CHARLES UNIVERSITY IN PRAGUE

FACULTY OF SCIENCE

Study programme: Biology
Branch of study: Genetics, Molecular Biology and Virology

Jan Benada, B.Sc.

Dynamics of Selected DNA Damage Response
Proteins

Dynamika vybranych proteinti bunééné odpovédi na poskozeni DNA

Master’s Thesis

Supervisor: Zdenék Hodny, M.D., Ph.D.

Prague, 2011


http://www.natur.cuni.cz/faculty-en?set_language=en
mailto:jan.benada@gmail.com

Declaration

I herewith declare that I have produced this paper without the prohib-
ited assistance of third parties and without making use of aids other
than those specified; notions taken over directly or indirectly from
other sources have been identified as such. This paper has not pre-
viously been presented in identical or similar form to any other Czech
or foreign examination board.

The thesis work was conducted from 2009 to 2011 under the supervi-
sion of Zdenék Hodny, M.D., Ph.D. at the Institute of Molecular Genet-
ics, ASCR, v.v.i.

Prohlaseni

Prohlasuji, Ze jsem zavérecnou praci zpracoval samostatné a Ze jsem
uvedl vSechny pouzité informacni zdroje a literaturu. Tato prace ani
jeji podstatna cast nebyla predlozena k ziskani jiného nebo stejného
akademického titulu.

V Praze, 28. 9. 2011 Podpis



Abstract

DNA damage response (DDR) represents a vital signaling network that protects
genome integrity and prevents development of cancer. Therefore the study of
DDR is of a crucial clinical importance and DDR proteins are promising therapeu-
tic targets. Although the great advances have been made mapping out interac-
tions between individual DDR proteins, better understanding of complex behav-
ior of this network is still needed. One approach, which might help us in this
task, is to describe the dynamics of key proteins under different conditions. The
first objective of this study was to investigate whether the temporal dynamics of
selected DDR proteins differ upon different genotoxic insults, particularly upon -
irradiation and UV-C irradiation. We showed that under certain insult some DDR
proteins exhibit a monotone continuous activation pulse, while the activation of
others triggers a series of pulses. We observed a previously described pulsative
dynamics of p53 after v-irradiation in MCF7 cells. Interestingly, we detected a
monotone increase of p53 in U20S after ~-irradiation and similar dynamics upon
UV-C irradiation. We suggest that p53 dynamics depends on the presence or ab-
sence of effective negative feedback loops between the upstream p53-activating
kinases and Wipl phosphatase. In the second part of this work, we focused on
the dynamics and regulation of Wip1 upon genotoxic stress and during the cell
cycle progression. We validated current and developed new tools, including new
expression vectors and stable monoclonal cell lines expressing the Wip1 fusion
proteins. We showed that Wip1 undergoes phosphorylation after UV-C irradiation.
Additionally, we identified a new phosphorylation of Wip1 that occurs exclusively
in mitosis, implicating that Wip1 is distinctly regulated during the cell cycle pro-
gression. Our findings contribute to the knowledge of DDR behavior and will be
followed up in our future studies.

Keywords:
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Abstrakt

Bunécnd odpovéd na poskozeni DNA (DNA damage response) predstavuje kriti-
cky dilezitou signaliza¢ni sit’, kterd ochranuje celistvost genomu a brani vzniku
rakoviny. Studium odpovédi na poskozeni DNA mad tudiz zdsadni klinicky vyz-
nam a proteiny ucastnici se této signalizace jsou slibnymi cili 1é¢iv. Ackoliv byly
dosazeny zna¢né pokroky v popisu interakci jednotlivych proteind této signali-
zace, stale potrebujeme 1épe porozumét komplexnimu chovani celé signalni sité.
Jednim z ptistupt, ktery ndm v tomto mtize pomoci, je popsani dynamiky kli¢o-
vych proteintl této signalizace v riznych podminkdch. Prvnim cilem této prace
bylo popsat ¢asovou dynamiku vybranych proteint odpovédi na poskozeni DNA
po riaznych genotoxickych insultech, konkrétné po y-ozateni a UV-C ozéreni. Uké-
zali jsme, Ze zatimco urcité proteiny jsou aktivovany v jednom spojitém pulzu,
jiné vykazuji aktivaci v sérii pulzii. Na buné¢né linii MCF7 jsme po ~y-ozatreni
pozorovali jiz difive popsané pulzy p53. Nicméneé, na bunéc¢né linii U20S jsme
po y-ozateni detekovali spojity narast hladin p53. Stejnou dynamiku p53 jsme
pozorovali i po UV-C ozdfeni. Navrhujeme, Ze dynamika p53 zavisi na tucin-
ném zapojeni negativni zpétné vazby mezi kindzami aktivujicimi p53 a fosfatdzou
Wipl. V druhé casti této prace jsme se zameérili na studium dynamiky Wipl po
UV-C ozéateni a v priibéhu bunéc¢ného cyklu. Ovérili jsme stavajici a vytvotili nové
nastroje pro studium Wip1; tyto zahrnuji nové expresni vektory a stabilni mono-
klonalni bunécné linie, exprimujici fizni protein Wipl. Ukazali jsme, ze Wipl je
fosforylovana po UV-C ozareni. Ddle jsme identifikovali novou fosforylaci Wip1,
ktera se vyskytuje pouze v mitéze. Toto naznacuje, ze Wipl je béhem mitdzy
odlisné regulovana. NaSe zjisténi prispivaji ke znalostem o chovani buné¢né od-
povédi na poskozeni DNA a budou déle rozvijena v budoucich studiich.

Klicova slova:

Odpoved na poskozeni DNA, Wip1, PPM1D, p53, p21, p38MAPK, buné¢ny cyklus,
¢asova dynamika proteint, UV-C zafeni, v zafeni
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Abbreviations

B-TrCP1
BTrCP-SCF
14-3-3

14-3-3

53BP1

9-1-1

ddH,0
ERBB2
ERBB2

MYC

PPM1D

aa

APAF-1

ASCR

(B-transducin repeat containing; F-box and WD repeats protein 3-TrCP
(B-transducin repeat-containing protein-Skp1-Cullin-F-box

14-3-3 protein family; a large family of signal-transducing adaptor pro-
teins present in wide variety of eukaryotes, phosphoserine and phospho-
threonine binding proteins involved in important cellular processes includ-
ing signal transduction, cell-cycle control, apoptosis, and cellular stress
responses;

14-3-3v protein; protein of the 14-3-3 family; Adapter protein implicated
in the regulation of a large spectrum of both general and specialized sig-
naling pathways

tumor suppressor p53-binding protein 1; enhances p53-mediated activa-
tion, plays a role in the response to DNA damage

Rad9-Rad1-Hus1 complex; cell-cycle checkpoint response complex, plays
a major role in DNA repair

double distilled water
a proto-oncogene that codes for the erbB-2 receptor

avian erythroblastic leukemia viral oncogene homolog 2; encodes a mem-
ber of the epidermal growth factor (EGF) receptor family of receptor tyro-
sine kinases

family of retrovirus-associated DNA sequences (myc) originally isolated
from an avian myelocytomatosis virus

a gene coding for protein of the PP2C family of Ser/Thr protein phos-
phatases; Wip1

rat sarcoma, oncogene, encodes a single-subunit small GTPase
adenine; a purine base; 9H-purin-6-amine
amino acid

apoptotic protease-activating factor 1; oligomeric Apaf-1 mediates the cy-
tochrome c-dependent autocatalytic activation of pro-caspase-9 (Apaf-3),
leading to the activation of caspase-3 and apoptosis

ammonium persulfate; (NH,),S,04

the Academy of Sciences of the Czech Republic



ABBREVIATIONS

ATM

ATM-Chk2-p53
ATM-pS1981
ATM-S1987A

ATP

ATR

ATR-Chk1-p53
ATRIP

BAX

Bcl-2

BER
BRCA1

C
C-teminal

CDC25A

CDC25B

CDC25C

CDK(s)

ataxia telangiectasia mutated; serine-protein kinase; serine/threonine pro-
tein kinase which activates checkpoint signaling upon double strand breaks

ataxia telangiectasia mutated-checkpoint kinase 2-p53
ATM phoshpo-serine-1981

mouse homologue of human ATM with mutated serine 1987 residue to
alanine

adenosine triphosphate; an adenine nucleotide containing three phosphate
groups esterified to the sugar moiety

ataxia telangiectasia and Rad3-related protein; serine/threonine-protein
kinase; serine/threonine protein kinase which activates checkpoint signal-
ing upon genotoxic stresses such as ionizing radiation, ultraviolet light, or
DNA replication stalling, thereby acting as a DNA damage sensor

ataxia telangiectasia and Rad3 related-checkpoint kinase 1-p53

ATR interacting protein; required for checkpoint signaling after DNA dam-
age; required for ATR expression, possibly by stabilizing the protein

apoptosis regulator; accelerates programmed cell death by binding to, and
antagonizing the apoptosis repressor BCL2 or its adenovirus homolog E1B
19k protein

apoptosis regulator; suppresses apoptosis in a variety of cell systems in-
cluding factor-dependent lymphohematopoietic and neural cells

base excision repair

breast cancer type 1 susceptibility protein; E3 ubiquitin-protein ligase that
specifically mediates the formation of 'lysine-6’-linked polyubiquitin chains
and plays a central role in DNA repair by facilitating cellular responses to
DNA damage

cytosine; a pyrimidine base; 4-aminopyrimidin-2(1H)-one
end of the protein (peptide) terminated by a free carboxyl group

M-phase inducer phosphatase 1; functions as a dosage-dependent inducer
of mitotic progression; directly dephosphorylates CDK1 and stimulates its
kinase activity; dephosphorylates CDK2 in complex with cyclin E, in vitro.

M-phase inducer phosphatase 2; tyrosine protein phosphatase, functions
as a dosage-dependent inducer of mitotic progression, directly dephospho-
rylates CDK1 and stimulates its kinase activity

M-phase inducer phosphatase 3; functions as a dosage-dependent inducer
in mitotic control; a tyrosine protein phosphatase; required for progression
of the cell cycle; directly dephosphorylates CDK1 and activate its kinase
activity

mammalian cyclin-dependent kinases; cyclin-dependent kinases (CDKs)
are activated by the binding to a cyclin and mediate the progression through
the cell cycle; each different complex controls a specific transition between
two subsequent phases in the cell cycle



ABBREVIATIONS

cdk5

Chk1

Chk1-pS317
Chk2

Chk2-pT68
CtIP

DAXX

DBSs
DDR
DHb5a
DMEM
DMSO
DNA
DNA-PK

dNTPs

DSB(s)
El

E1A

E2

cyclin-dependent kinase 5; interacts with D1 and D3-type G1 cyclins; can
phosphorylate histone H1, tau, MAP2 and NF-H and NF-M; interacts with
p35

serine/threonine-protein kinase; required for checkpoint mediated cell cy-
cle arrest in response to DNA damage or the presence of unreplicated DNA;
may negatively regulate cell cycle progression during unperturbed cell cy-
cles

Chk1 phospho-serine-317

serine/threonine-protein kinase; regulates cell cycle checkpoints and apop-
tosis in response to DNA damage, particularly to DNA double-strand breaks

Chk2 phospho-threonine-68

CtBP-interacting protein, DNA endonuclease, synonym RBBPS8; endonu-
clease that cooperates with the MRN complex in processing meiotic and
mitotic double-strand breaks by ensuring both resection and intrachromo-
somal association of the broken ends

Asp; aspartic acid

death domain-associated protein 6; acts as an adapter protein in a MDM2-
DAXX-USP7 complex by regulating the RING-finger E3 ligase MDM2 ubiq-
uitination activity

DNA double strand breaks

DNA Damage Response Pathways

Dulbecco’s Modified Eagle’s Medium
dimethyl sulfoxide, (CH;),SO
deoxiribonucleic acid

DNA-dependent protein kinase; serine/threonine-protein kinase; acts as a
molecular sensor for DNA damage; involved in DNA nonhomologous end
joining (NHEJ); required for double-strand break (DSB) repair and V(D)J
recombination

deoxyribonucleotide triphosphates

dot per inch; a measure of spatial printing; indirectly correlate with image
resolution

DNA double-strand break(s)

ubiquitin-activating enzyme; activates ubiquitin by first adenylating its C-
terminal glycine residue with ATP

early E1A 32 kDa protein; has both transforming and trans-activating ac-
tivities; plays a role in viral genome replication by driving entry of quies-
cent cells into the cell cycle

ubiquitin-conjugating enzyme; accepts ubiquitin from the E1 complex and
catalyzes its covalent attachment to other proteins



ABBREVIATIONS

E3

E4F1

EDTA

EGFP

EGTA

ELM

ERK

EYA1l

EYA3

FACS
FAS

FAT

FBS
FHA

FLAG
FRAXA

G1
G2
G418

Gadd45

ubiquitin-protein ligase; accepts ubiquitin from the E1 complex and cat-
alyzes its covalent attachment to other proteins

transcription factor; E3 ubiquitin-protein ligase; may function as a tran-
scriptional repressor

ethylene-diamine-tetraacetic acid; 2,2’,2”,2"”-(Ethane-1,2-diyldinitrilo) tetra-
acetic acid; a chelating agent

enhanced GFP

ethylene glycol tetraacetic acid; ethylene glycol-bis(2-aminoethylether)-
N,N,N’,N’-tetraacetic acid; a chelating agent with higher affinity for cal-
cium ions than for magnesium ions

eukaryotic linear motif; a computational biology resource for investigating
candidate functional sites in eukarytic proteins

extracellular-signal-regulated kinase 1; involved in both the initiation and
regulation of meiosis, mitosis, and postmitotic functions in differentiated
cells by phosphorylating a number of transcription factors such as ELK-1

eyes absent homolog 1 (Drosophila); in human, a tyrosine phosphatase
that specifically dephosphorylates ’tyrosine-142’ of histone H2AX

eyes absent homolog 3 (Drosophila); in human, a tyrosine phosphatase
that specifically dephosphorylates 'tyrosine-142’ of histone H2AX

fluorescence-activated cell sorting

tumor necrosis factor receptor superfamily member 6; receptor for TN-
FSF6/FASLG; adapter molecule FADD recruits caspase-8 to the activated
receptor, resulting death-inducing signaling complex (DISC) performs caspase-
8 proteolytic activation which initiates the subsequent cascade of caspases
(aspartate-specific cysteine proteases) mediating apoptosis

RAP-ATM-TRRAP (FAT) domain; nteracts with ATM’s kinase domain to sta-
bilize the C-terminus region of ATM itself

fetal bovine serum

forkhead-associated; mediates phospho-peptide interactions with proteins
phosphorylated by serine/threonine kinases

DYKDDDDK peptide; extensively used as a general epitope tag

folate-sensitive fragile site originally discovered in patients with X-linked
mental retardation; Fragile X syndrome

guanine; a purine base; 2-amino-1H-purin-6(9H)-one
cell cycle growth phase 1
cell cycle growth phase 2

geneticin sulphate; an aminoglycoside related to Gentamicin and is used
as a selective agent in molecular genetics experiments; is toxic to both
prokaryotic and eukaryotic cells

growth arrest and DNA damage-inducible protein GADD45 alpha; DNA
damage-inducible transcript 1 protein; binds to proliferating cell nuclear
antigen



ABBREVIATIONS

GAPDH

GFP
H2A
H2AX
H4
HAUSP

HEPES

HRP

HTC116

HUS1

IGFBP3

IgG

IMG

IP
JNK

LB

MAPKAP-K2

glyceraldehyde-3-phosphate dehydrogenase; has glyceraldehyde-3-phosphate
dehydrogenase and nitrosylase activities; plays a role in glycolysis and nu-
clear functions

green fluorescent protein

a type of histone; a part of nucleosome core particle

histone that replaces conventional H2A in a subset of nucleosomes
a type of histone; a part of nucleosome core particle

ubiquitin carboxyl-terminal hydrolase; hydrolase that deubiquitinates tar-
get proteins such as FOX04, p53/TP53, MDM2, PTEN and DAXX

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; a zwitterionic organic
chemical buffering agent; one of the twelve Good’s buffers

Horseradish Peroxidase; enzyme used in immunoblotting and immunocy-
tochemistry applications; used as the reporter enzyme for SuperSignal-
Chemiluminescent substrates

human colorectal carcinoma cell line

checkpoint protein; component of the 9-1-1 cell-cycle checkpoint response
complex, plays a major role in DNA repair

insulin-like growth factor-binding protein-3; IGF-binding proteins prolong
the half-life of the IGFs and have been shown to either inhibit or stimulate
the growth promoting effects of the IGFs on cell culture

immunoglobulin G
Institute of Molecular Genetics of the ASCR, v.v.i.
immunoprecipitation

c-Jun Nterminal kinases; responds to activation by environmental stress
and pro-inflammatory cytokines by phosphorylating a number of transcrip-
tion factors, primarily components of AP-1 such as JUN, JDP2 and ATF2
and thus regulates AP-1 transcriptional activity

Lys; an amino acid lysine
Leu; an amino acid leucine

LAP tag; facilitate cell biological analysis and proteomics in higher eukary-
otes; combines the advantages of generating a fluorescent protein fusion
(GFP or mRFP) with flexibility of the tandem affinity purification

Lysogeny broth; Luria broth; a nutritionally rich medium, used for the
growth of bacteria

mitosis

mitogenactivated protein kinases

MAP kinase-activated protein kinase 2; MK2; its physiological substrate
seems to be the small heat shock protein (HSP27/HSP25); in vitro can
phosphorylate glycogen synthase at ’serine-7’ and tyrosine hydroxylase (on

’serine-19’ and ’serine-40’); phosphorylates Ser in the peptide sequence,
Hyd-X-R-X(2)-S, where Hyd is a large hydrophobic residue

10



ABBREVIATIONS

MAPKAP-K2-pS334

MCF7
MDC1

Mdm2

Mdm2-YFP
MdmX

MEFs
MIU

MIUs
MK2
MKK3

MKK4

MKK6

MMSET

MRE11

MRN
mRNA

MAPKAP-K2 phospho-serine-334
human breast adenocarcinoma cell line

mediator of DNA damage checkpoint protein 1; required for checkpoint
mediated cell cycle arrest in response to DNA damage within both the S
phase and G2/M phases of the cell cycle

E3 ubiquitin-protein ligase; mediates ubiquitination of p53/TP53, leading
to its degradation by the proteasome; inhibits p53/TP53- and p73/TP73-
mediated cell cycle arrest and apoptosis by binding its transcriptional ac-
tivation domain. Also acts as an ubiquitin ligase E3 toward itself and
ARRBI1; permits the nuclear export of p53/TP53; promotes proteasome-
dependent ubiquitin-independent degradation of retinoblastoma RB1 pro-
tein; inhibits DAXX-mediated apoptosis by inducing its ubiquitination and
degradation; component of the TRIM28/KAP1-MDM2-p53/TP53 complex
involved in stabilizing p53/TP53; component of the TRIM28/KAP1-ERBB4-
MDM2 complex which links growth factor and DNA damage response
pathways

Mdm2 fused to yellow fluorescent protein (YFP)

murine double minute, an important negative regulator of the p53 tumor
suppressor, homolog Mdm2

murine embryonic fibroblasts

motif interacting with ubiquitin; mediate the interaction with ubiquitin
and the localization at sites of DNA damage

motifs interacting with ubiquitin
MAP kinase-activated protein kinase 2, MAPKAP-K2

dual specificity mitogen-activated protein kinase kinase 3; activated by cy-
tokines and environmental stress in vivo; catalyzes the concomitant phos-
phorylation of a threonine and a tyrosine residue in the MAP kinase p38

dual specificity mitogen-activated protein kinase kinase 4; activates the
JUN kinases MAPKS8 (JNK1), MAPK9 (JNK2), MAPK14 (p38MAPK) but
not MAPK1 (ERK2) or MAPK3 (ERK1)

dual specificity mitogen-activated protein kinase kinase 6; catalyzes the
concomitant phosphorylation of a threonine and a tyrosine residue in MAP
kinase p38 exclusively

probable histone-lysine N-methyltransferase NSD2; probable histone methyl-
transferase; may act as a transcription regulator that binds DNA and sup-
presses IL5 transcription

meiotic recombination 11; double-strand break repair protein; component
of the MRN complex, which plays a central role in double-strand break
(DSB) repair, DNA recombination, maintenance of telomere integrity and
meiosis

heterotrimeric protein complex consisting of Mrel1, Rad50 and Nbs1

messenger ribonucleic acid

11



ABBREVIATIONS

Mytl myelin transcription factor 1; binds to the promoter regions of proteolipid
proteins of the central nervous system

N-terminal end of the protein (peptide) terminated by a free amino group

NBS1 nibrin; cell cycle regulatory protein p95; Nijmegen breakage syndrome
protein 1; component of the MRE11/RAD50/NBN (MRN complex); plays
a critical role in the cellular response to DNA damage and the main-
tenance of chromosome integrity; complex is involved in double-strand
break (DSB) repair, DNA recombination, maintenance of telomere integrity,
cell cycle checkpoint control and meiosis

Nek11 serine/threonine-protein kinase Nek11; never in mitosis A-related kinase
11; possible role in S-phase checkpoint mechanism

NEM N-ethylmaleimide; 1-ethylpyrrole-2,5-dione; a small compound that forms
stable, covalent thioether bonds with sulfhydryls, enabling them to be per-
manently blocked to prevent disulfide bond formation

NF-«<B nuclear factor of « light polypeptide gene enhancer in B-cells 1; a pleiotropic
transcription factor which is present in almost all cell types

NIH-3T3 mouse embryonic fibroblasts cell line

NLS nuclear localization signal; an amino acid sequence tagging a protein for
import into the cell nucleus

NOXA phorbol-12-myristate-13-acetate-induced protein 1; promotes activation
of caspases and apoptosis; promotes mitochondrial membrane changes
and efflux of apoptogenic proteins from the mitochondria; contributes to
p53/TP53-dependent apoptosis after radiation exposure; promotes pro-
teasomal degradation of MCL1; competes with BAK1 for binding to MCL1
and can displace BAK1 from its binding site on MCL1 By similarity; com-
petes with BIM/BCL2L11 for binding to MCL1 and can displace BIM/BCL2L11
from its binding site on MCL1

ple/NKA cyclin-dependent kinase inhibitor 2A; a negative regulator of the prolifer-

ation of normal cells by interacting strongly with CDK4 and CDK6

p19AR~ cyclin-dependent kinase inhibitor 2A isoform 3; capable of inducing cell
cycle arrest in G1 and G2 phases

p21 cyclin-dependent kinase inhibitor 1; CDK-interacting protein 1; may be
the important intermediate by which p53/TP53 mediates its role as an
inhibitor of cellular proliferation in response to DNA damage; binds to
and inhibits cyclin-dependent kinase activity, preventing phosphorylation
of critical cyclin-dependent kinase substrates and blocking cell cycle pro-
gression

p300 histone acetyltransferase p300; regulates transcription via chromatin re-
modeling; acetylates all four core histones in nucleosomes

p38MAPK mitogen-activated protein kinase 14; mitogen-activated protein kinase p38
alpha; responds to activation by environmental stress, pro-inflammatory
cytokines and lipopolysaccharide (LPS) by phosphorylating a number of
transcription factors (ELK1, ATF2) and several downstream kinases (MAP-
KAPK2 and MAPKAPKS5)

12



ABBREVIATIONS

p38MAPK-MAPKAP-K2 p38 mitogen-activated protein kinasemitogen- activated protein kinase-
activated protein kinase-2

p38MAPK-pT180p/pY182 p38MAPK phospho-treonine-180 and phospho-tyrosine-182

p53 cellular tumor antigen; acts as a tumor suppressor in many tumor types;
induces growth arrest or apoptosis depending on the physiological circum-
stances and cell type; involved in cell cycle regulation as a trans-activator
that acts to negatively regulate cell division by controlling a set of genes
required for this process

p53-CFP p53 fused to cyan fluorescent protein (CFP)
p53pS15 p53 phospho-serine-15
p65 human transcription factor 65; nuclear factor NF-xB p65 subunit; a pleiotropic

transcription factor, present in almost all cell types,involved in many bi-
ological processed such as inflammation, immunity, differentiation, cell
growth, tumorigenesis and apoptosis

PARN poly(A)-specific ribonuclease; 3’-exoribonuclease that has a preference for
poly(A) tails of mRNAs, thereby efficiently degrading poly(A) tails

PARP poly ADP ribose polymerase
PBS phosphate buffered saline; commonly used biological buffer
PCAF histone acetyltransferase KAT2B; functions as a histone acetyltransferase

(HAT) to promote transcriptional activation

PCNA proliferating cell nuclear antigen; an auxiliary protein of DNA polymerase
delta, involved in the control of eukaryotic DNA replication

PCR Polymerase Chain Reaction

PIKK phosphoinositide three-kinase-related kinase; a family of kinases includes
ATM (ataxia-telangiectasia mutated), ATR (ATM- and Rad3-related), DNA-
PKcs (DNA-dependent protein kinase catalytic subunit), mTOR (mam-
malian target of rapamycin), and SMG1 (suppressor with morphological
effect on genitalia family member)

Plk-1 polo-like kinase 1; serine/threonine-protein kinase Plk-1; performs several
important functions throughout M phase of the cell cycle, including the
regulation of centrosome maturation and spindle assembly, the removal
of cohesins from chromosome arms, the inactivation of APC/C inhibitors,
and the regulation of mitotic exit and cytokinesis

PP1 serine/threonine protein phosphatase 1

PP2 serine/threonine protein phosphatase 2

PP2A serine/threonine-protein phosphatase 2A

PP2C serine/threonine-protein phosphatase 2C

PP5 serine/threonine-protein phosphatase 5; may play a role in the regula-

tion of RNA biogenesis and/or mitosis; in vitro dephosphorylates serine
residues of skeletal muscle phosphorylase and histone H1

pSQ/pTQ ATM/R phosphorylable serine or threonine residues with glutamine (Q) at
the +1 position; the so-called SQ/TQ motif

13



ABBREVIATIONS

PTEN

pTXpY
PUMA

qPCT
qRT-PCR

RAD1

Rad17-RFC

RAD50

Rad50

RAD9

RAPS80

RHINO

RING
RNF168

RNF8

RO3066
ROS
RPA

phosphatidylinositol-3,4,5-trisphosphate 3-phosphatase and dual-specificity
protein phosphatase; tumor suppressor, acts as a dual-specificity protein

phosphatase, dephosphorylating tyrosine-, serine- and threonine-phosphorylated

proteins
phosphorylation motif, e.g. in active loop of p38MAPK

JFY-1; Bcl-2-binding component 3; essential mediator of p53-dependent
and p53-independent apoptosis

Real-Time quantitative Polymerase Chain Reaction

Real Time quantitative Reverse Transcription Polynucleoide Chain Reac-
tion

cell cycle checkpoint protein; component of the 9-1-1 cell-cycle checkpoint
response complex, plays a major role in DNA repair

Rad17-replication factor C; component of the 9-1-1 cell-cycle checkpoint
response complex that plays a major role in DNA repair

DNA repair protein; component of the MRN complex, which plays a cen-
tral role in double-strand break (DSB) repair, DNA recombination, main-
tenance of telomere integrity and meiosis

DNA repair protein; component of the MRN complex, which plays a cen-
tral role in double-strand break (DSB) repair, DNA recombination, main-
tenance of telomere integrity and meiosis

cell cycle checkpoint control protein RAD9A; component of the 9-1-1 cell-
cycle checkpoint response complex that plays a major role in DNA repair

receptor-associated protein 80; an acidic nuclear protein of 719 amino
acids that contains two Cys-X2-Cys-X11-His-X3-Cys zinc finger-like motifs
and two ubiquitin interacting motifs (UIMs) at its amino terminus.

