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ABSTRACT

Mrell and Rad50 form a complex with Nbsl (MRN) in mammals and Xrs2 (MRX) in
yeast. The MRN complex plays a role in many cellular processes, such as DNA damage
sensing, DNA repair, cell cycle checkpdint and telomere maintenance. Rad50 contains a
conserved ATP binding motif and its ATPase activity is essential for ATM activation in
vitro. Using a tethering approach, I have shown that Rad50 can be targeted to telomeres
through its fusion to hRapl. The fusion of hRapl to Rad50 did not alter the property of
Rad50. The fused wild-type Rad50 promoted telomerase-dependent telomere lengthen-
ing. However, the fusion proteins containing losé—of-function mutations in Rad50 (K42E
and S1202R) did not. I have also shown that the fused wild-type Rad50 was able to form
irradiation-induced foci in a manner similar to unfused Rad50. In contrast, the two de-
fective mutants of Rad50 failed to accumulate irradiation-induced foci. Expression of the
fusion proteins containing Rad50 mutants also interfered with the ability of endogenous
Mrell protein to form foci post irradiation. Thus our data suggest that the Rad50 mutants

may function as dominant-negative alleles in cells.
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Chapter 1
Introduction

Rad50 is the ATPase component of the Mrel1/Rad50/Nbs1 (MRN) c;)mplex in mammals
and the Mrel1/Rad50/Xrs2 (MRX) complex in yeast. This complex is involved in many
critical processes, such as DNA damage sensing, DNA damage repair, cell cycle checkpoint
and telomere maintenance. Null mutations of any of the three components result in embry-
onic lethality in vertebrates. Mutations in Nbsl and Mrell give rise to Nijmegen break-
age syndrome (NBS) and ataxia-telangiectasia-like disorder(ATLD), respectively. These
diseases have been characterized by S-phase checkpoint failure, radiation sensitivity and
chromosomal abnormality (D’ Amours and Jackson 2002; Assenmacher and Hopfner 2004;
Lisby and Rothstein 2004; Stracker et al. 2005; Lisby and Rothstein 2005; Slijepcevic and
Al-Wahiby 2005; Su 2006). Patients having these diseases showed immunodeficiency,
cancer predisposition, cerebeller development defects and increased radiosensitivity (Zhou
et al. 2006). To date, no mutations in Rad50 have been found linked to genetic diseases in

human (D’ Amours and Jackson 2002).



1.1 Components and the structure of the Mrell/Rad50/-

Nbs1 complex

1.1.1 Three components of the MRN complex

The MRN complex contains Mrell, Rad50 and Nbsl. Mrell is a nuclease that possesses
both 3’-5’exonuclease and ssDNA endonuclease activity. It contains five nuclease motifs at
its N-terminus, which also contains a potential Nbs] binding site. Mrel1 also has DNA and
Rad50 binding domains at the central region and C-terminus (Assenmacher and Hopfner
2004; D’ Amours and Jackson 2002). Nbs1 serves as a mediator in the MRN complex. The
N-terminus of Nbs1 contains the fork head assoéiated (FHA) and breast cancer C-terminal
(BRCT) domain. The Mrel1 binding site locates near its C-terminus of Nbs1 (Kobayashi
2004). The very C-terminus of Nbsl has been recently characterized as an ATM binding
domain (Falck et él. 2005; You et al. 2005).

The ATPase Rad50 contains a conserved ATP binding cassette (ABC), which con-
sists of Walker A, Walker B and signature motif. Walker A motif is 10Cated at N-terminus,
whereas Walker B motif and signature motif are located at the C-terminus (Fig 1.1a). In
the center of Rad50, there is a long coiled-coil repeat, which has a conserved Cys-X-X-
Cys zinc hook in the middle. The signature motif and the Cys-X-X-Cys zinc hook form
two interfaces between two Rad50 molecules. In the signature motif, binding of Ser793
side-chain O+ in one Rad50 and Gly795 mainchain N in opposing Rad50 molecule to ATP
~-phosphate O promotes Rad50 dimerization (Hopfner and Tainer 2003; Moncalian et al.
2004). In addition, the Cys-X-X-Cys zinc hook coordinated by zinc ion can link MRN
complexes through the 1_ong anti-parallel arms of Rad50. This structure has been observed

by using atomic force and electron microscopy and believed to function in tethering DNA



ends and keep sister chromatids closer for DNA repair (Fig 1.1b) (Hopfner et al. 2000;
Wiltzius et al. 20053).

