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Abstract

DNA double strand breaks are the most dangerous type of DNA damage. The MRN complex and
53BP1 have essential functions in the repair of DNA double strand breaks and are therefore
important for maintaining genomic stability and preventing cancer. DNA double strand breaks are
repaired by two main mechanisms - homologous recombination and non-homologous end joining.
The MRN complex senses DNA double strand breaks and activates a cascade of posttranslational
modifications that activates and recruits other effector proteins. In addition MRN mediated
resection is important for removing adducts in non-homologous end joining and creating single
stranded DNA required for homologous recombination. 53BP1 is recruited to DNA double strand
breaks by site specific ubiquitinations and inhibits DNA resection, thereby promoting non-
homologous end joining at the expense of homologous recombination. In this thesis we show that
MRE11 binds to the R2TP chaperone complex through a CK2 mediated phosphorylation.
Knockdown of R2TP or mutating the MRE11 binding site leads to decreased MRE11 levels and
impaired DNA repair. Similar phenotype has been observed in cells from patients with ataxia-
telangiectasia-like disorder (ATLD), containing MRE11 deletion mutation which is missing the
R2TP complex binding site. Based on R2TP complex function as a molecular chaperone, we
conclude, that R2TP complex is important for MRN complex assembly/quality control. Moreover,
we explored the processes important for regulating localisation of DNA repair protein 53BP1 to the
nucleus and DNA damage site. We investigated PLK1 and CDK1 mediated phosphorylations in
53BP1 ubiquitin binding domain and discovered that they inhibit 53BP1 recruitment to the DNA
damage site in mitosis. Finally we discovered the sequence of 53BP1 localisation signal and
explored regulatory mechanisms of 53BP1 nuclear localisation by post translational modifications.
In conclusion, we deepened our understanding of MRN complex assembly and pathophysiology of
a specific MRE11 mutation leading to ATLD. In addition we found new ways of regulation of
53BP1 localization and function.
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protein 53BP1 hraji dilezitou roli pii opravé dvouvlaknovych zlomi DNA a jsou proto nezbytné
pro udrzZeni stability DNA a prevenci rakoviny. Dvouvlaknové zlomy mohou byt opraveny dvéma
hlavnimi zpasoby - homologni rekombinaci a nehomolognim spojenim konci DNA. MRN detekuje
dvouvladknové zlomy DNA a aktivuje signalni kaskady vedouci k opravé DNA nebo bunécné
apoptoze. Zaroven komplex MRN poméaha béhem nehomologniho spojeni koncti DNA zacistit
konce DNA a vytvofit jednotetézcové Useky DNA potiebné pro homologni rekombinaci. 53BP1
inhibuje resekci DNA, ¢imz podporuje nehomologni spojeni koncu na Ukor homologni
rekombinace. V této praci ukazujeme, Ze MRE11l se vaZe na Saperonovy komplex R2TP
prostfednictvim mista fosforylovaného CK2. SniZeni hladiny R2TP komplexu nebo zmutovani
vazebneého mista pro MRE11 vede k destabilizaci MRE11 a k naruSeni opravy DNA. Podobny
fenotyp byl pozorovan v bunikach pacienti s dédicnym syndromem ataxie-telangiectasie (ATLD),
které obsahuji zkraceny protein MRE11, v némz chybi vazebné misto pro komplex R2TP.
Vzhledem k funkci R2TP jako molekularniho Saperonu piedpokladame, Ze R2TP je dulezity pro
sestavovani nebo kontrolu kvality komplexu MRN. Dale jsme prozkoumali procesy dilezité pro
regulaci jaderné lokalizace 53BP1 a kjeho vazbé na poskozenou DNA. Ukazali jsme, Ze
fosforylace 53BP1 zprostiedkované kinazami PLK1 a CDK1 zabranuji vazbé 53BP1 k poSkozené
DNA béhem mitézy. V posledni ¢asti této prace jsme identifikovali umisténi jaderného
lokaliza¢niho signalu v 53BP1 a vysvétlili jak je jadernd lokalizace 53BP1 regulovana
posttransla¢nimi modifikacemi. Tato prace vedla k prohloubeni naSich védomosti o sestavovani
komplexu MRN a patofyziologii specifické mutace MRE11 vedouci k ATLD syndromu. Zaroven

jsme objevili nové zpusoby regulace jaderné lokalizace a funkce 53BP1.