Rad9, Rad1, Husl interacting nuclear orphan
Really Interesting New Gene; protein structural domain of zinc finger type

E3 ubiquitin-protein ligase; RING finger protein 168; E3 ubiquitin-protein
ligase required for accumulation of repair proteins to sites of DNA damage

E3 ubiquitin-protein ligase; required for assembly of repair proteins to
sites of DNA damage; catalyzes the "lysine-63’-linked ubiquitination of his-
tone H2A and H2AX; following DNA double-strand breaks (DSBs), it is re-
cruited to the sites of damage by ATM-phosphorylated MDC1, mediates the
ubiquitination of histones H2A and H2AX, thereby promoting the forma-
tion of TP53BP1 and BRCA1 ionizing radiation-induced foci (IRIF); pro-
motes the formation of ’lysine-63’-linked polyubiquitin chains and func-
tions with the specific ubiquitin-conjugating UBE2N/UBC13

CDK1 inhibitor
reactive oxygen species; chemically-reactive molecules containing oxygen

replication protein A; required for DNA recombination, repair and repli-
cation; its activity is mediated by single-stranded DNA binding and pro-
tein interactions; required for the efficient recruitment of the DNA double-
strand break repair factor RAD51 to chromatin in response to DNA damage
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ABBREVIATIONS

RT-PCR

S

S-protein

SCF

SDS

SDS-PAGE
siRNA

ssDNA
ssDNA-RPA

SYBRGreen

TAO

TAP

TEMED

TEV-protease

TIAR

TIFF

Tip60

TopBP1

Reverse Transcription Polymerase Chain Reaction
cell cycle synthetic phase

a product of the limited digestion of ribonuclease A by subtilisin (residues
21-124); used in affinity chromatography and sodium dodecyl sulfate-
polyacrylamide gel electrophoresis

ubiquitin ligase; SCF(S8-TrCP) ubiquitin ligase, SKP1 Cullin Ubiquitin Lig-
ase, Cullin-F-box protein

sodium dodecyl sulfate; sodium lauryl sulfate; NaC,,H,;SO,; an anionic
surfactant-detergent

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis

small interfering RNA; double-stranded RNA, about 21 nucleotides long,
with 3’ overhangs (2 nucleotides) at each end; is used to interfere with
the translation of proteins by binding to and promoting the degradation
of messenger RNA at specific sequences

single stranded DNA

single-stranded DNA-binding protein replication protein A; essential for
both DNA replication and recombination

SYBRGreen 1; N’,N’-dimethyl-N-[4-[ (E)-(3-methyl-1,3-benzothiazol-2-ylidene)

methyl]-1-phenylquinolin-1-ium-2-yl]-N-propylpropane-1,3-diamine; a cya-
nine dye used as a nucleic acid stain in molecular biology

Thr; an amino acid threonine
thymine,a pyrimidine base; 5-Methylpyrimidine-2,4(1H,3H)-dione

thousand and one amino acid kinases; kinases family that mediate activa-
tion of p38MAPK in response to DNA damage

tandem affinity purification, a general procedure of protein complex pu-
rification

tetramethylethylenediamine; N,N,N’,N’-tetramethylethane-1,2-diamine; an
essential catalyst for polyacrylamide gel polymerization

tobacco etch virus protease; used to cleave affinity tags from recombinant
proteins

nucleolysin; TIA-1-related protein; RNA-binding protein; possesses nucle-
olytic activity against cytotoxic lymphocyte target cells; may be involved
in apoptosis

Tagged Image File Format; a lossless raster file format for digital images;
standard graphics format for high color depth and b/w graphics

histone acetyltransferase KAT5; catalytic subunit of the NuA4 histone acetyl-
transferase complex which is involved in transcriptional activation of se-
lect genes principally by acetylation of nucleosomal histones H4 and H2A

DNA topoisomerase 2-binding protein 1; required for DNA replication;

plays a role in the rescue of stalled replication forks and checkpoint con-

trol; binds double-stranded DNA breaks and nicks as well as single-stranded
DNA
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ABBREVIATIONS

Tris

Triton-X-100

Tween20

U20S

U20S-D7
U20S-GFP-Wip1
UBC1

UBC13

UNG2

UV-B
UV-C
V(D)J

WB

Weel

Wipl

WSTF
Y
Z-VAD-FMK

tris(hydroxymethyl)aminomethane; 2-Amino-2-hydroxymethyl-propane-1,3-
diol; a component of buffer solutions

polyethylene glycol p-(1,1,3,3-tetramethylbutyl)-phenyl ether; a nonionic
surfactant-detergent

polyoxyethylene (20) sorbitan monolaurate; a common detergent used in
biology, in cell lysis and membrane protein solubilisation

human osteosarcoma cell line
monoclonal cell line derived from U20S
monoclonal cell line derived from U20S

ubiquitin-conjugating enzyme; catalyzes the covalent attachment of ubig-
uitin to other proteins

ubiquitin-conjugating enzyme E2 13; accepts the ubiquitin from the E1
complex and catalyzes its covalent attachment to other proteins; involved
in the formation of multiubiquitin chains; signals the protein for selective
degradation

uracil-DNA glycosylase 2; removes uracil near replication forks and in non-
replicating DNA

ultraviolet, electromagnetic radiation subtype A, 315 - 400 nm
ultraviolet, electromagnetic radiation subtype B, 280 - 315 nm
ultraviolet, electromagnetic radiation subtype C, 100 - 280 nm

Variable, Diverse, and Joining gene segments of vertebrates; a type of
somatic recombination

western blot; used for identification proteins with specific antibodies that
were separated by gel electrophoresis

Weel-like protein kinase; acts as a negative regulator of entry into mitosis
(G2 to M transition) by protecting the nucleus from cytoplasmically acti-
vated cyclin B1-complexed CDK1 before the onset of mitosis by mediating
phosphorylation of CDK1 on ’tyrosine-15’

wild-type p53-induced phosphatase 1; required for the relief of p53-dependent
checkpoint mediated cell cycle arrest

Williams—Beuren syndrome transcription factor
Tyr; an amino acid tyrosine

carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]- fluoromethylketone; cas-
pase Inhibitor

Definitions of terms were taken from following databases: |[UniProt (2011); NCBI| (2011)); thesig-
nalinggateway| (2011) and [Reference.MD) (2011)
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Introduction

DNA damage response (DDR) represents a vitally important signaling network
that protects genome integrity. On one hand, deficiency in the DDR leads to
an increased genomic instability and possibly to cancer development. On the
other hand, DNA damage targeted in genetically unstable cancerous cells repre-
sents underlying mechanism of most cancer treatments, such as radiotherapy and
chemotherapy. Yet due to limited selectivity of these therapies, the DNA damage
occurring in healthy cells is also a culprit of most undesired side effects of cancer
treatment. Therefore, the study of cellular response to DNA damage is of poten-
tial clinical importance. With increased understanding of molecular mechanisms
of DNA damage response, we might hope for developing the targeted drugs that
would effectively eradicate tumor cells, while sparing healthy ones. From aca-
demic point of view, the DNA damage response represents an intriguing model of
cellular signaling network. The interconnected network of DNA damage response
is able to react to quantitatively and qualitatively diverse stimuli, integrate them
with actual state of the cell and choose the most convenient output from plethora
of variants. The unraveling of control mechanisms in DNA damage response net-
work would greatly improve our understanding of cell decision making in general.

Great advances have been made by mapping interactions between the individ-
ual proteins and describing the architecture of DNA damage response network.
Nevertheless, we are still facing the challenge to understand how network struc-

ture determines the functional behavior of DNA damage response and what the
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decisive network nodules in response to particular stresses are. One approach
which might help to understand this complex regulation is to describe the dynam-
ics of key proteins after different genotoxic insults.

Galit Lahav’s group demonstrated that v-irradiation triggers a series of discrete
undamped p53 pulses. These pulses exhibit fixed amplitude, which do not increase
with irradiation dose. On the other hand, the number of pulses positively corre-
lated with the irradiation dose. This implies that p53 response to ~y-irradiation
behaves in a "digital" rather than "analog" way. It was suggested that this remark-
able dynamics of p53 may have a decisive role for cell fate, e.g. whether the
cell will trigger apoptotic response or whether will stay arrested at the cell cycle
checkpoint. The negative feedback loop between p53 and Mdm2 (murine double
minute 2) ubiquitin ligase has been suggested as a main controller responsible
for the generation of p53 pulses. Later, the negative feedback between the ATM
(ataxia telangiectasia mutated) kinase and p53-inducible phosphatase Wip1 (wild-
type p53-induced phosphatase 1) has been shown to be essential for maintenance
of the pulses uniformity.

To explore the possibility that such dynamics is elicited not exclusively after -
irradiation-induced double-strand breaks, we decided to investigate the temporal
dynamics of DNA damage response to different insults, particularly to the UV-C
irradiation. This type of genotoxic insult for was chosen for two reasons. Firstly,
the UV light induces exposure of single-stranded DNA, which leads to activation
of the ATR-Chk1-p53 pathway (ataxia telangiectasia and Rad3 related-checkpoint
kinase 1- p53 pathway) as opposed to double-strand breaks that trigger mainly the
ATM-Chk2-p53 pathway (ataxia telangiectasia mutated-checkpoint kinase 2-p53
pathway). Thus we were interested whether this different circuitry will provide
the same p53 dynamics or not. Secondly, using UV-C irradiation we were able to
deliver the damaging insult at one particular moment, contrary to the continuous
damage caused by prolonged treatment by chemical drugs. This was important
since we investigated the dynamics at cell population level and we thus needed to
strike all cells simultaneously. Although we had in mind the limitations of studying
the protein dynamics at population level, western blotting was method of choice

since it enabled us to investigate several proteins in one experiment and, even
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more importantly, it also allowed us to look for posttranslation modifications.

In the next part of our work we focused on Wip1l phosphatase. Wipl phos-
phatase is induced in p53-dependent manner and in turn negatively regulates
DNA damage response at most of its levels, most prominently counteracting the
activation of p53. We examined Wipl dynamics and regulation upon DNA dam-
age and also through cell cycle progression. We were particularly interested in its
regulation by posttranslational modifications, since this issue represents currently
unmapped ground. The understanding of Wip1 regulation will provide additional
insight to field of DNA damage response. With respect to the fact that Wipl can
act as an oncoprotein, this has also important clinical significance. For the purpose
of studying the Wip1l regulation, we validated current and developed new tools,

including stable monoclonal cell lines expressing Wip1 fusion proteins.
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2

Aims of the thesis

1. To validate current and to develop novel tools for study of Wipl dynamics
and regulation. This includes the preparation of stable monoclonal U20S
cell lines expressing fluorescent tagged Wipl and cloning of new expression

vectors.

2. To describe dynamics of selected key DNA damage response proteins upon

~-irradiation and UV-C irradiation.

3. To investigate dynamics and regulation of Wip1 during the cell cycle pro-

gression.
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3

Literature review

3.1 DNA damage response

Cells constantly face numerous endogenous and exogenous genotoxic insults. The
insults affecting the DNAs sugar-phosphate backbone represent the most serious
form of DNA damage since they directly affect the chromosomal stability and thus
disrupt the genomic integrity. As maintenance of genomic integrity is crucial for
survival at both cellular and organism level, eukaryota have evolved specialized
mechanisms to cope with genotoxic stress. This sophisticated network of sensing
and executive molecules is termed DNA damage response.

The initiation of DNA damage response depends on members of phosphoinosi-
tide 3-kinase-like kinase (PIKK) family, which includes ATR (ataxia telangiecta-
sia and Rad3 related), ATM (ataxia telangiectasia mutated) and DNA-PK kinases
(DNA-dependent protein kinase, (Yang et al., [2003). In general, DNA damage re-
sponse can be divided into two main branches. DNA double strand breaks trigger
mainly ATM-Chk2-p53 (ataxia telangiectasia mutated-checkpoint kinase 2-p53)
pathway, while single-stranded lesions activate ATR-Chk1-p53 (ataxia telangiec-
tasia and Rad3 related-checkpoint kinase 1-p53) pathway. Yet this view is very
simplified and there are possible crosstalks between these pathways. Both path-
way, although consisting of different proteins, share a similar structure of signal
transmission (Figure [3.1)). Firstly, a site of damage is detected by DNA damage

sensors, which in turn recruit upstream kinases ATM and ATR. Recruitment and
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3.1 DNA damage response
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Figure 3.1: The structure of signal transmission in DNA damage response
cascades - note that only selected representatives are depicted on most levels of
cascade, concept is discussed in the text above, in greater detail then described in
following chapters; (loosely based on diagrams from (Bartek and Lukas, 2003;
\Campisi and d’Adda di Fagagna, 2007; |d’Adda di Fagagna), | 2008))
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activation of upstream kinases is potentiated by several mediator proteins, which
often act in positive feedback loops (Chapters 3.1.1.2 and 3.1.2.2). Activated
upstream kinases then pass on the signal to diffusible effector kinases Chk2 and
Chk1, which subsequently spread the signal to their numerous targets (Bartek and
Lukas, |2007) (Chapter 3.1.3). DNA-PK kinase is triggered also by DNA double
strand breaks and except its role in initiation of DNA damage response, it is par-
ticularly important for DNA repair through non-homologous end-joining (Burma
et al., 2006)).

Except canonical DNA damage response mentioned above, DNA damage can
induce also more general stress response pathway of MAP kinases (mitogen-activated
protein kinases), including ERK (extracellular-signal-regulated kinase), JNK (c-
Jun N-terminal kinase) and p38MAPK-MAPKAP-K2 (p38 mitogen-activated protein
kinase mitogen- activated protein kinase-activated protein kinase-2) pathway. The
p38MAPK-MAPKAP- K2 pathway was recently reported to be involved in check-
point control (Reinhardt et al., 2010). The exact mechanism which couples acti-
vation of this pathway and DNA damage still remains unclear. Possibly, different
genotoxic insults differ in the way how they activate p38MAPK-MAPKAP-K2 path-
way (Reinhardt and Yaffe, 2009) (Chapter 3.2).

In most cases, DNA damage response (DDR) and stress response pathways
lead to activation of cell cycle checkpoints. For the rapid arrest of cell cycle, it
is crucial to inactivate CDC25 phosphatases. CDC25 phosphatases are able to re-
move inhibitory phosphorylations on CDK-cyclin complexes. Therefore, without
active CDC25 phosphatases, CDKs cannot be fully activated and cell cycle progres-
sion is stopped (Bartek and Lukas, 2007); (Chapter 3.1.3). Both DDR pathways
and p38MAPK-MAPKAP-K2 pathways converge to deactivate CDC25 phosphatases
(Reinhardt and Yaffe, 2009) (Chapter 3.1.3 and 3.2). In addition, these pathways
activate p53 tumor suppressor. One of the p53 transcriptional targets, p21"AF/Cip!
(hereafter referred to as p21), further sustains the cell cycle arrest by inhibition of
CDKs-cyclins complexes (Meek, |2009); (Chapter 3.1.3).

The cell cycle checkpoints prevent proliferation of cells with damaged DNA.
These cells are prone to genomic instability and thus at increased risk of malig-

nant transformation. During this proliferative arrest, the cells are given time to
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repair the damaged DNA. DNA repair is tightly coupled with DDR signaling and
recruitment of many repair factors directly depends on activation of DDR cas-
cades. If DNA lesions are repaired, cells are then able to recover from checkpoint
and re-entry the cell cycle (Bartek and Lukas, |2007).

How cells attenuate checkpoint signaling is not completely clear. Multiple
lines of evidence suggest an important role for Wip1 phosphatase (wild-type p53-
induced phosphatase 1) in checkpoint recovery (Chapter 3.5.2). Wip1 phosphatase
is induced in p53 dependent manner and dephosphorylates many of the compo-
nents of activated DDR and inhibits through the negative feedback DDR signaling
on most of its levels (Medema and Macurek, 2011) (Chapters 3.5.2). Interestingly,
it is the regulation through negative feedbacks that most probably give rise to sus-
tained pulsative dynamics in activation of particular DNA damage response pro-
teins (p53 most prominently) upon v-irradiation (Batchelor et al., 2009) (Chapters
3.6).

However, in case of unrepairable damage, the DNA damage response can trig-
ger apoptotic pathway. Alternatively, persistent activation of DNA damage re-
sponse can result in permanent cell cycle arrest termed cellular senescence. Both
of these DDR outcomes represent important tumorsuppressive barriers (Bartek
and Lukas, 2007).

3.1.1 DNA double strand breaks activate ATM-Chk2-p53 path-

way
3.1.1.1 The DNA double strand breaks and their causes

DNA double strand breaks (DSBs) represent the most dangerous DNA lesions since
they directly disrupt the structural stability of chromosomes. Broken chromosomes
are prone to chromosomal rearrangements, which may eventually lead to malig-
nant transformation and cancer development. DBSs can be caused by oxidative
stress, ionizing radiation, such as v-irradiation, radiomimetic drugs, such as etopo-
side (Hande, 1998) or doxorubicin (Schwartz, 1975) and even by bacterial toxins,
such as cytolethal distending toxins (Blazkova et al., [2010).

It is estimated that during mitochondrial oxidative phosphorylation around
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one percent of inhaled oxygen is converted into reactive oxygen species (ROS) of
total amount more than 3 x 10° ROS per person every hour (Lieber and Karan-
jawala, [2004)). Hence, oxidative stress represents the most common insult to cel-
lular molecules. Oxidation of DNA sugar-phosphate backbone directly gives rise to
DNA breaks, mainly to single-strand nicks, yet in lesser extent also to DSBs. Single
strand nicks, if unrepaired, can be transformed to DSBs during DNA replication
(Lieber and Karanjawala, |2004). In addition, certain chemicals, such a hydrogen
peroxide (Konat, 2003) or bacterial antibiotics bleomycin (Ackland et al., |1988)
and its analogue phleomycin D1 (Robles et al., 1999) can further contribute to
ROS production and oxidative damage.

Ionizing radiation is capable of ionizing the molecules of matter through which
it propagates and this can result in a breakage of chemical bonds. Thus, ionizing
radiation can cause DSBs when passing through chromatin. The standard unit
used to measure absorbed dose of ionizing radiation is the gray (Gy), defined ab-
sorption of one joule of ionizing radiation by one kilogram of matter. The exposure
to ionizing radiation from both natural and manmade sources is commonly very
low. Nevertheless, in case of exceptionally exposed groups such as underground
miners of uraniferous coal deposits or atomic bomb survivors the ionizing radia-
tion stochastic effects were connected to cancer development (reviewed by [Little
(2003). On the other hand, the capacity of ionizing radiation to induce DSBs is
employed in radiotherapeutic cancer treatments, since induction of DSBs can lead
to apoptosis or stress-induced senescence of cancer cells (Suzuki and Boothman,
2008).

Radiomimetic drugs etoposide and doxorubicin (also called adriamycin) cause
DSBs through inhibition of topoisomerase II (Hande, 1998)). Topoisomerase II is
able to transiently cut both strands of DNA and allows the DNA strands to pass
through each other and unwind or unknot tangled DNA. Finally, it again religates
both strands. Inhibiton of the religation step by etoposide and doxorubicin and
similar drugs leads to induction of DSBs (reviewed by Chikamori et al.| (2010).

Furthermore, DSBs naturally occur during strictly orchestrated physiological
processes such as V(D)J recombination, class switch recombination (reviewed by

Tsai and Lieber (2010) and meiotic recombination (Longhese et al., 2009).
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3.1.1.2 Initiation of ATM-Chk2-p53 pathway

Cellular response to DSBs is mainly controlled by ATM kinase (Figure [3.2). Firstly,
DBS is recognized by MRN complex, composed of MRE11 (meiotic recombination
11), Rad50 and NBS1 (Nijmegen breakage syndrome) subunits (Grenon et al.,
2001; Nelms et al., 1998). NBS1 can subsequently recruit ATM kinase to the site
of the break (Lee and Paull, 2004). In unstressed cells, ATM is present in form of
homodimers with the kinase domain tightly bound to FAT domain, which prevents
its activity (Bakkenist and Kastan, 2003)). According to observations of Bakkenist
and Kastan| (2003) that extensive amount of ATM can be rapidly activated even
by few DSBs, it seems that its activation is not dependent on its binding to foci
of damage. It has been suggested that the initiating activatory stimulus may be
induced by chromatin alterations spreading in long range from DSBs, yet the ex-
act mechanism remains to be clarified (Bakkenist and Kastan, 2003). The ATM
homodimers undergo autophoshorylation on serine 1981 (S1981) within the FAT
domain. This leads to the dissociation of ATM into active monomers (Bakkenist
and Kastan, 2003). Even though this phosphorylation is thought to be directly
linked to ATM activation, it has been shown that, at least in mice, it is not essential
for activation of ATM-dependent response. Pellegrini et al.| (2006) demonstrated
that the non-phoshorylatable S1981A ATM mutant was still able to dissociate into
active monomers.

Protein phosphatase 5 (PP5) has indispensable role for ATM activation, since
its deficiency leads to the abrogation of ATM-mediated cell cycle arrest (Ali et al.,
2004; Yong et al., 2007). However, its direct action on ATM remains unknown.
Speculatively, PP5 may eliminate putative inhibitory phosphates from ATM and
therefore promotes its activation (Ali et al., 2004). Cyclin dependent kinase 5
(cdk5) phosphorylates ATM on serine 794. It has been suggested that this phos-
phorylation precedes, and is required for, ATM autophosphorylation at S1981
(Tian et al., 2009).

Parallel to S1981 phosphorylation, ATM is acetylated on lysine 3016 by Tip60
acetyltransferase (Sun et al., 2007, 2005). Tip60 is targeted to the site of damage
by MRN complex. At the site of break, Tip60 interacts with trimethylated histone
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DNA double-strand break

Figure 3.2: DNA double strand breaks initiate the ATM-Chk2-p53 pathway - The
molecular mechanisms are described in text above. Figure is based on articles cited
in the text above.

H3, which greatly increases its catalytic activity (Sun et al., 2009). Importantly, the
expression of a dominant negative mutant of Tip60 (Ikura et al., 2000), as well as
depletion of Tip60 by siRNA (Jiang et al., [ 2006), resulted in the inhibition of ATM
dependent signaling. Lavin and Kozlov| (2007) proposed that acetylation of lysine
3016 functionally precedes and is required for ATM S1981 autophosphorylation
and activation.

Activated ATM phosphorylates histone variant H2AX on serine 139 (Burma
et al.,[2001). In absence of DNA damage, H2AX is phosphorylated on tyrosine 142
by WSTF (Williams-Beuren syndrome transcription factor; (Xiao et al., 2009)).
This phosphorylation must be removed by Eyal/3 phosphatases prior to ATM de-
pendent serine 139 phosphorylation can occur (Cook et al., |2009). H2AX phos-
phorylated on serine 139, also termed, YH2AX, is commonly used as DNA damage
marker (Mah et al., [2010). vH2AX attracts adaptor protein MDC1 (mediator of
DNA damage checkpoint protein 1; (Stommel and Wahl, 2004), which in turn
binds NBS1 (Melander et al., 2008). This results in further accumulation of MRN
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complexes at the site of DNA damage. Subsequently, more MRN complexes recruit
more ATM, which phosphorylate more H2AX. Hence a positive feedback loop is
set up to amplify the signal.

Phosphorylated MDC1 is also recognized by E3 ubiquitin ligase RNF8 (RING
finger protein 8). In cooperation with E2 conjugating enzyme UBC13 (Ubiquitin-
conjugating enzyme E2 13), RNF8 ubiquitinates histone variants H2A and H2AX
(Mailand et al., [2007). Notably, UBC13 catalyzes the ubiquitination of lysines
63. Lysine 63-linked ubiquitination does not trigger proteasomal degradation as
opposed to canonical lysine 48-linked polyubiquitination (Thrower et al., [2000),
but rather serves as platforms for proteins containing so called motifs interact-
ing with ubiquitin (MIUs). Otherwise from differential lysine linkage, the lysine
63-linked ubiquitination share the same canonical sequence of events leading to
ubiquitination of targeted protein. Firstly, ubiquitin activating enzyme E1 acti-
vates the ubiquitin in ATPdependent manner. This involves the transient forma-
tion of ubiquitin-adenylate intermediate. Subsequently, ubiquitin is transferred
onto cysteine residue in active site of E1, with simultaneous release of adenosine
monophosphate. In the second step, the activated ubiquitin is transferred from E1
to cysteine of active site of ubiquitinconjugating enzyme E2 through the transester-
ification reaction. Finally, the E3 ubiquitin-protein ligase catalyzes the formation
of isopeptide bond between ubiquitin and targeted protein or another ubiquitin
(Hershko et al., [1983). Notably, the E3 ubiquitin-protein ligase determines the
specifity of ubiquitination to the targeted protein. Lysine 63-linked monoubiquiti-
nation of histone serves as a docking site for another E3 ubiquitin ligase RNF168
(RING finger protein 168). RNF168, again in cooperation with UBC13, further
increases Lys63-linked ubiquitination of chromatin in the vicinity of DSBs (Doil
et al., 2009). This modification of chromatin is essential for recruitment of DNA
damage mediator protein 53BP1 (p53-binding protein 1) and DNA repair factor
BRCA1 (breast cancer type 1 susceptibility protein; (Doil et al., [2009)).

Even though BRCA1 itself does not contain any MIUs, it is able to associate with
ubiquitinated chromatin through interaction with its adaptor proteins Abraxas and
RAP80, as RAP80 provides MIUs for the whole complex (Wang et al., 2007). The

mechanism of BRCA1 accumulation demonstrates the tight connection of DDR
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with DNA repair. As DNA repair lies beyond the scope of this diploma thesis we
refer to the review of [Kass and Jasin| (2010) for further details.

Although 53PB1 recruitment to DNA damage foci is also dependent on RNF8
and RNF168 (Doil et al., 2009), 53BP1 itself does not interact with ubiquitinated
Lys63 or any adaptor mediating this interaction. Based on observations that 53PB1
binds to methylated lysine 20 residue on histone H4 (Botuyan et al., 2006; Sanders
et al., 2004), it has been proposed that ubiquitination of nearby chromatin might
be needed to expose this methylated motif on histones (Bekker-Jensen and Mai-
land, 2011). Recently, it was described that histone methyltransferase MMSET,
which is responsible for H4 methylation, is recruited to DNA damage foci through
binding to MDC1 (Pei et al., |2011)). 53BP1 also amplifies ATM activation by facili-
tating the direct interaction between MRN and ATM (Lee et al., 2010).

Finally, fully active ATM phosphorylates Chk2 kinase on threonine 86 (T86,
(Ahn et al., 2000). This phosphorylation triggers sequence of Chk2 autophos-
phorylation events on threonine 383 and threonine 387, within the Chk2 activa-
tion loop and additionally on serine 516. All these modifications result in acti-
vation of Chk2. The autophosphorylation of Chk2 can also happen, both in cis
and in trans, proposing that oligomerization of Chk2 may promote its activation
(Schwarz et al.l, 2003)). Activated Chk2 then passes the signal downstream to its
targets. Importantly, ATM can also directly phosphorylate p53 on serine 15 (S15),
which contributes to its stabilization and activation after DNA damage (Canman
et al., (1998; Khanna et al., 1998). ATM and Chk2 are not essential for cell viabil-
ity, however their deficiency results in severe hereditary disorders. The deficiency
in ATM causes neurodegenerative disease, known as ataxia telangiectasia. Ataxia
telangiectasia patients suffer from difficulty with control of movement, immunod-
eficiency and are hypersensitive to DNA damaging agents (reviewed in Ball and
Xiao| (2005). The deficiency in Chk2 partially mimics the loss of p53 function
and is responsible for development of Li-Fraumeni-like syndrome. Similarly to
Li-Fraumeni syndrome, this deficiency is also demonstrated by increased risk of

development of wide range of malignancies at early age (Bell et al.,|{1999).
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3.1.2 Single-stranded DNA lesions trigger ATR-Chk1-p53 path-

way
3.1.2.1 Occurrence and causes of single-stranded DNA lesions

The most harmful environmental agent that causes single-stranded DNA (ssDNA)
lesions is ultraviolet (UV) radiation. The UV-light induces cross-linking between
consecutive pyrimidine bases, which leads to exposure of single-stranded DNA.
This can happen in two ways. Firstly, UV-induced lessions cause distortions in the
DNA helix, which interfere with progession of transcription (Donahue et al.,|1994)
and replication machinery (Batista et al., 2006), revealing the ssDNA. Secondly,
the ssDNA is also exposed during the repair of UV-induced lessions through the
nucleotide excision repair (O’Driscoll et al., [2003)).