1.1.2 Mutations of Rad50 related to the study

‘Although mutations in Rad50 have not been found in human yet, some mutations have
been made to study the role of Rad50. Mutation in Rad50 signature motif, S1202R of hu-
man Rad50, is equivalent to RadSO mutant S793R in Pyrococcus furiosus. ST93R mutant
prevents ATP-mediated dimerization of Rad50 and is analogous to a CFTR (cystic fibrosis
transmembrane conductance regulator) mutation S549R, which is the cause of cystic fibro-
sis (Moncalian et al. 2004). Human S1202R mutant associates with wild-type Mrel1/Nbsl
at a level comparable to wild-type Rad50 but is defective in ATP-dependent activity as well

as the ability to activate ATM in vitro (Lee and Paull 2004; Lee and Paull 2005).

The yeast mutant Rad50 carrying K40E in the ABC catalytic domain, is capable of
interacting with Mrell but defective in ATP hydrolysis, DNA binding and unwinding in
vitro (Paull and Gellert 1999). This mutant in yeast has been shown to be defective in DNA

homologous recombination and non-homologous end joining (Chen et al. 2005).

Mutations outside of the conserved ATP binding cassette of Rad50 are defective
in meiotic recombination in yeast perhaps due to its failure to release Spoll (type II
topoisomerase- like DNA transeterase) from DNA. These Rad50 mutants are called Rad50
S alleles. Constitutive DNA damage signal was detected in yeast carrying those Rad50 S
alleles (Usui et al. 2001; Usui et al. 2006). However, the phenotypes in yeast can not
be replicated in mice carrying the same mutants. The K22M of these mutants in mouse
showed minimal cellular phenotype (insensitive to IR, hydroxyurea, etoposide or growth

defect) but had profound impacts at organismal level. Mice carrying this mutation died



with metastatic thymic lymphoma several months after birth, suggesting that a chronic
genotoxic stress has occurred (Bender et al. 2002). Furthermore, mice carrying this mutant

can also bypass the ATM deficiency (Morales et al. 2005).

In this study, several human Rad50 mutants were made. K42E is a mutation in
Walker A motif, which is equivalent to K40E in yeast. S1202R is a mutation in signature

motif, whereas K22L is a mutation similar to K22M outside of Walker A motif.

1.2 Telomeres and the Mrell/Rad50/Nbs1 complex |

1.2.1 Telomeres

Telomeres are specialized DNA-protein complexes located at the ends of linear chromo-
somes in eukaryotes. Human telomeric DNA consists of 2-30 kb dsDNA TTAGGG tan-
dem repeats and G-rich ssDNA overhangs with about 150nt in length (de Lange 2002).
The importance of telomeres lies in two aspects. Firstly, in human somatic cells, telomeres
shorten every time cell divides. Shortened telomeres eventually lead to cell senescence,
which is viewed as a tumor suppressor mechanism (Hanahan and Weinberg 2000). Most of
cancer cells overcome telomere shortening by activating reverse transcriptase like enzyme,
referred to as telomerase. Telomerase is responsible for adding telomere DNA repeats to
chromosome ends, to maintain their telomere length. Some tumor cells do not activate
telomerase and rely on a recombination dependent pathway termed alternative telomere
lengthening (ALT) to maintain their telomere length (Wright and Shay 2000; Maser and
Depinho 2002). Secondly, telomeres protect natural chromosome ends from being recog-
* nized as DNA damage sites. Protection of chromosome ends involves binding of telomeric

proteins to telomere DNA and the formation of a specialized structure (Fig 1.2a). A large
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duplex loop structure termed the t-loop has been proposed to protect telomeric DNA based
on electron microscopy analysis of psoralen cross-linked telomeric DNA purified from hu-
man and mouse cells (Griffith et al. 1999; Stansel et al. 2001). The configuration of the
t-loop appears to involve the invasion of the 3’ overhang into the duplex telomere DNA.
This structure could cap the chromosome ends and thus prevent telomeres from fusion or

being processed by DNA damage repair proteins (de Lange and Petrini 2000).

