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Chapter 1: Literature review

1.1 The ATM-mediated DNA-damage r esponse

Cancer is a major cause of death worldwide. In year 2007, canceméed for 7.9
million deaths which were around 13% of all deaths (WHO, 2009). Diseduuifilof
genome stability in the form of genomic alteration, ranging framgle-nucleotide
substitutions to chromosomal aberrations, leads the way to cantesugth DNA
mutation is crucial to genetic variability in germ line, genonfieration in somatic
cells is malignant. As genome stability continues to be impaaraéries of genomic
aberrations will occur. Cells possess a strict systemfégsard such changes (Levitt

& Hickson, 2002).

Replication errors, chemical changes in DNA components and nobhaA
transactions all cause sequence alteration. However, the grdmtesgie to DNA is
caused by DNA altering agents (Hoeijmakers, 2001). DNA aliesigents could be
either endogenous (cellular metabolism products) or exogenous (envrt@ahme
factors). These agents damage DNA and affect proper functioorafal protein,
which in turn transforms cells into malignant states. In respangetdamages, cells
defend themselves by choosing to either correct DNA alterationitiate apoptosis
(programmed cell death). The mechanism of how cells chooseirtaive or die
attracts great research efforts. It is also related tpuhgose of this study and will be

discussed in this chapter.



1.1.1 DNA-damage response

DNA damage induced by endogenous or exogenous reagents causesatdifiens

of lesions including formation of covalent adducts with DNA and oxidatiamage

to bases and backbone of DNA (Norbury and Hickson, 2001). Some of the lesions
cause cell death while others have the consequences from cellilfainction to
malignant transformation. It is recently clearer that cells hasigrealing network that
encompasses different processes including DNA-damage repdoh(S2003), cell-

cycle checkpoint (Amundsoet al., 2001; Sestcet al., 2002) or cell apoptosis

(Norbury and Hickson, 2001).

1.1.1.1 Cell-cycle checkpoints

Cell cycle checkpoints are signal transduction programs tilatéll cycle phases in
an error free manner. Cell cycle checkpoints preserve gentabitity by means of
recognizing damage, initiating and coordinating repair in time®glcation stress
(Barteket al., 2004). During checkpoints, cell cycle progression is temporaaltgdh
to allow damage repaired or cellular functions completed. Theréoaredifferent
DNA damage checkpoints that cells employ: G1-S, S-M, G2-MSrnthe G1-S, S-
M and G2-M arrest the cell cycle until damage is repairbdreas the replication is
slowed in S phase checkpoint. (Figure 1.1 cell cycle and major DNvaga

checkpoints).



[ G2-M checkpoint ]
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[ 3 phase checkpont

Figure 1.1 Cell cycle and DNA damage checkpoints. Cell spends time in G2 phase f
normal cell growth. In M phase mitosis happens and two copies of Dp&kage. In

S phase nuclear division happens.

The G1-S checkpoint checks the integrity of genome for entry @@t phase and
allows the cell to repair damage, if any, during G1 phase. @el&l contain only
one copy of the genome so that there is no correct templadarftage repair. At this
time error prone methods such as non-homologous end joining (NHEdpaitable

options and G1-S checkpoint can initiate cell apoptosis to avoid passing on errors.

The G2-M checkpoint halts cell mitosis under DNA damage pressmsuring that

only correct genome copies are segregated in later phase. This chewkptso very



critical because two copies of genome make G2 a perfect time to repaigela

Unlike the G2-M checkpoint, the S-M checkpoint arrests mitosiaathar way. This
checkpoint is initiated when replication discontinues due to nucleotidetideptes
polymerase malfunction. This checkpoint ensures that replicatifuilyiscompleted
before chromosome segregation. Any attempt to segregate with umetednpl

replication is stalled by this checkpoint.

The fourth checkpoint, the S phase checkpoint performs its task to slowRigin
replication in response to DNA damage. This stage of cell cigclespecially
vulnerable as complicated metabolism and precise replicatiorguged. Compared
to the other three checkpoints, the S-phase checkpoint slows downthatin¢otally

stops replication process in the presence of damage (Rewéky 1999). Study on

this checkpoint is one of the focuses of this research.

1.1.1.2 DNA double strand breaks

DNA double strand breaks (DSBs) are most dangerous and particeftatyive
among all kinds of DNA lesions to initiate finely-tuned DNA-damagsponse
pathways whereas there is a highly conserved, sophisticatedlirsggmetwork,
existing from yeast to mammal, in response to DSBs (Shiloh, 2003Bs Care
extremely cytotoxic as they occur when the two complemem&# double helix

are broken at sufficiently close sites so that the two DNA anelsunable to keep



juxtaposed to each other by chromatin structure and base-pairikgddac002).
DSBs can follow normal genomic transactions (Bassing and Alt, 260a\Wever
they are also introduced by oxygen radicals, ionizing radiation andnmadetic

chemicals.

Cells possess a complex signaling network in response to f8Bsling a number

of cellular systems. Activation of cell-cycle checkpoints ipaat of the network.
While cell cycle is temporarily halted or slowed down, sigaificchanges take place

in cells including gene expression, protein function and other physiolpymaesses

to assess DNA damage and initiate repair (Latetlaal., 2004). DNA repair
mechanisms are another hallmark of the network. NHEJ (non-homologous end
joining) and HR (homologous recombination) are the two main mechanigtdys
eukaryotic cells to repair DSBs (Shiloh, 2006). NHEJ is a bgagirocess effective
throughout the cell cycle and HR occurs between paired chromatils iate S and

G2 phases of the cell cycle.

1.1.1.3 The three-tiered signaling response to DSBs

There is increasing evidence showing that the DSB signalstadea is composed of
three kinds of proteins. ‘Sensors’ are proteins that sense DNAg#aend convey
signal to a group of proteins called ‘transducers’. These transdace as signal
magnifiers and in turn transmit the signal to functional proteatied ‘effectors’ in

numerous pathways (McGowan and Russell, 2004).



Several typical and well-studied sensors are the mammaliaN [WRell-Rad50-
Nbsl) complex, p53-binding protein 53BP1, tumor suppressor protein BRCAl1 and
mediator of DNA-damage checkpoint protein 1 (MDC1), all of whichraceuited
swiftly to DNA-damage site (Shiloh, 2006). In addition to their DNAcessing
function, they are all responsible for conveying early DNA-damagmal to
downstream transducers. MRN complex is a target protein ofttldg and will be

introduced in detalil later.

The nuclear protein kinase ATM (ataxia-telangiectasia mytateda primary
transducer of DSB signal. It in turn phosphorylates quite a numbgovafhstream
substrates in different damage response pathways (Kurz and liéss-2004). The
name comes from the genomic instability syndrome ataxia-teletagia (AT).
Symptoms of this syndrome are immunodeficiency, radiation sengitogtebellar
degeneration and cancer predisposition, which unveils the relationshipebetwe
maintenance of genome stability and cancer prevention (Shiloh). 28008 belongs
to a protein family named ‘The PI3K-like protein kinases (PIKKdutated ATM
gene was obtained from ataxia-telangiectasia syndrome gaitieh®95 (Savitskgt
al., 1995). Cell lines from such patients are deficient in respons&RBs @nd show
defect in almost all DSBs responses (Shiloh, 2001), which places WIldn

important place in the DSBs response network.



1.1.2 The PI3K-like protein kinases

Most PIKKs, as they are named, possess the lipid kinase phosphatdpli 3-
kinase (PI3K) motifs. So far six family members have been foumdammal: ATM,
ATR (Rad3-related), hSMG-1, mTOR (also known as FRAP), DNARK ¢atalytic
subunit of the DNA-dependent protein kinase) and TRRAP (Shiloh, 2006). Most of
the family members also contain domain that are typical afieséreronine kinase
activity (Figure 1.2). Four of the PIKKs, DNA-PK, ATM, ATR and M&-1 are
related to mammalian DNA damage response (Ssto 2002, Abraham, 2001 and
Durocher, 2001). DNA-PK and ATM response for the most part to DSBseate
ATR and hSMG-1 response primarily to UV light induced replicativesh as well as
to DSBs and stalled replication forks. ATM and ATR share some ratdsstin the
downstream network in response to different forms of DSB induttsk et al.,

2005).



ATM | | 056
ATR | ] 264
hSMG-1 | B ] som
wTOR. | ]
DNA-PE | e
TRRAP | ] 3830

- PI3K

Figure 1.2 Mammalian PIKK family. The number of amino acidsiéscated on the

right. The PI3K domain contains the catalytic site for the family.

The functional relationship between ATM and ATR remains largely umknd here

is mounting evidence showing that ATM and ATR are triggered indepepdent!
response to DSBs and phosphorylate substrates in a redundant fakiian 2906).
However, recent studies also show that part of ATR function as asBi&®r requires
ATM. ATR is dependent on ATM to bind to DSB sites and not until theibg occur
can ATR phosphorylate downstream substrates. Other ATR functions suchoaseesp
to UV light induced DNA lesions, however, do not require ATM assist@lezayeri

et al., 2006, Cuadradet al., 2006 and Adamet al., 2006).