Introduction

The DNA damage response is a set of pathways that become activated after the occurrence of DNA
damage. The main function of these pathways is to detect the DNA damage, induce DNA damage
cell cycle checkpoint and repair the damage, thereby protecting genomic stability and preventing
development of cancer (1). DNA double strand breaks are the most dangerous type of DNA damage
- when left unrepaired, a single DNA double strand break can lead to cell death or the loss of many
genes simultaneously, while imperfect repair also leads to the loss of genetic information or

chromosome fusions (2).

The repair of DNA double strand breaks occurs mainly through one of two distinct mechanisms;
non homologous end joining (NHEJ) or homologous recombination. NHEJ is the dominant way of
repairing DNA double strand breaks and usually leads to small deletions at the site of the break (3).
For homologous recombination, the use of a template enables error-free repair of DNA double
strand breaks but restricts this type of repair to the S and G2 phase of the cell cycle. MRN complex
recognizes DNA double strand breaks and creates stretches of single stranded DNA. These resected
short stretches of single stranded DNA are extended by long-range resection mediated by nucleases
EXOL1 and DNAZ2 (4, 5). Later the single-stranded DNA is coated with the recombinase RAD51,
which catalyses strand exchange between the newly created single stranded DNA and the sister
chromatid allowing template directed DNA synthesis (6). The newly formed intermediate can be
resolved either by synthesis-dependent strand annealing or through a double holiday junction
intermediate, the latter can in some cases result in a cross over where one side of the double strand
break is exchanged with the sister chromatid (7, 8). In addition MRN complex-mediated resection
is not only important for homologous recombination but also for removing adducts in non-
homologous end joining, The MRN complex activates kinases from the phosphatidylinositol 3-
kinase related kinase family (PIKKs) ATM, DNA-PK and ATR (9-11). PIKKSs transduce the signal
by phosphorylating hundreds of substrates, thereby orchestrating the recruitment of repair proteins,
including 53BP1, and activation of the cell cycle checkpoint. Mutations in MRE11 lead to ataxia-
telangiectasia-like disorder (ATLD), characterized by neurodegeneration and sensitivity to
irradiation (see figure 1). ATLD1 patients with a truncating mutation in MRE11 (R633STOP) have

low levels of the MRN complex for which the molecular mechanism is not understood (12-14).
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Figure 1. ATLD mutations in MRE11. The domain organization of MRE11 is depicted. The N-
terminus contains the Nuclease Domain and is important for the interaction with NBS1. The middle
and C-terminus contain two distinct DNA binding domains and a Glycine Arginine rich motif
(GAR domain). ATLD mutations are depicted on the left and acidic regions that could function as
PIH1D1 binding sites on the right. Notice that two of these binding sites are missing in the
R633Stop mutation (ATLD1)

53BP1 is a large protein that acts as a molecular platform for the recruitment of other DNA damage
response proteins to the sites of DNA damage. 53BP1 inhibits both the initiation and the extent of
resection and is therefore important for the choice between NHEJ and homologous recombination
and preventing over resection during homologous recombination (15-17). 53BP1 recruitment to
DNA double strand breaks depends on its C-terminal region, which contains an oligomerization
domain, a Tudor domain that binds methylated histone 4, a UDR motif which recognizes DNA-
damage specific ubiquitination of histone 2AX and a putative nuclear localization signal.
Interestingly, 53BP1 recruitment to the DNA damage is inhibited during mitosis while there is

normal recruitment of more upstream DNA repair proteins such as MDC1.
Aims

The aim of this thesis was to increase our understating of the regulation of DNA damage response.
In the main part of the thesis we investigated why MRN complex becomes unstable in ATLD1
patients. In addition we explored the processes that regulate localisation of DNA repair protein
53BP1 to the nucleus and to the site of the DNA damage.



Methods

Cell culture

Transfections

SsiIRNA/DNA damaging treatments
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Expression and purification of recombinant proteins
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In vitro assays: kinase, phosphatase and acetylation assays

Results and discussion

We show that the stability and function of the MRN complex is regulated by the R2TP chaperone
complex. The R2TP complex is important for assembly and/or quality control of large protein
complexes and its absence leads to their instability (18). R2TP complex recognizes its substrate by
a phospho-specific PIH-N domain, contained in R2TP complex subunit PIH1D1 (19). We
uncovered that the R2TP complex binds two phosphorylated acidic motifs within the C-terminus of
MRE11 via its PIH-N domain. The acidic motif missing in ATLD1 patients (see figure 1)
containing serine 688 and 689 was found to be the most important for the observed interaction
between MRE11 and PIH1D1, with an additional smaller contribution of the acidic site containing
phosphorylated serine 558 and serine 561. We have identified CK2 as the kinase phosphorylating
serine 688 and 689 and showed that long-term depletion of PIH1D1 decreases the stability of MRN
complex components. Moreover, mutation of MRE11 serine 688/689 to alanine also led to
decreased stability of MRE11. In accordance with the lower levels of MRN complex after PIH1D1
depletion, we observed defects in two processes regulated by MRN complex: repair of DNA double
strand breaks and removal of TOPOII adducts after etoposide poisoning.