1.2.2 Telomere associated proteins

Telomere associated proteins contribute to both telomere length control and telorﬁere pro-
tection. These proteins are categorized into two groups: telomere specific proteins (also
known as shelterin) and DNA repair proteins which are not specific to telomeres. Shelterin
consists of six proteins: TRF1, TRF2, POT1, TIN2, TPP1 and hRapl (de Lange 2005).
TRF1 and TRFZ both have a conserved Myb domain at their C-termini, through which
they specifically bind telomere dsDNA repeats. Both TRF1 and TRF2 form homodimers
through their dimerization domains near their N-termini and do not interact with each other
physically. (Zhong et al. 1992; Chong et al. 1995). In vitro, TRF2 is able to remodel
artificial telomere DNA into loops, indicating that TRF2 plays a role in t-loop formation in
vivo (Fig 1.2a) (Bianchi et al. 1997; Griffith et al. 1998; Bianchi et al. 1999; Griffith et al.
1999; Stansel et al. 2001). POT1 specifically binds to telomeric ssDNA (Lei e al. 2004;
Loayza and de Lange 2004) and it is responsible for protection of 3’ overhang (Hockemeyer
et al. 2005; Yang et al. 2005). TIN2 and hRapl were first identified as TRF1 and TRF2
interacting proteins respectively through a two-hybrid screen (Kim ez al. 1999; Li et al.
2000). Recently it has been shown that TIN2 also links TRF2 and POT1 to TRF1 and thus
works as a linchpin in shelterin (Liu et al. 2004; Ye et al. 2004). TPP1 is a TIN2 interacting



protein (Houghtaling ez al. 2004; Liu et al. 2004; Ye et al. 2004). Shelterin also associates
with DNA repair proteins such as the Mrel1/Rad50/Nbs1 complex, WRN helicase, BLM
helicase, XPF/ERCC1 endonuclease, DNA-PKcs, Rad51D, PARP-2 and Tankyrases. The

precise role of DNA repair proteins at telomeres still remains elusive (de Lange 2005).

1.2.3 Dysfunctional telomeres

TRF2 is a telomere binding protein and plays an important role in telomere protection (van
Steensel et al. 1998). .Dysfunctional telomeres can be induéed by expressing dominant
negative alleles of TRF2. TRF24BAM  which lacks the N terminal basic domain and C-
terminal Myb domain of TRF2, could strip endogenous TRF2 off telomeres, leading to
telomere unprotection. Telomere overhangs are degraded by XPF/ERCC1 and telomeres
are fused together by non-homologous end joining factors. TRF2 inhibition activates p33
and pRb dependent cell cycle checkpoints, leading to growth-arrest and senescence (van
Steensel et al. 1998; de Laﬁge 2002; Jacobs and de Lange 2005). Expressing another
deletion allele of TRF2-TRE225 also induced cell cycle checkpoint, growth arrest and
senescence. However, this allele induces telomere deletion rather than telomere fusion,
giving rise to t-loop sized dsDNA circles (Wang et al. 2004). In both cases, DNA damage

repair factors will recognize dysfunctional telomeres and accumulate at telomeres (Takai

et al. 2003).

1.2.4 Telomere length regulation

The elongation of telomere length is fulfilled by telomerase in eukaryotes (Greider and

Blackburn 1985; Greider and Blackburn 1987). Telomerase is a reverse transcriptase,



which is expressed in germline cell and most of tumor cells but is not detectable in most
normal somatic cells. The telomerase holoenzyme contains a highly conserved reverse
transcriptase (TERT) and template RNA component together with other accessory proteins
(de Lange 2006). Telomerase can add DNA repeats to the 3’overhang and the subsequent
synthesis of the C-strand would create double-strand telomere DNA (Price 1997). The
transcription of TERT is regulated by many genes such as Menin, the Mad/Myc pathway,
and the TGFp target Sipl, whereas production of RNA component is ubiquitous (Ducrest
et al. 2002). The access of telomerase to telomeres is cell cycle regulated in yeast (Tag-
gart et al. 2002; Smith et al. 2003). It has been proposed that telomere binding proteins
are involved in telomere length control by regulating the access of telomerase to DNA end

(Smogorzewska and de Lange 2004).