1.1.3 The role of ATM in the response to DSBs and replication stress

1.1.3.1 Sensors

When DSB forms, sensor proteins are first recruited to DNA damsites.
Understanding of the early stage of response is a key to tantidirgy the whole
repertoire. The MRN complex, as stated before, is the ficstiteto the damaged
sites (Lukat al., 2004 and Lowt al., 2006). Then come MDC1 and 53BP1, in turn.
MDC1 is responsible for conglomerating MRN complex and 53BP1Hhegéb the
damaged chromatin (Lukas al., 2004 and Bekker-Jensenal., 2005). Meticulous
imaging analysis shows that ATM is spatially organized toayetvith the MRN
complex, MDC1 and 53BP1 in DSB flanking chromatin subcompartments (Bekker

Jenseret al. 2006).

In the past, Nbsl1, a component of MRN complex as well as MDC1 an@15@Bre
assumed to be substrates of ATM phosphorylation (Kurz and Lees;Mi0ed).
Mounting new evidence illustrates a different picture: in additmtheir effectors’
role, they also acts as sensors that trigger transducer ATM. ahwssgnal
amplification model is established in a way that damage Isigighanced by cyclic

interaction between these proteins (Lavin, 2004).

1.1.3.2 ATM, the transducer



When it is inert, ATM protein exist in the form of dimmers oulimers which
disassociate to active monomer form during DNA damage (Bastkand Kastan,
2003). The second step of activation is autophosphorylation on Ser1981. Both of the
two steps require MRN. It has been found that the MRN complex qatlysfinds
ATM by C-terminal domain of the Nbsl protein (Faktkal., 2005 and Yolet al.,
2005). Of course, ATM activation also requires the contact of ATM-MRN
conglomeration to DSB ends (Dupee al., 2006). In addition to the MRN cyclic
interaction, there is another protein that is recently found tacat&TM to the
damage site in a similar cyclic fashigi2AX, which is a phosphorylation substrate,
is shown to bind to BRCT domain of MDC1, thus enabling MDC1 to hold on k& AT
(Lou et al., 2006). An ATM-MDC1 conglomeration is formed close to DNA flanking

DSBs in such a way as to activate ATM and phosphorylate H2AX in the vicinity.

After the autophosphorylation process, ATM protein undergoes furtbdifioation

in the forms of phosphorylation and acetylation. The complete activataaess of
ATM involves a large number of proteins, only a few of which have be@stigated.
Two phosphatase, PP2A and PP5 are reported to interact with ATMgdisi
activation (Goodarzet al., 2004 and Aliet al., 2004). WRN (Werner syndrome)
protein has been recently reported to be involved in ATM activationsponse to
interstrand cross-link-induced DSBs (Chei@l., 2008). The WRN protein is also a

target of this study and will be discussed in later chapters.

1.1.3.3 Downstream ATM effectors

10



There is a long list of known ATM effector proteins (Shiloh, 2006). Herehe list
is far from complete. The good news is the investigation of knownipsote the

network leads us to understand the meticulously controlled strategies uselll by AT

The first strategy is that ATM target the same endpoint l®ame of different
pathways. For example, at least five pathways mediated by &ENhvolved in the
intra-S checkpoint. The multifunctional Nbs1, component of MRN, is phosphatylate
by ATM and involved in the checkpoint (Liet al., 2000). FANCD?2 protein, which is
phosphorylated on Ser222 is also found to be related to this checkpoinu€raetg

al., 2002). In addition, BRCA1, SMC1 (structural maintenance of chromosome 1)
protein, CHK1/CHK2 proteins are also activated by ATM and take o& several
checkpoints (Kinet al., 2002, Mailanckt al., 2000, Falclet al., 2001 and Falckt al.,

2002).

Further more, another key strategy of ATM mediation is a saffieetor could be
reached from different ATM mediated mechanisms in a redundamnen For
example, p53 protein, a main target of ATM activation is directly pihaylated by
ATM on Serl5 (Baniret al., 1998). ATM also activates CHK2 as stated above which
in turn phosphorylated p53 on Ser20 (McGowan 2002 and Betraték 2001). Other
ATM dependent phosphorylation site of p53 on Ser9 and Ser 46 are alsshedbli
(Saitoet al., 2002). ATM phosphorylates p53 inhibitor MDM2, preventing the nuclear

export of p53-MDM2 complex and hence the stability of p53 (Khostasi., 1999

11



and Mayaeet al., 2001). Another p53 inhibitor Mdmx also undergoes ATM dependent
phosphorylation which induces degradation of p53 (Petralg, 2005 and Ched al.,

2005).

Of course, numerous substrates of ATM are protein kinases thtéteanselves able
to activate downstream effectors and are in control of branchesheigyes. CHK2 is
a prominent example. It is found to phosphorylate p53, BRCA1l, CDC25A and
CDC25C. CHK2 mediated phosphorylation of CDC25C lead to cytoplasmic
sequestration of CDC25C, which prevents activation of a number of preteihsas

CDK1 (McGowan 2002 and Bartekal. 2001).

There is recently a new theory which may be complimentatize existing effector
model. The new theory (Goodaret al., 2008) correlates dynamic changes of
chromatin to ATM signaling. The architecture of euchromatin isighs loose form
that repair factors are easy to access and manipulate DS&sever, in
heterochromatin, the nucleosome flexibility is limited by hatbromatic factors like
KAP-1, HP1, HDACs (Lavinet al., 2005; Zivet al., 2006). ATM is required to
phosphorylate these factors and decrease their interaction wattodteomatin, and
therefore change condensed chromatin regions into open forms andradl damage
be repaired in an ATM dependent manner (Fernandez-Capetillo andnxwssg,

2008) .

Research on cellular response to DSBs remains the epicenter oftandeng how

12



cells respond to DNA damage. Each of the three tiers of thelisgneascade
provides ramification of research interests. In particular,igdtiog how signal is
passed on from MRN complex to ATM continues to be a major rdsekmection.

What is the conformation of this complex? How does the complex rukk ttamage
site? How does it change ATM from inert dimmers into activiteass? Some of the
guestions already have answers and some of them are still apeextlchapter of

this review, some known and unknown aspects of MRN complex will be investigated.

1.2 The key players that mediates ATM pathway activation

Among all the proteins upstream or downstream ATM, some of tHepb3 have
been studied for decades, their function clarified, while the mechanism of soms othe
although essential in the signal pathways, remain largely unknownthEsis study
chose two factors, the MRN complex and WRN protein, from many aesl tw

further investigate their roles in the ATM pathway activation.

1.21MRN

The MRN complex was first identified in budding yeast as rgmaiteins composed

of three subunits. Among them, Mrell and Rad50 are highly conserved in all
taxonomic kingdoms while Nbs1 homologues are only identified in eukaryxts2

in yeast and Nbsl in vertebrate cells (van de Betelh.,, 2003). The conservation

degree between species suggests a crucial role in mainterfagesomic stability

13



(Leeet al., 2003). Figure 1.3 illustrates that two Mrells, two Rad50s and one Nbsl
form a 2:2:1 stoichiometric MRN complex. Rad50 and Nbs1 are notlglitesind to

each other but to Mrel1l instead (Williastsl., 2007).

DA

Figure 1.3 2:2:1 stoichiometric MRN complex structure. Two Mrels, Rad50s
and one Nbsl form a 2:2:1 stoichiometric MRN complex. Rad50 and Nbsl are not

directly bound to each other but to Mrell instead

1.2.1.1 MRN, its subunits and the function as a sensor of DNA DSBs

As shown in Figure 1.4, Mrell has five conserved phosphoesterass footifng
the nuclease activity in its N-terminus and two DNA binding domaings C-
terminus. It also contains Nbsl binding domain near its phosphoesterafseamot
Rad50 binding domains in the C-terminus (D’Amours and Jackson, 2002). Rad50
contains Walker A and Walker B motifs (ATPase domains) that lmgether in the
presence of ATP. In the middle of Rad50 there are CXXC sequences that bridge DNA

Between ATPase domains and CXXC sequences are coiledgioihse Rad50 binds

14



to Mrell near Walker motifs (Williamet al., 2007). Nbs1 contains ATM and Mrell
binding domains in the C-terminus and FHA (Forkhead Associated) andl BRC
(Breast cancer C-Terminal) phosphopeptide interaction domains iothiee end
(D’Amours and Jackson, 2002). These two phosphorylation interaction domains ar
indispensible for DNA lesion recognition, S-phase checkpoint function and

checkpoint phosphorylation of Nbs1 (Kobayaatal., 2004; Horejset al., 2004).

Mrell Hbs1 binding domain  Rad30 binding dotazin
1Nl e
phosphoesterase motfs DA binding domain DA binding detnain
Bads0
Nbsl Mrell bmding doman
1" "EE= B | | &
ATM binding dotmain

Figure 1.4 Known structural domains for the Mrell, Rad50 and Nbsl protems.

number of amino acids is indicated on the right.

There are mounting evidence showing that MRN complex is rapidly recraii2dA
damage site (Lavin, 2007) independent of ATM association (Mirzoeva &ndi,Pe
2001). It should also be noted that, during S phase, the complex binds to amiamati
the absence of DNA damage (Mirzoeva and Petrini, 2003). The dynamite
binding is as follows: The coiled-coil regions of Rad50 fold in a shapbkring
Walker A and B motifs in proximity to form a globular domain whichds DNA.