The UV light spectrum emitted by the Sun can be divided based on its wave-
length into three main categories: UV-C (100-280 nm), UV-B (280-315nm) and
UV-A (315-400nm) according to ISO 21348 Definitions of Solar Irradiance Spec-
tral Categories; 2007. Even though the ozone layer absorbs the most hazardous
UV-C, the residual UV-A and UV-B can induce in direct sunlight over 100 000 DNA
lesions per exposed cell per hour (Jackson and Bartek, |2009).

The DNA single-strand regions are also naturally exposed during DNA replica-
tion. Progression of the replication fork itself represents a hazardous event to DNA
integrity. Moreover, several pathological conditions may interfere with replication
progression. These conditions that lead to halt or collapse of DNA replication
forks are broadly referred to as replicative stress. Replicative stress can be caused
by depletion of deoxynucleotide pool, e.g. by inhibition of ribonucleotide reduc-
tase by hydroxyurea (Krakoff et al., 1968) or by folate deficiency (Duthie and
Hawdon, 1998)). DNA binding agents, such as actinomycin D (Hou et al., |2002)
or distamycin A (Luck et al., |1977), block proper progression of replication fork.
In addition, activation of oncogenes has been described to results in increased
replicative stress (Bartkova et al., [2005; |Gorgoulis et al., 2005]).

Interestingly, distribution of lesions caused by replicative stress is not random.
Spots in genome, preferentially prone to replicative stress are termed chromoso-

mal fragile sites (Durkin et al., [2008; Magenis et al., [1970)); for extensive review
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see Durkin and Glover (2007). Based on their incidence proportion, chromosomal
fragile sites can be divided into two groups. Common fragile sites can be found
in every individual, whereas rare fragile sites occur with incidence less than 5%
and are frequently associated with certain human disorders. Comprehensive sum-
mary of known fragile sites in human genome can be found in Lukusa and Fryns
(2008). Probably the best characterized example is represented by the FRAXA site
which is causally linked to the development of Fragile X syndrome, one of the most
frequent hereditary causes of mental retardation in men (Verkerk et al.,|1991).

The mechanism of chromosomal fragile sites susceptibility to replicative stress
is not known. Nevertheless, chromosomal fragile sites contain in common repeti-
tive sequences (Kremer et al., [1991; Yu et al., 1997), which have been described
to form secondary structures. These secondary structures possibly further hinder
replication fork progression and thus potentiate effects of replication stress (Gacy
et al., 1995; Zlotorynski et al., 2003).

3.1.2.2 Initiation of the ATR-Chk1-p53 pathway

The ATR-Chk1-p53 pathway is primary activated by single-stranded DNA lesions
(Figure [3.3). Single-stranded DNA (ssDNA) is immediately and constantly coated
by replication protein A (RPA) to prevent forming of secondary structures and to
protect DNA integrity (Wold, 1997). RPA directly binds ATRIP, the ATR interacting
partner (Zou and Elledge, 2003). As ATR and ATRIP are constitutively bound
in complex (Cortez et al., 2001), this results in ATR localization to ssDNA lesions.
Although ATRIP-RPA interaction is believed to be the crucial step in ATR activation,
splice variant of ATRIP, which is not able to bind RPA, had been reported to still
support ATR activation (Ball et al., 2005).

To fully activate the ATR-Chk1-p53 pathway, ATR requires interaction with its
activator TopBP1 (topoisomerase II-binding protein 1, (Kumagai et al., 2006) and
adaptor protein Claspin (Kumagai and Dunphy, 2003). TopBP1 is recruited to the
site of lesion by PCNA-related 9-1-1 complex, consisting of RAD9, RAD1 and HUS1
(Delacroix et al., | 2007; Lee et al., 2007). 9-1-1 complex is loaded onto ssDNA-RPA
by a clamp loader RAD17-RFC (Rad17-replication factor C, (Zou et al., |2002).
Recently, a novel protein, called RHINO (Rad9, Radl, Husl interacting nuclear
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orphan), was identified as an ATR activator. RHINO independently binds both
9-1-1 complex and TopBP1, possibly acting as a scaffold that facilitates TopBP1
recruitment (Cotta-Ramusino et al., 2011). TopBP1 directly associates with ATR
in ATRIP-dependent manner and greatly potentiates its kinase activity (Kumagai
et al., 2006). Contrary to ATM, ATR does not undergo autophosphorylation upon
its activation.

Moreover, MDC1 was recently described to interact with YH2AX on chromatin
flanking the ssDNA region. MDC1 can bind TopBP1 and further enhance its accu-
mulation at site of the lesion (Wang et al.,[2011). As H2AX can be phosphorylated
by ATR (Ward and Chen, 2001)), MDC1 thus sets up a positive feedback loop to
amplify the activation of ATR. This situation is similar to the role of MDC1 at
doublestrand breaks foci.

The recruitment of RNF8 and UBC13 was observed also in case of UV-irradiation
induced lesions; however it seems that this event acts downstream of nucleotide
excision repair. On the contrary in response to DSBs, the RNF8 and UBC13 are
recruited before initiation of DNA repair (Huen et al., 2007; Mailand et al.,|2007).

In addition to 9-1-1 complex, RAD17 also recruits Claspin to the proximity of
ATR (Wang et al., 2006). Subsequently, Claspin undergoes ATR-dependent phos-
phorylation within its Chk1 interacting domain. Modified in this way, Claspin can
in turn mediate interaction between ATR and Chkl (Jeong et al., 2003; Kumagai
and Dunphy, |2003), enabling ATR to phosphorylate pSQ/pTQ motifs in Chkl C-
terminal regulatory domain. Among phosphorylated pSQ/pTQ motifs, the phos-
phorylation of serine 345 is thought to be indispensable for activation of Chkl
(Liu et al., [2000). In addition to ATR phosphorylation, Chk1l undergoes autophos-
phorylation, which further enhances its activity. Finally, the fully activated Chk1l
dissociates from chromatin (Liu et al., 2000). Similarly to ATM, ATR can directly
phosphorylate p53 on S15 (Lakin et al., 1999).

Notably, ATR was described to phosphorylate ATM on S1981, suggesting that
ATR-Chk1-p53 pathway can be activated also upon UV-C irradiation or replicative
stress (Stiff et al., [2006). Similarly, the ATR-Chk1-p53 pathway can be activated,
to lesser extent, by DSBs. Mrell of MRN complex in cooperation with CtIP en-

donuclease is able to generate stretches of ssDNA at the site of DSB. These single
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stranded regions can in turn lead to activation of the ATR-Chk1-p53 pathway. The
activation of ATR-Chk1- p53 pathway by DSBs seems to be restricted to S and G2
cell cycle phases and to be depended on CDK kinase activity (Jazayeri et al., 2006;
Sartori et al., |2007)).

single-stranded DNA
lesion

Figure 3.3: Single-stranded DNA lesions initiate the ATR-Chk1-p53 pathway -
The molecular mechanisms are described in text above. Figure is based on articles
cited in the text above.

3.1.3 DNA damage response activates the cell cycle checkpoints

Cellular proliferation is organized into series of phases, namely - G1 (growth
phase 1), S (synthetic phase, during which DNA replication occurs), G2 (growth
phase 2) and M-phase (consisting of mitosis, during which nuclear division hap-
pens and cytokinesis, during which cell division happens), collectively termed the
cell cycle (Figure [3.4). Progression through the cell cycle is controlled by com-
plexes of CDK kinases and their cofactors, cyclins. While levels of CDKs remain
constant, levels of cyclins oscillate during the cell cycle. This restricts the function
of the CDK-cyclin complexes only to particular cell cycle phase. In addition, activ-

ity of CDKs is regulated by phosphorylation on threonine 14 and tyrosine 15. The
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Weel and Myt1 kinases are able to phosphorylate these sites and thus inhibit the
CDKs, whereas the CDC25 phosphatases remove the inhibitory phoshorylations
and therefore contribute to CDK activation (Perry and Kornbluth, 2007).

G2/M s S
checkpoint

e CDK1-cyclin A/B

CDK2-cyclin A -
L CDK4/6-cyclin D
i A G1
ntra-s - checkpoint
checkpoint

— CDK2-cyclin E

Figure 3.4: Cell cycle progression is controlled by CDK-cyclin complexes - activity
of major CDK-cyclins is denoted; DNA damage triggers cell cycle checkpoints in G1, S
and on G2/M transition. Adapted with modifications from |[Lodish et al.| (1995)

The DNA damage can lead to genomic instability and consequently to mitotic
catastrophe or to malignant transformation of the cell. Therefore it is mostly de-
sired to stop the proliferation of cells with damaged DNA and, if possible, to repair
the damage before the cells can continue their progress through the cell cycle. The
DNA damage signaling converges to stop the cell cycle progression through the se-
ries of actions, called the cell cycle checkpoints. Cell cycle checkpoints can be
divided into G1, intra-S, and G2/M checkpoints, according to the phase which
they affect (Figure [3.4). Generally, the DDR firstly targets CDC25 phosphatases
and Weel kinase (Figure 3.5). The activation or deactivation of these regulatory
molecules is executed very quickly through the posttranslation modifications, thus
the cell cycle arrest can be established very promptly. Secondly, DDR triggers the
transcription of p21, which acts as an inhibitor of CDKs (Figure [3.5). This hap-
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pens lately in p53-dependent manner. The role of p53 is particularly important
for the maintenance of checkpoints. Aside from induction of p21, p53 contributes
to the G2/M checkpoint maintenance also through transcriptional repression of
genes, that are indispensable for checkpoint recovery - cyclin B and Plk-1, Polo-
like kinase 1 (Ikura et al., [2000; McKenzie et al., 2010). Regulation of p53 will be
discussed in separate Chapter 3.3.

As described above, DNA damage leads to activation of checkpoint kinases
Chkl and Chk2. Active Chkl autophosphorylates itself on serine 296. Upon
this phosphorylation it can be recognized by 14-3-3v, which mediates its inter-
action with CDC25A (Kasahara et al., 2010). Consequently, Chkl phosphory-
lates CDC25A on serine 76. Moreover, Chkl phosphorylates and thus activates
Nek11l (Never in mitosis gene A-related kinase 11). Nekl1 further contribute
to CDC25A phosphorylation (Melixetian et al., [2009). Phosphorylated CDC25A
is then recognized by STrCP-SCF (S-transducin repeat-containing protein-Skp1-
Cullin-F-box) ubiquitin ligase complex and targeted to proteasomal degradation
(Busino et al., 2003} Jin et al., 2003). CDC25B and CDC25C are phosphorylated
in Chk1-dependent manner on serine 323 (Forrest and Gabrielli, 2001)) and serine
216, respectively (Peng et al.,|1997;; |Sanchez et al., 1997). Both phosphatases are
in turn recognized by 14-3-3 proteins. Binding of 14-3-3 to the CDC25B blocks it
catalytic site and thus inhibits its activity (Forrest and Gabrielli, 2001). CDC25C
interaction with 14-3-3 results in its sequestration into cytoplasm, which prevents
its actions toward nuclear CDKs (Graves et al., 2001). Additionally, Chk1 also
phosphorylates Weel kinase, which potentiates its negative regulatory activity to-
ward CDKs (O’Connell et al., (1997).

Chk2 is able to phosphorylate CDC25A/B/C in the same manner as Chk1, sug-
gesting that their roles in checkpoint activation are mostly overlapping (Bartek
and Lukas, |2003). Nevertheless, they are not mutually interchangeable. Chk1 is
indispensable for the regulation of CDC25A basal turnover during non-stressed S
phase progression. Balanced CDC25A activity is needed to restrain the prolifera-
tive activity of CDK2- cyclin E within physiological range (Sgrensen et al., | 2003).
The overexpression of CDC25A leads to unscheduled DNA replication, premature

mitotic entry and consequent cell death (Molinari et al., 2000). The physiological
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DNA double-strand break single-stranded DNA

Figure 3.5: DNA damage response activates the cell cycle checkpoint - The
effector kinases Chk2 and Chk1 cooperate with ATM and ATR in downstream DDR
signal transduction. Together, they promote establishment of cell cycle checkpoint by
inhibiting CDC25 phosphatases and activating the Weel kinase and p53. Figure is
based on articles cited in the text above.
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3.2 p38MAPK-MAPKAP-K2 pathway contributes to the activation of cell cycle
checkpoint

importance of Chk1 is well reflected in Chk1 knockout mice, which exhibits peri-
implantation embryonic lethality (Liu et al., |2000). In contrast, Chk2 knockout
mice are viable and do not exhibit excessive tumor development, unless they are
exposed to carcinogens (Hirao et al.,|2002; Takai et al.,|2002). Upon ~v-irradiadion,
Chk2 knockout mice showed increased radioresistance, which was attributed par-
ticularly to defective apoptotic response. Notably, Chk2 role in checkpoint activa-
tions seems to be at least under certain conditions redundant. Jack et al. (2002),
demonstrated that Chk2-/- mouse embryo fibroblasts (MEFs) were able to fully
activate the G1 arrest in response to v-irradiation. On the contrary, p53-mediated
apoptosis was abrogated in these cells. This suggests that Chk2 represent a key
p53 activator in apoptotic response to DSBs. In addition to the ATR-Chkl and
ATM-Chk2 pathways, the p38MAPKMAPKAPK- 2 pathway has been recently de-
scribed to contribute to the checkpoint activation and maintenance (Bulavin et al.,
2001; Manke et al., [2005; Reinhardt et al., 2010).

3.2 p38MAPK-MAPKAP-K2 pathway contributes to the

activation of cell cycle checkpoint

The p38MAPK-MAPKAP-K2 pathway responds to a wide range of extrinsic and
intrinsic stresses, including DNA damaging insults like UV and ~v-irradiation, ox-
idative stress, osmotic stress, heat shock and inflammatory cytokines. As actions of
P38MAPK are excessively pleiotropic, we stay focused solely on their contribution
to the activation of cell cycle checkpoints. For p38MAPK roles in cellular differen-
tiation, inflammation and cell migration we recommend a review of (Cuenda and
Rousseaul (2007)).

In mammals, there are four p38MAPK isoforms described — p38a, p38/5 , p38y
and p38¢. Isoforms « and [ give rise to two additional splice variants. p38« iso-
form is ubiquitously expressed, whereas p38/ is expressed mostly in brain and
heart and p38~ in skeletal muscles, lung, kidney, gut and endocrine organs (Rein-
hardt and Yaffe|, 2009).

The exact mechanism, which couples activation of the p38MAPK-MAPKAP-K2
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pathway and DNA damage, is not completely clear. It seems that different insults
can activate this pathway in different ways (Figure [3.6). The MKK3 and MKK®6 ki-
nases are considered as main activators of p38MAPK in response to osmotic stress,
inflammatory cytokines and UV-irradiation (Brancho et al., 2003} [Enslen et al.,
1998). Additionally, in response to UV-irradiation, p38MAPK can be activated
also by MKK4 kinase (Brancho et al., |2003). TAO kinase has been shown to ac-
tivate p38MAPK in response to v and UV irradiation and hydroxyurea treatment.
Interestingly, TAOs actions were reported to be dependent on ATM/ATR activity
(Raman et al., |2007). All these upstream kinases activate the p38MAPK through
its dual phosphorylation on pTXpY motif in its active loop. While phosphorylation
of threonine 180 (T180) is indispensable for p38MAPK catalytic function, phos-
phorylated tyrosine 182 (Y182) is necessary for its autoactivation and substrate
recognition (Askari et al., 2009).

p38MAPK« is associated in complex with MAPKAP-K2 kinase (ter Haar et al.,
2007; White et al., 2007)), also known as MK2. MAPKAP-K2 is activated directly by
MAPKp38a-dependent phosphorylation on threonine 222, serine 272, and threo-
nine 334 (Ben-Levy et al., 1995). Whether other p38MAPK isoforms associate with
MAPKAP-K2, is not elucidated. Activated complex of p38MAPK« (hereafter re-
ferred to as p38MAPK) and MAPKAP-K2 contributes to establishment of the check-
point in two ways. Firstly, MAPKAP-K2 phosphorylates CDC25B/C phosphatases
(Lemaire et al., 2006; Manke et al., [2005; Uchida et al., 2011). Phosphorylated
CDC25 phosphatases are consequently recognized by 14-3-3 proteins and pre-
vented from activating CDK kinases, as described in previous chapter. Secondly,
p38 phoshorylates p53 on Ser15 (Kim et al., [2002), Ser33 (Sanchez-Prieto et al.,
2000) and Ser46 (Bulavin et al., [1999) and thus promotes its activation. Hence
P38MAPK-MAPKAP-K2 promotes checkpoint activation in very similar manner to
Chk2 and Chk2 kinase (Figure[3.6). It is crucial that these pathways contribute to
checkpoint activation in different extent dependent upon primary stress stimulus
and are not mutually substitutable.

The p38MAPK-MAPKAP-K2 pathway has been proposed to be indispensable
particularly for effective cellular stress response and cell cycle checkpoint acti-

vation upon UV-irradiation (Bulavin et al., 2001; Manke et al., 2005). It was
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demonstrated that inhibition of p38MAPK by its specific inhibitor SB202190 or
by antisense nucleotides resulted in cell cycle checkpoint abrogation after UV-
irradiation (Bulavin et al., 2001). Importantly, activation p38MAPK-MAPKAP-K2
upon UV irradiation does not depend on ATR-Chk1 signaling, or vice versa. Hence
it suggests that these pathway act in parallel way in cellular response to UV irra-
diation. On the contrary, response of the p38MAPK-MAPKAP-K2 pathway to ra-
diomimetic drugs such as cisplatin, camptothecin and doxorubicin was described
to be ATM/ATR dependent, since without active ATM/ATR the p38MAPK-MAPKAP-
K2 pathway was not triggered (Reinhardt et al., 2007).
The findings of Reinhardt et al.| (2010) further imply that the p38MAPK-MAPKAP-

K2 pathway is crucial particularly for prolonged maintenance of checkpoint. The
activated complex of p38MAPK-MAPKAP-K2 can translocate to the cytoplasm. Af-
terward, the MAPKAP-K2 phosphorylates RNA-binding protein hnRNPAO, which
leads to stabilization of Gadd45«a (Growth Arrest and DNA Damage 45 o) mRNA.
Additionally, MAPKAP-K2 also phosphorylates PARN (Poly(A)-specific ribonucle-
ase) that blocks Gadd45a mRNA degradation. p38MAPK contributes to Gadd45«
upregulation via phosphorylation and consequent releases of the translational in-
hibitor TIAR (TIA-1-related protein). Consequently, Gadd45« interacts with p38
and notably potentiates p38-mediated MK2 activation. Hence, p38-MAPKAP-K2-
Gadd45« circuit acts in double-positive feedback loop, which promotes mainte-

nance of checkpoint.
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Figure 3.6: p38MAPK-MAPKAP-K2 pathway - Various stresses activate the
p38MAPK-MAPKAP-K2 pathway, which in turn contributes to cell cycle checkpoint
establishment by inhibiting CDC25 phosphatases and activating p53. Figure is based
on articles cited in the text above.
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3.3 p53 - the integrative hub of stress signaling

p53 transcription factor, often denoted as the guardian of genome or cellular gate-
keeper, represents a crucial integrative hub of stress signaling. All previously de-
scribed stress signaling pathways converge at some points to the activation of p53.
The transcriptional targets of p53 are mostly pleiotropic and hence the outcomes
of p53 signaling greatly vary. p53 can trigger transcription of p21, which serves
as an inhibitor of CDK-cyclin complexes and thus contributes to establishment of
the cell cycle checkpoint (el Deiry et al., |[1993; Harper et al., 1993). Although
the p53 is not essential for the checkpoint activation, its function is indispens-
able for the long-term checkpoint maintenance (Bunz et al., [1998). In addition
to p21 induction, p53 facilitates the checkpoint maintenance also by repression of
mitotic inducers, such as cyclin B and Plk1 (Polo-like kinase 1; (Imbriano et al.,
2005; McKenzie et al., 2010). In presence of persisting stress signaling, p5S3 can
even mediate an establishment of permanent cell cycle arrest, termed as cellular
senescence (Gorbunova et al., 2002; Leonardo et al., 1994; von Zglinicki et al.,
2005). Alternatively, excessive stress signaling can lead to induction of apoptosis
through pro-apoptotic p53 targets such a Fas, BAX, PUMA, NOXA, and APAF-1.
In addition, p53 also represses antiapoptotic genes, e.g. Bcl-2, PTEN, IGF-BP3
(thoroughly reviewed by Vousden and Lu 2002). Despite the intensive research
in this field it is still not clear how cells choose the appropriate response from
plethora of variants. Nevertheless in all cases, the p53-mediated response repre-
sents a crucial tumor-suppressive barrier. This significance of p53 functions is well
demonstrated by the fact that p53 is the most frequently mutated gene in human
cancer (reviewed by |Goh et al.| (2011). In addition, p53+/- heterozygotes suffer
from condition, termed as Li-Fraumeni syndrome, characterized by increased risk
for development of wide range of malignancies at early age (reviewed by Malkin
(2011).

3.3.1 Regulation of p53 turnover and its stabilization upon stress

Under unstressed conditions, the p53 half-life is very short and p53 does not
accumulate at high levels (Maltzman and Czyzyk, [1984). The p53 turnover is
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regulated mainly by Mdm2 E3 ubiquitin ligase (Fang et al., 2000; Honda et al.,
1997; Momand et al.,|1992). Since Mdm2 is a transcriptional target of p53, these
two proteins operate together in a negative feedback loop (Barak et al., [1993).
p53 activates Mdm?2 transcription and Mdm2 in turn targets p53 to proteasomal
degradation, keeping the p53-Mdm2 circuit in balance. Additionally, p53 tran-
scription activity is negatively regulated by MdmX. Recently it was demonstrated
that MdmX potentiates also actions of Mdm2 (Wang et al., |2011). Interestingly,
Mdm2 can also ubiquitinylate also itself and MdmX (de Graaf et al., 2003} [Fang
et al.,|2000; Pan and Chen, 2003). Which of the Mdm?2 actions will prevail is con-
trolled by HAUSP (herpesvirus-associated ubiquitinspecific protease) and DAXX
(death domain-associated protein). In the absence of stress signaling, DAXX medi-
ates formation of complex consisting of HAUSP, Mdm2 and MdmX and thus directs
HAUSP deubiquitination activity toward mentioned negative p53 regulators. On
the contrary, when stress signaling is triggered, phosphorylation mediated by up-
stream DDR kinases leads to disruption of HAUSP-DAXX-Mdm2-MdmX complex,
which promotes Mdm2 self-ubiquitination (Meulmeester et al., 2005} Stommel
and Wahl, |2004; Tang et al.,|2006). Surprisingly, it seems that at least under some
stress conditions, the DAXX can potentiate p53 actions, particularly the activation
of apoptotic response (Li et al., [ 2007)).

In addition to promoting Mdm2 degradation, the stress signaling contributes
to p53 stabilization also through disruption of p53 and Mdm2 interaction. In un-
stressed conditions p53 and Mdm2 interact via their N-termini. While upon stress,
the p53 N-terminus undergoes several phosphorylation events, which interfere
with Mdm2 binding and thus prevents p53 ubiquitination. Most prominent role
among these phosphorylations belongs to the phosphorylation of serine 15 (S15)
that acts as a priming phosphorylation permitting modification of several others
sites, in particular serine 9, serine 20 and serine 46. S15 is phosphorylated upon
DNA damage by ATM (Canman et al., 1998; Khanna et al., [1998), ATR (Lakin
et al., 1999), DNA-PK (Lees-Miller et al., (1992) and p38MAPK (Kim et al., 2002).
In addition, ATR phosphorylates serine 37 (Tibbetts et al., [1999). Effector kinase
Chk2 contributes to N-terminus phosphorylation on threonine 18 and serine 20
(Shieh et al., |2000). Chk1 was described to phosphorylate serine 20 (Shieh et al.,
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2000), while p38 phosphorylates serine 33 (Sanchez-Prieto et al., [2000) and ser-
ine 46 (Bulavin et al., [1999). ATM can also phosphorylate Mdm2 on serine 395,
which inhibits its activity toward p53 (Khosravi et al., [1999; Maya et al., 2001).
For further stabilization, p53 undergoes several CBP/p300-dependent acetylations
within its C-terminus. Since acetylation and ubiquitination are considered mutu-
ally exclusive, acetylations within C-terminus prevent p53 from being targeted to
proteasomal degradation (Gu and Roeder, |1997)). Together, all these modifications
essentially cut off the Mdm2 feedback from p53 and thus enable its stabilization

and accumulation (Figure [3.7)).

unstressed conditions stress signaling

stress 7

=,
D

Figure 3.7: Regulation of p53 turnover and its stabilization upon stress - Under
unstressed conditions, the levels of p53 are kept low mainly by Mdm2 E3 ligase.
Upon stress, the actions of upstream modifiers essentially cut off the Mdm2 feedback
loop from p53 and thus enable its stabilization and accumulation. (figure is based on
Ronail (2006)

3.3.2 p53 post-translational modification can affect its tran-
scriptional specificity

Intriguingly, several post-translational modifications were described to influence
p53 transcriptional specificity. The E4F1 E3 ubiquitin ligase induces lysine 48-
linked oligo-ubiquitination within lysine cluster lysine 319 to lysine 321 of p53.
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As opposed to canonical role of lysine 48-linked ubiquitination, E4F1-dependent
modifications do not target p53 for proteasomal degradation. Unexpectedly, E4F1-
dependent ubiquitination stimulates the recruitment of p53 to the p21 promoter.
On the contrary, it prevents p53 binding to promoters of pro-apoptotic genes, such
as NOXA. In addition, the E4F1- mediated ubiquitination was shown to compete
with acetylation of lysine 320 by PCAF. Interestingly, PCAF overexpression sensi-
tizes cells to apoptosis. Moreover, acetylation of p53 on lysine 120 by Tip60 was
showed to be essential for induction of p53- dependent apoptosis, but expendable
for growth arrest (Tang et al., | 2006). Taken together, it might suggest that balance
between these modifications contributes to the cell decision between cell cycle

arrest and apoptosis (Cam et al., 2006).

3.4 Checkpoint recovery

If DNA damage is successfully repaired, cells need to attenuate the DNA damage
response signaling and terminate the checkpoint. Processes organizing the cell
cycle re-entry, termed the checkpoint recovery, are dependent mostly on actions
of Plk- 1 (Polo-like kinase 1) and Wipl (wild-type p53-induced phosphatase 1;
(Medema and Macurek, |2011). The Plk-1 is activated during checkpoint recov-
ery by the complex of Aurora-A kinase and its cofactor hBora (Macurek et al.|
2008). Active Plk-1 downregulates several key checkpoint mediators - Claspin,
Chk2, Weel and CDC25C. Claspin phosphorylated by Plk-1 is recognized by (-
TrCP1/2-SCF (Skp1-Cullin-F-boxprotein) ubiquitin ligase complex and targeted to
proteasomal degradation (Mamely et al., 2006} [Peschiaroli et al., 2006). The de-
struction of Weel is controlled by Plk-1 in the same manner ((Watanabe et al.,
2004). CDC25C is phosphorylated by Plk-1 in a nuclear export sequence, which
promotes its nuclear localization (Toyoshima-Morimoto et al.,|2002). Importantly,
Plk-1 also downregulates Chk2 by direct phoshorylation within its FHA domain,
which inhibits the catalytic function of Chk2. Most likely, 53BP1 phosphorylated
by Plk-1 and CDK1-cyclin B, serves as scaffold, that brings Plk-1 to the proximity of
Chk2 (van Vugt et al., | 2010). Wip1l phosphatase opposes actions of DDR kinases

and thus negatively regulates DDR on most of its levels, the most prominently
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counteracting the activation of p53. As significant part of this master’s thesis is
dedicated to Wipl phosphatase, it will be discussed in greater detail in the follow-

ing section.