In budding yeast, the repressor/activator proteinl-Rapl is the major negative reg-
ulator of telomerase. Yeast Rapl binds directly to telomere DNA and interacts with two
Rapl interaction factor: Rifl and Rif2. Overexpression and mutagenesis studies confirmed
Rap1 as a negative regulator of telomere length control (Shore 1994). The telomere ssDNA
binding protein Cdcl3 is also found to play an important role in telomerase dependent
telomere length control and it is thought to recruit telomefase by interacting with telom-

erase accessory proteins (de Lange 2004).

In humans, shelterin and other telomere binding proteins are involved in telomere
. length regulation. Shelterin components are known to be cis-regulator of telomere length
(Fig 1.2b) (de Lange 2005). TRF1 is a well-characterized negative regulator of telomerase-
dependent telomere lengthening (van Steensel and de Lange 1997; Smogorzewska et al.
2000). TRF1, along with its partners TIN2 and tankyrase, functions in a negative feedback
loop in telomere length control (de Lange 2004). Like TRF1, the overexpression of TRF2

also causes telomere shortening (Smogorzewska et al. 2000). The loss of POT1 leads to



very long telomeres, indicating loss of telomere length control (L.oayza and de Lange 2003).
In addition to shelterin components, DNA repair proteins are also found participating in

telomere length regulation and protection (Slijepcevic and Al-Wahiby 2005).

1.2.5 MRN and telomeres

The MRN complex is implicated in telomere length control in mammals, plants, and yeast
(Boulton and Jackson 1998; d’ Adda di Fagagna et al. 2001; D’ Amours and Jackson 2002).
There are at least two pathways of telomere maintenance: telomerase-dependent and alter-
native telomere lengthening (ALT) pathways that is recombination dependent. The MRN
complex is indicated to function in both pathways.b In yeast, MRX complex is thought
to generate ssDNA at chromosome ends that provide the access for telomerase to elon-
gate telomeres (Kironmai and Muniyappa 1997; Nugent et al. 1998). MRX has also been
shown to be critical to survivors in telomerase negative strains, which use homologous
recombination pathway to maintain their telomeres (Le et al. 1999; Gallego and White
2001). In mammalian cells, the hint of the function of MRN in telomere maintenance came
from abnormal telomere shortening in primary human fibroblast NBS cell line that did not
have functional Nbsl protein. It has been shown that human MRN complex is associated
with telomeres in a cell-cycle-dependent manner (Zhu et al. 2000). Introduction of both
Nbs1 and telomerase catalytic dorﬁains into NBS cell rescues telomere shortening, sug-
gesting a role of MRN in telomerase-dependent telomere maintenance (Ranganathan et al.
2001). Mutations or knockdown of Nbs1 also result in telomere instability (Bai and Mur-
nane 2003; Zhang et al. 2005). Recent work revealed that MRN is also irhportant for the
genération of the G-overhangs in human cell lines (Chai ez al. 2006) and MRN is required

to form a protective structure after telomere replication (Verdun et al. 2005). MRN is also



implicated in telomere replication and maintenance in ALT cells (Wu et al. 2000; Jiang

et al. 2005).

1.3 DNA repair and Mrell/Rad50/Nbs1 complex

1.3.1 DNA double-strand break repair

DNA double-strand break (DSB) is always a threat to genome integrity and it can be caused
by ionizing irradiation, genome toxic chemicals as well as internal factors such as stalled
replication forks. However, cells have developed an efficient system to respond to DNA
damage. DNA damage response system (DDR) consists of damage sensor proteins, which
can detect the DNA damage promptly and subsequently send signals to downstream fac-
tors. The signals are amplified and diversified by signal transducers including ATM and
ATR (ATM and Rad3-related) (Tell and Mecl in Saccharomyces cerevisiae), DNA-PKcs,
members of PIKKs that phosphorylate their substrates on serine or threonine residues fol-
lowed by glutamine (SQ/TQ motifs) (Shiloh 2003). The transducers finally phosphorylate
various effectors which can activate cell cycle checkpoint, DNA damage repair, and cell
apoptosis, such as p53, chkl, chk2, etc. There are also lots of mediator proteins partici-
pating in the process although their exact roles are not clear yet (Jackson 2002; Petrini and

Stracker 2003).