The CXXC sequences as mentioned above dimerize by a Zn2+ iorh whic
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consequently bridge two DNA molecule together (Hopfeeral., 2002). Upon
binding to DNA, the parallel orientation of the coiled-coil regioasofs inter-
complex association and inhibits intra-complex interaction (Morenoekeet al.,
2005). Rad50 associates with Mrell and Mrell in turn associateblibgihby the
binding domains introduced in the leading paragraph. The associatiozebeRad50

and Mrell stimulates the exonuclease and endonuclease activivgedf (Paull

and gellert, 1998; Trujillo and Sung, 2001) while the binding between Nbsl and

Mrell initiates the endonuclease ability of the latter (Paull and gél839).

It is evident that the initial event in recognizing and respontimfgNA DSBs is the
binding of MRN complex, which bridges broken ends together. However, dghere
other proteins that facilitate such binding. For example, MDC1,rge lauclear
protein, was shown to physically couple the complex to damageMuti@tions in
some conserved motifs of MDC1 disrupt the accumulation of the MRN eanapl

DNA DSBs sites in vivo (Spychet al., 2008).

1.2.1.2 Activation of ATM by MRN complex

It has been discussed briefly in the chapter 1 how ATM is redratel rapidly

activated. Here the complete investigation process will be inteadas well as some

very important milestone experiments. These experiments arevady illustrating

when this thesis research is designed.
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In order to prove MRN complex is upstream of ATM and is requitedATM
activation, NBS (Nijmegan Breakage Syndrome) and ATLD (Ataxlanfgectasia-
like Disease) cells, both of which contain hypomorphic mutation inctimaplex
subunits, are used as basis of studies. And ATM activation is degermaither by
autophosphorylation on Serl981 or its capacity to phosphorylate downstream
effectors in these studies. ATM activation was found to be retairdoth cells
response to radiomimetic chemical neocarzinostatin treatmeidl @zl., 2003). It
has also been shown that an Nbs1 construct retaining ATM and Mrell bsnding
could stimulate ATM activation in most NBS mutation cells (Degdet al., 1999;
Cerosaletti and Concannon, 2004; Faickl., 2005). When Nbs1 protein lacks ATM
binding site, in this case the NbFR&tmM expressed by NBS cells, ATM activation is

dramatically reduced (Cerosaledtial., 2006).

Viral infection of cells was also used to investigate how MRIhglex activates
ATM. An end-joining of adenovirus genome resembles DNA damage. tReshudw
that ATM is activated in end-joining regions (Carsb@l., 2003) and degradation of

MRN complex decreases the level of ATM autophosphorylation.

There are also in vitro studies on the ability of MRN complex tvate ATM (Lee

and Paull, 2004, 2005). Baculovirus expressing MRN components was useckin thes
studies, and a direct activation of ATM was observed by immunopiepi.
Surprisingly, those studies further found that Mrell/Rad50 could hook ATNN£ D

damage sites, whereas it was impossible to activate ATM without Nbs1.
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Consequently, there are emerging data suggesting that Afbt iecruited only by

the C-terminus binding domain of Nbsl. In a study on Nbsl-knockout mice with
BAC transgenes, a mutant carrying an Nbsl transgene that 20 amino acids in

the C-terminus displayed normal ATM activation (Difilippantoeial., 2007). The
lack of an Nbs1 function seems to be remediated by other interdetween MRN
components and ATM. Another experiment based on a mouse model of Nbaf lacki
24 amino acids in the C-terminal also showed normal ATM phosphoryl&toacker

et al., 2007). These findings are supported by data that ATM contacts diffeag of

the MRN complex (Lee and Paull, 2004; Strac&erl., 2007), which points to a

more complicated map of MRN complex mediated ATM activation.

1.2.1.3 Nbs1 and its role in the DNA damage response

Previously, it was mentioned that Nbsl plays a role in the cgelioway of ATM
mediated DSBs response, which is Nbsl both serves as a sensaingcfivd and
an ATM effector as well. It is why Nbs1l is chosen as tigetaprotein of this thesis
research. Here Nbsl is picked out for more detailed introduction éosdke of

understanding the rationale of research design.

Nijmegan Breakage Syndrome (NBS) is a recessive autosostability disorder

characterized by growth retardation, immunodeficiency and caneglisposition

(Varon et al., 1998). The Nbsl gene which mutated in NBS was isolated from
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chromosome 8g21-24 (Matsuweiaal., 1998; Carnewt al., 1998). The gene is 50kb
in size and is transcripted to two mRNAs, 2.6kb and 4.8kb, respectively.gebgl
encodes a protein of 754 amino acids which displays a low homologgdbXes2 at
both ends. As stated before, unlike Mrell or Rad50, homologs of Nbshdtaween
identified in archaebacteria or prokaryotes and are very uniquet@réukaryotic

cells.

The protein contains an N-terminus region, a central region antean@us region.
FHA and BRCT domains in the N-terminus are very conserved inrngtka and
both related to cell cycle checkpoints or DNA repair. The FHA fnrettognizes
phosphorylation of the target protein (Durockeal., 1999). The C-terminus region
binds to Mrell and has three possible nuclear localization signal nsegue
(Kobayashiet al., 2004). There are several SQ motifs in the central region of Nbs1.
The serine residues at 278 and 343 are phosphorylated by ATM, whichgplays

essential role in the intra-S checkpoint (&w@al., 2000; Tauchet al., 2000).

It has already been discussed in the previous sessions how Nbparakethe MRN

mediated ATM activation in response to DNA DSBs. However, Nbslmhasple

roles which exceed beyond the range of ATM activation and will bedated

respectively here.

Interaction with chromatin
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10% of human histone H2A protein is the histone variant H2AX which islgve
distributed in chromatin. The phosphorylated form of H2AX, tHé2AX interacts

with MRN complex through Nbsl1 (Kobayagial., 2004). Evidences show that the
direct interaction ofy-H2AX with Nbsl is through the FHA/BRCT domains
(Kobayashiet al., 2002; Cerosaletti and Concannon, 2003). This interaction is very
important for the MRN complex form foci in response to DSBs el &s for other
damage response proteins containing BRCT domains (Stetveart2003; Bassingt

al., 2002).

HR repair and inter-chromosomal translocation

Non-homologous end joining (NHEJ) and homologous recombination (HR) are two
major pathways to repair radiation-induced DSBs. It has been shaMivs1-defient
chicken cells that Nbs1 plays an indispensible role in HR rathar Ni#EJ repair
(Tauchiet al., 2002). This result was also confirmed in mice study that NBS ae

deficient in meiotic recombination and HR repair (Basstra., 2002).

Whereas Nbs1l is not required in NHEJ, increased chromosomal tatnshs are
observed in NBS cells, which is consistent with Nbs1 mutant micky gKobayashi

et al., 2004). These data suggest that Nbs1 protein functions in suppression of inter-

chromosomal recombination.

DNA damage checkpoints

20



In vertebrates, cell cycle progression will be temporarilyeldain response to DSB
inducing agents until DNA damage is repaired. At least thrédemags have been
reported participating in the intra-S cell cycle checkpoint, tévavisich are Nbsl
dependent: the ATM/Nbs1/SMC1 pathway (Kanal., 2002; Yazdiet al., 2002) and

the ATM/FANCD2 pathway (Nakanishet al., 2002). In the first pathway, Nbsl
phosphorylates SMC1 on Ser278 and Ser343. In the second pathway, the FANCD2
phosphorylation requires the phosphorylation of Nbs1l on Ser343 by ATM. There is
evidence showing that it is Mrell binding domain instead of FH&BRomains of
Nbs1l taking part in the efficient induction of the intra-S checkpoitgw&tet al.,

2003; Goldbergt al., 2003). G1 and G2 checkpoints may involve Nbsl1, however the
reports are controversial and the mechanism behind them remainsvegnsol

(Kobayashit al., 2004).

1.2.3 WRN

There are a number of human disorders that belongs to a categbsgades called
human premature aging disorders. These patients prematureipplev variety of
conditions which shows clinical characteristics seen in the nagiag process, for
example, malignant neoplasms, type Il diabetes mellitus andramatiracts (Yiet

al., 1996). Therefore, it is quite understandable that studying humamorenaging

disorders cast light on many aging process in humans.
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Werner syndrome (WS) is a rare autosomal recessive disordebetlloags to this
disease category. WS patients display remarkable aging @yrmmph early stage of
life starting around puberty. Those symptoms are similar to tobseore elderly
individuals. In addition, some geriatric disorders such as hypestensiAlzheimer’s
disease are not seen in WS. Moreover, WS displays symptomsetimait axge related
including reduced fertility, hypogonadism and short stature. Thus, WSders
regarded as a perfect model to study human premature agindetissas well as to
understand the mechanism of normal aging. The 162kDa Werner protein, keown a
WRN, is encoded by the gene defective in WS gival., 1996). In this chapter, the
biochemical and catalytic characteristics of this protein méllintroduced. Then the
focus of the introduction falls into how WRN functions in DNA damagpaoase

pathways.