3.5 Wipl phosphatase

Wipl (wild-type p53-induced phosphatase 1, alternatively PP2C delta or PPM1D;
EC 3.1.3.16) was identified in 1997 by [Fiscella et al.| (1997). They demonstrated
that Wipl expression is induced in response to 7-irradiation in a p53-dependent
manner. Additionally, using immunoprecipitation of Wip1 from nuclear and cy-
tosolic cell fractions and indirect immunofluorescence of fusion Wipl-proteins,
they showed that Wip1 is localized exclusively to the cell nucleus. Recent studies

further specified that Wip1 is bound to chromatin (Macurek et al., 2010).

3.5.1 Wipl phosphatase overview

Wipl is a magnesium-dependent serine/threonine phosphatase that belongs to the
protein phosphatase 2C (PPC2) family. Unlike PP1 and PP2A phosphatases, it is
not inhibited by okadaic acid (Fiscella et al., 1997). In human, Wip1 is coded by
PPM1D gene at locus 17g23.2. Three different protein coding transcripts produced
from this locus are annotated. The PPM1D-201 encodes full-length Wip1 protein
of 605 aminoacids (aa), PPM1D-202 encodes Wip1 isoform of 430 aa and PPM1D-
203 encodes Wip1 isoform of 282 aa (Ensembl release 62 - April 2011).

The PPM1D-202 (also called PPM1D430) alternative splicing variant comprises
the common 420 residues of the full-length Wip1l (PPM1D605) and in addition a
stretch of PPM1D430-specific 10 amino acids (Figure [3.8). Same as full-length
Wip1l, PPM1D-202 is also induced in p53-dependent manner upon ~y-irradiation
and possesses phosphatase activity. Unlike full-length Wip1l, PPM1D-202 is not
expressed ubiquitously, but almost exclusively occurs in testes and in leucocytes
(Chuman et al., 2009). The PPM1D-203 isoform, although predicted in silico, has
not been identified in vivo yet.

The full length Wipl protein comprises two major domains — N-terminal do-
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main, which contains a putative PP2C catalytic domain (18-372 aa) and non-
catalytic C-terminal domain (376-605; (Lu et al., 2008a; [Yoda et al., [2006).

The C-terminal domain seems to be crucial for nuclear localization of Wipl.
The Wip1l mutant missing this domain does not exhibit exclusively nuclear local-
ization in contrast to wild-type or mutants deficient in N-terminal domains. Two
putative nuclear localization signals (NLS) were identified in the C-terminal do-
main at 535-552 aa, 581-589 aa, respectively. However, mutants lacking one or
both of these regions still localized to cell nucleus (Yoda et al., 2006). Therefore

regulation of Wip1 nuclear transport remains to be elucidated.

PPM1D605 |

PPM1D405

Figure 3.8: Schematic representation of the Wip1 splice variants, PPM1D605
and PPM1D430 - light grey denotes the PP2C catalytic domain, dark grey denotes
variant-specific C-terminal sequences (adapted with modification from (Chuman et al.
(2009)

3.5.2 Wipl substrates and its role in checkpoint recovery

Based on their specific recognition motifs, Wip1 substrates can be divided into
two groups. Firstly, Wipl exhibits specificity towards phoshorylated pSQ/pTQ
motif, the same pSQ/pTQ motif is phosphorylated by DDR kinases (ATM, ATR),
that play a major role in initiation and propagation DNA damage response, as
described above (Chapters 3.1.1.2 and 3.1.2.2). Secondly, Wip1 has been shown to
dephosphorylate pTXpY motif in p38MAPK (Takekawa et al.,|2000) and in nuclear
uracil DNA glycosylase, UNG2 (Lu et al., 2004). Wip1l substrates are summarized
in Table 1.
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3.5.2.1 Wip1 dephosphorylates pSQ/pTQ motif and counteracts p53 actions

to enable checkpoint recovery

Wip1 shares the consensus pSQ/pTQ motif with ATM and ATR (Yamaguchi et al.,
2007). Hence, Wip1 is able to remove activating phosphorylations from ATM,
checkpoint kinases Chkl, Chk2 and p53 to turn off the checkpoint signal (Fig-
ure (Fujimoto et al., (2006} Lu et al., 2005; Shreeram et al., 2006; Yamaguchi
et al.,|2007). In addition to a direct dephosphorylation of p53, Wip1 inhibits ATM,
an upstream regulator of ATM, and it also activates Mdm2 ubiquitin ligase (Lu
et al., 2007). Taken together, Wip1 can be viewed as a vital antagonist of p53.
Importantly, Lindqvist et al.| (2009) showed that Wip1l activity is not needed
solely for checkpoint inactivation, but it is crucial also in early stages of the check-
point response for maintenance of cell competence for further proliferation. The
depletion of Wip1l during unperturbed cell cycle has very little effect on the cell
cycle progression. On the contrary, when Wipl-depleted cells were subjected to
genotoxic insult leading to checkpoint activation, the later checkpoint recovery
was strongly inhibited. Notably, the inhibition of upstream DDR kinases did not
lead to checkpoint abrogation in Wipl- depleted cells, as opposed to the cells

with active Wip1. It suggests therefore that the essential role of Wip1 in recovery

Table 3.1: Summary of identified Wip1 substrates

Protein Site Motif  Protein function References
P38 MAPK T180 XY stress response (Takekawa et al.||2000)
UNG2 T6 TXY  base excision repair (Lu et al.|[2004)
ATM S$1981; S365 SQ/TQ DDR (Shreeram et al.||2006)
Chk2 S19; S33/35; T68; T432 SQ/TQ DDR (Fujimoto et al.| [2006)
Chk1 S345 SQ/TQ DDR (Lu et al.||2005)
H2AX S139 SQ/TQ DDR (Macurek et al.|[2010)
p53 S15 SQ/TQ DDR (Lu et al.|[2005)
MDM2 S$395 SQ/TQ  regulator of p53 (Lu et al.|[2007)
MDMX S403 SQ/TQ  regulator of p53 (Zhang et al.|[2009)
p65 S536 - subunit NF-KB (Chew et al.||2009)

Adapted with modification from (Lu et al.|2008b)
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single-stranded DNA
lesion

DNA double-strand break

Figure 3.9: Wip1 opposes the actions of DDR kinases - thus negatively regulates
DDR and enables the checkpoint recovery. Most importantly, Wip1 balances the p53
actions, which is essential for maintenance of checkpoint recovery competence.
Figure is based on articles cited in the text above
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competence does not consist in mere reversion of DDR induced phosphorylation
sites. The insight into the Wipl actions has been obtained using HCT116 and
derived HCT116 p53-/- cell lines. The HCT116 p53+/+ depleted of Wip1 did
not enter mitosis, confirming the previous observations. On the contrary, HCT116
p53-/- depleted of Wip1 were able to enter mitosis with no difficulties. Therefore,
it demonstrates that Wip1 is required for maintenance of recovery competence
by counteracting activity of p53. As described above, p53 facilitates checkpoint
maintenance by upregulation of CDK inhibitor p21 and downregulation of mitotic
inducers, including cyclin B (Imbriano et al., 2005). It was shown that in Wip1-
depleted background, p53 downregulates cyclin B levels below a threshold needed
for preserving the minimal CDK1-cyclin B1 activity (Lindqvist et al., 2009). Since
the residual CDK1-cyclin B activity is required for possible checkpoint recovery
(Alvarez-Fernandez et al., 2010), the lack of cyclin B results in a loss of recovery
competence. In conclusion, Wip1 enables the checkpoint recovery competence by

balancing the p53-mediated transcriptional repression of mitotic inducers.

3.5.2.2 Wipl exhibits specifity toward pTXpY motif

There are two substrates with pTXpY motif described to be recognized by Wipl,
p38MAPK kinase (Takekawa et al., 2000) and nuclear uracil DNA glycosylase,
UNG2 (Lu et al., 2004).

Takekawa et al.| (2000) described that Wip1 is able to directly inhibit p38MAPK
through dephosphorylation of T180 in regulatory pTXpY motif of p38MAPK acti-
vation loop. The p38MAPK inhibition attenuates activatory phosphorylation of
p53 on serine 33 and serine 34. As Wipl is a transcriptional target of p53, it
is conceived that Wip1 mediates a negative feedback loop in the p38MAPK-p53
pathway (Figure [3.10). With respect to recently described role of p38MAPK-MK2
pathway in the establishment of the checkpoint, Wip1 may contribute to check-
point recovery also through p38MAPK inhibition.

Except the targets directly involved in DDR, Wip1l can also dephosphorylate
nuclear uracil DNA glycosylase, UNG2 (Lu et al., 2004). UGN2 initiates base ex-
cision repair (BER) through creation of apyrimidic sites. Wip1 dephosphorylates

UGNZ2 on threonine 6, which results in significant reduction of its activity and sub-
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Figure 3.10: Wip1 mediates a negative feedback loop in p38MAPK-p53 pathway
- therefore may contribute to checkpoint recovery also through p38MAPK inhibition.
Figure is based on articles cited in the text above

sequently in decline of BER (Lu et al.,|2004)). As BER lies beyond the scope of this

thesis, we refer to review of Dalhus et al.| (2009) for further reading.

3.5.2.3 Beyond the canonical motifs of Wip1

Wip1l was also shown to dephosphorylate serine 536 of p65 subunit of NF-xB tran-
scription factor. The serine 536 surroundings correspond neither to the pSQ/pTQ
nor to the pTXpY, suggesting that Wip1 specificity may be wider than originally
thought. The phosphorylation of serine 536 is required for interaction with tran-
scriptional co-activator p300, therefore Wipl directly downregulates NF-xB sig-
naling (Chew et al., 2009). Interestingly, the p65 NF-xB subunit was described
to bind to the PPM1D promoter region and to promote Wip1 transcription (Lowe
et al., [2010). Therefore, it is likely that NF-xB-Wip1 signaling circuit is regulated
in negative feedback loop, similarly to p53-Wip1 circuit.

3.5.3 Wipl in murine model

Wip1l shows 83% overall sequence identity at the amino acid level between human

and mice (Choi et al., |2000). Studies on murine model revealed that Wip1 is
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ubiquitously expressed in all adult and embryonic tissues, with a very high level of
expression in testis, specifically in the postmeiotic round spermatid compartment
of the seminiferous tubules (Choi et al., 2000, 2002). Wipl expression during
spermatogenesis correlates with the final stages of meiosis, thus it is possible that

Wip1 plays regulatory role in meiotic division.

3.5.3.1 Characteristics of Wip1 knockout mice stress Wipl importance in

development

Wipl knockout mice, although viable, exhibit several organ system defects. The
main deficiencies were reported for male reproductive organs, immune system and
cell proliferative and renewal capacity. Wipl-/- males were significantly smaller
compared to wildtype, while Wipl-/- females did not exhibit decrease in size.
Wipl-/- males had also notably smaller testes and reduced fertility. This finding
further strengthened the importance of Wip1 for proper spermatogenesis, yet the
exact mechanism of its action remains to be elucidated (Choi et al., 2002).

In Wip1-/- mice, the proliferative response of T and B cells to antigenic and mi-
togenic stimulation was reduced, resulting in immune defects (Choi et al. 2001).
It could be hypothesized that this could be attributed to defects in general cell
cycle progression and checkpoint recovery. Alternatively, taking in account Wip1l
role in DNA damage response signaling, its deficiency might influence also V(D)J
recombination during which DBSs occurs.

Murine embryonic fibroblasts (MEFs) derived from Wipl knockouts had de-
creased proliferation rate and entered cellular senescence earlier than their wild
type counterparts. FACS (fluorescence-activated cell sorting) analysis of Wip1-/-
MEFs revealed threefold increase in G2/M ratio compared to wildtype cells, sug-
gesting defects in G2/M transition (Choi et al., 2002)) Importantly, Wip1-/- MEFs
were resistant to transformation by EIA, RAS, ERBB2 and MYC, suggesting that

Wip1 can act as oncoprotein (Bulavin et al., [2004).
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3.5.4 Wipl acts as oncoprotein

The gene locus of Wipl is amplified approximately in 15% of breast adenocarci-
nomas and derived cell lines (e.g. MCF7; (Li et al., 2002). Same amplification
was demonstrated also in ovarian clear cell adenocarcinomas (Hirasawa et al.,
2003) and neuroblastomas (Saito-Ohara et al., 2003). Moreover, in these tumors
high Wip1 levels correlate with poor patient prognosis. Overexpression of Wip1
was also reported in latestage prostate cancers, even in the absence of Wip1l gene
locus amplification (Li et al., [2002).

Experimental overexpression of sole Wipl in NIH-3T3 did not led to malig-
nant transformation. However, overexpression of Wipl in RAS/E1A transformed
primary fibroblasts resulted in significant decrease in serum starvation-induced
apoptosis (Bulavin et al., 2002; Li et al., [2002).

The oncogenic role of Wipl apparently reflects its action as a negative reg-
ulator of stress responses, particularly of p53. The fact that Wipl overexpres-
sion is usually found in tumors with functional p53 supports this view (Bulavin
et al.l, 2002). Since overexpressed Wipl efficiently inhibits p53 function, there
is no selection pressure for p53 functional loss during tumorigenesis. Moreover,
transformed Wip1l-deficient cells exhibit upregulation of CDK inhibitors p16/M#
and p19*%F, This proposes that Wipl may contribute to tumorigenesis also by
counteracting their activation (Bulavin et al., 2004). Notably, treatment of neu-
roblastoma-derived cell lines with Wip1 antisense oligonucleotide suppressed cell
growth and induced apoptosis (Saito-Ohara et al., 2003). Hence it suggests that
developing the Wip1 inhibitors, might have significant clinical relevance for treat-

ment of p53 wild-type tumors.

3.6 Temporal dynamics of DNA damage response

Bar-Or et al.| (2000) observed that dynamics of p53 expression pattern upon ~-
irradiation was not monotone but rather corresponded to damped oscillations. In
addition to p53 levels, the levels of its negative regulator Mdm2 exhibit similar,

phase-delayed oscillatory behavior, that was attributed to the p53-Mdm2 negative
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feedback loop. Notably, these observations were based on studies of whole cell
populations using western-blot technique.

Lahav et al.| (2004) used p53-CFP and Mdm2-YFP fusion proteins and timelapse
fluorescence microscopy approach to demonstrate that the damped oscillatory be-
havior is an artifact caused by averaging the response at the population level.
Single cell observation showed that cells exhibit upon v-irradiation a series of dis-
crete undamped pulses (Figure [3.11)). Nevertheless, even in genetically identical
population and after the identical dose of irradiation, the number of pulses differs
between cells. While some cells do not elicit any pulse during their response, other
exhibit one, two or even more pulses. Hence when the response of whole popu-
lation is averaged it seems as the cells exhibit a number of damped oscillations
(Figure [3.11).

Geva-Zatorsky et al.| (2006) further examined the behavior of p53 in longer
timescale and showed that sustained undamped oscillations of p53 lasted for at
least 3 days following v-irradiation. Interestingly, the number of pulses correlated
with the increase of ~-irradiation dose, whereas the pulse amplitude remained
almost constant. This suggests that p53 response to ~y-irradiation behaves in a
digital rather than analog way. However, according to theoretical models of sim-
ple negative feedback loop, the p53-Mdm2 circuit should result in damped oscilla-
tions, therefore additional contributions to this circuit were expected (Lahav et al.,
2004).

Batchelor et al.| (2008) demonstrated that p53 and Mdm2 pulses are controlled
by upstream kinases ATM and Chk2 and identified Wip1 phosphatase as essential
regulator for maintenance of the uniformity of pulses. In the proposed model the
p53 pulses result from repeated activation of the ATM-Chk2-p53 pathway, which
is in turn attenuated by Wip1. The presence of persistent DNA damage leads again
to ATM-Chk2- p53 reactivation and therefore results in pulsative behavior of DDR.
It was shown that activation of ATM and Chk2 upon ~v-irradiation really exhibits
pulsative dynamics similar to p53. The activation of ATM and Chk2 was mea-
sured as the level of their phosphorylated forems (ATM-pS1981 and Chk2-pT68,
respectively) using western-blot technique. Interestingly, the pulsative dynam-

ics of upstream kinases was dependent on presence of functional p53, since p53
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Figure 3.11: p53 dynamics upon ~-irradiation - A: p53 and Mdm2 exhibit
pulsative dynamics upon ~-irradiation. B: Individual cells show variable number of
undamped pulses at population level that appear as damped pulses. Figure is based
on (Batchelor et al., 2009; |Geva-Zatorsky et al., 2006)
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3.6 Temporal dynamics of DNA damage response

depletion by RNA silencing led to attenuation of pulses. It suggested the exis-
tence of negative feedback mechanism connecting p53 with the upstream kinases.
With respect to described features of Wip1 phosphatase, it represented the most
prominent candidate for proving such a feedback mechanism. This assumption
was proven by Wipl depletion via RNA silencing which led to increased activa-
tion of ATM and Chk2, which did not exhibit the pulsative dynamics any longer.
The p53 and Mdm2 pulses were not attenuated by Wipl downregulation but ex-
hibit deviations from the stereotypical pulse amplitude and the increased dose of
~-irradiation results in increased duration of each pulse. Thus Wip downregula-
tion seriously disrupts otherwise digital behavior of p53 pulses. Taken together,
although the p53-Mdm2 negative feedback loop seems to be sufficient to give rise
of p53 pulsative dynamic behavior, the additional contribution of the p53-Wip1-
ATM/Chk2 circuit is essential for maintenance of the uniformity of pulses.

The importance of the p53-Wip1-ATM/Chk2 circuit was further emphasized
by [Toettcher et al.| (2010), who constructed a synthetic-natural hybrid of p53-
Mdm?2 oscillator. In this system the induction of p53-CFP (p53-cyan fluorescent
protein) expression was controlled by zinc inducible metallothionein promoter.
When p53-CFP expression was induced by zinc ions and not by DNA damage, the
upper levels of DDR cascade were basically cut off from the circuit. Therefore,
this system enables to investigate features of sole p53-Mdm2 negative feedback
loop. It was confirmed that the sole p53-Mdm2 negative feedback loop gives rise
to damped pulses upon zinc stimulation as opposed to undamped dynamics of full
DDR circuit in the presence DNA damage.

Interestingly, the occurrence of p53 pulses is not restricted to the response to
exogenous genotoxic insult such as y-irradiation. Loewer et al.| (2010)) showed that
p53 pulses can be detected also in cells proliferating under unstressed conditions.
They observed that over 90% of proliferating cells induced up to three p53 pulses
during one cell cycle. The inhibition of ATR and Chk1l had no noteworthy effect
on induction of these pulses. Conversely, the inhibition of ATM and Chk2 resulted
in significant reduction of p53 pulses. This suggests that spontaneous p53 pulses
are caused by response to DSBs and not by response to ssDNA. The p53 pulses

were not detected in cells with halted cell cycle progression. It seems that these
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3.6 Temporal dynamics of DNA damage response

spontaneous p53 pulses can be attributed to the intrinsic DNA damage connected
with cell cycle progression. Notably, these spontaneous p53 pulses do not lead to
upregulation of p21, or to the cell cycle arrest. Therefore, it suggests that although
the DDR exhibits a high sensitivity, the cells do not activate the full checkpoint

response until the persistence of DNA damage exceeds a certain threshold.

3.6.1 Functional purpose of pulsative dynamics in DNA dam-

age response

While the purpose of oscillations in controlling processes with cyclic pattern is
apparent (e.g. oscillations of cyclins levels regulate cell cycle progression), the role
of oscillatory behavior in DNA damage response is still waiting for its explanation.

One possibility is that repetitive degradation of p53 serves as “master reset”
of its numerous posttranslational modifications. The complete degradation of p53
is probably preferred as a more efficient approach to reversing extensive mod-
ification pattern step by step. As described above, modification pattern greatly
influences p53 actions, not only in terms of its stability but also of its specificity
as a transcription factor (Cam et al., |2006; Tang et al., [2006). Thus cycles of p53
degradation and de novo synthesis provide cell a chance for reevaluation of DNA
damage persistence and to choose the response appropriate for its current state
(Lahav et al., 2004). Furthermore, it is possible that p53 pulses encode informa-
tion in a digital way. In other words, what really matters in cell’s decision-making
is the number of pulses, rather than the increase in p53 concentration. The strik-
ing uniformity in p53 pulses amplitude and wavelength might support this view,
but otherwise it still remains highly speculative.

From different point of view, the main role of oscillatory behavior in DDR might
occur at upper level of this cascade. The oscillations in ATM kinase activity may
be necessary for a proper repair of DSBs. Batchelor et al.| (2009) proposed that
inhibition of ATM activity could lead to its dissociation from the DSB foci, which
subsequently allow DNA damage repair factors to associate with the foci and take
their actions. In case of successful repair, DDR signaling is terminated, otherwise

ATM again relocates to the DSB foci and another pulse is triggered.
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Materials & methods

4.1 Material

4.1.1 Chemicals and material

Table 4.1: List of chemicals and material

Chemical

Source

10 mM dNTPs (deoxynucleotide triphosphates)
10 x BamHI buffer

10 x Blue buffer

10 x Cfr91 buffer

10 x Kpnl buffer

10 x Lambda Protein Phosphatase buffer
10 x MnCl,

10 x Red buffer

10 x T4 ligase buffer

10 x TG buffer

10 x TGS buffer

5 x Phusion HF buffer
Acrylamid/Bis 30%

Agarose

APS (ammonium persulfate)

Aqua pro injection

BamHI

BCA assay kit (Bicinchoninic acid kit)
Bromphenol blue

Cell culture plasticware

Cfr9l

Chloroform

Cycloheximid

Fermentas International Inc., Burligton, USA
Fermentas International Inc., Burligton, USA
Fermentas International Inc., Burligton, USA
Fermentas International Inc., Burligton, USA
Fermentas International Inc., Burligton, USA

New England Biolabs, Ipswich,USA

New England Biolabs, Ipswich,USA

Fermentas International Inc., Burligton, USA
Fermentas International Inc., Burligton, USA

Bio Rad; Hercules, USA

Bio Rad; Hercules, USA

Thermo Fisher Scientific Inc., Waltham, USA

Serva Electrophoresis GmbH, Heidelberg, Germany
Serva Electrophoresis GmbH, Heidelberg, Germany
Sigma Aldrich, St. Louis, USA

Braun GmbH, Frankfurt am Main, Germany
Fermentas International Inc., Burligton, USA
Pierce, Rockford, IL, USA

Pliva — Lachema a.s., Brno, Czech Republic

TPP Techno Plastic Products AG, Trasadingen, Switzerland
Fermentas International Inc., Burligton, USA
Sigma Aldrich, St. Louis, USA

Calbiochem, Beeston Nottingham, United Kingdom
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Table 4.1 - continued from previous page

Chemical

Dithiothreitol

DMEM (Dulbecco’s Modified Eagle’s Medium) Biochrom AG
DMSO (dimethylsulfoxide)

Double-distilled sterile H,O

Doxycycline hydrochloride

EDTA (Ethylenediaminetetraacetic acid)
EGTA (Ethyleneglycoltetraacetic acid)
Ethanol 96%

Ethidium bromide

Foetal bovine serum

Foetal Bovine Serum TET system approved
FuGENE 6 Transfection Reagent

G418 (geneticin sulfate)

GeneRuler” 1 kb DNA Ladder

Glycerol

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
HindIIl

JETSTAR 2.0 Plasmid Miniprep Kit
Kanamycine sulfate

Kpnl

Lambda Protein Phosphatase

LB (Lysogeny broth) agar solid growth media
LB medium (Lysogeny broth)

Lipofectamine RNAIMAX Transfection Reagent
Loading Dye Solution 6 x

Medical X-ray film

Methanol

MG132

Multiscribe reverse transcriptase

NaCl (Sodium chloride) 99%

NEM (N-Ethylmaleimide)

Nocodazol

Nonfat dry milk

Nonidet P40

Opti-MEM

PageRuler prestained protein ladder

PBS (Phosphate buffered saline)
Penicillin-Streptomycin solution 100 x
Phusion DNA polymerase

Ponceau S

Protease inhibitor coctail tablets

Protein A/G UltraLink ResinS-protein beads
Protein Assay Bredford, Dye Reagent concentrate
QIAquick® Gel Extraction Kit

RNase inhibitor

RO3066

Source

Fluka, St. Gallen, Switzerland

Media preparation unit, IMG ASCR, v.v.i., Prague, CR
Sigma Aldrich, St. Louis, USA

Media preparation unit, IMG ASCR, v.v.i., Prague, CR
Sigma Aldrich, St. Louis, USA

Sigma Aldrich, St. Louis, USA

Sigma Aldrich, St. Louis, USA

Penta, Prague, CR

Sigma Aldrich, St. Louis, USA

PAA Laboratories GmbH, Pasching, Austria

Biological Industries, Kibbutz Beit Haemek, Israel
Roche Diagnostics GmbH, Mannheim, Germany
Gibco/Invitrogen, Carlsbad, USA

Fermentas International Inc., Burligton, USA

Sigma Aldrich, St. Louis, USA

Sigma Aldrich, St. Louis, USA

Fermentas International Inc., Burligton, USA
GENOMED GmbH, Lohne, Germany

Fluka, St. Gallen, Switzerland

Fermentas International Inc., Burligton, USA

New England Biolabs, Ipswich,USA

Media preparation unit, IMG ASCR, v.v.i., Prague, CR
Media preparation unit, IMG ASCR, v.v.i., Prague, CR
Invitrogen, Carlsbad, USA

Fermentas International Inc., Burligton, USA

Foma Bohemia, Hradec Kralové, Czech Republic
Penta, Prague, CR

Sigma Aldrich, St. Louis, USA

Applied Biosystems, Foster City, USA

Pliva — Lachema a.s., Brno, Czech Republic

Sigma Aldrich, St. Louis, USA

Sigma Aldrich, St. Louis, USA

Migros, Zurich, Switzerland

Fluka, St. Gallen, Switzerland

Gibco/Invitrogen, Carlsbad, USA

Fermentas International Inc., Burligton, USA

Media preparation unit, IMG ASCR, v.v.i., Prague, CR
Sigma Aldrich, St. Louis, USA

Thermo Fisher Scientific Inc., Waltham, USA

Bio-Rad Laboratories, Hercules, USA

Roche Diagnostics GmbH, Mannheim, Germany
Thermo Fisher Scientific Inc., Waltham, USA
Bio-Rad Laboratories, Hercules, USA

Qiagen, Venlo, Netherlands

Applied Biosystems, Foster City, USA

GeneTiCA, Prague, Czech Republic
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Table 4.1 — continued from previous page

Chemical Source

Sacll Fermentas International Inc., Burligton, USA

SDS (sodium dodecyl sulfate) Serva Electrophoresis GmbH, Heidelberg, Germany
Shrimp alkaline phosphatase Fermentas International Inc., Burligton, USA
S-protein-agarose Novagen, Madison, USA

SuperSignal West Substrates Trial Kit Thermo Fisher Scientific Inc., Waltham, USA
SYBRGreen PCR master mix Applied Biosystems, Foster City, USA

T4 DNA ligase Fermentas International Inc., Burligton, USA
TagMan reverse transcription reagent Applied Biosystems, Foster City, USA