There are two major pathways of DSB repair in mammalian cells: non-homologous
. end joining (NHEJ) and homologous recombination (HR) (Kanaar et al. 1998; Karran,
2000). In NHE]J, the DNA ends are processed, annealed and finally ligated. NHEJ of-
ten involves loss or alteration of genetic information. The major factors participating in

NHEJ include Ku heterodimer, DNA-PKcs, Artemis, DNA ligase IV and XRCC4. Broken

9



DNA attracts Ku heterodimer which activates DNA-PKcs. DNA-PKcs together with DNA
ligaseIV and XRCC4 repair broken DNA (Kanaar er al. 1998; Karran 2000). Although
DNA-PKcs can phosphorylate p53, it is not the most essential kinase to activate p53 in

DNA double-strand break (Jimenez et al. 1999).

Homologous recombination is preferentially adopted in late S/G2 phase with the
presence of sister chromotids (Baumann and West 1998). HR maintains the integrity of
genetic information better than NHEJ. HR includes strand invasion, branch migration and
Holiday junction structure resolution. In HR, DNA ends are first resected and then a sister
homologous dsDNA is invaded and used as a template for DNA synthesis. It is carried
out by Rad52 epistasis group (Rad50-55, Rad57, Rad59), and the MRN complex (Karran
2000).

1.3.2 MRN and DSB repair

MRN has been shown to play an essential role in sensing, processing and repairing DSBs.
The MRN complex may tether broken DNA ends in order to increase the concentrétion of
local DSBs (Moreno-Herrero ef al. 2005). Biochemical studies have indicated that MRN
complex may promote ATM monomreization and autophosphorylation, leading to ATM
activation in DDR (Lee and Paull 2005). It has been shown that the MRN complex is.
required for ATM mediated cell cycle checkpoint in many mammalian cell lines (Carson
et al. 2003; Uziel et al. 2003; Horejsi et al. 2004). In addition to function upstream of
ATM, Nbsl itself is a substrate of ATM after ATM activation (Lim et al. 2000). Phos-
phorylation of Nbsl is involvéd in some aspects of cell cycle checkpoint (Buscemi et al.
2001). This suggests that MRN is a sensor as well as a mediator of DSB repair (Fig 1.3). A
model has been proposed by Stavridi and Halazonetis (2005) to address the role of MRIN

10



in DNA double strand break induced cell response. They proposed that the MRN com-
plex is recruited to DSB site through an unknown mechanism and it further activates and
recruits ATM to DNA damage sites. Then MRN and ATM function in an amplification
loop, which activates a bigger pool of ATM (Stavridi and Halazonetis 2005). The MRN
complex is also involved in homologous recombination and non-homologous end joining
that are two major pathways of DSB repair (Su 2006). In Schizosaccharomyces cerevisiae,
The DNA unwinding and nuclease activity of MRN toward DNA ends renders MRN a pos-
sible candidate of processing broken DNA ends before homologous recombination (Paull
and Gellert 1998; Paull and Gellert 1999). Studies in yeast also demonstrated that MRN
functions in homologous recombination of DSB repair (Bressan et al. 1999). Although it
is still under debate, there is evidence that MRN may have a role in non-homologous end

joining pathway (Zhang and Paull 2005).

11



Figure 1.1: Components of the Mrel1/Rad50/Nbs1 complex. a) Motifs of Mrel1, Rad50,
Nbsl1 proteins. b) Mbdel of a functional MRN complex bound to broken DNA ends. Mrell
binds DNA ends and interacts with a Rad50 molecule. Two Rad50 proteins interact with
each other through zinc hook domain and this structure helps to tether broken DNA ends.
How Nbsl1 binds to Mrell and Rad50 is not clear yet. Modified from van den Bosch et al.
(2003).
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Figure 1.2: Telomere DNA and telomere binding proteins. a) t-loop structure of telomere
DNA. A 3’ overhang invades into duplex DNA, leading to the formation of a t-loop. Bind-
ing of TRF1 and TRF?2 to telomere DNA facilitates t-loop formation. b) Shelterin complex
on telomeres. Components of shelterin regulate telomere length in a cis-manner through

inhibition of access of telomerase to telomere DNA. Modified from de Lange (2005).
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Figure 1.3: Current model of DNA double-strand break repair. Modified from Zhou et al.
(2006).
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Chapter 2

Materials and Methods

2.1 Construction of pLPCNmyc-hRap1-Rad50

Human Rap1 sequence was PCR amplified from pLPC-hRapl plasmid. The hRap1 frag-
ment and existing pLPCNmyc-hRad50 were digested with corresponding restriction en-

zyme and then ligated with T4 ligase. The final clone was verified by sequencing analysis.