1.2.3.1 WRN and the RecQ family of DNA helicases

The WRN protein belongs to a category of DNA helicases céfledRecQ family.
This widely expressed protein family are required for the reaarice of genome
integrity (Mohaghegh and Hickson, 2001). Family members have been intifi
throughout eukaryotes while five of them are present in humans. Thiy fes
characterized by a highly conserved ~400 amino acids helicase d@rekson,
2003). For some ‘long form’ family members, there are flanking dasnan both
sides of the central helicases domain which are not quite consehitx other

family members, ‘short form’, only comprise the conserved h&digadomain (see
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Figure 1.5 the human RecQ helicases family).

WRN

B |
RECQSP

I |
BLM

T S
RECQL

|| Y
REQ4

- Helicasze domain I:l RQC domain

S Ezonuclease domain “ HEDC dotmain

Figure 1.5 The human RecQ helicases family. The number of amdwigadndicated

on the right.

The RecQ family are considered to be ‘caretaker’ tumor supmedecause studies
on mutants find out that defects in the genes generate autososssdiveadisorders
and an elevated incidence of cancer (Edtigl., 1995; Yuet al., 1996; Kitaoet al.,
1999). RecQ helicases are found to have dynamic subnuclear lboagzand bind
to numerous partners under different cell growth conditions. Thus, theyrhdirple
roles in DNA replication as well as in telomere maintengihtiekson, 2003). The

WRN protein is a very unigue RecQ member for it comprises batkeceed and
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flanking domains and participates in a wide range of cellular activities.

The WRN gene is located at position 8p12 on chromosomeet(él, 1996). The
WRN protein possesses a DNA-dependent ATPase activity thaihdswvdouble
strand DNA in the 3-5’ direction (Sheret al., 1998). Besides, it is the only known
protein of this family to possess a5 exonuclease activity (Shest al., 1998).
This activity is initiated at a duplex blunt if the substras® alontains bubble, loop or
Holiday junction (Shen and Loeb, 2000). Like other family members,dhsecved
RecQ helicase domain is located centrally. There is a putedecription activation
domain between the helicase and exonuclease domains. Thus the hafidase
exonuclease activities are physically separated from eachasttlelon’t functionally
interfere with each other. The C-terminal region accommodatdsanuocalization
element (Fry, 2002) and the RecQ conserved RQC domain containingdtoali
signal-dependent nuclear targeting sequence. In addition, a HRBIza$¢ and
RNaseD C-terminal) domain considered to participating DNA bindisg @xists in
the C-terminal region (Bernsteet al., 2003). Please refer to Figure 1.5 above for a

schematic representation of the WRN domains.

1.2.3.2 Multiple roles for WRN

Thanks to its bifunctional nature, the WRN protein acts as iediates in DNA

replication, telomere maintenance and DNA damage response. Gieetarge

number of its protein partners, the cellular functions of WRN ikfati from clear.
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The pathways incorporating WRN could only be delineated partalbgd on some
well studied WRN interactors (Opreskbal., 2003 also see Figure 1.6 for in vivo

functions of WRN and interactors).

WRN \
Replication [Recomb nation & telomere maintenance ]

Topo-1 PARP-1 Rad31/52
RPA p33 Ku/DNA-PK Mrell
Al APE-1 TRF1/2
PCNA

Figure 1.6 WRN and interactors. These interactors takeipatvariety of DNA

metabolism pathways and a precise map of WRN cellular function indtitlear.

WRN is a part of the 17S DNA replication complex and intenadts topoisomerase

| (Lebelet al., 1999). WRN interacts with topoisomerase | through the two tersninal
and facilitates topoisomerase | to relax negatively supedc@iNdA, which explains
why WS cells are sensitive to camptothecin, a DNA topoisoméiiabéitor, during

G2 and S phase (Laireal., 2003). WRN associates with replication protein A (RPA)
which is necessary for DNA replication (Wold, 1997). RPA facédgatVRN to
unwind longer substrates while WRN alone can only unwind much shauttalp
duplexes (Broslet al., 1999). RPA may help WRN to cope with rotational rigidity
during unwinding process by restraining it at the single-strand/dait@nd junction

of the DNA template (Garciat al., 2004). Furthermore, WRN associates with the
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major replicative DNA polymerasé&. Studies show that the C-terminal region of
WRN interacts with the p50 and p125 subunits of DNA polymedased also co-
localizes with the two subunits in the nucleolus (Szeletlal., 2000). Another
replication protein that associates WRN is the FEN-1 proteios{Bet al., 2001).
WRN interacts with FEN-1 through its RQC domain as mentioned abdus. T
interaction greatly enhances nucleolytic activity of FEN-1 (ntbes 80 fold). The

cleavage function of FEN-1 is also increased through combination with WRN.

The second important role for WRN is maintenance of genomic istainl the
presence of DNA damage. Not only the WRN/FEN-1 complex discumssede is
involved in non-homologous DNA end joining (NHEJ) (\&fwal., 1999), a Ku-DNA-

PK complex has also been reported to interact with WRN in ragadNA DSBs
caused by ionizing radiation, genotoxic chemicals and physiologx@ative stress
(Featherstone and Jackson, 1999). The complex comprises of DNA-PKcs and
Ku70/Ku80 heterodimer. The heterodimer interacts with the both the C and N
terminal of WRN. It is possible that the Ku activates WRN émnaove some
replication blocks (Ozgenc and Loeb, 2005) and also DNA-PKcs to phosgteoryl
WRN and negatively regulate its end processing during NHEJ (Opeeakp2003).

In addition, WRN and Ku70/Ku80 participate in the formation of a cellmiareric
complex with poly (ADP-ribose) polymerase-1 known as PARP-let(lal., 2004).
PARP-1 regulates WRN exonuclease activity and participatéseiearly response to

DNA damage.
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Biochemical and genetic evidence suggest that WRN participates ihomologous
recombinational (HR) repair pathway as well as the baseiexciepair (BER) which
are both very important in response to DNA damage. WRN parteipati HR is
dependent on Rad51 (Opreskbal., 2003). Direct physical interaction between
WRN and the MRN complex containing Rad51 has been found (Ghehg 2004).
BER is an essential pathway to cope with DNA lesions such Wh&N may also
participates. It forms a complex with apurinic/apyrimidinic endoeast (APE-1), a
key regulator in early BER (Ahet al., 2004). The helicase activity of WRN is
required for DNA polymeras@ strand displacement synthesis on a nicked BER

intermediate (Harrigast al., 2006).

Loss of telomeric DNA triggers replicative senescence. WiScalture experiment
shows WS fibroblast cells are more exposed for telomere fragiost than normal
fibroblast cells (Orren, 2006). The WRN/Ku, WRN/DNA-PK and WRIRMN
complex interaction are not only important of DNA damage responsealbat
essential in telomere metabolism (Opreskal., 2003). In addition, WRN protein is
found to co-localize with relomeric repeat binding proteins TRRd TRF2 (Yeager
et al., 1999). RQC domain of WRN has been reported to physically inteigitt w
TRF2 (Opreskoet al., 2002). The WRN exonuclease digestion of the telomeric
repeats is limited by the association of TRF2 and TRF1 (Opetsko 2004). Recent
evident shows both enzymatic activities of WRN are needed to sspf@lemeric-
circle formation in normal cells which express telomerasense transcriptase (ki

al., 2008).
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1.2.3 ATM/MRN and ATM/WRN in responseto DNA damage

Although the interactions between ATM/MRN and ATM/WRN in the pneg of
DNA damage are not clarified very clearly, understanding shefar known

interactions shed light on the hypothesis and design of this thesis study.

1.2.3.1 ATM/MRN complex interdependence model in response to DNA damage

As discussed above, it could be conclude that the MRN complex and A8M a
interdependent in recognizing and signaling DNA DSBs. Berkoeichl. (2007)
provided a relatively clearer picture of the dynamics of protenvdved in this event
(Figure 1.7). A binding of the MRN complex to damaged DNA happenslinit
followed by recruitment of ATM in the break and surrounding areannNbsl
dependent manner, whereas inactive ATM is unable to bind to DNAD&Beast

three autophosphorylation sites (Ser1981, Ser 367 and Serl893) have been found to
be inherent post translational parts of the activation mechanis®l Mds displaced

from the break site, downstream effector proteins are recruited to rep8IEHs.
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Cell cycle checkpoint DNA repait

Figure 1.7 Early events in DSB response. The MRN complex isitsietd be
recruited to DSB site followed by stimulation of ATM dimme#sdter binding to

MRN, ATM initiates its effectors and downstream responses.

1.2.3.2 ATM/WRN interdependence model in response to DNA damage

According to the previous chapters, ATM and WRN are proved to be key regutators i
response to DNA damage independently. Also there is report sugpésit RecQ
helicases may be implicated in ATM activation (Davadbal., 2004). There is still
limited evidence supporting the interaction between ATM and WRNadt not until

recently that depletion of WRN interferes with ATM actieatias well as ATM
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downstream effectors in response to DNA interstrand cross-linkcéadDSBs
(Chenget al., 2008). Using the same cell models, this study also found WRN and
ATM cooperates in a PUVA-induced intra-S-phase checkpoint. Takerh&rgétRN
is required for ATM activation under the condition of replication-depen@sBs
while resolve recombination intermediates on the other hand. Puoslatranal
phosphorylation of WRN regulates the multiple roles of this protgitiofova et al.,

2008).