We conclude that the R2TP complex is important for MRN complex stability and function and that
MRN complex instability in ATLD1 patients can be for the first time explained by reduced
interaction of MRE11with the R2TP complex.



Furthermore, we explored the regulation of localisation of DNA repair protein 53BP1 to the
nucleus and DNA damage site. We discovered that 53BP1 binds to importin a and that aal666-
1686 of 53BP1 harbour a classical bipartite nuclear localization signal, which is solely sufficient for
nuclear import. Since mass spectrometry screens reported several post-translational modifications
of 53BP1 aal666-1686, we explored potential regulatory mechanisms of the nuclear import of
53BP1. We discovered that serine 1678, which is reported to be phosphorylated in mitosis by mass
spectrometry screens, is phosphorylated by cyclinB-CDK1 in vitro. We found that phospho-
mimicking mutation of this site strongly decreases the interaction with the importins and leads to
decreased nuclear localisation of 53BP1. Therefore, we propose that serine 1678 needs to be rapidly
dephosphorylated at mitotic exit to allow efficient transport of 53BP1 to the nucleus. In addition,
we tested the effect of acetylation of lysine 1667 by mutating this site and we found that even very
mild alterations of this site severely decreases the nuclear localisation of 53BP1.

Finally we addressed the question why the recruitment of 53BP1 is repressed during mitosis. We
found that phosphorylation of 53BP1 is increased in mitosis and the phosphorylation depends on
PLK1 and CDKZ1 activity, kinases highly active during the mitosis. We showed that PLK1
phosphorylates 53BP1 in vivo on serine 1618 and that CDK1 can phosphorylate T1609 and S1678.
S1618 and T1609 are located within the UDR domain of 53BP1, which is important for the binding
to ubiquitinated histones. 53BP1 with threonine 1609 and serine 1678 substituted by the phospho-
mimicking aspartic acid leads to decreased binding to ubiquitin and reduced 53BP1 recruitment to
the sites of DNA damage in G1 cells. Similarly, inhibition of PLK1 and therefore reduction of
serine 1618 phosphorylation in mitosis, increases the repair capability of mitotic cells although not
completely. Restoration of 53BP1 localization in mitosis leads to hypersensitivity to irradiation in

mitosis and genomic instability caused by telomere fusions (20, 21).



Conclusions

In this thesis we determined a CK2 mediated interaction between the MRN and R2TP complex and
we showed that the R2TP complex is important for MRN complex stability and MRN-mediated
repair. We determined the nuclear localization signal of 53BP1 and we identified specific
posttranslational modifications that can regulate 53BP1 localisation. Furthermore, we found that
CDK1 and PLK1 mediated phosphorylation of 53BP1 UDR domain inhibits the recruitment of
53BP1 to sites of DNA damage. This work therefore brought new insights into the function and
regulation of the highly important DNA damage repair factors MRN complex and 53BP1.



Uvod

Poskozeni DNA aktivuje v buiikach soubor signalnich drah, jejichz hlavnim Ukolem je odhalit
poskozenou DNA, zastavit bunéény cyklus a opravit poskozenou DNA, a tudiz chranit stabilitu
poSkozeni DNA - jediny neopraveny dvouvlaknovy zlom muze vést k bunétné smrti nebo k
soucasné ztrat¢ mnoha genl, zatimco jeho nedokonald oprava mize vést ke ztraté genetické

informace nebo k fizi chromozom (2).

Dvouvlaknové zlomy mohou byt opraveny dvéma hlavnimi zpisoby - homologni rekombinaci a
nehomolognim spojenim konctt DNA. Nehomologni spojeni konci DNA obvykle vede k malym
delecim v misté¢ zlomu (3), zatimco homologni rekombinace je bezchybnd, protoze k opravé
vyuziva pritomnost sesterské chromatidy. Homologni rekombinace je tudiz omezend na S a G2 fazi
bunééného cyklu, kdy je sesterska chromatida ptitomna. Komplex MRN rozeznava dvouvlaknové
zlomy v DNA a vytvaii kratkeé Gseky jednovliaknové DNA na obou koncich dvouvlaknového
zlomu. Ty jsou nasledné prodluzeny resekci zprostifedkovanou nukledzami EXO1 a DNA2 (4, 5).
Na jednovlaknové tseky se pozdgji navaze rekombindza RADS51, kterd katalyzuje rekombinaci
mezi nové vytvoienou jednovlaknovou DNA a sesterskou chromatidou (6). Homologni
rekombinace c¢asto vede k tvorbé Hollidayovy struktury mezi obéma sesterskymi chromatidami,
kter4 je nutna enzymaticky rozvolnit (7, 8). Komplex MRN zaroven pomé&ha zacistit konce
poskozené DNA béhem nehomologniho spojeni koncti DNA.