2.2 Construction of pLPCNmyc-hRap1-Rad50 mutants

pLPCNmyc-hRap1-Rad50 plasmid was digested with BamH]1 to yield a 1.2 kb hRapl1 se-
quence. Existing pPLPCNmyc-Rad50 K221, pPLPCNmyc-Rad50 K42E, pLPCNmyc-Rad50
S1202R were linearized with BamH1. Fragments were purified and ligated. The final clone

was verified by sequencing analysis.
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2.3 Alkaline Lysis Minipreparation of DNA

E. coli bacteria were shaken at 37°C overnight in 3 ml LB media made of 1% typtone,
0.5% yeast extract, 0.5% NaCl and 0.1 mg/ml ampicilin. Bacteria pellet was resuspended
in 100ul solution 1 (50 mM glucose, 25 mM Tris-HCI pH 8.0, 10 mM EDTA pH 8.0).
200 ul solution 2 (0.2 M NaOH, 1%SDS) was added to lyse bacteria. After 5 minutes,
150 ul solution 3 (3.6 M potassium acetate, 14% glacial acetic acid) was added. 5 minutes
later, samples were centrifuged at 13,000 rpm. Equal volume of phenol: chloroform (1: 1)
was added to the supernatant. After vortexing and centrifugation, the aqueous layer was
transferred to a new tube. DNA was ethanol precipitated, air-dried and then resuspended in
40 pl TE buffer (100 mM Tris and 10 mM EDTA, pH 8.0) with 0.02 pg/ul Rnase A. The

concentration of DNA was approximately 0.2 ug/ul.

2.4 Transformation

1 p1 DNA product from Alkaline Lysis Minipreparation was added to Top10 competent E.
coli cells. Samples were incubated on ice for 30 minutes and then heat shock at 42°C for
45 seconds was performed. 1 ml LB without drug was added and mixed. Samples were
incubated at 37°C for 1 hour. 50 ul supernatant was spread onto LB agar plate containing

(100 pg/ml) ampicilin. The plates were incubated at 37°C for 16-18 hours.

2.5 Plasmid purification using QIAGEN plasmid Maxi kit

A single colony of E. coli was picked from LB agar selective plates and inoculated into

200 ml liquid LB containing 0.1 mg/ml ampicilin. After incubating at 37°C with vigorous
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shaking for 16 hours, E. coli pellet was collected by centrifuging at 4200 rpm for 15 min-
utes. 10 ml buffer P1 (50 Mm Tris-HCI pH 8.0, 10 mM EDTA, 100 pug/ml Rnase A) was
added to resuspend the pellet. Then 10 ml buffer P2 (0.2 M NaOH, 1%SDS) was added and
samples were gently mixed and incubated at room temperature for 5 minutes. 10 ml chilled
buffer P3 (3M potassium acetate pH 5.0) was added and samples were incubated on ice for
20 minutes. Samples were centrifuged at 13000 x g (4°C) for 30 minutes. Supernatant was
applied to Qiagen column, which had been equilibrated with 10ml of buffer QBT (750 mM
NaCl, 15% isopropanol, 50 mM MOPS pH 7.0, 0.15% Triton X-100). Then the column
was washed 2 times with 30 ml buffer QC (1 M NaCl, 50 mM MOPS pH 7.0, 15% iso-
propanol). DNA was eluted with buffer QF (1.25 M NaCl, 50 mM Tris-HCl pH 8.5, 15%
isopropanol). 10.5 ml isopropanol was added to precipitate DNA. After that samples were
centrifuged at 13000 x g for 30 minutes at 4°C. DNA pellet was washed with 70% ethanol
and air-dried. Then TE buffer was used to resuspend DNA.