1.2.4 Mutationsin ATM, MRN, and WRN in humans

In this chapter, all known mutations in the three protein/protein compik be

reviewed to provide a more vivid and historic picture of this research study.

Before ATM gene was found in 1995, researcher used to proposelthédease was
caused by multiple genes because this gene is so pleiotropgcdlinital features.
Patients were categorized into four complementation groups basedinical
characterization while researchers thought they might be datsiray four different
genes (Jaspess al., 1988). Further study found that there was only one gene behind
all four complementation groups. This gene was found on chromosome 11q%2-23 b
positional cloning (Savitskgt al., 1995). The complete sequence of ATM (150,000 nt;
66 exons) was found by the same research group (Saeitsky 1995). It was also
found that loss of ATM function in AT patients is due to differergrakitions which
caused premature truncations or in frame amino acids deletions camtbe(lable

1.1). Over 250 mutations throughout this large gene have been reporiadasal f
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researchers have been trying to establish phenotype-genotyg®mnstigp in
emerging ATM mutation because mutation status in ATM alledean important

determinant of cellular and clinical features (Austeal., 2007; Broekt al., 2008).

Mutation Phenotype ATM protein levels %
875C-T Slow progression of classic AT symptom Trace

3576G-A Extended longevity 5

5435del3 Late onset of ataxia 12

6047A—G Slow progression of classic AT sympton 4

7271T-G Extended life span 100

9139C-T Decreased radiosensitivity 16

8030A—G Mild neurological features <10

8494C-T Slow progression of classic AT symptom 11

Table 1.1 Phenotype and genotype relationships of AT variants (Rotrda@hdéloh,

1998; Chun and Gatti, 2004)

Given the relationship between ATM and Nbs1l protein, NBS disease ahariety

of clinical features with AT in such a degree that NBS was d@hoaght to be a
variant of AT (Shiloh 1997). Studies later revealed that some thetis®ases were
actually caused by another gene located on chromosome 8g21le{$harl997).
Nbsl gene was soon identified by positional cloning to have a 4386bp cDNA
sequence and a molecular mass of 95kDa (Matstaa 1998; Varoret al., 1998).

Although more than a dozen mutations were already screened atrtbdisie when
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Nbsl gene was identified, unlike ATM mutations, research has beeredocus
several dominant ones. The 657del5, the 1171V and the R215W mutations are
believed to be responsible for the majority of NBS cases (Neawalk 2008). These
mutations of the Nbsl gene were all found to increase canwsaremibility

(Bogdanoveet al., 2008; Roznowsket al., 2008; Maskt al., 2008).

Although different degree of ATM mutation could be used to explain yje t
syndromes which might be milder or severer than classic AT stissame AT like
syndromes are not caused by ATM mutation (Hernagtalz, 1993). ATLD, Just like
NBS though rarer, is one kind of AT like disease that is causeaubgtion in another
gene: Mrell (Stewargt al., 1999). ATLD gives rise to slower progress of AT
symptom in early stage of development and does not cause telasigieTdle 1.2
shows the difference between AT, NBS and ATLD in detail. Two taus: 350
A—G and 18976G-T, are responsible for ATLD (Taylor and Byrd, 2004). Because
Mrell mutation induced ATLD is very rare, there is only vanjteéd report on new
mutations in ATLD patient. Only two 630&C mutation cases were reported in
Arabian population (Alsbeilet al., 2008) whereas there are reports showing new

mutation in cultured cells lines (Wehal., 2008).

Clinical features AT ATLD NBS
Telangiectasia + - -
Ataxia + + -
Reduced immunoglobulin levels + - +
Abnormal eye movements + + -
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Microcephaly - - +
Craniofacial abnormalities - - +
Congenital malformations - - +
Dysarthria + + -

Raised serum AFP level + - -

Table 1.2 Clinical features of AT, ATLD and NBS (Taylor and dyR004). +

presence of feature, - absence of feature.

As a partial model of human aging, investigation into WRN gease lbng drawn
research interests. The location of the gene was initially naddo chromosome
8p12 by linkage analysis (Got al., 1992). A WRN gene was identified also by
positional cloning and composed of 1432 amino acidsefYal., 1996). Like ATM
protein, the large size of WRN gene makes possible a high numbeutafions
including nonsense, frameshift or insertion/deletion. However, all thagations
have only two kinds of truncated protein products which either faddalize to the
nucleus properly or become unstable in enzymatic activities (Kpetsal., 2007;

Ozgenc and Loeb, 2005).

1.3 Hypothesis and concept of this thesis work

The idea of this research study was illustrated by a 2008 pap@/RN and ATM
interaction in response to DNA DSBs (Chest@l., 2008). In this paper, WRN was
found to be required for ATM activation in response to agents that produce interstrand

cross links DSBs. Considering the interaction between WRN/ATM/MRRNiplex,
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we hypothesize that WRN might stimulate ATM activity withethelp of MRN

complex.

In designing the experiments, we chose to knockdown Nbsl expression lvgith N
short-hairpin RNA (shRNA) because Nbsl serves as an centrainrdle MRN
complex and Nbsl shRNA is available from another research groupstnafa and
proven to be quite effective (Zhomyal., 2007). Meanwhile, WRN knockdown cell
line and its control are already available in our lab. Thus,hallexperiments are

based on four cell lines as shown in Table 1.3.

NW WRN NC CON
Nbs1l - + - +
WRN - - + +

Table 1.3 four cell lines established from WRN and Nbs1 shRNA. + normal gene
expression; - knocked down gene expression. ). NC: Nbs1/WRN control; NW:

Nbs1/WRN: C: WRN control; W: WRN.

First, western blot analysis is used to confirm the genetiactaistics of the four

lines. Pictures of cell morphology are taken and compared. ThesucelNal assays

are conducted to compare the growing ability of four different lines.

DNA damaging agents Camptothecin (CPT) hydroxyurea (HU), both prmpuc

collapsed replication forks and replication dependent DSBs during S-{fasenier
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et al.; Lundinet al., 2002), are selected to treat the four cell lines in a timagner

according to Cheng et al's paper (Chen@l., 2008). Aphidicolin (Aph) is selected
for control treatments because it inhibits replication by inmgQitDNA polymerase
therefore also halts cell cycle progression in early Sephapearing similar to the

effects of CPT or HU (Saleh-Gohatial., 2005).

In completing this research, we hope to be able to investigatguestions: Whether

MRN complex is involved in WRN mediated S phase checkpoint and whisther

MRN complex is required for WRN mediated ATM activity.
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Chapter 2. Materials and Methods

2.1 Materials

2.1.1 Bacterial strain, cell strain and vectors

Bacteria Description References
a recombinant-deficient amber

Escherichia coli DH& suppressing strain used as host of ggdanahan, 1983
cloning

Cell Description References

U-2 OS an osteosarcoma cell line Chend., 2006

Plasmid vectors Description References

™ _

pSlencer ™ 3.1-HIhygro vector expressing WRN shRNA Ambion Inc.

vector

pClpur vector vector expressing Nbs 1 shRNA Zhetrag., 2007

Table 2.1 Bacterial strain, cell strain and vectors

2.1.2 shRNA sequences

WRN

5-TGAAGAGCAAGTTACTTGA-3 (Chenget al., 2006)

Nbs1
5-GGGAGAAATGTGAATTCAAACGTGTGCTGTCCGTTGAGTTCACGTTTC-

TTCCTTTTT-3' (Zhonget al., 2007)

2.1.3 Chemicals and reagents

The major chemicals and reagents used in this research are listed idi&kgpen
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2.1.4 Buffer, solution and gel

Buffer, solution and gel were prepared according to the formulation listed in

Appendix II.

2.1.5 Commercial kits

The major commercial kits used in this research are listed in Appendix Ill.

2.1.6 Equipments and facilities used

All equipments and facilities were provided by Department of Nariand Food
Science, University of Maryland, College Park and United Statgsafbment of

Agriculture. The inventory is shown Appendix IV.

2.1.7 Growth medium

The growth medium used in this research is listed in Appendix V.

2.2 Methods

2.2.1 Transformation of the plasmid into DiH&ompetent cell

The plasmid was obtained from lab and dissolved in TE buffer (Ry@meith a

concentration of 40 ngf.
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The competent cell was prepared using a protocol modified fromaredastd
procedure (Sambroo#t al., 1989). DH5a was inoculated into 5 ml LB medium and

shaken at 250 rpm, 3T overnight to obtain a starter culture. On the next day, 4 ml

starter culture was added to 400 ml LB medium and grew until dptiemesity 600

nm (O.D. 600) reached 0.4. The culture was chilled on ice for 10 min atrdfuged

at 1600 g for 7 min at 4C. The cell pellet was washed once and suspended in 80 ml
pre-chilled 60 mM CaGlsolution. The suspension was chilled on ice for 30 min and

then centrifuged at 11009 for 5 min at@. Finally, the pellet was resuspended in 8

ml pre-chilled 60 mM CaCl2 solution. Aliquots of 2(iDwere transferred into sterile

1.5 ml microfuge tubes and stored at -8Dfor use.