TEMED (N,N,N’,N’-tetramethylethylendiamine) Fluka, St. Gallen, Switzerland

Thymidine Sigma Aldrich, St. Louis, USA

Tri Reagent Sigma Aldrich, St. Louis, USA

Tris (Tris(hydroxymethyl)aminomethane) Fluka, St. Gallen, Switzerland

Triton X-100 Fluka, St. Gallen, Switzerland

Trypsin/EDTA (Ethylenediaminetetraacetic acid) Media preparation unit, IMG ASCR, v.v.i., Prague, CR
Tween20 Fluka, St. Gallen, Switzerland

Whatman Protran® nitrocellulose membrane Whatman plc, Maidstone, Kent, United Kingdom

Mammalian cell lines

* MCF7, human breast adenocarcinoma cell line; cell line was obtained from

Jifi Bartek; Institute of Cancer Biology, Copenhagen, Denmark

* U20S, human osteosarcoma cell line; cell line was obtained from Jiri Bartek;

Institute of Cancer Biology, Copenhagen, Denmark

* U20S-D7, monoclonal cell line derived from U20S, expressing Tet-inducible
Wip1-FLAG; cell line was obtained from Libor Mactirek; described in|Lindqvist
et al. (2009)

* U20S-GFP-Wip1, monoclonal cell line derived from U20S, stably expressing
GFP-Wip1; cell line was prepared during this thesis; property of Department

of Genome Integrity, Institute of Molecular Genetics, ASCR

* U20S-LAP-Wip1-D314A, monoclonal cell line derived from U20S, stably ex-
pressing phosphatase dead mutant (D314A) of Wipl, fused with LAP tag;
cell line was prepared during this thesis; property of Department of Genome

Integrity, Institute of Molecular Genetics, ASCR
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Bacterial strains

* DH5aq, Escherichia coli strain; property of Department of Genome Integrity,

Institute of Molecular Genetics, ASCR

Table 4.2: List of used primary antibodies

Antibody Host Source Cat. No. WD
Chk1-pS317 rb/poly  Cell Signalling Technology Inc., Denvers, USA #2344 1000 x
Chk2-pT68 rb/poly  Cell Signalling Technology Inc., Denvers, USA #2661 700 x
Cyclin A m/mono Santa Cruz Biotechnology,Inc., Santa Cruz, USA sc-53230 500 x
Cyclin B rb/poly  Abcam Inc., Cambridge, USA ab7957 500 x
FLAG m/mono Sigma Aldrich, St. Louis, USA F 1804 1000 x
GAPDH m/mono GeneTex, Irvine, USA / from Exbio, Vestec, CR GTX30666 10000 x
H3-pS10 rb/poly  Millipore-Upstate, Billerica, USA 06-570 1000 x
MAPKAPK-2 pT334 rb/mono Cell Signalling Technology Inc., Denvers, USA #3007 1000 x
ﬁiigggég? rb/mono Cell Signalling Technology Inc., Denvers, USA #9236 1000x
p21 m/mono Santa Cruz Biotechnology,Inc., Santa Cruz, USA sc-56335 500 x
p38 MAPK rb/poly  Cell Signalling Technology, Inc., Denvers, USA #9212 1000 x
gé?é\gAPK-pTlso/ m/mono Cell Signalling Technology Inc., Denvers, USA #9216S 2000x
p53 m/mono Cell Signalling Technology, Inc., Denvers, USA  sc-126 1000 x
p53-pS15 rb/poly  Cell Signalling Technology Inc., Denvers, USA #9284S 1000 x
PARP rb/poly  Cell Signalling Technology Inc., Denvers, USA #9542 1000 x
pSQ/pTQ rb/poly  Cell Signalling Technology Inc., Denvers, USA #2851 1000 x
WIP1 rb/poly  Santa Cruz Biotechnology Inc., Santa Cruz, USA sc-20712 3000 x
WIP1 rb/poly  Bethyl Laboratories, Inc.,Montgomery,USA A300-664A 3000 x
~v-H2AX rb/poly  Cell Signalling Technology Inc., Denvers, USA. #2577 1000 x
a-tubuline m/mono Sigma Aldrich, St. Louis, USA T5168 10 000 x

Abbreviations: rb- rabbit; m - mouse; poly — polyclonal; mono — monoclonal,;
WD - working dilution for western blot from original stock

Table 4.3: List of used secondary antibodies

Antibody Host Source Cat. No. WD
Goat Anti-Mouse IgG (H + L)-HRP Conjugate goat Bio Rad; Hercules, USA #170-6516 5000 x
Goat Anti-Rabbit IgG (H + L)-HRP Conjugate goat Bio Rad; Hercules, USA #172-1019 5000 x

Abbreviations: HRP - horseradish peroxidase; IgG — immunoglobin G, H + L - heavy + light chain
WD - working dilution for western blot from original stock
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Table 4.4: List of vectors

Vector

pcdnaTO-Wipl-D314A
pcdnaTO-Wipl-S40A
pcdnaTO-Wipl-S40D

pEGFP-N3
PEGFP-Wip1l
pGEM®-T Easy
pLAP-Wip1-D314A

Obtained from

Libor Mactirek
Libor Mactirek
Libor Mactirek
Promega, Medison, USA
Libor Mactirek
Promega, Medison, USA
Libor Mactirek

4.1.2 List of used instruments and other equipment

Table 4.5: List of used instruments and other equipment

Instrument

BioSafety Cabinet (laminar hood) Bio-II-A
Biirker counting chamber

Centrifuge 5415R Eppendorf

Centrifuge 5424 Eppendorf

Centrifuge Niive NF400

CO, Incubator FORMA Series II Water Jacket
Gilson PIPETMANSs Neo® Set

Kodak developing machine for X-ray film
MACROMAN Gilson

Microplate photometer Multiskan® EX
Microscope Leica DMIL

Microscope Nikon Eclipse T100

Multi-Spin MSC-3000

NALGENE Cryo Freezing Container “Mr. Frosty”
NanoDrop® ND-1000 Spectrophotometer
Orthovoltage X-ray instrument T-200
PTC-200 DNA Engine Cycler

Safe Aspiration Kit Gilson

SDS-PAGE Apparatus Mini-PROTEAN Tetra Cell
Sonicator SONIPREP MSE 150
Spectrophotometer DU® SERIES 700

The LightCycler® 480 System

Thermomixer comfort

UltraLum Crosslinker series 800

UV-C light meter, model UVC-254

Vortex Lab dancer

Water bath Niive BM402

Western blot apparatus TE22 small transphor unit
UV Transilluminator

EC320 Primo Minicell Horizontal Gel System
Wide Mini-Sub Cell GT Cell

Manufacturer

Telstar, Barcelona, Spain

Fuchs-Rosenthal, Laboroptik, Friedrichsdorf, Germany
Eppendorf,Hamburg, Germany

Eppendorf,Hamburg, Germany

Niive Inc., Ankara,Turkey

Thermo Fisher Scientific Inc., Waltham, USA

Gilson, Inc., Middleton, USA

Eastman Kodak Company, New York, USA

Gilson, Inc., Middleton, USA

Thermo Fisher Scientific Inc., Waltham, USA

Leica Microsystems GmbH, Wetzlar, Germany

Nikon Instruments Europe B.V, Amstelveen, The Netherlands
Biosan, Riga, Latvia

Thermo Fisher Scientific Inc., Waltham, USA

Thermo Fisher Scientific Inc., Waltham, USA
WOLEF-Medizintechnik GmbH, St.Gangloff / Thiir, Germany
Bio Rad; Hercules, USA

Gilson, Inc., Middleton, USA

Bio Rad; Hercules, USA

AL.BRA. Srl, Milano, Italy

Beckman Coulter, Inc., Fullerton, USA

Roche Diagnostics GmbH, Mannheim, Germany
Eppendorf,Hamburg, Germany

UltraLum, Claremont, USA

Lutron Electronic Enterprise Co., Ltd., Taipei, Taiwan
VWR, Darmstadt, Germany

Niive Inc., Ankara,Turkey

Hoefer, Inc., San Francisco, USA

East Port, Prague, Czech Republic

Thermo Fisher Scientific Inc., Waltham, USA

Bio Rad; Hercules, USA
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4.2 Methods

4.2.1 Cell culture techniques
4.2.1.1 Propagation of mammalian cells

Mammalian cells were manipulated according to the standard cell culture proto-
cols [Freshney| (2005). Cells were cultivated in D-MEM (Dulbecco’s modified Ea-
gle’s medium), supplemented with 10% fetal bovine serum and Penicillin (100 U/ml)
— Streptomycin (100 ng/ml). Tet-inducible cell line U20S-D7 was cultivated in
D-MEM supplemented with 10% foetal bovine Serum TET system approved and
Penicillin (100 U/ml) — Streptomycin (100 ng/ml). Cells were kept at 37 °C under
5% CO, atmosphere.

4.2.1.2 Cryopreservation of cell lines

Cells were trypsinized, pelleted by centrifugation and then resuspended in 1 ml
of cryopreservation medium containing 90% FBS and 10% DMSO (approximately
2 x 10° cells per 1 ml of medium per cryovial). Cryovials were transferred to
Mr. Frosty cooling device, containing a propane-1,2,-diol filled bath, and in -80 °C
freezer. After 24 hours cryovials were moved to liquid nitrogen, for long-term

storage.

4.2.1.3 Thawing cell lines

Cryovials were transferred from liquid nitrogen storage on dry-ice and then promptly
thawed in 37 °C water bath. Cells were centrifuged and resuspended in fresh
medium.

4.2.1.4 Cell counting

Cells were counted using Biirker counting chamber according to the standard pro-
tocol Freshney (2005)).
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4.2.1.5 Plasmid DNA transfection

Plasmid DNA transfection was done with commercial FuGENE® 6 Transfection
Reagent. U20S cell were plated in 6-well plate at density 150 000 cells per
well using 2.5 ml of 10% FBS/D-MEM per well. First, we prepared the “master-
mix” solution by mixing the 3 pul of FuGENE® 6 Transfection Reagent per 1 ug
of DNA with 97 ul of 1 x D-MEM without serum and antibiotics. The solu-
tion was gently shaken, spinned and incubated at room temperature for 5 min-
utes.Subsequently, the plasmid DNA was added to the “mastermix” and the solu-
tion, gently shaken, spinned and incubated at room temperature for 15 minutes.
Finally, DNA - FuGENE® 6 Transfection Reagent solution was added to the cells in
6-well and gently mixed by rocking the plate back and forth.

4.2.1.6 siRNA transfection

siRNA transfection was done with commercial Lipofectamine™ RNAiMAX Trans-
fection Reagent. U20S cells were plated in 6-well plate at density 150 000 cells
per well using 2.5 ml of 10% FBS/D-MEM per well. After 24 hours, cells were
transfected with 1 nM of siRNAs. Firstly, 250 ul of Opti-MEM medium without
serum was mixed with 4 pl of Lipofectamine™ RNAIMAX Transfection Reagent,
gently shaken, spinned and incubated at room temperature for 5 minutes. Sec-
ondly, 250 pl of Opti- MEM medium was mixed with 12.5 ul of 200 nM siRNA and
incubated at room temperature for 5 minutes. Subsequently, both solutions, were
mixed together, and incubated at room temperature for 20 minutes. Finally, RNAi
duplex-Lipofectamine RNAIMAX solution was added to the cells and gently mixed
by rocking the plate back and forth.

4.2.1.7 Cell synchronization using double thymidine block

Cells were synchronized using thymidine and nocodazol as follows. Cells were
plated at 1.3 x 10° per 10 cm plate, next day 2 mM thymidine was added for
12 h, cells were then released into fresh medium. Upon every release from block-
ing agent, the cells were twice rinsed with pre-warmed 1xPBS. After 10 hours,

2 mM thymidine was added again for 12 h. Subsequently, cells were released
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a) into fresh medium; 3 hours after release the samples corresponding to S-phase
were harvested; 6 hours after release the samples corresponding to G2-phase were
harvested; 12 hours after release the samples corresponding to G1-phase was har-
vested; b) into medium with nocodazole (100 ng/ml), after 8 hours the mitotic

cells were harvested via mitotic shake-off.

4.2.1.8 Cell synchronization using tandem of thymidine block and RO3066

inhibitor

The double-thymidine block did not enable us to synchronize cells that enter mi-
tosis simultaneously. The simultaneous mitotic entry is not necessary in most ex-
periments, since the nocodazole effectively stops the cells in prometaphase and
thus enables us to harvest mitotic cells in large numbers. Nevertheless, for ex-
periments, in which we wanted observe protein dynamics during a normal and
prolonged mitosis the double-thymidine block synchronization was not sufficient.
For this reason we adapted our synchronization protocol and made use of a com-
mercially available CDK1 inhibitor RO3066. The RO3066 effectively inhibits the
CDK1 activity and therefore arrests the cells at G2/M transition [Vassilev; (2006).
Cells were plated at 1.3 x 10° per 10 cm, next day 2 mM thymidine was
added for 24 hours and then cells were rinsed twice with pre-warmed 1xPBS
and released into fresh medium. Samples corresponding to S-phase were har-
vested 3 hours after release. After 6 hours 9 uM RO3066 was added. Next day
cells were either harvested (G2-phase) or released from RO3066 block into fresh
medium with or without nocodazole. Nocodazole treated cells were harvested af-
ter 2 hours via mitotic shake-off. Cells released from RO3066 block into medium

without nocodazole were harvested after 6 h as a G1-phase sample.

4.2.1.9 ~-irradiation

Cells were irradiated within 6-well plates, overlayed with 3 ml of cultivation me-
dia. The irradiation was performed by orthovoltage X-ray instrument T-200 (Wolf-
Medizintechnik) at the X-ray radiation facility; Institute of Molecular Genetics of

the ASCR, v.v.i. The setting of radiation source used during irradiation is described
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in the Table

Table 4.6: The setting of orthovoltage X-ray instrument T-200

Dose [Gy] Time [s] Voltage[kV] Current[mA] Filter Applicator

9.99 239 200 13 0.3 Al #1, 20x20/50

4.2.1.10 UV-C irradiation

Cells were irradiated with UV-C light (wavelength 254 nm) using the UltraLum
Crosslinker series 800 (CEX-800, 930-0021-01). The cultivation medium was re-
moved from cells prior to UV-C irradiation and returned back immediately after it.
This was necessary since the cultivation medium can absorb UV-C. UV-C dose used

is described in individual experiments.

4.2.1.11 Cell harvest

To prevent a potential loss of mitotic cells that do not adhere to the plasticware, we
collected the medium from cells, washed adherent cells by 1 x PBS, trypsinized,
mixed with the collected medium and spinned at 146 rcf (relative centrifugation
force) for 3 minutes.To obtain mitotic cells, floating cells were harvested via a
mitotic-shake-off. Subsequently, cell pellet was washed by 1 x PBS and spinned
at 146 rcf for 3 min, twice. Pellet was lysed in appropriate volume of 1 x Sample
buffer (63 mM Tris HCI, 10% Glycerol, 2% SDS, pH 6.8). Samples were sonicated
three-times for 15 seconds at 5 microns with 5 seconds pause. Sonicated samples
were boiled for 5 minutes.Total protein concentration was quantified by BCA assay
and samples were diluted to same concentration. Samples were mixed 3:1 with

4 x Sample buffer with 0.2% (w/v) Bromophenol blue.
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4.2.2 BCA assay

The total amount of protein in cell lysates was quantified using BCA assay to en-
sure identical loading in western blot Smith et al.| (1985). The BCA assay was

performed according to the manufacturer instructions.

4.2.3 SDS-Polyacrylamide Gel Electrophoresis

SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) was performed in the stan-
dard two-gel system developed by Laemmli (1970)). We used BioRad Mini-PROTEAN
Tetra Cell apparatus and corresponding accesories. Mixtures for separating gels
were prepared according to the Table Subsequently, mixtures were cast into
assembled glasses, overlayed by 70% EtOH and let to polymerize. When fully
polymerized, EtOH was removed and separating gels were overlayed by stacking
gels (Table[4.7)), proper combs were inserted and gels let to polymerize. The same
total protein amount was loaded into each well. Gels were run at constant current
50 mA per 1 gel. Commercially available 1 x TGS buffer (25 mM Tris, 192 mM
glycine, 0.1% SDS, pH 8.3) was used as running buffer.

Table 4.7: SDS-PAGE gels percentage

Gel
Components 8% 10% 15% Stacking
ddH,0 [mL] 3.6 3.1 1.9 1.8
Buffer A* [mL] 19 1.9 1.9 -
Buffer B** [mL] - - - 0.75
Acrylamid-Bis 30% [mL] 2 2.5 3.75 0.75
10% APS ] 50 50 50 24
TEMED W] 125 125 125 6
Total volume*** mL] 7.6 7.6 7.6 3

* Buffer A - 1.5 mM Tris, 0.4% SDS, pH 8.8, ** Buffer B - 0.5 mM Tris, 0.4% SDS, pH 6.8
*** Coressponding to the one 1.5 mm thick gel in BioRad Mini-PROTEAN system

4.2.4 Western blot

The separated proteins were transferred from gel onto a nitrocellulose membrane

through a wet transfer western blot. We used Hoefer western blot apparatus TE22
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small transphor unit and corresponding accessories. The western blot was run at
constant voltage of 100 V for 1.5 hours. Commercially available 1 x TG buffer
(25 mmol/1 Tris, 192 mmol/l glycine, pH 8.3), containing 20% methanol was
used as blotting buffer. The quality of protein transfer was verified using Pon-
ceau S staining of the membrane. Subsequently, the nitrocellulose membrane was
blocked by 5% [w/v] of nonfat dry milk in 1 x PBS/0.05% Tween20 for 20 min-
utes. The blocked membrane was carefully washed by 1 x PBS/0.05% Tween20
and incubated overnight with a primary antibody, diluted in 3% nonfat dry milk
in PBS/0.05% Tween20 with 0.1% of sodium azide. Following day, the membrane
was carefully washed by 1 x PBS/0.05% Tween20 and incubated with secondary
antibody for 3 hours. Next, the membrane was washed with 1 x PBS/0.05%
Tween20 and incubated for 3 minutes with mix of equal volume of chemilumines-
cent ECL reagent 1 and 2 and exposed to the medical X-ray film. The X-ray film

was developed by Kodak developing machine.

4.2.5 Immunoprecipitation

All manipulations with cell lysates were performend on ice. Cells were lysed in
300 pl lysis buffer (250 mM NaCl, 0.25% Noniset P40, 1% glycerol, 50 mM HEPES,
pH 7.5, 10 mM NEM, 1 x inhibitors of proteases and phosphatases, diluted in
aqua pro injectione), then sonicated at 3 microns three times 15 sec. After sonica-
tion, cell lysates were diluted by 200 pl of aqua pro injectione and 0.5 ul of DDT
was added to the lysate. Cell lysates were spinned at 16 100 rcf for 20 minutes
at 4 °C. Meanwhile, the A/G beads were washed by lysis buffer. The supernatants
from cell lysates were collected and precleaned by incubation with 10 ul of A/G
beads for 40 minutes at 4 °C with gentle rotation. The relative protein concen-
tration in samples was determined by Bio-Rad protein assay and samples were
diluted to the same concentration. Next, the precleared cell lysate was incubated
overnight with 10 ul of primary antibody at 4 °C with gentle rotation. Follow-
ing day, the cell lysate-antibody mixture was incubated with 20 ul of washed A/G
beads for 2 hours at 4 °C with gentle rotation. Finally, the mixture was spinned

and supernatant discarded. Beads were washed three times with 1 x PBS and
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resuspended in 25 ul of 2 x Sample buffer.

4.2.6 S-protein tag pulldown

All manipulations with cell lysates were performed on ice. Cells were lysed in
300 pl lysis buffer (2 mM EDTA, 1 mM EGTA, 0.1 Triton-X, 1 x inhibitors of pro-
teases and phosphatases, diluted in 1 x PBS), then sonicated at 3 microns three
times 15 sec. After sonication, the additional Triton-X was added to final con-
centration of 1% Triton-X. Cell lysates were spinned at 16 100 rcf for 20 minutes
at 4 °C. Meanwhile, the S-protein agarose beads were washed with lysis buffer.
After centrifugation, supernatants from cell lysates were collected. Relative pro-
tein concentration in samples was measured by Bio-Rad protein assay and samples
were diluted to the same concentration. Next, the supernatants from cell lysates
were incubated overnight with 20 ul S-protein agarose beads at 4 °C with gentle
rotation. Following day, the lysates-beads mixture was spinned and supernatant
discarded. Beads were three times washed with 1xPBS and resuspended in 25 pl

of 2 x Sample buffer.

4.2.7 Bio-Rad protein assay

Bio-Rad protein assay, based on the method of Bradford (1976), was performed

according to the manufacturer’s protocol.

4.2.8 Lambda phosphatase assay

The immunoprecipitated protein on A/G beads was carefully washed with 1 x PBS,
mixed with 1 x phosphatase buffer supplemented with MgCl, and 400 units of
Lambda phosphatase (Table and incubated at 30 °C for 20 minutes.One half
of the immunoprecipitated protein was used as mock control. After the Lambda
phosphatase treatment, the beads were spinned and supernatatnt was discarded.
Finally, 25 ul of 2 x SB with bromphenol blue was added to the beads and boiled

for 5 min.
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Table 4.8: Lambda Protein Phosphatase assay

Components Lambda Protein Phosphatase Mock control
Protein on A/G beads [1]] 20 20
ddH,0 1] 59 60

10 x Lambda Protein Phosphatase buffer [ul] 10 10

10 x MnCl, (] 10 10
Lambda Protein Phosphatase (1] 1 0

Total volume [1]] 100 100

4.2.9 Quantitative reverse transcription PCR (qRT PCR)
4.2.9.1 RNA isolation

Total RNA was isolated using TRI Reagent according to the manufacturer’s proto-
col. The cells were lysed directly on cell culture plate with TRI Reagent (0.5 ml
per 1 — 5 x 10° cells). Next, 100 pl of cold 1-bromo-3-chloropropane was added
and incubated at room temperature for 7 minutes. Then the mixture was spinned
at 12 000 rcf for 15 minutes at 4 °C. Next, the aqueous phase was transferred into
the fresh tube and appropriate amount of isopropanol was added. It was shaken
and incubated at room temperature for 7 minutes. Then the mixture was spinned
at 12 000 rcf for 10 minutes at 4 °C. The supernatant was removed and pellet was
washed with 1ml of 75% ethanol, and spinned at 7 500 rcf for 5 minutes at 4 °C.
The pellet was air-dried, resuspended in acceptable volume of RNase-free water
and incubated at 58 °C for 5 minutes. The concentration of samples was deter-
mined via NanoDrop® ND-1000 Spectrophotometer and samples were diluted to

the same concentration.

4.2.9.2 Reverse transcription PCR (RT-PCR)

First strand cDNA was synthesized from 200 ng of total RNA with random hexamer
primers using High-Capacity cDNA Reverse Transcription Kit. RT master mix and
RNA samples mixture were prepared as described in the Table The reverse
transcription was run on PTC-200 DNA Engine Cycler using setting described in
the Table The concentration of samples was determined via NanoDrop® ND-

1000 Spectrophotometer and samples were diluted to the same concentration.
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Table 4.9: RT-PCR master-mix and RNA samples mixture (per one reaction)

10 x RT Buffer ] 2
ddH,0 (] 11.2
25 x dNTP mix (100 mM) (1] 0.8
10 x RT Random Primers ] 2
RNase inhibitor ] 1
Reverse Transcriptase MultiScribe [ul] 1
RNA 100 pg/pl (] 2
Total volume ] 20
Table 4.10: The setting of RT-PCR program

Step Temperature Time

1 25°C 10 minutes

2 37 °C 120 minutes

3 85 °C 5 minutes

4 4°C forever

4.2.9.3 Quantitative reverse transcription PCR (qRT PCR)

Quantitative reverse transcription PCR was performed on ABI Prism 7300 using
SYBR Green I Master Mix. The PCR master mix and cDNA mixtures were pre-
pared as described in the Table The setting of ABI Prism 7300 was according
to the manufacturer’s protocol, see the Table The relative cDNA amount was
estimated by a standard curve, data normalized to a-tubulin. For quantification of
Wip1l were used following primers:

forward: 5’- GGGAGTGATGGACTTTGGAA-3’

reverse: 5’- CAAGATTGTCCATGCTCACC-3’

For quantification of a-tubulin were used following primers:

forward: 5-GAGTGCATCTCCATCCACGTT-3’
reverse: 5-TAGAGCTCCCAGCAGGCATT-3’
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gRT- PCR was performed in triplicates, the presented results mean the average

value.

Table 4.11: PCR master-mix and RNA samples mixture (per one reaction)

¢DNA (350 ng/s) [1]] 2.5
SYBR Green I Master Mix* 1] 6.25
Primers (2.5 uM, forward +rewers) [ul] 1.5
ddH20 []] 2.25
Total volume (1] 12,5

SYBR Green I Master Mix contains SYBR Green I dye, ROX passive reference dye,
HotStarTaq DNA Polymerase, and a dNTP mix in an optimized buffer

Table 4.12: The setting of QRT-PCR program including dissociation analysis

Step Temperature Time

1 50 °C 2 minutes

2 95 °C 10 minutes

3 95 °C 15 seconds

4 60 °C 1 minute

5 40 x repeated the steps 3 and 4
6 95 °C 15 seconds

7 60 °C 30 seconds

8 95 °C 15 seconds

9 4 °C forever

4.2.10 DNA cloning
4.2.10.1 Amplification of DNA insert trough PCR

The DNA insert was amplified from template by the PCR reaction. The PCR re-
action mixture and the setting of PCR program are described in Table [4.13| and

Table [4.14} respectively.
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Table 4.13: PCR mix

Component Volume Final concentration
ddH,0O 33.5 ul -

5 x Phusion HF Buffer 10 pl 1 x

10 mM dNTPs mixture 1l 200 pM for each ANTP
10 M Primer forward (stock) 2 ul 0.5 uM

10 M Primer revese (stock) 2 ul 0.5 uM
Template DNA 50 ng/l 1 pul 1 ng/ul
Phusion DNA polymerase 0.5 ul 0.01 unit

Total reaction volume 50 pl -

4.2.10.2 DNA electrophoresis

DNA electrophoresis was performed according to the standard protocols using 1%
or 2% agarose gels. Gels were run in the TAE buffer (Tris-acetate-EDTA; pH 8.0)
at constant voltage 100 V. DNA was visualized by ethidium bromide and UV-

transluminator.

4.2.10.3 DNA gel isolation

DNA fragments were isolated from gel via commercially available QIAquick® Gel

extraction Kit according to the kit instructions.

Table 4.14: The setting of PCR program

Step Temperature Time

1 95 °C 10 minutes

2 95 °C 40 seconds

3 60 °C 50 seconds

4 72 °C 1 minute 15 seconds
5 33 x repeated the steps 2 thru 4

6 72 °C 2 minutes

7 15 °C forever
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4.2.10.4 DNA digest

The DNA digest was performed with 5 units of restriction enzyme, incubated

overnight, using the buffer and temperature as recommended by manufacturer.

4.2.10.5 DNA ligation

The DNA fragments were ligated into DNA backbones with T4 ligase. The amount
of fragment used for ligation was approximately 5 x larger than the amount
of backbone. The 5’end of backbone was dephoshorylated by Shrimp alkaline
phosphatase (SAP) to prevent ligation of an empty vector. 1 unit of SAP was
added to the digested backbone and mixture was incubated at 37 °C for 1 hour.
The ligation was performed by 1 unit of T4 ligase in 1 x T4 DNA ligase buffer at

room temperature, overnight.

4.2.10.6 Bacterial transfection

Competent DH5«a bacteria were thawed on ice. Consequently, the ligation mixture
was added to the bacteria and incubated on ice for 10 minutes. Next, the bacteria
were transferred to the heat-block tempered to 42 °C and incubated for 90 sec-
onds, then the bacteria were incubated on ice for 5 minutes. After that 1 ml of LB
medium was added and bacteria were incubated at 37 °C for 1 hour. Finally, the
transformation mixtures were pipetted onto agar plates with corresponding an-
tibiotics and spread around using a sterilized, bent glass rod spreader. Agar plates

were incubated overnight at 37 °C.