Komplex MRN aktivuje kinazy ATR, ATM a DNA-PK (9-11), které fosforyluji stovky substrati,
jez reguluji vazbu opravnych proteint (jako naptiklad 53BP1) na poSkozenou DNA a které zastavi
bunéény cyklus. Pacienti s dédiénym syndromem ataxie-telangiectasie (ATLD) maji mutovany
protein MRE11 (viz obrazek 1). Tento syndrom je provazeny neurodegeneraci, ¢astéjsim vyskytem
rakoviny a zvySenou citlivosti bunék pacientti na radioterapii. Pacienti s ATLD podtyp 1 (ATLD1)
exprimuji zkraceny MRE11 (R633STOP) a maji nizkou celkovou hladinu komplexu MRN. Pfi¢ina

této nizké hladiny neni znama (12-14).

53BP1 zprostiedkuje vazbu dalSich opravnych proteinti do blizkosti poSkozené DNA. 53BP1
inhibuje jak iniciaci, tak rozsah resekce konci DNA, a proto je jednim z proteint uréujicich jestli
bude dvouvlaknovy zlom opraven homologni rekombinaci nebo nehomolognim spojenim konct
DNA (15-17). Vazba 53BP1 do mista poskozené DNA zavisi na jeho C-konci, ktery obsahuje
oligomeriza¢ni doménu, doménu Tudor, ktera vaze methylovany histon 4, motiv UDR, ktery

rozpoznava specifickou ubikvitinaci histonu 2AX a ptedpokladany jaderny lokaliza¢ni signal. Je



zajimave, Ze vazba 53BP1 na poSkozenou DNA je inhibovana béhem mitdzy, zatimco ostatni
proteiny, které umoznuji vazbu 53BP1 na poSkozenou DNA (napiiklad MDC1), se béhem mitozy

na poskozenou DNA Vazi.
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Obr. 1. ATLD mutace v MRE11. Znazornéno je usporadani domén v MRE11. N-konec obsahuje
nukledzovou doménu a je dulezity pro interakci s NBSI1. Stfedni a C-koncova ¢ast MRE11
obsahuje dvé rizné DNA vazebné domény a motiv bohaty na glycin a arginin (GAR doména).
ATLD mutace jsou zobrazeny vlevo. Vpravo jsou zobrazeny kyselé oblasti, které by mohly
fungovat jako vazebna mista pro PIHID1. Dvé z téchto vazebnych mist chybi v R633Stop mutaci
(ATLD1)

Cile

Cilem této prace bylo prohloubit nasi znalost o regulaci procesu vedoucich k rozeznani a opraveé
poskozené DNA. V hlavni ¢asti této prace jsme zkoumali, pro¢ je komplex MRN nestabilni v
burikach pacientt se syndromem ATLD1. Déle jsme prozkoumali jak je fizena lokalizace proteinu
53BP1 v jadie a jeho vazba do mista poSkozené DNA.

Metody

Kultivace bunécnych kultur

Transfekce

Regulace exprese genti pomoci siRNA

Ovlivnéni signalnich drah DNA poskozeni pomoci chemickych latek ¢i iradiace
Molekularni klonovani