Right before transformation, -8@ competent cell stock was thawed on ice. A total
200ng plasmid DNA was added to 1@0competent cells. The mixture was kept on
ice for 20 min and subjected to a heat shock af@Zor 2 min. The cells were
immediately rescued by adding 0.5 ml LB medium and incubation a€3for 1
hour with shaking at 300 rpm. The resuspension was evenly spread on Ljidadgar

supplemented with 10@/ml ampicillin and incubated at 37C overnight.

2.2.2 Screening of right recombinants
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White colonies were identified as positive recombinants. Positoemeinants were
inoculated into 5 ml LB medium with shaking at 250 rpm, “‘@7overnight for the
purpose of plasmid preparation. Plasmid DNA was isolated using the

PureYield™ plasmid Maxiprep System (Promega). The procedures were acctoding

the manufacturer’s manual.

2.2.3 Culturing, stocking and initiating U-2 OS cells.

All U-2 OS cells were cultured in DMEM medium 37 and 5% CO2 in an
incubator. Medium was changed every three days or when cells were 100% confluent.
To obtain a stock, the DMEM medium was aspirated the cellswaeasked with 10%

PBS once. Trypsin was then added into cells and cells were K&pt'@tfor trypsin
digestion. After 5 min, culture medium was added into digested ¢ellstop
enzymatic reaction. A cell suspension was obtained here for peoteaction, flow
cytometric analysis or stocking. 150 DMSO was added into aliquots of 1.5 ml
medium and mixed well. The mixture was immediately transdetoea stock box

filled with 2-proponol at -80°C overnight. The cell stocks were then kept in liquid
nitrogen tank for storage. Upon initiation, the cell stocks wereatiaat 37°C in

water bath and then centrifuged at 5000 rpm for 5min. The DMSO and medium
mixture was poured out and fresh DMEM medium was added. Afteripipeip and

down several times, the cells were transferred to flasks or dishes forduliueng.
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2.2.4 Transfection of U-2 OS cell

WRN and WRN control cell lines were obtained from the cell $itoek of Cheng lab.
These two lines were established according to Cleerad.'s paper (Chengt al.,

2006).

This protocol was modified from the Qiagen's manual. Approximately8of\MyYRN
or WRN control cells were seeded into a 60mm dish in 5 ml ofEDMgrowth

medium with 1:250 supplemented Hygromycin B. The cells were incubagt @

and 5% CO2 in an incubator overnight to reach 80% confluent. On the day of
transfection, gg of plasmid DNA in TE buffer was added into DMEM medium
without FBS and antibiotics to a final volume of 110 Another 25ul of PolyFect
Transfection Reagent (Qiagen) was added. The mixture was voftxed sec and
incubated at room temperature for 10 min to allow complex formatioaniveile,
the DMEM medium was aspirated from the 60mm dishes and thenagkswashed
with 2 ml 10% PBS once. 3 ml DMEM medium was then added into thesdishml
DMEM medium was added into the reaction tube and mixed well. Tikieing was
immediately transferred to the 60 mm dishes. Puromycin wasdadte the total
volume of the growth medium to a concentration of @gdml. The dishes were
swirled gently to ensure even distribution of the complexes. The were then

incubated at 37C and 5% CO2 in an incubator to allow gene expression.
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2.2.5 Screening of the right recombinants

Recombinants were incubated in DMEM medium supplemented withu@l
puromycin at 37°C and 5% CQ@in an incubator for 1 week to allow gene expression.
When the non-recombinants were killed by puromycin, 500 living celis seeded
per 100 mm dish to form single colonies. After two weeks, sioglenies were
isolated and harvested by clone rings. Monoclones were seeded ontb hates
while Hygromycin B and puromycin were used alternately in DMBEMdium to
maintain a selection pressure. After about 1 month, recombinantsemeugh in

number to be screened by Western blotting analysis.

This Western blotting protocol was modified from the abcam's mafia cells
were prepared according to 2.2.1 to form a cell suspension. The suspersitenva
transfered into 2 ml tube and centrifuged at 3,000 rpm arfid for 5 min. The
supernatant was discarded and 1 ml of 10% PBS was added to waslispblasion
was again centrifuged at 3,000 rpm and@ for 5 min. The supernatant was
aspirated completely and an ice chilled lysis mix consistinrkp6ful lysis buffer, 0.5

ul PMSF and 2u 50X proteinase inhibitor solution was added. After pipetted up and
down several times, the reaction mix was placed on ice for 1amdircentrifuged at

20,000 g and 4C for 20 min. The supernatant containing protein was aspirated and

chilled in liquid nitrogen for 2 hours and stored at -BDfor later use.
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To determine the protein concentration, a mixture of BEprotein assay reagent A
(100 pl), B (2ul) and protein solution (pl) was place at 37C for 30 min to allow

the reaction to happen. The concentration was then analyzed by astrUO

OPTIMA microplate reader.

25 pg protein from each sample was mixed with 5xloading buffer and 2-
mercaptoethanol (5% of loading buffer). The mixture was boiled aC9®r 5 min

to denature the protein. The denatured protein was then added intdo€fite
precast gel for electrophoresis at 200 volts for 50 min. Afteelbetrophoresis, the
gel was placed in ice cold transfer buffer for 3 min to equirad PVDF transfer
member was cut into appropriate size and soaked in methanol for. Zinei gel and
PVDF transfer member were then sandwiched between sponge and afteper
ensuring no air bubbles formed between the layers. The sandwickulvamerged
into pre-chilled transfer buffer at 100 volts for 1 hour. The mem@e rinsed by
TBS-T once and submerged in blocking buffer to prevent non-speaifitnigi for 1

hour at room temperature under agitation.

The member was rinsed for 5 min three times in TBS-T at rnperature then
incubated with primary antibody at € overnight. The Nbs1 antibody was diluted
into blocking buffer at a ratio of 1:1,000. The WRN and Tublin antibody Wwetle
diluted into blocking buffer at a ratio of 1:5,000. After overnight incubatiba,
member was rinsed for 10 min, three times in TBS-T then inedbaith secondary

antibody at room temperature for 1 hour. The anti-mouse secondampdnivas
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diluted into blocking buffer at a ratio of 1:1,0000. After that, the memiasrrinsed
for 10 min, three times in TBS-T then incubated with SuperSijnal
Chemiluminescent Substrate for signal detection. X-ray fiimd automated x-ray

developer were used here.

2.2.6 Cell Survival assay

5,000 cells of each cell line were seeded onto 6-well platesredltin DMEM

medium corresponding antibiotics (Hygromycin B or Puromyciny@and 5% CO?2
in an incubator. After 6 days, cells were resuspended according taad unted
using a hemocytometer. A total three trials were conductedaaidteal consisted of

3 repeats.

2.2.7 Cell cycle progression assay

All treatments were applied when cells reached 30% confluentCPartreatment,
CPT was added into the medium to a final dilution @M. The cells were subject to
treatment for 3 hours. The medium was then aspirated and theveedisrinsed in
PBS once. Fresh medium was added afterwards to restoreaethcat 37°C and
5% CO2 in an incubator. Cells were harvest according to 2.2.3 at 0, 4,28, 41648

hours after removal of treatment.

For HU treatment, HU was added into the medium to a final dilaidh5 mM. The

cells were subject to treatment for 24 hours. The medium was speatad and the
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cells were rinsed in PBS once. Fresh medium was added afiertearestore cell
growth at 37°C and 5% CO2 in an incubator. Cells were harvest according to 2.2.3

at 0, 2, 4, 8 or 24 hours after removal of treatment.

For Aph treatment, Aph was added into the medium to a final dilutidh pa@j/ml.
The cells were subject to treatment for 24 hours. The mediuntheasaspirated and

the cells were rinsed in PBS once. Fresh medium was addedaatisrw restore cell
growth at 37°C and 5% CO2 in an incubator. Cells were harvest according to 2.2.3

at 0, 4, 6, 8 or 16 hours after removal of treatment.

The harvested cells were centrifuged at 1,500 rpm for 5 min‘@t Zhe supernatant
was discarded and the pellet was washed with cold PBS once. iensos was
centrifuged at 1,500 rpm for 5 min at’@. The supernatant was discarded but about
200 ul PBS was kept in the tube. The cells were pipetted up and dowralsenvess

to be resuspended into single cell forms. 3 ml cold (2D70% ethanol was added
dropwise into the cell suspension while vortexing. The cells were atoi20°C for

staining.

Upon staining, the cells were spinned down at 1,500 rpm for 5 min‘@t Zhe
supernatant was discarded and the pellet was washed with coldoi®S The
suspension was centrifuged at 1,500 rpm for 5 min & .4The supernatant was

discarded but about 100 PBS was kept in the tube. 9Q0 of 1xPropidium lodide
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containing RNase was added and the mixture was incubated in darkhtar Jat

room temperature using the Cellular DNA Flow Cytometric Ylysls Reagent Set
according to the manufacturer's manual. The mixture was scanree&hAgSCaliber
Flow Cytometer (BD Biosciences) with program Cell Quest Bell cycle modeling

was performed using ModFit (Verity).
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Chapter 3: Results

3.1 Establishing positive Nbs-1 knockdown recombinants

3.1.1 Nbsl expression levels of positive recombinants

Western blotting analysis was used here to confirm positive recombinants obtained

according to 2.2.4. Tublin primary antibody was used as control.