4.2.10.7 Plasmid isolation

Selected bacterial colonies were transferred to the 3 ml of LB media, with corre-
sponding antibiotics and incubated overnight at 37 °C, with gentle shaking. Fol-
lowing day, the plasmid DNA was isolated using commercially available JETSTAR
2.0 Plasmid Miniprep Kit. The plasmid DNA isolation was performed according to
the kit instructions. Concentration of isolated DNA was measured by NanoDrop®

ND-1000 Spectrophotometer.
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4.2.10.8 Cloning of pWip1-EGFP

The Wip1-D314A insert was amplified from pcdna4TO-Wip1-D314A template by
PCR (Methods) using the following primers:

forward: 5-AAGCTTGGCCATGGCGGGGCTGTACTCG-3’

reverse: 5-GGATCCGCAAACACAAACATTTTC-3’

The forward PCR primer includes HindIII restriction site at the 5-end and a
Kozak sequence. The reverse PCR primer includes BamHI restriction site and does
not contain any stop codon. After the PCR we added one more amplification step
at 68 °C with Taq polymerase that generates T-overhangs and enables subsequent
ligation into pGEM-T easy plasmid. DNA fragment corresponding to Wip1-D314A
(3.4 kbp) was isolated from agarose gel and ligated into pGEM-T easy. Subse-
quently, we amplified and isolated pGEM-T-Wip1-D314A from DH5«. Then we cut
fragment containing Wip1-D314A using HindIIl and BamHI and isolated it from
gel. The backbone pEGFPN3 was digested in the same way. Finally we ligated
Wip1-D314A into pEGFP-N3 and seeded on kanamycin plates. Plasmid DNA was
isolated from individual colonies and screened by digest with Sacll. Positive clones

were validated by sequencing.

4.2.10.9 Cloning of pLAP-Wip1-S40A-D314A and pLAP-Wip1-S40D-D314A

We cut the 390 bp fragment containing the S40A and S40D point mutations from
pcdna4TO-Wip1-D314A-S40A and pcdna4TO-Wip1-D314A-S40D (kindly provided
by Libor Mactrek), respectively, using the subsequent digest with Kpnl and Cfr9I.
The pLAP-Wip1-D314A backbone was digested in the same way. All fragments
were isolated from gel and fragments containing the S40A and S40D were lig-
ated into pLAP-Wip1-D314A and seeded on kanamycin plates. Plasmid DNA was
isolated from individual colonies and screened by digest with SacIl. pLAP-Wip1-
S40A-D314A and pLAP-Wip1-S40D-D314A vectors were validated by sequencing.
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4.2.11 Western blot densitometry analysis

The western blot densitometry analysis was performed in ImageJ software
(Abramoff et al., 2004; Rasband, 1997-2011.). We used MBF ImageJ build, with
collection of plugins organized by Tony Collins, Wright Cell Imaging Facility, Toronto
Western Research Institute MacBiophotonics (2010). The densitometry analysis
was done according to the software documentation instructions. The X-ray films
were scanned at 300 dpi as 16-bit grayscale and saved in lossless TIFF format. No
image adjustments were made prior to densitometry analysis. The results were

normalized to the loading control (a-tubulin) from the same gel.
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Results

5.1 Validation and preparation of tools

In the beginning, we aimed to validate our tools for subsequent studies of Wip1,
particularly the commercially available Wip1 antibody (Bethyl Laboratories) and
anti- Wipl siRNAs. To validate the specificity of this antibody, we performed
knock-down experiments and also compared its reactivity with another available
antibody. We also aimed to establish cell lines stably expressing epitope-tagged

versions of Wipl.

5.1.1 shRNA knock-down of Wip1

As the first step in validation, we transfected U20S cell with two independent
shRNA plasmids. U20S cell were transfected with 2 ug of plasmid DNA using
FuGENE® 6 Transfection Reagent (Methods). Plasmids pLKO.1 WipH4 and pLKO.1
WipH6 carry different anti-Wip1 shRNAs sequence, and pLKO.1 EMPTY, was used
as control (plasmids were described previously in Macurek et al.| (2010). Trans-
fected cells were selected with 2 ug/ml purmycin for 6 days, with new medium
and puromycin changed every two days. After 6 days cells were passaged onto
6 cm plates and the next day harvested for western-blot analysis (Figure A).
Densitometry analysis of western blot results revealed that relative of 80 kDa band
decreased to 47% in case of WipH4 shRNA knockdown, respectively to 65% in case
of WipH6 shRNA knock-down compared to empty vector sample (Figure B).
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Observed decrease in signal intensity in knockdown samples compared to control

speaks in favor of Wip1 Bethyl antibody specificity.

A B
shRNA knockdown of Wip1
1,2
empty H4 H6 Fa 1 -
1 c 08 -
Wipl s g0
£ 0,6
()
. =
tubulin £ 04
[¢)]

o
N
|

H4 H6

Figure 5.1: shRNA knockdown of Wip1 demonstrates specificity of Wip1 Bethyl
antibody - A: western-blot analysis of shRNA knock down, first line — control empty
vector, second line - WipH4 shRNA, third line - WipH4 shRNA; Total cell lysates were
probed with indicated antibodies. B: densitometry analysis of western blot, relative
signal given by Wip1 Bethyl antibody decreased to 47% in case of WipH4 shRNA
knockdown, respectively to 65% in case of WipH6 shRNA knock-down compared to
empty vector sample.

empty

5.1.2 siRNA knock-down of Wip1

Four different siRNA were used for siRNA knockdown — siRNA Wip1-1, siRNA
Wip1l-2, siRNA Wip1-3, siRNA Wip1-4, as well as an equimolar pool of them (Dhar-
macon). siRNA against GAPDH was used as control. U20S cell were transfected
with 1 nM of siRNAs using RNAi MAX reagent (see Methods). Then, at 48 hours,
cells were split 1:2 into two new 6-well plates. At 72 hours cells were harvested
for westernblot analysis and qRT-PCR analysis. qRT-PCR results revealed good
efficiency of tested siRNAs (Figure C). The most effective knock-down was
obtained by siRNA Wip1-2, siRNA Wipl-4 and by siRNAs equimolar pool. West-
ern blot analysis and subsequent densitometry showed that decrease in the signal
of Wipl Bethyl antibody was in perfect correlation with qRT-PCR results (Fig-
ure A and B). According to our results from Wipl knockdown experiments,
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we concluded that Wip1 Bethyl antibody specifically stains a band corresponding
to Wipl full-length protein at about 80 kDa. Notably, the intensity of a 60 kDa
band stained by Wip1 Bethyl antibody does not correspond to Wip1 protein, ac-
cording to the fact that there was no evident decrease in its intensity after siRNAs
treatment suggesting that it represents cross-reactivity with an unrelated protein
(Figure[5.3). In addition, we compared staining patterns of Wip1 Bethyl antibody
and Wip1l Santa Cruz antibody (Figure [5.3). In contrast to the staining pattern
of anti-Wip1 antibody from Bethyl, anti-Wip1 St. Cruz antibody specifically rec-
ognizes a major band at 60 kDa which probably corresponds to a splice variant
of Wipl (Figure [5.3). In contrast to the staining pattern of anti-Wip1l antibody
from Bethyl, anti-Wip1 St. Cruz antibody dominantly recognizes a major band at

60 kDa which probably corresponds to a splice variant of Wip1.

5.1.3 Immunoprecipitation of endogenous Wip1

U20S cell were plated in 10-cm plates. After 24 hours cell were harvested and
lysates were immunoprecipitated with Wip1l St. Cruz antibody. For immunopre-
cipitation control, one sample was prepared without addition of antibody and
one without addition of lysate. Immunoprecipitates together with corresponding
lysates were analyzed by western blot, using Wip1 Bethyl antibody (Figure [5.4)).
We detected a single band at 80 kDa in the sample immunoprecipitated with
lysates and Wip1 St. Cruz antibody and no signal was detected in control sam-

ples. This result further confirmed the specificity of Wip1 Bethyl antibody.

5.1.4 Preparation of stable monoclonal cell lines expressing

Wip1 fusion proteins

For purposes of study of Wipl dynamics and regulation, we decided to prepare
stable monoclonal cell lines expressing Wip1 fusion proteins. We transfected U20S
cells with EGFP-Wip1 and pLap-Wip1-D314A plasmids which we had currently at
hand (plasmids were obtained from Libor Macurek). EGFP-Wip1 codes for Wip1l
protein N-terminally fused with GFP. pLap-Wip1-D314A codes for phosphatase
dead mutant of Wipl (Wip1-D314-A) fused with N-terminal LAP tag. LAP tag
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Figure 5.2: siRNA knockdown of Wip1 demonstrates specificity of Wip1 Bethyl
antibody - U20S cells were transfected with four independent siRNAs, siRNAs pool
and control siRNA. A: Western blot analysis of siRNA knockdown; Total cell lysates
were probed with indicated antibodies. B: Densitometry analysis of western blot -
anti Wip1 siRNAs demonstrate overall good efficiency. C: qRT-PCR analysis of siRNA
knock-down showed the perfect correlation with western-blot results.
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Figure 5.3: siRNA knockdown of Wip1 - comparison of Wip1 St. Cruz antibody
and Wip1 Bethyl antibody - A: U20S cells were transfected with four independent
siRNAs, total cell lysates were probed with indicated antibodies. B: Scheme of
epitopes recognized by Wip1 St. Cruz antibody and Wip1 Bethyl antibody (made
according to the vendor’s information).
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Figure 5.4: Immunoprecipitation of endogenous Wip1 with Wip1 St. Cruz
antibody, probed by Wip1 Bethyl antibody - This result further confirmed the
specificity of Wip1 Bethyl antibody:.

system consists of S-protein, TEV site and GFP. This system can be beneficially used
in a modified tandem affinity purification (TAP) to isolate interacting partners of
Wipl in high purity for mass-spec analysis Cheeseman and Desai (2005). So far
we did not proceed to TAP and mass-spec analysis by the end of finishing this
thesis, yet we plan to perform them in the near future.

U20S cells were plated in 6-well plate at density 150 000 cells per well. Af-
ter 24 hours, cells were transfected with 2 ug of plasmids carrying fusion Wip1l
cDNA and gentamicin resistance and 0.4 ug pBABE PURO using Fugene transfec-
tion reagent. We employed cotransfection with pBABE PURO, carrying puromycin
resistance, due to the fact that we repeatedly failed to perform effective selection
using G418. Cells were selected by 2 ug/ml puromycin for 6 days, with fresh me-
dia and antibitotic exchange once per 2 day. Fluorescent microscopy observations
of both transfectants showed nuclear localization of Wip1 fusion proteins, demon-
strating that fused-N-terminal tags did not alter Wip1 physiological localization.
After puromycin selection, we performed a limiting dilution and plated cells into

96-well plates. For cultivation in these low dilutions we used D-MEM medium with
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increased concentration of FBS to 15% v/v and no antibiotics were added. After
one week we screened wells for viable and EGFP positive colonies, which were
raised presumably from one ancestor cell. Positive colonies were chosen for fur-
ther propagation. EGFP-Wipl1 transfected cells exhibited decreased viability during
propagation, in contrast pLap-Wip1-D314A transfectants, and we were not able to
obtain viable monoclonal cell line in this cloning. For pLap-Wip1-D314A trans-
fectants, four clones were selected and analyzed by western-blotting (Figure[5.5)).
Western blot results revealed expected band of LAP-Wip1 below 130 kDa. In addi-
tion, the band around 80 kDa corresponding to Wip1 protein increased in intensity.
This reactivity might be caused by a preterminal stop in translation of LAP-Wip1
fusion protein. Alternatively, proteolytic cleavage of Wip1 fusion proteins may be
responsible for presence of this shortened variant of exogenous Wip1. In aim to de-
termine the level of exogenous Wip1l protein overexpression to endogenous Wipl,
we diluted serially the sample lysates of clone 1 and compared them to Wip1 levels
in nontransfected U20S (Figure A). Densitometry analysis of western blot re-
sults showed that levels of exogenous LAP-Wip1 are approximately 40 fold higher
compared to levels of endogenous Wipl in U20S cells (Figure B). The cell
line U20S LAP-Wip1-D314A Clone 1 was used further for our studies, as described

later.

U20S LAP-Wip1-D314A

Cl1 C2 C3 C4

—170 kDa
LAP-Wipl = (NS S GNN0 Se9 —130 kD2
—95 kDa

Wipl = s = 0 k0a

tubulin — — ——

Figure 5.5: Prepared monoclonal U20S cell lines express LAP-Wip1 - Total cell
lysates were probed with indicated antibodies.
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Figure 5.6: Levels of exogenous LAP-Wip1 are approximately 40 fold higher
compared to levels of endogenous Wip1 in U20S cells - A: Western blot results,
the total lysate from pLap-Wip1-D314A clone 1 was serially diluted as indicated.
Total cell lysates were probed with indicated antibodies. A: Densitometry
quantification of western blot result, corrected for dilution 20 x .
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5.1.5 FACS sorting of transfectants according to their GFP sig-

nal intensity

As the monoclonal cell line expressing pLAP-Wip1-D314A showed a considerable
overexpression of the fusion protein which might interfere with some analysis, we
decided to sort transfected cells based on their GFP signal intensity by FACS.
U20S cell were plated on 6-well plate with density 150 000 cells per well.
After 24 hours cells were transfected with lower amount of plasmid DNA than
in previous case, particularly with 0.5 ug of plasmid carrying fusion Wipl and
0.1 ug of pBABE PURO using Fugene transfection reagent. Cells were selected by
2 pg/ml puromycin for 5 days. After selection cells were transferred to serum-free
D-MEM and subjected to FASC sorting. Both transfectants were sorted into four
different groups based on their GFP signal intensity. These cells were further prop-
agated and analyzed by western blot for levels of exogenous Wip1 (Figure [5.7)).
Group SW4 (sorted group expressing GFP-Wipl) exhibited highest fluorescence
signal from GFP-Wipl wild-type transfectants, however, this signal was localized
to cytosol and presumably attributed to expression of sole GFP. Correspondingly,
western-blot analysis showed a relatively low level for SW4. With SW4 excep-
tion, all other sorted population demonstrated anticipated GFP-Wip1 expression,
increasing from SW1 to SW3 and from DS1 to DS4 (sorted groups expressing LAP-
Wip-D314A 1 to 4), respectively. SW1, SW2, SD1 and SD2 populations, exhibiting

lower GFP-Wip1 expression, were chosen for subsequent cloning.

5.1.6 Single cell cloning by FACS sorting in 96 well

SW1, SW2, SD1 and SD2 populations were amplified to approximately 107 cells,
transferred to serum-free D-MEM and subjected to FASC single cell cloning. All
four populations were sorted into two 96-well per population, one cell per well.
Sorted clones were further propagated and selected clones were subsequently an-
alyzed for GFP-Wip1 expression by western-blot. Single cell cloning by FACS sort-
ing was not very effective for SD1 and SD2 populations, as we obtained very
few positive clones. This problem did not occurred during sorting of SW1 and

SW2 populations. For cultivation of sorted-cells in low dilutions, we used D-MEM
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Figure 5.7: pLAP-Wip1-D314A and pEGFP-Wip1 transfectants were sorted by
FASC according to their GFP signal intensity - A: western blot validated successful
sorting in all populations, except the SW4 B: Total cell lysates were 10 x diluted to
enable comparison of exogenous and endogenous Wipl. Levels of exogenous
LAP-Wip1 in SW1 and SD1 are approximately 4 fold higher compared to levels of
endogenous Wip1 in U20S cells (according to western-blot densitometry). Total cell
lysates were probed with indicated antibodies.
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medium with increased concentration of FBS to 20% (v/v) and no antibiotics were
added. After one week we screened using fluorescent microscopy wells for viable
and EGFP positive colonies, which were raised presumably from one ancestor cell.
Positive colonies were chosen for further propagation. The expression of fusion
Wip1 in selected clones was validated by western blot (Figure [5.8).

GFP-Wipl LAP-Wip1-D314A
clones clones

1 2 3 45 6 7 8 1 2
: —— 130 kDa
GFP/LAP-Wip1 D S — G G D ——
/ Ip = 5 D3
—— 72 kDa

Figure 5.8: Prepared monoclonal U20S cell lines express GFP-Wip1 and
LAP-Wip1 - Total cell lysates were probed with indicated antibodies.

5.1.7 Cloned vectors
5.1.7.1 Cloning of pWip1-EGFP

pWipl-EGFP features the CMV promoter and RNAi nontargetable phosphatase
dead Wipl fused at the C-terminus with EGFP (Figure [5.9). The pWip1-EGFP
vector carries the kanamycin resistance. We prepared this vector to test whether
the C-terminally tagged Wipl will behave differently to currently available N-
terminally fused Wipl. We did not proceed to this comparison by the time of

finishing this thesis. Detailed cloning procedure is described in Methods.
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Figure 5.9: Plasmid map of pWip1-D314A-EGFP - the map was generated in Vector
NTI® software

5.1.7.2 Cloning of pLAP-Wip1-S40A-D314A and pLAP-Wip1-S40D-D314A

pLAP-Wip1-S40A-D314A and pLAP-Wip1-S40D-D314A feature the mutated serine
40 to alanine and aspartic acid, the non-phosphorylable variant and the phosphate-
mimicking variant on background of a phosphatase inactive Wip1-D314A mutant
(Figure [5.10). Both vectors carry the kanamycin resistance. These vectors will be
used in the future for functional characterization of the phosphorylation of Wip1l

during mitosis (Chapter 6.3). Detailed cloning procedure is described in Methods.
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Figure 5.10: Plasmid map of pLAP-Wip1-S40A-D314 (the map of pLAP-Wip1-

S40D-D314A is identical aside except of S40 point mutation) - the map was
generated in Vector NTI® software
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5.2 Dynamics of DNA damage response pathways
upon v-irradiation

Temporal dynamics of p53 upon ~-irradiation has been described to exhibit se-
ries of discrete pulses (Chapter 3.6). At the outset of our study, we wanted to
reproduce Galit Lahav results and detect the protein dynamics on population
level with western blot technique. For this reason we set up our pilot experi-
ment in identical way to the ones published by Galit Lahav lab’s Batchelor et al.
(2008). We irradiated the MCF7 cell line with a dose of 10 Gy and monitored
the dynamics of selected DDR proteins up to 12 hours after irradiation. In par-
allel to examining the total levels of p53, we extensively broadened the scope
of observed DDR proteins and assayed also gammaH2AX, p53-pS15, p21, Wipl,
Chk2-pT68, total p38MAPK and p38MAPKpT180/pY182, MAPKAPK-2-pS334, and
MKK3-pS189/MKK6-pS207. Although the p38MAPK-MAPKAPK-2 pathway is not
usually considered as a canonical DNA damage response pathway, we were inter-
ested in its dynamics since it is tightly connected to the regulation of p53 circuit
(Chapter 3.2). Moreover, recently reported findings of Reinhardt et al., (2010)
suggest that the p38MAPK-MAPKAP-K2 pathway is crucial for prolonged mainte-
nance of the checkpoint, further stressing out its importance.

MCEF?7 cells were plated in 6-well plates at density 200 000 cells per well. Next
day, cells were irradiated by a single dose of 10 Gy. Cells were harvested in one

hour intervals up to twelve hours. Samples were analyzed by western blot and

results were quantified by densitometric analysis (Figures|5.11,(5.12}|5.13)). Phos-

phorylated version of H2AX (yH2AX) was used as a marker of DNA damage. The
levels of YH2AX peaked immediately after irradiation and then gradually declined.
The levels of Chk2- pT68 showed a similar trend. We observed the expected pul-
sative dynamics of p53. The first pulse of p53 reached its maximum in the interval
of 2 to 4 hours after irradiation, while the second pulse had its maximum at 8 to
10 hours. The amplitude of the second pulse reached only 60% of the first one.
The levels of p53-pS15 perfectly correlated with the first pulse of total p53. On
the contrary the second pulse was notably lower. We discuss these results fur-

ther in Discussion. The levels of Wip1 demonstrate single pulse with phase shift
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to the p53 pulses (Figure [5.13). This is in good agreement with the described
negative feedback loop between p53 and Wip1. The levels of p21 showed a mono-
tone continuous increase, reaching its maximum around 6 hours after irradiation
and remained elevated until the 12 hour. The activity of p38MAPK-MAPKAPK-2
pathway dropped immediately after irradiation, but then again increased. The
first pulse of p38MAPK-MAPKAPK-2 reached its maximum at approximately 4 to 6
hours. Notably, second pulse of p38MAPK-MAPKAPK-2 activity rose approximately
at 9 hours (Figure|(5.12)).

Since we were able to reproduce the pulsative dynamics of p53 upon gam-
mairradiation in MCF7 cell, we were keen to investigate whether this dynamics
is restricted to MCF7 cell line or whether it represents a general phenomenon.
For this reason we performed the ~-irradiation in the same experimental setting
on U20S cell line. The v-irradiation of U20S cells was performed in two indepen-
dent experiments (Figures|5.14}(5.15}/5.16,|5.17,(5.18},[5.19). The levels of yH2AX
and Chk2-pT68 showed the similar trend as in case of MCF7 (Figures 5.17).
Interestingly, p5S3 levels showed a monotone continuous increase, as opposed to
the pulses observed in MCF7 cells (Figures [5.17). We deliberate this issue
in Discussion. The levels of p53-pS15 exhibit a single pulse (Figures [5.17).

Conversely to the situations in MCF7 cells, Wip1 levels did not demonstrate the

discrete pulse with phase shift to the first p53 pulse, but rather slight continu-
ous increase (Figures [5.19). The dynamics of p21 was the same as in case
of MCF?7 cells aside from fact that in the first experiment the levels of p21 were
markedly increased in control, not irradiated sample (Figures [5.19). We at-
tribute this to possibly stress-full handling with control sample during transfer of
cells to the place of irradiation and back to incubator. Again, we observed the two
pulses on of p38MAPK-MAPKAPK-2 pathway activation, although the timing and
width of pulses varied between experiments (Figures [5.18).
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Figure 5.11: MCF7 cells were irradiated with a single dose of 10 Gy and
monitored for the dynamics of selected DDR proteins up to 12 hours after
irradiation - Exp 1/A. - Total cell lysates were probed with indicated antibodies. The
densitometry results were normalized to the loading control (a-tubulin). Details are
described in text above.
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western blot results
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Figure 5.12: MCF7 cells were irradiated with a single dose of 10 Gy and
monitored for the dynamics of selected DDR proteins up to 12 hours after
irradiation - Exp 1/B - Total cell lysates were probed with indicated antibodies. The
densitometry results were normalized to the loading control (a-tubulin). Details are
described in text above.
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Figure 5.13: MCF7 cells were irradiated with a single dose of 10 Gy and
monitored for the dynamics of selected DDR proteins up to 12 hours after
irradiation - Exp 1/C - Total cell lysates were probed with indicated antibodies. The
densitometry results were normalized to the loading control (a-tubulin). Details are
described in text above.
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Figure 5.14: U20S cells were irradiated with a single dose of 10 Gy and
monitored for the dynamics of selected DDR proteins up to 12 hours after
irradiation - Exp 1/A - Total cell lysates were probed with indicated antibodies. The
densitometry results were normalized to the loading control (a-tubulin). Details are
described in text above.
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Figure 5.15: U20S cells were irradiated with a single dose of 10 Gy and
monitored for the dynamics of selected DDR proteins up to 12 hours after
irradiation - Exp 1/B - Total cell lysates were probed with indicated antibodies. The
densitometry results were normalized to the loading control (a-tubulin). Details are

described in text above.
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Figure 5.16: U20S cells were irradiated with a single dose of 10 Gy and
monitored for the dynamics of selected DDR proteins up to 12 hours after
irradiation - Exp 1/C - Total cell lysates were probed with indicated antibodies. The
densitometry results were normalized to the loading control («-tubulin). Details are
described in text above.

104



5.2 Dynamics of DNA damage response pathways upon y-irradiation

western blot results western blot densitometry
Time [hours] 01 2 3 4 56 7 8 9 10 11 12 'relati\.le VHZAX
mtensny
YH2AX B e e e
5 1
os 1/ DA /
tubulin — 05 / A~
o,4<
0,2
0
0 2 4 6 8 10 12
time [hours]

Time [hours] 01 2 3 4 56789 101112 relative Chk2-pT68
= il intensity
v 1,2
Chk2-pT68 D G . — —— . N
. | 0,6 I \VA
tubulin e wlf N\
02 I \VA\,
0 T T T
[ 2 4 6 8 10 12
time [hours]
Time [hours] 01 2 3 4 56 7 8 9 10 11 12 relative p53
intensity
12
p53 - | . A
08 ‘/r/ \ /
tubulin ——— *1/
04
0,2‘
0
0 2 4 6 8 10 12
time [hours]
Time [hours] 01 23 4 567809101112 relative p53pS15
intensity
1,2
tubulin e ” yad N
0,6
04 // \’\N
0,2
0
0 2 4 6 8 10 12
time [hours]

Figure 5.17: U20S cells were irradiated with a single dose of 10 Gy and
monitored for the dynamics of selected DDR proteins up to 12 hours after
irradiation - Exp 2/A - Total cell lysates were probed with indicated antibodies. The
densitometry results were normalized to the loading control (a-tubulin). Details are
described in text above.

