell, 91, pp.325-334.

Shrivastav, M. et al., 2008. Regulation of DNA double-strand break repair pathway
choice.

Shuman, S. a Glickman, M.S., 2007. Bacterial DNA repair by non-homologous end
joining. Nature reviews. Microbiology, 5, pp.852-861.

Schaefer, D.G. et al., 2010. RAD51 loss of function abolishes gene targeting and de-
represses illegitimate integration in the moss Physcomitrella patens. DNA Repair,
9(5), pp.526-533.

Schipler, A. a lliakis, G., 2013. DNA double-strand-break complexity levels and
their possible contributions to the probability for error-prone processing and repair
pathway choice. Nucleic Acids Research, 41, pp.7589-7605.

Schwacha, A. a Kleckner, N., 1995. Identification of double Holliday junctions as
intermediates in meiotic recombination. Cell, 83, pp.783-791.

Simsek, D. et al., 2011. DNA ligase Ill promotes alternative nonhomologous end-
joining during chromosomal translocation formation. PLoS Genetics, 7.

Simsek, D. a Jasin, M., 2010. Alternative end-joining is suppressed by the canonical
NHEJ component Xrcc4-ligase 1V during chromosomal translocation formation.
Nature structural & molecular biology, 17, pp.410-416.

136



Sirbu, B.M. a Cortez, D., 2013. DNA damage response: three levels of DNA repair
regulation. Cold Spring Harbor perspectives in biology, 5.

Siu, W.Y. et al., 2004. Topoisomerase poisons differentially activate DNA damage
checkpoints through ataxia-telangiectasia mutated-dependent and -independent
mechanisms. Molecular cancer therapeutics, 3, pp.621-632.

Sjogren, C. a Nasmyth, K., 2001. Sister chromatid cohesion is required for
postreplicative double-strand break repair in Saccharomyces cerevisiae. Current
biology : CB, 11(12), pp.991-995.

So, S. et al., 2009. Autophosphorylation at serine 1981 stabilizes ATM at DNA
damage sites. The Journal of cell biology, 187(7), pp.977-90.

Stenerlow, B. et al., 2000. Rejoining of DNA fragments produced by radiations of
different linear energy transfer. International journal of radiation biology, 76(4),
pp.549-557.

Strekowski, L. et al., 1988. A biphasic nature of the bleomycin-mediated degradation
of DNA. FEBS letters, 241, pp.24-28.

Strom, L. et al., 2004. Postreplicative recruitment of cohesin to double-strand breaks
is required for DNA repair. Molecular Cell, 16(6), pp.1003-1015.

Stucki, M. et al., 2005. MDC1 directly binds phosphorylated histone H2AX to
regulate cellular responses to DNA double-strand breaks. Cell, 123, pp.1213-
1226.

Sweeney, P.R. et al., 2009. The Arabidopsis ATRIP ortholog is required for a
programmed response to replication inhibitors. Plant Journal, 60, pp.518-526.

Symington, L.S., 2002. Role of RAD52 epistasis group genes in homologous
recombination and double-strand break repair. Microbiology and molecular
biology reviews : MMBR, 66, pp.630-670, table of contents.

Takahashi, N. et al., 2010. The MCM-binding protein ETG1 aids sister chromatid
cohesion required for postreplicative homologous recombination repair. PL0S
Genetics, 6(1).

Takata, M. et al., 2001. Chromosome instability and defective recombinational repair
in knockout mutants of the five Rad51 paralogs. Molecular and cellular biology,
21, pp.2858-2866.

Takeda, S. et al., 2004. BRU1, a novel link between responses to DNA damage and
epigenetic gene silencing in Arabidopsis. Genes and Development, 18(7), pp.782-
793.

137



Tamburini, B.A. a Tyler, J.K., 2005. Localized histone acetylation and deacetylation
triggered by the homologous recombination pathway of double-strand DNA
repair. Molecular and cellular biology, 25, pp.4903-4913.

Tice, R.R. a Setlow, R.B., 1985. Handbook of the Biology of Aging E. L. Finch, E.E.
and Schneider, ed., New York: VVan Nostrand Reinhold.

Tomkinson, A.E. et al., 2013. DNA ligases as therapeutic targets. Translational
cancer research, 2(3), pp.203-214.

Triantaphylides, C. a Havaux, M., 2009. Singlet oxygen in plants: production,
detoxification and signaling. Trends in Plant Science, 14, pp.219-228.

Trouiller, B. et al., 2007. Comparison of gene targeting efficiencies in two mosses
suggests that it is a conserved feature of Bryophyte transformation. Biotechnology
Letters, 29(10), pp.1591-1598.

Trouiller, B. et al., 2006. MSH2 is essential for the preservation of genome integrity
and prevents homeologous recombination in the moss Physcomitrella patens.
Nucleic Acids Research, 34(1), pp.232-242.

Vernoux, T. et al., 2000. Developmental control of cell division patterns in the shoot
apex. Plant Mol Biol, 43, pp.569-81.

Virsik-Kopp, P. et al., 2003. Role of DNA-PK in the process of aberration formation
as studied in irradiated human glioblastoma cell lines M059K and MO059J.
International journal of radiation biology, 79, pp.61-68.

Wada, H. et al., 1998. Involvement of peroxidase in differential sensitivity to y-
radiation in seedlings of two Nicotiana species. Plant Science, 132, pp.109-1109.

Wang, H. et al., 2001. Efficient rejoining of radiation-induced DNA double-strand
breaks in vertebrate cells deficient in genes of the RAD52 epistasis group.
Oncogene, 20, pp.2212-2224.