2.6 Transfection of retroviral packaging phoenix cells

Phoenix is a helper free producer line for the generation of ecotropic and amphotropic
retroviruses. It is based on the 293T cell line, which is a human embryonic kidney cells
transformed with adenovirus Ela carrying T antigen. Phoenix cells were cultured at 37°C
in DMEM containing 10% FBS, L-glutamine, streptomycin, penicillin and non-essential
amino acid. Twenty four hours before transfection, 2.5 million phoenix cells were seeded
onto 10 cm plate. 438 ul ddH,0O was used to resuspend 50 ug DNA. Then 62 u1 2M CaCl,
was added. 500 ul 2x HBS (50 mM Hepes pH 7.05, 10 mM KCI, 12 mM dextrose, 280
mM NaCl, 1.5 mM Na,HPO,) was added drop by drop while mixture was bubbled. The

mixture was added into the 10 cm cell culture plate. Cells were incubated at 37°C. 8-12
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hours later, 9 ml of fresh meédia was changed. After incubating cells at 37°C for another
8-12 hours, 4 ml fresh media was changed. Virus-containing media was collected 8-12
hours later and filtered through 0.45 pm filter. Then 4 ul polybrene (4 pg/ml) was added

and this virus-containing media was used immediately for infection.

2.7 Infection of recipient cell HT1080

HT1080 cells were cultured at 37°C in DMEM containing 10% BCS, L-Glutamine, strep-
tomycin, penicillin and non-essential amino acid. A quarter million of HT1080 cells were
seeded onto 10 cm plate 24 hours before infection. Then 4 ml of virus-containing media
with 4 ul polybrene (4 g/ml) was used to infect cells. After 8-12 hours, the same infection
was performed. HT1080 cells were infected 5 times in total. Twelve hours after last infec-
tion, 9 ml fresh media was changed. Twelve hours later, 9 ml of media with 0.002 mg/ml

puromycin was used for selection.

2.8 Protein extracts

Cells on a 10 cm plate were trypsinized and resuspended with media at a total volume of 10
ml. Cells were centrifuged at 1000 rpm at 4 °C for 5 minutes. The pellet was washed with
cold 1x PBS. After centrifuging at 3000 rpm for 2 minutes, pellet was resuspend in buffer
C(042M K(Cl, 0.2% Nonidet P-40, 20 mM Hepes-KOH pH 7.9, 25% glycerol, 0.1 mM
EDTA, 5 mM MgCl,, 1 mM dithiothreitol (DTT), 1 pg/ml aprotinin, 1 ug/ml leupeptin,
1 pg/ml pepstatin and 0.5 mM phenylmethylsulfonyl fluoride (PMSF). The concentration

of cells was about 200,000/ul. Mixture was incubated on ice for 30 minutes and then
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centrifuged at 13,000 rpm for 10 minutes at 4°C. Supernatant was moved to a new tube and
an equal volume of 2x laemmli buffer (100 mM Tris-HCl pH 6.8, 200 mM DTT, 3% SDS,
20% glycerol, 0.01% bromphenol blue) was added.

2.9 Western blotting

Protein extracts were boiled for 5 minutes and then separated by SDS-polyacrylamide gel
electrophoresis for 1.5 hours. Proteins in the gel were transferred onto nitrocellulose mem-
brane for 1 h at 90V in transfer buffer 25mM Tris, 125mM glycine, 10% SDS, 20%
methanol, ddH,0). The membrane was incubated in blocking buffer (10% milk powder,
0.5% Tween-20 in 1x PBS) for 1h at room temperature. It was then rinsed with incuba-
tion buffer (0.1% milk powder, 0.1% Tween-20 in 1x PBS), followed by incubation with
primary antibody diluted in incubation buffer overnight at 4°C. Then the membrane was
washed for 3 times (10 minutes each time) with incubation buffer, followed by incubation
with secondary antibody (anti-mouse or anti-rabbit) diluted at 1: 20,000 for 1 hour. Fol-
lowing the incubation, the membrane was waéhed 4 times in incubation buffer and 2 times
in PBS. ECL was performed (Amersham Biosciences, ECL. Western Blotting Detection

Reagents).