105



5.2 Dynamics of DNA damage response pathways upon y-irradiation

western blot results

western blot densitometry

Time [hours] 01 2 3 4 56 7 8 9 10 11 12 relative MKK3-p5189/MKK6-ps207
& intensity
MKK3-pS189/ ———— -nr — v - —— 12
MKK6-pS207 — 1 /A\ /\[ —
0,8 <7
tubulin — o / \ > 4
e {
0,2
0
0 2 4 6 8 10 12
time [hours]
Time [hours] 01 2 3 4 56 7 8 9 1011 12 relative D3EMAPK
: intensity
p38MAPK = ——————— P s < S - 12
. /\/
tubulin | c— ZZ N—
0,4
0,2
0
0 2 4 6 8 10 12
time [hours]
Time [hours] 01 2 3 4 56 7 8 9 10 11 12 relative 038MAPK-pT180/pY182
p38 MAPK- intensity
—— _— - 1,2
pT180/pY182 oo 1 M
tubulin ——— 08 A
0,6 -7‘%—
0,4 ~
0,2 {/
04
0 2 4 6 8 10 12
time [hours]
Time [hours] 01 2 3 4 56 7 8 9 10 11 12 relative MAPKAPK.2 pT334
MAPKAPK-2 T o G s s ot e i s Gl intfznsity
-pT334 . /\
tubulin - e e—————— 08 « /| M\
0,6
"N
0,2 / \ )-\V/ \
o v
0 2 4 6 8 10 12
time [hours]

Figure 5.18: U20S cells were irradiated with a single dose of 10 Gy and
monitored for the dynamics of selected DDR proteins up to 12 hours after
irradiation - Exp 2/B - Total cell lysates were probed with indicated antibodies. The
densitometry results were normalized to the loading control (a-tubulin). Details are
described in text above.
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Figure 5.19: U20S cells were irradiated with a single dose of 10 Gy and
monitored for the dynamics of selected DDR proteins up to 12 hours after
irradiation - Exp 2/C - Total cell lysates were probed with indicated antibodies. The
densitometry results were normalized to the loading control (a-tubulin). Details are
described in text above.
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5.3 Dynamics of DNA damage response pathways

upon UV-C irradion

5.3.1 Determining dose of UV-C irradiation

First we decided to determine an appropriate dose of UV-C irradiation, the one that
leads to full activation of DDR, but does not cause apoptotic response. For this aim
we irradiated cells by several UV-C doses of increasing intensities (5, 20, 50, 100,
200, 500, 2000 J/m?) and looked for activation of ATR-Chk1 pathway and cell
viability. U20S cells were plated in 6-cm plates at day prior to irradiation. Two
6-cm plates were used per one irradiation burst. First plate was harvested one
hour after irradiation for western-blot analysis (Figure [5.20). Second plate was
observed after 24 h for cell viability. At UV-C doses below 20 J/m? the majority of
cells stayed viable at 24 h after UV-C irradiation. On the contrary at doses above
50 J/m? most cells exhibited cell death. Nearly all cells died at dose of 200 J/m?
and higher. Phosphorylation of Chkl on serine 317 was used as a marker of acti-
vation of ATR-Chk1 pathway. We observed strong increase of this phosphorylation
even after relatively low doses (5 J/m?) of UV-C irradiation and it did not signif-
icantly increased further in higher doses. Minor activation of Chkl detected in
the control could be attributed to physiological activation of ATR-Chk1 pathway
during S-phase progression. In addition, we checked for activation of ATM-Chk2
pathway, since there have been reported possible cross-talks between ATR-Chk1
and ATM-Chk2. Phosphorylation of Chk2 on threonine 68 was used as the marker
of activation of ATM-Chk2 pathway. We were able to detect a substantial increase
of this phosporylation in higher UV-C doses, yet to much lower extent than phos-
phorylation of Chkl. Activation of Chk2 pathway at higher doses of UV-C might
be also caused by DNA double strand breaks, which might be caused by excessive
DNA damage. We concluded that even relatively low doses of UV-C irradiation
lead to full activation of ATR-Chk1 pathway as opposed to activation of ATM-Chk2
pathway. Majority of cells stayed viable at low UV-C doses, below 20 J/m?, in
contrast to higher doses, which led to strong apoptotic response. With respect to

these findings we decided to use dose of 10 J/m? for our further experiments.
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Figure 5.20: UV-C irradiation leads to activation of Chk1 kinase - U20S cells
were irradiated by UV-C doses of 5, 20, 50, 100, 200, 500, 2000 J/m?; Cells were
harvested one hour after irradiation and analyzed through western blot for activation
of ATR-Chk1 and ATM-Chk2 pathways — represented by phosphorylation of Chk1,
respectively Chk2. Total cell lysates were probed with indicated antibodies. Chk1
reached its full activation even after low doses of UV-C irradiation, on the contrary
Chk2 was activated in minor extent and only after high doses of UV-C irradiation.
Details are described in text above.

5.3.2 Dynamics of DNA damage response pathways upon UV-C

irradion

To compare the dynamics of DDR upon different genotoxic stresses, we irradiated
the U20S cell line with a dose of 10 J/m? UV-C and monitored the dynamics of
selected DDR proteins up to 12 hours after irradiation, similarly to experimental
setting of v-irradiation.

U20S cells were plated on 10 cm plates at density 2 x 10°. Next day, the
cells near confluence were irradiated by a single short burst of UV-C with intensity
10 J/m?. Cells were harvested in one hour interval up to twelve hours. Samples
were analyzed by western blot and results were quantified by densitometry analy-
sis. The UV-C irradiation of U20S cells was performed in three independent exper-
iments. In the first experiment only the levels of YH2AX, Chk1-pS317, p53-pS15
and Wip1 were measured due to technical reasons (Figure [5.21)). In two remain-
ing experiments we assayed for yYH2AX, p53-pS15, p21, Wip1, Chk1-pS317, total

p38MAPK and p38MAPK-pT180pY182, MAPKAPK-2-pS334, and MKK3-pS189/MKK6-

pS207 (Figures|[5.22} [5.23]|5.24] [5.25} [5.26} |5.27). In case of second experiment

we excluded the sample from the 10 hour from the densitometry analysis, with

respect to the fact that the levels of YH2AX, used as marker of DNA damage, were
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notably lower in this sample then in the samples from 9 and 11 hours. We specu-
late that this sample was probably improperly irradiated. Since the similar results
made on MCF7 cells were published during the course of this thesis (Batchelor
et al., 2011), we did not reproduce our experiments on this cell line. The lev-

els of YH2AX showed monotone continuous increase during the 12 hours time

course (Figures |5.21} |5.22} |5.25). The activation of Chkl demonstrated single

pulse from 1 to approximately 6 hours after irradiation and then slowly decrease
(Figures [5.21] |5.22] |5.25]). Notably, the levels of p53 and p53pS15 showed good

correlation with a monotone continuous increase (Figures|5.21} [5.22] |5.25]). In-

terestingly, p21 levels decreased immediately after irradiation and then again rose
in series of two pulses. The timing and width of the first p21 pulse, approximately
3 to 6 hours, correlated well between experiments, the timing of second pulse
differed between the independent experiments (Figures [5.27). Addition-
ally, we repeatedly observed the two pulses of p38 MAPK-MAPKAPK-2 pathway
activation, although the width and timing of pulses vary between experiments
(Figures [5.26). These observations are discussed in detail in Discussion. The

dynamics of Wip1 did not exhibit particularly good correlation between indepen-

dent experiments (Figures|5.21] [5.24} [5.27)). We addressed this issue in following

experiments.

5.3.3 The independent measurement of UV-C Crosslinker UV-C

dose

The UV-C crosslinker used in our study is designed to deliver the proper dose
of UV-C, correcting for the inherent intensity fluctuations that can occur during
UV lamp operation (Crosslinkers 800 and 1500 series operation manual; Ultra-
Lum). However, during our experiments we doubted about the reproducibility
of doses generated by the crosslinker, especially when we used low UV-C doses
(short times). For this reason, we measured the UV-C intensity given by UltraLum
Crosslinker series 800 by independent UV-C light meter (Lutron Electronic Enter-
prise Co., Ltd.; model UVC-254) (Figure [5.28]) and observed that the intensity of

UV-C given by UltraLum crosslinker was variable. The UV-C crosslinker is able to
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Figure 5.21: U20S cells were irradiated with a single dose of 10 J/m? and
monitored for the dynamics of selected DDR proteins up to 12 hours after
irradiation - Exp 1/A - Total cell lysates were probed with indicated antibodies. The
densitometry results were normalized to the loading control (a-tubulin). Details are
described in text above.
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Figure 5.22: U20S cells were irradiated with a single dose of 10 J/m? and
monitored for the dynamics of selected DDR proteins up to 12 hours after
irradiation - Exp 2/A - Total cell lysates were probed with indicated antibodies. The
densitometry results were normalized to the loading control («-tubulin). The sample
from the 10 hour was excluded from the densitometry analysis. Details are described

in text above.
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western blot results
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Figure 5.23: U20S cells were irradiated with a single dose of 10 J/m? and
monitored for the dynamics of selected DDR proteins up to 12 hours after
irradiation - Exp 2/B - Total cell lysates were probed with indicated antibodies. The
densitometry results were normalized to the loading control (a-tubulin). The sample
from the 10 hour was excluded from the densitometry analysis. Details are described

in text above.
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Figure 5.24: U20S cells were irradiated with a single dose of 10 J/m? and
monitored for the dynamics of selected DDR proteins up to 12 hours after
irradiation - Exp 2/C - Total cell lysates were probed with indicated antibodies. The
densitometry results were normalized to the loading control («-tubulin). The sample
from the 10 hour was excluded from the densitometry analysis. Details are described
in text above.
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Figure 5.25: U20S cells were irradiated with a single dose of 10 J/m? and
monitored for the dynamics of selected DDR proteins up to 12 hours after
irradiation - Exp 3/A - Total cell lysates were probed with indicated antibodies. The
densitometry results were normalized to the loading control (a-tubulin). Details are
described in text above.
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Figure 5.26: U20S cells were irradiated with a single dose of 10 J/m? and
monitored for the dynamics of selected DDR proteins up to 12 hours after
irradiation - Exp 3/B - Total cell lysates were probed with indicated antibodies. The
densitometry results were normalized to the loading control (a-tubulin). Details are
described in text above.
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Figure 5.27: U20S cells were irradiated with a single dose of 10 J/m? and
monitored for the dynamics of selected DDR proteins up to 12 hours after
irradiation - Exp 3/C - Total cell lysates were probed with indicated antibodies. The
densitometry results were normalized to the loading control (a-tubulin). Details are
described in text above.
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sense the actual intensity of UV-C and correct for it for the delivery of final UV-C
dose (Figure[5.28). Nevertheless, our measurements show that it is not absolutely
precise (Figure [5.28)). Moreover, since regulation of total UV-C dose is facilitated
mainly by manipulating the irradiation time, there is reason for suspect that the
variance of total UV-C doses in low dose of UV-C (below 50 J/m?) and correspond-

ing short times (few seconds) might be even larger.
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Figure 5.28: Measurement of UV-C Crosslinker UV-C dose demonstrates the
variance of total UV-C doses - differentially colored symbols represent the
individual measurements. A: The actual intensity of UV-C irradiation significantly
vary between independent irradiations. B: The total dose of UV-C irradiation is
corrected by crosslinker, yet not perfectly — the maximum observed variance between
independent irradiations was approximately 30 J/m?.

5.3.4 Wipl half-life is approximately 2.5 hours

Regulation of the protein stability represents an essential mechanism by which
cells control numerous physiological processes. This is well illustrated by the reg-
ulation of p53 upon stress stimuli (Chapter 3.3). Since we were interested in a
possible regulation of Wip1 via alternations of its turn-over, we firstly determined
its physiological half-life. The half life of a protein is defined as the time needed
for removal of half of the protein (Eden et al., 2011). For this aim, we employed
a treatment with cycloheximide that blocks the translational elongation and thus
prevents proteosynthesis. Therefore in the presence of cycloheximide, we are able

to observe degradation rate of protein.
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U20S cells were plated in 6-cm plates. Following day, cells were treated
with 50 ug/ml cycloheximide. Samples were harvested in 1 to 6 hours time-
points after cycloheximide addition and analyzed by western blot (Figure[5.29|A).
Densitometry analysis of western blot results from two independent experiments
showed that Wip1l half-life is approximately 2.5 hours (Figure B). In addi-
tion, we examined whether the Wip1 half-live is altered upon UV-C dose of 20
J/m?. We show that Wip1 half-life is not significantly altered by this dose of UV
(Figure C, D). The levels of p53 served as control for cycloheximide efficiency
and also for DNA damage induction, since its turn-over is very quick in unstressed
conditions, whereas it becomes stabilized upon DNA damage. We did not mea-
sured Wip1 half-life upon higher doses of UV-C, since higher doses of UV-C lead to

apoptotic response, which would interfere with result interpretation.

5.3.5 Wipl dynamics after UV-C irradiation is dose dependent

Results of Wipl levels dynamics varied upon UV-C irradiation. With respect to
the fact that used UV-C source (UltraLum Crosslinkers 800) exhibited a dose vari-
ation between the irradiations, we examined whether Wipl dynamics changed
with a dose intensity. U20S cells were plated on 6-cm plates at density 7 x 10°
per plate. Next day cells were irradiated by 5 J/m? and 50 J/m?, respectively.
Since we observed that doses of 50 J/m? induce apoptotic response, we subjected
one plate per UV-C dose to the treatment with 1 M Z-VAD-FMK that acts as a
pan caspase inhibitor and thus prevents trigerring of apoptosis. By Z-VAD-FMK
treatment we ruled out the possibility that changes in Wip1 levels were caused
by apoptotic processes. Correspondingly, one plate was treated by a proteasomal
inhibitor MG132, to investigate whether possible changes in Wip1 levels can be
attributed to protein degradation. Both inhibitors were added to cell media im-
mediately after irradiation. Cells were harvested 6 hours after UV-C irradiation
and analyzed by western blot (Figure [5.30). Western blot results revealed that
Wip1 levels slightly increased upon the dose of 5 J/m?. On the contrary, at dose of
50 J/m?, we observed a notable decrease in Wip1 protein level. This decrease can-

not be attributed to apoptotic processes as sample treated with inhibited apoptotic
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Figure 5.29: Wip1 half-life is approximately 2.5 hours and it is not altered by
low dose (20 J/m?) of UV-C irradiation - A: Determining the Wip1 half-life with
cycloheximide treatment 50 pg/ml B: Quantification of westernblot from two
independent experiments. (A; C) C: Determining the Wip1 half-life with
cycloheximide treatment [50 pg/ml] in unstressed conditions and upon UV-C
irradiation [20 J/m?] D: Comparison of western blot densitometries demonstrates
that Wip1 half-life is not significantly altered upon low dose of UV-irradiation.

120



5.3 Dynamics of DNA damage response pathways upon UV-C irradion

response showed the same decrease. Efficiency of Z-VAD-FMK was confirmed by
immunoblotting of PARP. Upon apoptosis, PARP is subjected to caspase-dependent
cleavage and fragments of 89 kDa and 24 kDa can be detected. We did not detect
any signal at position of cleaved PARP in Z-VAD-FMK treated sample, as opposed
to untreated sample. Therefore we can conclude that apoptotic response was effi-
ciently blocked. Visual observation of cells at the time of harvest was in agreement
with cleaved PARP results, since we did not observe any cell death in Z-VAD-FMK
treated sample. Treatment with MG132 resulted in abrogation of Wip1 levels de-
crease. Taken together, we suggest that Wip1 is degraded upon high doses of UV-C
irradiation (50 J/m?), but not after low doses of irradiation (5 J/m?). p53 and

p53pSer15 levels were examined as marker of activated DNA damage response.
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Figure 5.30: Wip1 dynamics after UV-C irradiation is dose dependent - Wipl1 is
degraded upon high doses of UV-C irradiation (50 J/m?), but not after low doses of
irradiation (5 J/m?); Total cell lysates were probed with indicated antibodies
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5.3.6 Wipl1 is phosphorylated on pSQ/pTQ motif upon UV-C ir-
radiation

We aimed to investigate whether the role of Wip1 in DNA damage response can be
regulated also at the level of post-translational modifications. To test this we made
use of a commercially available antibody recognizing phosphorylated pSQ/pTQ
motifs.

LAP-Wip1-D314A-C1 U20S cells were plated in 10 cm plates at density of
2 x 10% per plate. Next day, one plate was irradiated by dose of 50 J/m?, sec-
ond plate was used as control. Cells were harvested one hour after irradiation
and lysates were precipitated with S-protein beads (see Methods). Immunopre-
cipitated samples together with corresponding lysates were analysed by western
blot (Figure A). Staining with anti-pSQ/pTQ antibody detected a band cor-
responding to Wip1 in immunoprecipitated samples of irradiated cells. Therefore
Wipl1 is phoshorylated on pSQ/pTQ motif upon UV-C irradiation. Phosphoryla-
tion of Chk1 on serine 317 was used as the marker of activation of DNA damage
response.

We further examined the dynamics of Wip1 phosphorylation. LAP-Wip1-D314A-
C1 U20S cells were plated at density 2 x 10° in 10 cm plates. Next day, cells were
irradiated by dose of 20 J/m? and harvested in intervals of 0.5, 1, 2 and 5 hours
after irradiation. Cell lysates were incubated with S-protein beads (see Methods)
and then analysed by western blot (Figure B). We showed that pSQ/pTQ
phosphorylation peaked 30 minutes after UV-C irradiation and then progressively

declined.
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Figure 5.31: Wip1 is phosphorylated on pSQ/pTQ motif upon UV-C irradiation
(A) - B: pSQ/pTQ phosphorylation peaked 30 minutes after UV-C irradiation and
then progressively declined. Precipitates and total cell lysates were probed with
indicated antibodies.
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5.4 Wipl dynamics during the cell cycle progression

Since regulation of DDR proteins is tightly connected to the cell cycle progression
we decided to investigate Wip1l expression in different stages of cell cycle. U20S
cells were synchronized by a double thymidine block (see Methods). Samples
from different stages of cell cycle were collected and analyzed by westernblot and
RT-PCR (Figure [5.32). We found that the expression of Wipl on mRNA level was

not significantly altered during the cell cycle progression.
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Figure 5.32: Wip1l mRNA level does not significantly change during the cell
cycle progression - Cells were synchronized by double thymidine block (see
Methods).
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Conversely, western blot analysis revealed a decrease in Wipl-corresponding
band intensity in mitotic sample, compared to interphase samples (Figure[5.33]A).
Notably, a second band with a slower electrophoretical mobility was also detected.
The same result was observed in MCF7 cell line (Figure B). Cyclin A, cyclin B
and H3pS10 were used as markers of cell synchronization.

In addition, we were able to detect this decrease and a band shift also for
exogenous fusion GFP-Wipl protein in our cell line U20S-LAP-Wip1-D314A-C1
(Figure A). Nevertheless, we were unable to detect any drop in GFP signal
intensity in mitotic U20S-LAP-Wip1-D314A-C1 cells. Yet as levels of exogenous
LAP-Wipl1 are significantly higher in this cell line, there was still a considerable por-
tion of Wip1 left. It is possible that the remaining portion of LAP-Wip1 restrained
us from detection of small changes in GFP signal intensity. We tried to overcome

this obstacle by preparation of cell line expressing lower levels of LAP/GFP-Wip1
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Figure 5.33: Wip1 protein level throughout the cell cycle in U20S (A) and MCF7
(B) cell lines - mitotic samples in both cell lines exhibit decrease in Wip1 signal
and band shift - Cells were synchronized by double thymidine block (Methods);
total cell lysates were probed with indicated antibodies.

(described above). Interestingly, it seemed that all exogenous Wipl was shifted-
up in mitotic samples, since we were unable to detect any remaining signal in the
position of original notshifted band as opposed to results from endogenous Wip1l
in U20S and MCEF7 cells. MCF7 and U20S-LAP-Wip1-D314A-C1 cell lines were

plated and synchronized according to the same protocol as described above.

5.4.1 Wipl is phosphorylated in mitosis

We have reproducibly detected a notable band shift in portion of Wip1 in mitotic
samples (Figures [5.34). As such shift can correspond to a post-translational
modification of protein, we were keen to investigate this possibility further. We
focused on phosphorylation first, since this modification can be easily confirmed by
treatment of the precipitated protein with lambda-phosphatase. The U20S-Wip1-
FLAG-D7 cells, carrying tet-inducible fusion Wip1-FLAG (described in [Lindqvist
et al.| (2009), were synchronized via thymidine block and RO3066 inhibitor to G2
phase and after release from RO3066 block to the mitosis using nocodazole. At
the same time as RO3066 was added (12 h before mitotic release), cells were also
treated with 1 uM doxycyclin to induce Wip1-FLAG expression. G2 and mitotic

cells were harvested and immunoprecipitation with Wip1 St. Cruz antibody was
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Figure 5.34: LAP-Wip1 exogenous protein levels in asynchronous population
and in mitotic cells in U20S-LAP-Wip1-D314A-C1 exhibit decrease in Wip1
signal and band shift - Cells were synchronized via double thymidine block (see
Methods); total cell lysates were probed with indicated antibodies.

performed (see Methods). After immunoprecipitation, mitotic sample was divided
into two halves. One was subjected to lambda phosphatase treatment, the other
was used as a control. Immuprecipitation samples with corresponding cell lysates
were analysed by westernblot and detected via anti-FLAG antibody (Figure[5.35).
The mitotic size shift was lost after treatment with lambda phosphatase, giving

evidence that it is caused by protein phosphorylation.

5.4.2 Wipl is degraded in mitosis?

We observed that the intensity of bands corresponding to Wip1 was decreased dur-
ing mitosis and the sum of both bands, the original and shifted one, still did not
seem to constitute interphase intensity of Wip1 signal (Figure[5.33)). Therefore we
hypothesized that Wip1 could be specifically degraded in mitosis. To test this hy-
pothesis, we treated U20S cells with a proteasomal inhibitor MG132 immediately
before mitotic entry, at time of release from RO3066 block and checked for Wip1
stabilization. In addition, we were interested in temporal changes in Wip1 levels

in prolonged mitosis and potential activation of stress response, particularly for
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Figure 5.35: Lamda phosphatase treatment of precipitated mitotic Wip1 shows
that the mitotic size shift is attributed to the Wip1 phosphorylation - Cells were
synchronized via thymidine block and RO3066 (see Methods); total cell lysates and
immunoprecipitates were probed with indicated antibodies. Wip1 protein was
immunoprecipitated with Wip1 St.Cruz antibody.
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activation of p53 and p38.

The U20S cells were synchronized by a thymidine block and RO3066 (see
Methods). At the time of release from RO3066 block, cells were treated by pro-
teasomal inhibitor MG132 and nocodazol. The mitotic cells were harvested in
indicated timepoints of 1, 1.5, 2, 3 and 4 hours after release from the RO3066
block and analyzed by western blot (Figure [5.36). Majority of cells entered mito-
sis until 1 hour after RO3066 release, based on observation of their morpholog-
ical changes. Nevertheless, the samples collected at 1 h were not fully mitotic,
according to lower levels of mitotic marker histone 3 phosphorylated on S10 (Fig-
ure[5.36). The intensity of Wip1 signal was not lowered at 1 h. At 1.5 h, the levels
of histone 3 phosphorylated on serine 10 reached its full levels. Notably, the inten-
sity of Wip1 signal decreased in sample from 1.5 h without MG132 treatment and
conversely did not decrease in sample with MG132. Similar results were obtained
for all following timepoints suggesting that treatment with MG132 leads to stabi-
lizations of Wip1 levels in mitosis. Nevertheless, we would be careful to interpret
these results as proof that Wip1 is really degraded upon mitotic entry. We further
address this issue in Discussion.

We further used the samples collected from this experiment to examine the
possible activation of p53 and p38 during prolonged mitosis. We have become
interested to this issue due to observations made by Uetake and Sluder (2010).
They demonstrated that if the prometaphase is prolonged over approximately 1.5
hour, then cells irreversibly arrest in the following G1 phase. Additionally, the G1
arrest has been suggested to be p38 and p53 dependent. If the p53 or p38 will be
activated during mitosis than we might hypothesize that Wip1 actions need to be
downregulated to enable their activation. We discuss these assumptions in detail
in Discussion. We do not observe increased levels of total p38 during prolonged
mitosis. In samples treated with MG132, expectable increase of p53 levels was
detected, since otherwise rapid turnover of p53 was prevented by a proteasomal
inhibition. We observed a minor increase in levels of p38MAPK-pT180/pY182 in
mitosis prolonged over 3 hours.

Additionally, we released cells from prolonged nocodazol block (1, 2 and 4
hours) to G1 phase and checked for p53-pS15 and p38-pT180/pY182 (Figure[5.37).
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Figure 5.36: Wip1 levels during mitosis are stabilized upon proteasomal
inhibition - Cells were synchronized via thymidine block and RO3066 (); Total cell
lysates were probed with indicated antibodies.
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We observed increased levels of p53-pS15 in all three conditions. This result was
not very conclusive, since the p53-pS15 levels were increased also in the sample
which was held in mitosis less than 1.5 hours and therefore activation of “pro-
longed prometaphase checkpoint” should not happen. Again, we cannot rule out
that sole handling with cells during experiment, particularly the synchronization
with RO-3066, did not cause the p53-pS15 increase. Interestingly, the levels of
p38MAPK-pT180/pY182 were increased only in samples which were held in mito-
sis over 2 hour and they were in correlation with p38MAPK-pT180/pY182 levels

observed during prolonged mitosis.
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Figure 5.37: Prolonged mitosis leads to activation of p38MAPK - the issue is
discussed in detail in text above and in Disscusion; cells were synchronized via
thymidine block and RO3066 (see Methods); total cell lysates were probed with
indicated antibodies.
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6

Discussion

6.1 Dynamics of DNA damage response proteins upon

~-irradiation and UV-C irradiation

We described the temporal dynamics of key DNA damage response proteins under
~-irradiation and UV-C irradiation. The knowledge of which proteins are activated,
when and in what dynamics will hopefully contribute to unraveling of the com-
plex regulatory network and identify key signaling events for diverse imputes and

outputs of the DNA damage response.

6.1.1 Dynamics of p53

Galit Lahav’s group showed that y-irradiation initiates a series of discreate un-
damped p53 pulses. The p53 pulses exhibit fixed amplitude and the number of
pulses positively correlates with the irradiation dose. This implies that p53 re-
sponse to vy-irradiation behaves in a digital way rather than analog (Chapter 3.6).

We irradiated MCF7 cell line, the same cell line as used in Galit Lahav’s group
work, with v-irradiation dose of 10 Gy to see if we are able to reproduce Lahavs
group’s results. Indeed, we observed the expected pulsative dynamics of p53 (Fig-
ures [5.11)). However, the amplitude of the second pulse reached only 60% of the
first one. Since the observation was made at the cell population level and not at

individual cells, the lower amplitude of second pulse might be attributed to the
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averaging the variable number of undamped pulses in single cells (Chapter 3.6,
(Lahav et al., 2004). In addition, we checked levels of activated p53-pS15. The
levels of p53-pS15 perfectly correlated with the first pulse of total p53. On the
contrary the second pulse was notably lower. It suggests that although the cells
trigger the second pulse of p53, its posttranslational activation does not necessar-
ily follow. This speaks in favor of hypothesis that repetitive degradation of p53
serves as “master reset” of its posttranslational modifications and thus provides
cell a chance to choose the appropriate response for its current state (Chapter
3.6.1, (Lahav et al., |2004).

Unexpectedly, when we reproduced the v-irradiation with 10 Gy on U20S cell
line, p53 levels showed a monotone continuous increase [5.25). To clarify
this discrepancy, we looked up the literature whether the genetic background of
MCF7 and U20S cell lines differ in key modulators of p53. We found that while
U20S cells harbor a single copy of PPM1D gene, that encodes Wip1, MCF7 have
amplified the PPM1D gene locus (Bulavin et al., 2002). Correspondingly, MCF7
also exhibits higher levels of Wip1 protein compared to U20S (Lu et al.l, [2005).
We speculate that the lower levels of Wip1 in U20S prevented us from observing
the p53 pulses. Given that the p53-Mdm2 negative feedback loop should be suf-
ficient to give rise of p53 pulsative dynamic, we do not think that lower levels of
Wipl would lead to abrogation of p53 pulses. On the other hand, Wip1 was de-
scribed to be indispensable for maintenance of the pulse uniformity. It was shown
on MCF?7 cells that Wip1l downregulation via siRNA results in deviations from the
stereotypical pulse amplitude and width (Batchelor et al., |2008). Therefore, we
propose that lower level of Wipl in U20S compared to MCF7 might not be suf-
ficient for the maintenance of the pulses uniformity. Since we observed the p53
dynamics at population level, the lack of synchrony and uniformity of p53 pulses
between individual cells might prevent us from detection of discrete pulses and
thus the p53 response was demonstrated as monotone increase of p53 (Chapter
3.6). Alternatively, Batchelor et al.| (2011) suggested, based on a mathematical
modeling, that removal of Wip1-ATM negative feedback loop should be sufficient
for switching the p53 dynamics from repeated pulses in to a single continuous

pulse. Hence it is possible that p53 pulses in U20S are really abrogated. Notably,
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in MCF7 the levels of Wipl showed a discrete pulse, which corresponded to the
decline of the first p53 pulse (Figure [5.13). On the contrary, in U20S the Wipl
levels exhibit a slight continuous increase (Figures [5.19). This further sup-
ports the view that MCF7 and U20S significantly differ in the regulation of Wip1.
Naturally, we cannot exclude the possibility that other currently unknown factors
contribute to the discrepancy in p53 dynamics between MCF7 and U20S cells. The
observed absence of p53 pulsative dynamics in U20S questions the physiological
relevance of p53 pulses. With regard to the amplified PPM1D gene locus in MCF7,
this cell line might not be the best representative model of p53 physiological reg-
ulation. The study of more cell lines, particularly the non-transformed ones might
contribute to elucidation of this issue.