Wang, J.H. et al., 2008. Oncogenic transformation in the absence of Xrcc4 targets
peripheral B cells that have undergone editing and switching. The Journal of
experimental medicine, 205, pp.3079-3090.

Wang, M. et al., 2006. PARP-1 and Ku compete for repair of DNA double strand
breaks by distinct NHEJ pathways. Nucleic Acids Research, 34, pp.6170-6182.

Ward, J.F., 1990. The yield of DNA double-strand breaks produced intracellularly by
ionizing radiation: a review. International journal of radiation biology, 57,
pp.1141-1150.

Warmerdam, D.O. a Kanaar, R., 2010. Dealing with DNA damage: Relationships
between checkpoint and repair pathways. Mutation Research - Reviews in
Mutation Research, 704, pp.2-11.

138



Watanabe, K. et al, 2009. The STRUCTURAL MAINTENANCE OF
CHROMOSOMES 5/6 complex promotes sister chromatid alignment and
homologous recombination after DNA damage in Arabidopsis thaliana. The Plant
cell, 21(9), pp.2688-2699.

Waterworth, W.M. et al., 2010. A plant DNA ligase is an important determinant of
seed longevity. Plant Journal, 63, pp.848-860.

Waterworth, W.M. et al., 2009. DNA ligase 1 deficient plants display severe growth
defects and delayed repair of both DNA single and double strand breaks. BMC
plant biology, 9, p.79.

Waterworth, W.M. et al., 2007. NBS1 is involved in DNA repair and plays a
synergistic role with ATM in mediating meiotic homologous recombination in
plants. Plant Journal, 52(1), pp.41-52.

Watrin, E. a Peters, J.M., 2009. The cohesin complex is required for the DNA
damage-induced G2/M checkpoint in mammalian cells. The EMBO journal,
28(17), pp.2625-2635.

Weinstock, D.M. et al., 2007. Formation of NHEJ-derived reciprocal chromosomal
translocations does not require Ku70. Nature cell biology, 9, pp.978-981.

West, C.E. et al., 2002. Disruption of the Arabidopsis AtKu80 gene demonstrates an
essential role for AtKu80 protein in efficient repair of DNA double-strand breaks
in vivo. Plant Journal, 31(4), pp.517-528.

Wu, D. et al., 2008. Recruitment and Dissociation of Nonhomologous End Joining
Proteins at a DNA Double-Strand Break in Saccharomyces cerevisiae. Genetics,
178(3), pp.1237-1249.

Wu, N. a Yu, H., 2012. The Smc complexes in DNA damage response. Cell a
Bioscience, 2(1), p.5.

Wyman, C. a Kanaar, R., 2006. DNA double-strand break repair: all’s well that ends
well. Annual review of genetics, 40, pp.363—-383.

Yajima, H. et al., 2013. The complexity of DNA double strand breaks is a critical
factor enhancing end-resection. DNA Repair, 12, pp.936-946.

Yazdi, P.T. et al., 2002. SMCL1 is a downstream effector in the ATM/NBS1 branch of
the human S-phase checkpoint. Genes and Development, 16(5), pp.571-582.

Yoo, S. et al., 1999. Photocross-linking of an oriented DNA repair complex: Ku
bound at a single DNA end. Journal of Biological Chemistry, 274, pp.20034-
20039.

139



Yoshiyama, K. et al., 2009. Suppressor of gamma response 1 (SOG1) encodes a
putative transcription factor governing multiple responses to DNA damage.
Proceedings of the National Academy of Sciences of the United States of America,
106, pp.12843-12848.

Yoshiyama, K. et al., 2013a. DNA damage response in plants: conserved and
variable response compared to animals. Biology, 2(4), pp.1338-56.

Yoshiyama, K. et al., 2013b. ATM-mediated phosphorylation of SOG1 is essential
for the DNA damage response in Arabidopsis. EMBO reports, 14, pp.817-22.

Zahradka, K. et al., 2006. Reassembly of shattered chromosomes in Deinococcus
radiodurans. Nature, 443, pp.569-573.

van Zanten, M. et al., 2011. Seed maturation in Arabidopsis thaliana is characterized
by nuclear size reduction and increased chromatin condensation. Proceedings of
the National Academy of Sciences, 108, pp.20219-20224.

140



	Obsah
	Seznam zkratek
	Abstrakt
	Abstract
	1. Úvod
	1.1. Vznik DSB
	1.2. Měření opravy DSB
	1.3. Rozeznání DSB a jeho signalizace
	1.4. Mechanizmy opravy DSB
	1.4.1. Homologní rekombinace
	1.4.2. C-NHEJ
	1.4.3. A-NHEJ

	1.5. Proteiny udržující strukturu chromozomů v opravě DSB
	1.6. Výběr typu rekombinace
	1.7. Odolnost rostlin vůči DSB

	2. Cíle práce
	3. Materiál a metody
	Přehled metod

	4. Prezentované publikace
	Publikace 1
	Publikace 2
	Publikace 3
	/
	/
	Publikace 4
	Publikace 5
	Publikace 6

	5. Diskuze
	5.1. Oprava DSB u Arabidopsis a Physcomitrella
	5.2. Oprava DSB v mutantech C-NHEJ dráhy
	5.3. AtLIG1 je určující pro rychlou opravu DSB
	5.4. Oprava SSB v rostlinách
	5.5. MRN komplex v opravě DSB u Physcomitrella
	5.6. Role AtSMC6b, AtRAD21 a AtGMI1 v opravě DSB
	5.6.1. AtSMC6b a rychlá oprava DSB
	5.6.2. Podjednotka kohezinů AtRAD21 v opravě DSB
	5.6.2. SMCHD protein AtGMI1 v opravě DSB


	6. Závěr
	7. Seznam literatury