Nbs1
- B

»
»

W

& » »
< Ll | Ll |

NC NW

\ 4
o A

Figure 3.1 Western blotting analysis of the expression profile of the Nbglige
four cell lines. Tublin expressions were used as control. NC: Nbs1/WRN control;

NW: Nbs1/WRN; C: WRN control; W: WRN.

According to Western Blotting result, Nbs1 expression was successfulgadedrin

both NC and NW cell lines. One monoclone of NC and NW was selected for further

analysis.
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3.1.2 Morphology of positive recombinants

Pictures were taken for the cells under optic microscope when the four lindls of ce

reached about 40% confluent. The magnification was 20x.

Figure 3.2 WRN (W) cells. They are compact and in a regular rectarigutatike

IWRN (NW) cells.
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Figure 3.3 WRN control (C) cells. These cells are inflated and exteridiirg t

membrane to each other to form synapse like pointing.
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Figure 3.4 Nbs1/WRN (NW) cells. They are compact and in a regular rectangula

form like WRN (W) cells.

49



Figure 3.5 Nbs1/WRN control (NC) cells. These cells are even bigger and more

expanded. Their member is so extended outwards to form a very sharp shape of spear.

It is very obviously that W and NW cells are quite similar in shape. They afgacbm

and in a regular rectangular form. C cells, however, are inflated and extending the
membrane to each other to form synapse like pointing whereas NC cells are even
bigger and more expanded. Their member is so extended outwards to form a very

sharp shape of spear.
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3.2 Cdl Survival assay

Cell survival assay was conducted in accordance with 2.2.6.

Trial 1 Trial 2 Trial 3 Average
W 55666.67 50666.67 58333.33 54888.89
C 20333.33 19333.33 16666.67 18777.78
NW 60833.33 50000 64000 58277.78
NC 11666.67 16000 16166.67 14611.11

Table 3.1 Cell number after 6 days of growth. NC: Nbs1/WRN control; NW:

Nbs1/WRN; C: WRN control; W: WRN.

Table 3.1 could also be displayed in a chart as shown in Figure 3.6 below.
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Cell Counting Assay
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Figure 3.6 Cell number after 6 days of growth. NC: Nbs1/WRN control; NW:

Nbs1/WRN; C: WRN control; W: WRN.
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Two cell lines: W and NW grew at similar speed. The number rose from 500 in the
beginning to about 50,000 to 60,000 in the end. However, another two lines, C and
NC, although growing at similar speed as each other, only reach less than 20000 ce

after 6 days, which were 1/3 to ¥ of the numbers of W and NW.

3.3 Flow Cytometric Analysis

3.3.1 CPT treatment

CPT treatment was applied in accordance to 2.2.7.
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Figure 3.7 Column chart showing quantification of cell cycle profile of CPT
treatment (n=1). NC: Nbs1/WRN control; NW: Nbs1/WRN; C: WRN control; W:

WRN.

By 0 h after treatment, all four lines displayed similaitgga. The majority of cells
were arrested at GO/G1 phase. By 4 h after treatment, a poftweils progressed
into S phase while all four lines still showed similar pattem.8Bh after treatment,
more cells of the four lines were in S phase than those i@ Gfthase. By 16 h after
treatment, cells began to show difference in progression pattest. ®cells were
still arrested in S phase while almost half of W cells agatat G2/M phase. NW
and NC cells left S phase at a speed faster than C cebtolugr than W cells. By 24
h after treatment, far less W cells were still ari@tsteS phase than the other three

lines while by 48 h, the four lines displayed similar profilegain.
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3.3.2HU treatment

HU treatment was applied in accordance to 2.2.7.
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Figure 3.8 Column chart showing quantification of cell cycle profile of Hunreat

(n=3). NC: Nbs1/WRN control; NW: Nbs1/WRN; C: WRN control; W: WRN.

By 0 h after treatment, all four lines displayed similargratlthough most NC cells
appeared at GO/G1 phase. The majority of cells were arras@/@1 and S phase.

By 2 h after treatment, most cells progressed into S phade athiour lines still
showed similar pattern. By 4 h after treatment, cells begamdw gifference in
progression pattern. Most C, NW and NC cells were still taden S phase while
almost half of W cells appeared at G2/M phase. Compared to theharh the
change in W cells was most obvious and great. NW and NC cells entered Ga# pha
at a speed even slower than C. By 8 h and 24 h after treatmerfuthénes

displayed similar profiles again.
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3.3.3 Aph treatment

Aph treatment was applied in accordance to 2.2.7.
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Figure 3.9 Column chart showing quantification of cell cycle profile of Aptrirent

(n=3). NC: Nbs1/WRN control; NW: Nbs1/WRN; C: WRN control; W: WRN.

By 0 h after treatment, all four lines displayed similar pattern that tjeritgaof cells
appeared at GO/G1 and S phase. By 4 h after treatment, mosprogitsssed and
were arrested in S phase while all four lines still showenilasi pattern. By 6 h after
treatment, cells began to show difference in progression patteyst ® and W
progressed into G2/M phase at a similar speed while NC and Ng/were still
arrested in S. By 8 h and 16 h after treatment, the fourdisetayed similar profiles

again.

Chapter 4: Discussion

4.1 Role of WRN and Nbsl protein in the promotion of tumor cell growth

Inhibition of WRN expression was reported to strongly impair growftiseveral

cancer cell lines including breast and ovarian adenocarcinoma, teamaitaung
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carcinoma and endometrial leiomyosarcoma but excluding U-2 OS(Cglieskoet

al., 2007). Given the bifunctional nature, WRN protein is proposed to promote cell
proliferation by reducing DNA damage and replicative stress flimction of WRN

also benefits the growth of oncogenic cells. Interestinglyag suggested in another
research that restoration of WRN expression had tumor suppreffgicty €he loss

of WRN function was thought to activate alternating lengtheningetdmerase
(ALT) mechanism and this mechanism exists commonly in sarcamésnduces

tumor formation in mouse models (Agredial., 2006).

The result of this research study supports the latter hypotiesi8VRN protein has
cancer suppressor properties. The two lines with WRN gene knockedgiew at
least 3-fold faster than the two lines with normal WRN exjppas<onsidering that
the WRN protein acts as intermediates in DNA replication, tetermaintenance and
DNA damage response, loss of WRN function may trigger chromosdieaiaéion

that is relevant to cancer.

Another more interesting result of this research study is Wizl could be
significantly knockdown in WRN cells whereas a complete knockdoivNbsl in
WRN control cells was somehow lethal. Only NC cells with Nbgtigily knocked
down could be viable and thus obtained in this study. In a similar studgs
reported that knockdown of Nbsl inhibited ATL mechanism in human fibrosarcoma
cell line (Zhonget al., 2007). It was also reported in this paper that incomplete

knockdown of Nbsl permitted partial ALT activity which could be used fwaéx
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why only NC cells with incomplete Nbs1 knockdown were obtained. Haywexs/
Nbsl was nearly completely knocked down in NW cells remains aigueSince
enzymatic activities of WRN are needed to suppress telomiecie formation in
normal cells which express telomerase reverse transcrifhiaseal., 2008). Loss of
WRN function might remediate the ATL mechanism in pathwafjerdnt from Nbs1
pathway so that ALT activity was still retained in NW ce#dgen while Nbsl was
completely knocked down. Further research is needed to study therdifi@thways

of WRN and Nbs1'’s correlation with ALT mechanism.

4.2 WWRN and Nbsl1 participate in S-phase checkpoint

4.2.1 CPT treatment

G1 (374M G1 (374M 0
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Figure 4.1 Role of WRN and Nbsl in S-phase checkpoint. The foulires| were
treated with CPT (LM, 3 h). Cells were harvested at the indicated time points and
analyzed by flow cytometry (n=1). NC: Nbs1/WRN control; NWbhsi/WRN; C:

WRN control; W: WRN.

W and C cells displayed the same cell cycle profiles er® wlescribed in Chergj

al.’s paper (Chengt al., 2008). These date confirms that WRN plays a role in the S-
phase checkpoint induced by replication dependent DSBs. The fact that NC
progresses into G2/M phase faster than C cells also confirmsatiah that the
MRN complex and ATM are interdependent in recognizing and signBikvy DSBs
(Berkovichet al. 2007). However, NW cells enter G2/M phase much slower than W
cells and are at a similar speed as NC cells may indibateNbs1, compared to
WRN, is a more critical protein in sensing DSBs and playsleaas a bottle neck.

Moreover, this data also seem to show that ATM activation by VRt dependent
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on Nbsl because a complete depletion of Nbsl increases ATM activesiead of

decreasing it.

4.2.2 HU treatment

G1 (32iM

G1 [:'?r(a NC G1 I:Z(f' NW 0

Figure 4.2 Role of WRN and Nbsl in S-phase checkpoint. The foulire=d| were

treated with HU (0.5 mM, 24 h). Cells were harvested at the imdi¢cahe points and
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analyzed by flow cytometry (n=3). NC: Nbs1/WRN control; NWbsli/WRN; C:

WRN control; W: WRN.