Exprese a purifikace rekombinantnich protein
Pratokova cytometrie

Imunofluorescence a mikroskopickéa analyza
Western blot

Proximity ligation assay

Imunoprecipitace

Pull down

In vitro eseje: kinazovy, fosfatazovy a acetylacni esej



Vysledky a diskuse

Ukazali jsme, Ze stabilita a funkce komplexu MRN je regulovana Saperonovym komplexem R2TP.
Komplex R2TP je dtlezity pro sestavovani nebo kontrolu kvality velkych proteinovych komplext a
jeho absence vede k jejich nestabilité (18). R2TP komplex rozpoznava svij substrat skrze PIH-N
doménu, ktera se vaze na fosforylovany substrat a ktera je soucasti podjednotky R2TP kompexu
PIH1D1 (19). zjistili jsme, Ze R2TP komplex vaze pomoci PIH-N domény dva fosforylované
kyselé motivy umisténé v C-konci MRE11. Ptitomnost motivu, ktery obsahuje fosforylovany serin
688 a 689 a ktery chybi u pacientd s ATLDI1 (viz obr. 1), je pro vazbu mezi MRE11 a PIH1D1
afinitou. NaSe experimenty prokézaly, Zze seriny 688 a 689 jsou fosforylované CK2 a Ze
dlouhodobe snizeni hladiny PIH1D1 sniZzuje stabilitu podjednotek komplexu MRN. Kromé toho
mutace MRE11 serinu 688 a 689 na alanin také vedla ke sniZeni stability MRE11. Nizka hladina
PIHIDI vede v souladu s piedchozimi pokusy k zdvaddm ve dvou procesech regulovanych
komplexem MRN: opravé dvouvldknovych zlomi DNA a odstranéni kovalentné¢ vazané

topoizomerazy TOPOIIl z DNA, zptisobené inkubaci buné€k s etoposidem.

Zaveérem, R2TP je dilezity pro stabilitu a funkci komplexu MRN a nestabilita komplexu MRN u
pacienti s ATLD1 syndromem je pravdépodobné dusledkem zhorSené vazby mezi MREL1 a

komplexem R2TP.

Déle jsme zkoumali regulaci lokalizace proteinu 53BP1 do jadra a do mista poSkozené DNA.
Zjistili jsme, Ze 53BP1 se vaze na importin a a ze Usek mezi aminokyselinou 1666 aZ 1686 v
53BP1 obsahuje klasicky dvoudilny jaderny lokaliza¢ni signal, slouZici vyluéné pro transport
53BP1 do jadra. ProtoZe vysledky jinych laboratoti ziskané pomoci hmotnostni spektrometrie
uvadéji nékolik posttransla¢nich modifikaci 53BP1 v oblasti aal666-1686, zkoumali jsme jestli tyto
posttranslacni modifikace mohou regulovat jaderny import 53BP1. Zjistili jsme, ze serin 1678,
ktery je pravdépodobné fosforylovany v mitoze, je fosforylovany kinazou CDK1 in vitro. Dale
jsme zjistili, Ze mutace imitujici permanentni fosforylaci tohoto mista silné snizuje interakci s
importinem o a vede ke zhorSené jaderné lokalizaci 53BP1. Kromé toho jsme testovali ucinek
acetylace lysinu 1667. NaSe vysledky ukazuji Ze mutace tohoto mista vyrazné snizuji nuklearni
lokalizaci 53BP1.

Nakonec jsme se zabyvali otazkou, pro¢ se béhem mitozy 53BP1 nevédze na misto poskozené DNA.

Zjistili jsme, Ze fosforylace 53BP1 je zvySena v mitdze a zavisi na aktivit¢ kinaz PLK1 a CDK1,



které jsou vysoce aktivni béhem mitozy. Ukazali jsme, ze PLK1 fosforyluje 53BP1 in vivo na
serinu 1618 a Ze CDK 1 muze fosforylovat threonin 1609 a serin 1678. Serin 1618 a threonin 1609
jsou umistény v doméné UDR, ktera je dalezita pro vazbu 53BP1 na ubiquitinované histony. 53BP1
s threoninem 1609 a serinem 1678 substituovanymi kyselinou asparagovou, kterd mimikuje
permanentni fosforylaci, se vaze huf na ubiquitin a do mist poskozené DNA v buiikach v G1 fazi.
Podobné inhibice PLK1 a tim i sniZeni fosforylace serinu 1618 zvySuje schopnost mitotickych
bunék opravit DNA pomoci nehomologni spojeni konct. Zaroven vede obnova lokalizace 53BP1

do mista poSkozené DNA v mitoze k piecitlivélosti na ozafovani (20, 21).



Zavér

V této préaci jsme objevili interakci mezi komplexem MRN a Saperonovym komplexem R2TP, ktera
je zprostiedkovana CK2. Ukazali jsme, Ze komplex R2TP je dilezity pro stabilitu komplexu MRN
a opravu DNA fizenou komplexem MRN. Nasli jsme jaderny lokaliza¢ni signal 53BP1 a
identifikovali jsme specifické posttranslacni modifikace, které mohou regulovat lokalizaci 53BP1.
Navic jsme zjistili, Ze CDK1 a PLK1 fosforyluji doménu UDR, coz inhibuje vazbu 53BP1 na mista
poskozeni DNA. Tato prace pifinesla nové poznatky o funkci a regulaci zasadné¢ dualezitych
opravnych faktori MRN a 53BP1.
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