When we irradiated U20S cells with UV-C (10 J/m?) we observed a monotone
continuous increase in levels of p53 (Figures [5.25). These results are in
consistence with recent findings of Batchelor et al.| (2011), who performed a sim-
ilar experiment on MCF7 cells. Moreover, Batchelor et al.| (2011) examined the
p53 dynamics in single cells, using the p53-Venus fusion and time-lapse fluores-
cence microscopy. It was shown that the p53 dynamics in single cells also shows
the single continuous peak of p53 levels. The amplitude and duration of p53
response was increasing proportionally to dose of UV-C (Batchelor et al.l, [2011).
As described, the UV-C irradiation triggers the ATR-Chk1-p53 pathway, while ~-
irradiation initiates the ATM-Chk2-p53 pathway. These two pathways share sim-
ilar network architecture - ATM/ATR and Chk2/Ckh1 activates in feed-forward
motif the p53, which is in turn inhibited by negative feedback by Mdm2 and Wip1
(Chapters 3.1.1.2 and 3.1.2.3). However, there is one main difference. ATR is not
negatively regulated by Wip1, as opposed to ATM. With respect to our findings and
in agreement with Batchelor et al.| (2011), we propose that the negative feedback
between upstream DDR kinase and Wip1 represents key regulatory circuit that de-
termines the p53 dynamics. The presence of this negative feedback loop leads to
repeated pulses of p53, while its absence or deficiency results in single continuous
pulse of p53 response (Figure [6.1)).
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Figure 6.1: The negative feedback loop between upstream DDR kinase and
Wip1 determines the p53 dynamics - In MCF7 cells, the high levels of Wip1
efficiently dephosphorylates ATM, this results in negative feedback loop that leads to
repeated pulses of p53. On the contrary, lower Wip1 levels in U20S are not sufficient
for establishment of effective negative feedback loop and thus p53 response exhibits
single continuous pulse. The UV-C activates the ATR-Chk1-p53 pathway, which lacks
the negative feedback loop between the upstream DDR kinase (ATR) and Wipl,
therefore p53 response also exhibits single continuous pulse. Similar conclusions for
the differential dynamics of p53 upon ~v-irradiation and UV-C irradiation were
suggested by Batchelor et al.| (2011).
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6.1.2 Dynamics of p21

In response to y-irradiation with 10 Gy we observed a monotone continuous in-
crease in levels of p21, which reached its maximum around 6 hours after irra-
diation and remained elevated until the last of examined timepoints (12 hours).
Similar dynamics was observed for MCF7 and U20S cell lines Figures
[5.19). These observations are consistent with the described role of p21 in -
irradiation induced cell cycle checkpoint (Leonardo et al., |1994; Macleod et al.,
1995). The elevated p21 inhibits the CDK-cyclins complexes and thus prevents
the cell cycle progression (el Deiry et al., (1993} Harper et al., (1993).

Interestingly, upon UV-C irradiation with 10 J/m? we detected initial decrease
of p21 levels that was followed by pulse of p21 increase (Figures [5.27).
The timing and width of the first p21 pulse showed good correlation between
experiments. In addition to the first p21 pulse, we observed a second one with
similar amplitude, yet its timing differed between the independent experiments
(Figures [5.27). Literature reports about the dynamics of p21 after UV-C
irradiation are inconsistent and contradictory. While some reports suggest that the
p21 levels decline upon UV-C, others imply that the p21 is upregulated upon UV-C
(summarized in Bendjennat et al.| (2003). The work of Bendjennat et al.| (2003)
proposed that dynamics of p21 is dose dependent and the low (<30 J/m2) but
not high doses of UV-C irradiation results in p21 proteasomal degradation. Yet
again, Lee et al.| (2006) showed the direct opposite, that high (<40 J/m2) but
not low doses of UV-C lead to p21 degradation. Notably, both studies examined,
among others, U20S cell line, suggesting that their contradictory results were not
caused by differences between cell lines. Our findings of p21 pulses might help
to elucidate this issue. We can speculate that since the authors of mentioned
studies examined the p21 levels in single or very few timepoints they might have
detected the different phase of p21 pulse. Some might be detecting the pulse
maximum and thus interpret it as no p21 degradation, whereas others detected
the pulse minimum, leading them to conclusion that p21 is degraded. Since we
observed the p21 only upon the low dose of UV-C (10 J/m2), we cannot clarify

whether the dynamics of p21 is dose dependent and in which manner. According
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to discussed literature it seems probable the dynamic of p21, possibly the timing or
duration of pulses vary with UV-C dose. The p21 was suggested to be dispensable
for UV-C-induced cell cycle arrest (Bendjennat et al., 2003). On the other hand,
upon UV-C irradiation the p21 negatively regulates the DNA repair in a PCNA-
dependent manner (Bendjennat et al., 2003). Therefore orchestrated control of

its levels seems to have considerable relevance for the cell fate.

6.1.3 Dynamics of p38MAPK-MAPKAP-K2 pathway

We observed two pulses of p38MAPK-MAPKAP-K2 pathway activation both upon
~-irradiation and UV-C irradiation (Figures|5.12}[5.15}[5.18][5.23}|5.26]). The two
pulses were reproducible for p38MAPKpT180/pY182 and MAPKAPK-2-pT334 be-

tween independent experiments, although the width and timing of pulses vary. We

did not detect any pulsative dynamics of total levels of p38. For this reason we
suggest that pulses were not attributed to repetitive degradation of p38, as it is in
the case of p53 pulses. Conversely, p38MAPK-MAPKAP-K2 dynamics is most prob-
ably caused by repetitive reversal of activatory postranslational modification. The
active p38MAPKpT180/pY182 can be dephosphorylated by Wip1 (Takekawa et al.,
2000). Therefore it is tempting to speculate that the pulsative dynamics could be
attributed to negative feedback loop of p38MAPK-p53-Wipl1 circuit. Nevertheless,
using U20S we did not detect correlating pulses in Wip1 levels (Figures
[5.24). Yet, we cannot rule out the possibility that the Wip1 activity might be
regulated also by postranslational modification in a pulsative manner.

According to our knowledge, this is the first observation of pulsative dynam-
ics in p38MAPK-MAPKAP-K2 activity upon DNA damage. Interestingly, the similar
dynamics of p38MAPK activation was observed in vivo in mice and in vitro in
normal human keratinocytes upon treatment with Pemphigus IgG autoantibodies
(Lee et al.l, 2009). The Pemphigus is a group of related autoimmune syndromes
characterized by the loss of adhesion between adjacent epithelial cells and re-
sulting blistering in the skin. The Pemphigus autoantibodies are targeted against
desmogleins. Desmogleins are components of desmosomes, sites of attachment

between epithelial cells, which function is distrupted by Pemphigus autoantibod-
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ies (Amagai, [2009). The exact mechanism that couples the loss of cell adhesion
and activation of p38MAPKMAPKAP- K2 pathway is not known. This correlation of
activation dynamics upon most different stimuli is noteworthy. Still, the physiolog-

ical relevance of pulses in p38MAPK-MAPKAP-K2 activity remains to be elucidated.

6.2 Wipl regulation upon UV-C irradiation

6.2.1 Wipl dynamics after UV-C irradiation is dose dependent

The results of temporal dynamics of Wip1 protein levels upon UV-C did not exhibit
particularly good correlation between independent experiments (Figures |5.21}
[5.27). Since we noticed that UV-C doses delivered by the crosslinker were
not precisely constant (Figure [5.28)), we decided to investigate whether the Wip1
dynamics is sensitive to irradiation dose. We found that Wipl levels decrease
upon high dose (50 J/m2) of UV-C, but did not decrease upon low UV-C doses
(Figure [5.30). This is in agreement with our observations that low-doses of UV-C
did not alter the Wipl turnover (Figure C, D). We ruled out the possibil-
ity that the Wip1 degradation upon the high UV-C dose is caused by non-specific
apoptotic processes, as the Wip1l levels drop even when the apoptosis was blocked
(Figure [5.30). Therefore we suggest that Wip1 dynamics after UV-C irradiation is
dose dependent and that it is a regulated process. The low dose of UV-C activated
the cell cycle checkpoint but did not trigger the apoptotic response (Figure |5.30)).
Hence, it seems reasonable that cells do not eliminate Wip1, because it is needed
for possible checkpoint recovery (Lindqgyvist et al., 2009). On the contrary, the high
doses of UV-C cause the apoptotic response (Figure [5.30]), so Wip1l activity is not
needed any longer. Moreover, given that Wip1 negatively regulates p53 activation,
we can speculate that the Wip1 activity would even interfere with initiation of the
apoptotic program. Our results are consistent with the recently published find-
ings of Xia et al.| (2011), who observed the same phenomenon. In addition, Xia
et al. (2011) demonstrated that upon high dose of UV-C, the sustained activation
of p53 fails to induce the particular p53 targets, including its negative regula-

tors Wipl and Mdm2 and also checkpoint-promoting proteins p21 and GADD45q.
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Conversely, p53 stimulates the proapoptotic genes, including NOXA, PUMA, and
BAX in response to high-dose UV-C (Benchimol, 2001). It suggests that cells are
able to determine the amount of DNA damage and decide the appropriate response

trough the regulation p53 transcriptional specificity.

6.2.2 Wipl is phosphorylated on pSQ/pTQ motif upon UV-C ir-

radiation

Aside from studying the dynamics of total Wip1 levels after the DNA damage, we
were also very keen on investigating its possible regulation by posttranslational
modifications. We speculated that Wip1 might be regulated after DNA damage
not only by p53, but also by upstream DDR kinases. To test this assumption,
we irradiated cells with UV-C and probed precipitated Wipl protein with com-
mercially available antibody recognizing phosphorylated pSQ/pTQ motifs. As de-
scribed above, the pSQ/pTQ motifs are phosphorylated by ATM and ATR kinases.
We have demonstrated that Wip1 is phosphorylated on pSQ/pTQ motif upon UV-
C irradiation (Figure A). In addition, we examined the temporal dynamics
of pSQ/pTQ phosphorylation and showed that it peaked 30 minutes after UV-C
irradiation and then progressively declined (Figure B). With respect to this
dynamics, we might hypothesize that upstream DDR kinases might downregu-
late Wip1 activity through this phosphorylation to enable the full activation of
DNA damage response immediately after the DNA damage. Subsequently, Wip1
is again activated, e.g. by p53-dependent transcriptional upregulation (Fiscella
et al., 1997) and in turn can inhibit the DDR signaling (Yamaguchi et al., [2007).
As Wip1 primary sequence contains four pSQ/pTQ sites, in particular Y25, S46,
Y214, S403, we plan to determine which one of these motifs is responsible for the
observed reactivity using variants of Wip1 where individual serine residues will be
mutated to alanine residues that cannot be phosphorylated. These experiments
are currently under progress and together with a detailed functional analysis of

this modification will be followed further.
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6.3 Wipl alternations during mitosis

6.3.1 Wipl is phosphorylated during mitosis

In view of the fact that regulation of many DDR proteins is connected to the cell
cycle progression, we investigated whether Wip1 is distinctively regulated in dif-
ferent stages of cell cycle. We have shown that Wip1 undergoes a specific mitotic
mobility shift in U20S and MCF7 cell lines (Figure [5.33)). This mobility shift was
further confirmed on cell lines expressing exogenous Wipl-fusion proteins (Fig-
ure [5.34). Using lambda proteinphosphatase assay we have demonstrated that
mobility shift is caused by phosphorylation of Wip1l during mitosis (Figure [5.35]).

As the phosphorylation causing the mobility shift of Wip1 strictly occurs in mi-
tosis, we hypothesized that it may be caused by the activity of CDK1. Therefore
we screened the primary sequence of Wip1 for motifs corresponding to the CDK1
phosphorylation consensus sequence - p(S/T)PX(KR) where ‘p’ denotes the phos-
phorylated residue and ‘X’ any aminoacid. The ELM software (http://elm.eu.org/;
(Gould et al., 2010) revealed one putative Cdk phosphorylation site at serine 40
(S40). In addition, ELM software predicted two putative substrate recognition
sites that are able to interact with cyclin and thus increases phosphorylation by cy-
clin/CDK complexes. The first putative cyclin interaction site was mapped at 480-
484 aa (KALTL), the second at 511-515 aa (KNLKM). Taken together, these find-
ings encouraged us to focus on S40 as promising candidate for mitotic phoshory-
lation site. To validate our presumptions, we subjected the precipitated mitotic
Wipl to mass spectrometric analysis, which was performed at University Medi-
cal Center Utrecht. The mass spectrometric analysis results confirmed that S40 is
phosphorylated during mitosis. For that reason, we mutated S40 to alanine and
aspartic acid, the non-phosphorylable variant and the phosphate-mimicking vari-
ant, respectively, to characterize this Wip1 mitotic phosphorylation. Successful
cloning of S40A and S40D mutant was described in detail in Results and these

plasmids will be used in functional studies of Wip1.
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6.3.2 Is Wip1l degraded upon mitotic entry?

Apart from the detected mobility shift, we also observed that the intensity of bands
corresponding to Wipl was decreased during mitosis (Figure [5.33). Even the
sum of both bands, the original and shifted one, did not seem to constitute the
intensity of Wip1 signal in interphase cells. Conversely, the Wipl mRNA levels did
not change during the cell cycle, including mitosis (Figure [5.32)). We suggest two
possible explanations. Firstly, it is possible that another mitotic modification gives
rise to additional Wip1 subpopulations, which are not detected with anti-Wip1
antibody, perhaps due to a masked epitope. Secondly and more interestingly, it
could be that Wip1 undergoes degradation specifically during mitosis.

Microscopic analysis of prepared cell lines expressing GFP tagged-Wip1 did not
reveal any significant decrease in the GFP-signal intensity in mitotic cells. Never-
theless, these cell lines expressed considerably higher levels of fusion-Wip1 com-
pared to physiological levels of endogenous Wip1, which may possibly interfere
with detection of any decrease. In addition, the morphological changes occurring
during mitosis also made the comparison of GFP signal changes between mitotic
and interphase cells difficult.

To test our assumption of Wip1 mitotic degradation, we subjected cells to the
treatment with proteasomal inhibitor MG132 right before mitotic entry, then re-
leased cells into mitosis, and checked for Wip1 stabilization. Indeed, we observed
an increase in Wip1 levels compared to untreated mitotic control (Figure [5.36)).
This increase did not reach the levels of interphase Wip1 in all samples, yet this
could be explained by only partial efficiency of the proteasomal inhibition. Nev-
ertheless the interpretation of these results is still ambiguous. We can rule out
the possibility that the increase in Wipl levels was due to the preventing its
physiological turnover, as the MG132-dependent increase of Wip1 levels was de-
tectable even at 1 hour after release from the G2/M block and we know from our
previous experiments that Wip1 half-life is approximately about 2.5 hours (Fig-
ure[5.29 A, B). However, we cannot exclude the possibility that MG132 treatment
affects the Wip1 levels by other means than just prohibiting its degradation. In-

hibition of proteasome represents a particularly stressful event for the cell, which
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is well demonstrated by the fact that prolonged treatment with MG132 leads to a
strong apoptotic response (Figure [5.30). As Wip1 is tightly connected to cellular
stress response, it is possible that this MG132-induced stress would affect its regu-
lation. Moreover, proteasomal inhibition leads to stabilization and increase of p53
levels since p53 turnover is generally very fast (Chapter 3.3.1).

To convincingly prove that Wip1 is really degraded in mitosis, we aimed to iso-
late ubiquitinated Wip1 using immunoprecipitation of Wip1l from mitotic samples
treated with MG132 inhibitor. We performed this experiment using cells express-
ing FLAG-tagged ubiquitin, yet until finishing of the thesis we were unable to
detect any ubiquitinated Wip1. Thus until now it remains unclear whether Wip1
is degraded during mitosis.

It also remains to be elucidated whether the mitotic phosphorylation of Wip1
might have any link to possible degradation of Wip1l. Phosphorylation of Wip1l
might serve as a recognition motif and mediate specific protein-protein interac-
tions. Good example for such phosphorylation-dependent interaction is binding of
E-box proteins to phosphorylated substrates, which leads to proteasomal degrada-
tion (reviewed by Kipreos and Pagano| (2000). Alternatively, the S40 site resides
within the catalytic domain of Wip1 and thus its phosphorylation might affect its
catalytic function. We hope to resolve these issues in the future exploiting the

prepared S40 mutants and cell lines.

6.3.3 Wipl downregulation could outweight mitotic deficiency

in DNA damage response

Importantly, the DNA damage response to double strand breaks seems to be at
least partially attenuated during mitosis. The cells are able to delay mitotic pro-
gression in presence of DSBs only to mid prophase (Pines and Rieder, 2001). Once
they pass this point, they cannot fully activate the DNA damage checkpoint and
do not retard mitotic progression (Rieder and Salmon, 1998)). However, pres-
ence of YH2AX in v-irradiated mitotic cells was reported Nakamura et al.| (2006).
Giunta et al.| (2010) demonstrated that early activations event of DDR happens
during mitosis, as they observed accumulation of MRN comlex, MDC1 and YH2AX
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at sites of DSBs. On the contrary, no recruitment of RNF8 and RNF168 ubiquitin
ligases and 53BP1 was detected in mitotic cells, as opposed to interphase ones.
Also, the activation of Chk2 was decreased in mitotic cells. |Giunta et al.| (2010)
proposed that cells prioritize the prompt mitotic progress, even in the presence of
DNA damage and only marks its site, while the proper response does not happen
until the following G1. Nevertheless, the sole mitotic marking of DSBs plays im-
portant physiological role, since it prepares cells for a rapid and effective DDR in
G1. The mechanism, by which the mitotic cells downregulate the full activation of
DDR, is not known.

According to |Giunta et al.| (2010) proposition, we might hypothesize that even
basally active Wip1l would interfere with marking of DSBs since DDR is down-
regulated during mitosis. Hence Wip1l downregulation would outweight mitotic

deficiency in DDR. This issue remains to be investigated

6.3.4 Potential role of Wip1l downregulation for "prolonged

prometaphase checkpoint"

The proper chromosome segregation is crucial for maintenance of constant num-
ber of chromosomes in each daughter cell after the cell division. The defects in
chromosome segregation can results in aneuploidy, which may possibly lead to cell
death or malignant transformation. Therefore the chromosome segregation is a
tightly regulated process. The spindle-assembly checkpoint blocks the metaphase-
anaphase transition until kinetochores of all chromosomes are attached to spindle
microtubules (in detail described in Musacchio and Salmon, 2007). However, un-
der certain conditions, e.g. when cells are continuously exposed to microtubule
inhibitors, cells ultimately exit from mitosis after 12-48 hours even with inappro-
priatly assembled spindle (Uetake and Sluder, 2010).

Uetake and Sluder (2010) described the existence of a novel mechanism that
senses duration of the prometaphase. Normal mitosis is accomplished in about 1
hour. If the prometaphase lasts longer than 1.5 hour, cells are still able to pro-
cede through mitosis, but irreversibly arrest in the following G1 phase. This ar-

rest has been suggested to be p38MAPK and p53 dependent. The necessity of
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p53 and p38MAPK activation for this arrest has been described to be restricted
solely to G1 phase and not to prolonged mitosis. Nevertheless, the suggestion that
p53 and p38MAPK are not activated in mitosis was based only on the observa-
tion of total p53 levels and on the treatment with p38MAPK inhibitor SB203580
during mitosis that did not lead to abrogation of G1 arrest. Since prolonged
prometaphase may indicate troubles in the correct kinetochore attachment, this
“prolonged prometaphase checkpoint” can be viewed as a back-up mechanism for
the case of the spindle-assembly checkpoint failure.

If p53 and p38MAPK are activated already in mitosis we could hypothesize
that Wip1 downregulation might be favorable for the sensitivity and successful ex-
ecution of the described “prolonged prometaphase checkpoint”. As Wipl was de-
scribed to negatively regulate p53, we examined total levels of p53 and p38MAPK
and also levels of their activated variants p53-pS15, p38-pT180/pY182 during
prolonged mitosis induced by a nocodazol treatment (Figure [5.36). We did not
observe any notable changes in total level of p53, or p38MAPK during prolonged
mitosis. The p53-pS15 levels also do not exhibit increase compared to RO3066 ar-
rested sample. However, interpretation of p53 activation is problematic, since the
treatment with RO3066 leads to p53 activation per se. RO3066 treatment was es-
sential for efficient synchronization of cells and allowed us to collect a population
of cells that entered mitosis at the same time. Without the RO3066 synchroniza-
tion, cells entered mitosis in a much longer interval and that made collection of
the sample for biochemical analysis impossible.

Intriguingly, we noticed that a portion of p53-pS15 demonstrated a mobility
shift specifically in mitosis (Figure [5.36). We speculate that it could correspond to
additional posttranslation modification of p53-pS15 subpopulation. According to
our knowledge, no p53 modification exclusively specific for mitosis was described,
therefore it might be very interesting to investigate this possibility further. We ob-
served an increase in levels of p38MAPK-pT180/pY182 in mitosis prolonged over
approximately 3 hours (Figures [5.37). This might suggest that p38MAPK is
activated during prolonged mitosis.

Additionally, we released cells from prolonged nocodazole block (1, 2 and 4
hours) to G1 phase and checked for p53-pS15 and p38MAPK-pT180/pY182 (Fig-
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ure[5.37)). Interestingly, the levels of p38MAPK-pT180/pY182 were increased only
in samples which were held in mitosis over 2 hours and it was in correlation
with p38MAPK-pT180/pY182 levels observed during the prolonged mitosis. Our
preliminary results are consistent with the proposed role of p38MAPK in “pro-
longed prometaphase checkpoint” (Uetake and Sluder; 2010). Nevertheless, fur-
ther work will be needed to confirm this assumption. Hypothetically, Wip1 down-
regulation during mitosis might be favorable for proper initiation of “prolonged

prometaphase checkpoint”.

6.3.5 Wip1l-CDK1 may form a double-negative feedback loop

Interesting piece of the puzzle came recently from Park et al.| (2011) who had
demonstrated that Wip1 overexpression leads to increased phoshorylation of CDK1
on tyrosine 15 and thus to its inhibition. It is not clear, how Wipl can increase
CDK1 phosphorylation on tyrosine 15. In fact, it seems very conflicting to the
described roles of Wip1l in checkpoint recovery. Wip1 is known to counteract ac-
tions of DDR kinases, in case of CDK1 activation most importantly the inhibition
of CDC25 phosphatases, activation of Weel and p53-dependent activation of p21.
Therefore Wip1 should promote CDK1 activation (in greater detail described in. ..
and on fig). Moreover, several works brought evidence that Wip1 promotes check-
point recovery and mitotic entry (Lindqvist et al., 2009; Takekawa et al., |2000;
Yamaguchi et al., 2007) rather than retard cells in G2 as stated by Park et al.
(2011).

Nevertheless, we considered the possibility that Park et al.| (2011) suggestions
are plausible. Taken them together with our assumption that Wip1 is phosphory-
lated by CDK1 upon mitotic entry, we might hypothesize that CDK1 and Wip1 are
regulated in double-negative feedback loop. In G2, active Wip1 can contribute to
CDKI1 inhibition and thus to delay of the mitotic progression. Whereas, when ac-
tivity of CDK1 finally reaches certain level due to actions of CDC25 phosphatases,
it could in turn downregulate Wip1 activity or even its levels. This would con-
sequently lead to further increase of CDK1 activity. Hence Wipl downregulation

might be crucial for full activation of CDK1 and proper mitotic entry and progres-
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sion. As cell decision to activate CDK1 and to progress to mitosis can be considered
as “all-or-none” decision, the regulation via double-negative feedback is particu-
larly convenient. The doublenegative feedback loop can give rise to bistable sys-
tem, which exhibits two stable steady states, separated by an unstable state, in
other words it will provide desired “all-or- none” response (Ferrell, 2008). Im-
portatnly, the dynamics of CDK1 activation corresponds to bistable system. Two
different loops have been described to promote this behavior. Firstly, CDK1 can
directly phosphorylate and activate CDC25 phosphatases and hence sets a posi-
tive feedback loop. Secondly, CDK1 directly inhibits Weel kinase and thus sets
a double-negative feedback loop (Ferrell, 2008). The double negative feedback
between CDK1 and Wip1 might provide the third contribution to this regulatory
circuit. Therefore Wip1 could retard cells in G2 providing them with time to fully
prepare to mitotic progression. By the time cells are finally ready to enter the
mitosis, CDK1 activity would reach a certain level and in a negative feedback it
will inhibit Wip1 function, which in turn would result in a full activation of CDK1
and prompt mitotic entry. Considerable problem of this model represent the Wip1
actions that lead to activation of CDC25 phosphatases and inactivation of Wee1 ki-
nase. However, these Wip1 actions are strictly dependent on activation of cell cycle
checkpoint. Therefore we speculate that Wip1 might play different regulatory role
in normal cell cycle progression and in mitotic entry from checkpoint recovery.
During normal cell cycle Wipl would act as proposed by Park et al.| (2011). On
the other hand during checkpoint recovery, Wip1 activity would lead to activation
of CDC25 phosphatases and inactivation of Weel kinase and thus would promote
mitotic entry. According to this view, the role of Wip1 in regulation of G2/M tran-
sition would be much more complex that is currently thought. Yet again we would
strongly suggest to further validate Park et al.| (2011) results. We did not observe
any noticeable delay in cell cycle in prepared cell lines overexpressing wild-type
GFP-Wip1 during regular cell cultivation. Nevertheless, we did not focus on the

measurement of duration of cell cycle phases, especially the G2.
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Conclusions

1. We validated Wipl antibody (Bethyl Laboratories; A300-664A) and anti-
Wip1l siRNAs (Dharmacon).

2. We prepared stable monoclonal U20S cell lines expressing wild-type Wip1
N-terminally fused with GFP protein and phosphatase dead Wipl mutant
N-terminally fused with LAP-tag. These will be used for further studies of
Wipl dynamics and regulation and for identifying the new Wip1 interacting

partners via tandem affinity purification.

3. We prepared following expression vectors: Wip1-GFP, pLAP-Wip1-S40A-D314A,
pLAP-Wip1-S40D-D314A

4. We described the dynamics of selected representative DNA damage response
proteins upon v-irradiation and UV-C irradiation. These included gammaH2AX,
Chk2-pT68, Chk1pS317, p53, p53-pS15, p21 and Wipl. Additionally, we de-
scribed the dynamics of the p38MAPK-MAPKAP-K2 pathway, particularly the
proteins MKK3-pS189/MKK6-pS207, p38MAPK, p38MAPK-pT180/pY182 and
MAPKAPK-2-p334 upon ~-irradiation and UV-C irradiation

5. We observed that p53 expression pattern in MCF7 cells after v-irradiation
correspond to series of pulses. This is in agreement with the literature data.
On the contrary, in U20S cells, the p53 levels demonstrated a monotone
continuous increase. The similar dynamics was shown after UV-C irradia-

tion. The same dynamics of p53 in MCF7 cells after UV-C irradiation was
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simultaneously described by Batchelor et al.| (2008). We suggest that p53
dynamics depends on the presence or absence of effective negative feedback

loops between the upstream p53-activating kinases and Wip1 phosphatase.

We showed that p21 levels exhibit a pulsative dynamics after UV-C irradia-

tion, conversely to monotone increase after v-irradiation.

We detected pulsative dynamics in activation of the p38MAPK-MAPKAP-K2

pathway upon ~v-irradiation and UV-C irradiation.

We showed, in consistence with recent findings of Xia et al. (2011) that Wip1
dynamics after UV-C irradiation is dose dependent. Wipl levels decrease

upon high doses of UV-C, but do not drop off upon low UV-C doses.

We demonstrated that Wip1 is phosphorylated on pSQ/pTQ motif upon UV-C
irradiation. This phosphorylation peaked within 30 minutes after irradiation

and then gradually declined.

We showed that Wipl undergoes phosphorylation on serine 40 specifically
during mitosis. This implies that Wip1 is distinctly regulated during the cell

cycle progression.
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