After HU treatment, W and C cells displayed the sameayglle profiles as were
described in Chengt al.’s paper (Chengt al., 2008). By 4 h after treatment, more
than half of W cells entered G2/M phase while the majority afells were still
arrested in S phase. Like CPT treatment, this date also cenfirah WRN plays a
role in the S-phase checkpoint induced by replication dependent DSBsveétpthe
two Nbsl knockdown lines NC and NW were still arrested by 4tdr afeatment,
which, combined with data from CPT treatment, further confirms tiinatt ATM
activation by WRN is not dependent on Nbsl because a complete deplehidbsl
increases ATM activations in both lines instead of decreasiam.t It could be
explained in both treatment that a partial depletion of Nbs1 inI€ doesn’t affect
ATM activation substantially. However it is not logical thalaege number of NW
cells are arrested in S phase because ATM is bound to the MRplex via Nbsl.
With a total completion of Nbsl, it is hard to explain why ATMuld still be

activated. Another repeat of this experiment is needed.
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4.2.3 Aph treatment

Figure 4.3 Role of WRN and Nbsl in S-phase checkpoint. The foulires| were
treated with Aph (lug/ ml, 24 h). Cells were harvested at the indicated time points
and analyzed by flow cytometry (n=3). NC: Nbs1/WRN control; N\Ws1/WRN;

C: WRN control; W: WRN.
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After Aph treatment, W and C cells displayed the same celedsinetics as were
described in Chengt al.'s paper (Chengt al., 2008) showing that WRN only
participates in S phase checkpoint induced by replication-dependeist BS®ever,
the two Nbsl knockdown lines NC and NW were still arrested byféehteeatment,
which, considering the treatment of Aph as a DNA polymerase tidnibNbs1l may
participate other cell cycle checkpoints induced by Aph stresdwididifferent from
DSBs. There is evidence showing that it is Mrell binding domaiteadsof
FHA/BRCT domains of Nbsl taking part in the efficient induction of ititea-S
checkpoint (Stewamtt al., 2003; Goldbergt al., 2003). G1 and G2 checkpoints may
also involve Nbs1 (Kobayashi al., 2004). However reports are controversial and the

mechanism behind them remains unsolved, more investigation needs to be done.

4.3 Conclusion and prospect

Previous study showed that WRN protein was involved in ATM pathwayation
when cells are exposed to DSBs induced by replication fork coll@emuse the
Mrell-Rad50-Nbsl (MRN) complex, a sensor of DSBs, is known to abtesigh
WRN and ATM via Nbsl1 subunit, we are interested in whether the M&Mhplex
mediates the WRN-dependent ATM pathway activation. In this studyemployed
short-hairpin RNA to generate WRN- and Nbs1-deficient U-2 OIS aall treat cells
with clastogens which induce collapsed replication forks, thus provided princafy pr

for whether WRN facilitates ATM activation via MRN complexeValso performed
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cell survival assay on all cell lines, hoping to get auxiliarforimation on the

function of these two target proteins. Upon analyzing our results, we concluded that:

1. The result of this research study supports the hypothesis thit pitiRein has
cancer suppressor properties by affecting ATL mechanism. Nbghearther hand,

also affects the ATL mechanism in a way that is different from WRN pathways

2. Our data suggest that ATM activation by WRN is not dependent dnaithsugh

ATM interacts with both WRN and the WRN complex.

Our ultimate task is to understand aging as well as theoredaip between cell cycle
checkpoints and genomic stability by studying protein-proteindantem. Thorough
understanding on the novel WRN-dependent ATM activation will sheddiglsome
unknown cellular network. To achieve this goal, there are wofksoldbe done in

future.

Zhong et al., used a scrambled control ShRNA sequence to make a control pClpur
vector (Zhonget al., 2007). As a result, both Nbs1 deficient and control cell line all
grew under puromycin condition. We did not obtain the control plasmid so tedW

C cell lines we used as control were cultured only under hygronBcivithout
puromycin pressure. Meanwhile the NC and NW cell lines were uhd@ressure of

both hygromycin B and puromycin, which makes the data not persuasive erasigh. |
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better to repeat all the experiments using a control plasmidasa@ll four cell lines

are cultured under the same condition.

FACS data only provide indirect information on ATM activation. ATM
autophosphorylation on Ser-1981 needs to be quantified by Western Bloitigg us
the four cell lines after treatment according to 2.2.7. Downstr&aiM pathway
should also been analyzed to further support ATM activation. ATM sbsttike
SMC1, BRCAl1 and CHK1 could be tested by Western Blotting on
autophosphorylation. Besides Western Blotting assay, immunostainingatsalte
used to confirm ATM phosphorylation according to the protocol describ&heng

et al.’s 2008 paper.

Protein colocalization could be tried either under stress or withtvasss by
performing coimmunofluorescence. The data could also be used to d&nahich

cell cycle phase when proteins interact with each other.

In order to confirm that DSB formation exist in all four cellels. Assays opH2AX

formation also need to be performed to show whether DSB formationhaloged by

gene expression knockdown.

Our data bring question on Nbsl'’s role on other cell cycle checkpdintanalysis

on DNA synthesis in replicating cells should be able to answegubkstion. The
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kinetics of cell replication under different treatment could bepamed to investigate

the role of WRN and Nbs1 on other cell cycle checkpoints.
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Appendix |: Chemicals and reagents

Appendices

2-Mercaptoethanol

Sigma M3148

2-Propanol Fisher A451-4
10XTBS Bio-Rad 170-6435
10XTG Bio-Rad 161-0771
10XTBS Bio-Rad 170-6435
10% SDS Teknova S0184
ampicillin Sigma A-9518
aphidicolin Calbiochem 178273

camptothecin

MP Biomedicals 1C15973250

DMEM,1X

Cellgro 10-017-CV

DMSO

Sigma D5897

Ethanol (absolute)

Merck 100986

EDTA

Quality Biological 351-027-10

Fetal Bovine Serum Atlanta S11550

Glycerol Sigma G-5516

hydroxyurea MP Biomedicals AAAL01120-0!
hygromycin B Invitrogen A98670309

KCI Baker 4001-01
KH2POy Baker 4008-01

LB Agar, Miller Fisher BP1425-500
LB Broth Fisher BP1426-500
Methanol Fisher A452-4

NaCl Baker 4058-05

Nap POy Sigma S-7907

Non-Fat Dry Milk

Bio-Rad 170-6404

NP40

Calbiochem 492016
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Penicillin-Streptomycin Cellgro 30-002-Cl

Precision Plus Proteill Kaleidoscop&”

Standards BIO-RAD 161-0375

Protease inhibitor cocktail tablets Complete 11697498001
Puromycin Calbiochem 540222

Tris-HCI Quiality Biological 351-007-101
Trypsin EDTA, 1X Cellgro 25-052-C

Tween20 Calbiochem 655204

Appendix I1: Buffer, solution and gel

5X loading buffer

1 Protease inhibitor cocktail tablet, 1 mL

50X proteinase inhibitor solution
1XPBS

80 g NaCl, 10 g KCl, 72 g NaPQ,, 12 g
KH,POy, 1 L dd HO

10X PBS

500 mL DMEM medium, 50 mL Fetal
Bovine Serum, 5 mL Penicillin-Streptomycin

Cell culture medium

Blocking buffer 5 g Non-Fat Dry Milk, 100 mL TBS-T
LB broth 25 g/L LB powder, autoclave
LB agar plate 40 g/ L LB Agar, Miller, autoclave
. 50 mM Tris-HCI (7.4), 250 mM NaCl, 5 mM

Lysis buffer

EDTA, 0.1% NP40
Protein gel CriterioH" Precast Gel 345-0033
Running buffer 100 mL 10XTGS, 900 mL dgH

100 mL 10XTBS, 900 mL ddd, 10 mL
TBS-T

10% Tween20

700 mL ddHO0, 100 mL 10XTG,200 mL
methanol, 5 mL 20% SDS

Transfer buffer
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Appendix I11: Commercial kits

BCA™ Protein Assay Kit

Thermo JI124811

PolyFect® Transfection Reagent

Qiagen 301107

PureYield™ Plasmid Maxiprep System

Promega A2393

SuperSignal® West Pico Chemiluninescent Substrate

Thermo IF1136

77

SuperSignal® West Femto Maximum Sensitivity Substrg

ite Thermo IF1295]
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Appendix 1V: Equipments and facilities used

Balance

Denver Instrument S-403

Biological Safety Cabinet

Thermo 109578

CO2 incubator

Thermo 3595

FLUOstar OPTIMA

BMG 413-3128

Isotemp Air Bath

Fisher 11-715-1250

Isotemp Water Bath

Fisher 15-462-01

Legen RT centrifuge

Thermo 75004377

Optic Microscope

Motic AE21

PowerPab”! HC

Bio-Rad 043BR18642

Rocker

VWR 12620-906

Roto-Shake Genie

Scientific Industries S1-1100

Vortex-Genie

Scientific Industries 2-401968
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