2.10 Immunofluorescence

Cells were cultured for 24 hours until 70%-80% confluent on coverslips. Then coverslips
were rinsed with 1x PBS and fixed with 3% paraformaldehyde and 2% sucrose in 1x

PBS for 10 minutes. The fixed cells were washed with PBS for 2 times at 5 minutes
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each time, followed by permeabilizing in Triton X-100 buffer (0.5% Triton X-100, 20
mM Hepes-KOH pH 7.9, 50 mM NaCl, 3 mM MgCl,, 300 mM Sucrose) for 10 minutes.
Coverslips were washed again with PBS for 2 times and stored in PBS with 0.02% sodium
azide. Cells were blocked with PBG (0.2% cold water fish gelatin, 0.5% BSA in PBS) and
incubated with primary antibody diluted in PBG for 2 hours at room temperature. Cells
were washed with PBG for 3 times (5 minutes each) and then incubated with secondary
antibody (conjugated donkey anti-mouse or anti-rabbit) for 1 hour. Cells were washed again
and stained by DAPI (4°, 6-diamino-2-phenylindole at 5 mg/ml) for 10 minutes. Following
2 times wash in PBS, coverslips were mounted on a slide in 20 ul embedding buffer (20
mg p-phenylene diamine in 2 ml 10x PBS, 18 ml glycerol added) and sealed. Images
were taken by a Zeiss Axioplan 2 microscope with a Hammamatsu C4742-95 camera and

processed in Openlab software.

2.11 ~-irradiation

Cells were irradiated in a 137Cs source (Cammacell 1000) at a dose of 12 Gy and fixed at

indicated time post irradiation.

2.12 Immunoprecipitation

Cells harvested frdm 2x 25 cm confluent plates were resuspended in buffer C (5 times
volume). After incubated on ice for 30 minutes. Cell extracts were spun at 13,000 rpm for
10 minutes. Supernatant was dialyzed against 50 times volume of buffer D (20 mM Hepes-

KOH pH 7.9, 100 mM KCl, 25% glycerol, 0.1 mM EDTA (cold), I mM DTT and 0.5 mM
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PMSF) at 4°C overnight. Extracts were centrifuged at 3000 rpm at 4°C for 5 minutes. Su-
pernatant was transferred to a new tube and aliquoted for measuring protein concentration.
Immunoprecipitation was performed using 500 ug protein extracts that were precleared
with 1 ul (1:200 dilution) of mouse prebleed serum at 4°C for 1 hour. For IP, 1 ul primary
anti-Myc was added and incubated at 4°C overnight (sﬁaking). Following overnight incu-
bation, 50 ul pre-blocked G beads was added to the extract and the mixture was incubated
at 4°C with gentle shaking for 2 hours. Samples were centrifuged at 3000 rpm for 2 min-
utes and the supernatant was saved. IP Pellets were washed 5 times in buffer D containing
0.2% NP-40, 300 mM KCL, 1 mM DTT, 0.5 mM PMSF. Beads were resuspended in 50 ul
laemmili buffer and boiled for 5 minutes. Supernatant was collected by centrifugation at
3000 rpm for 2 minutes and transferred to a fresh tube. Half of the resuspension was used

for Western. Fifty microgram of protein extracts was used as input.

2.13 Isolation of genomic DNA

The cells were cultured over 3 months and harvested periodly. Cell pellets were washed
once with cold PBS and stored at -80°C. Cell pellets were thawed on ice and resuspended
with Iml TNE (10 mM Tris pH 7.4, 100 mM NaCl, 10 mM EDTA) and then mixed
with 1 ml TENS (TNE, 1% SDS). Following the incubation at. 37°C overnight, 2 ml
phenol/chloroform was added into each tube and mixed by inverting. Samples were cen-
trifuged at 3000 rpm for 10 min. The aqueous phase was transfered to a new phase lock
tube followed by another treatment with phenol/chloroform. Then the aqueous phase was
transfered to a 15 ml tube containing 2 ml iso-propanol and 0.22 ml 2 M NaAc. After
inverting for several times, genomic DNA was fished out and dissolved in a buffer con-

taining 0.3 ml TNE and 100 pg/ml RNase A. Following incubation at 37°C for 0.5 h,
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genomic DNA was mixed with blunt tips and then incubated for another 2 h. DNA was
treated with TENS/ProtK (TNES, 100 pg/ml proteinaseK) at 37°C for 1 h. Following phe-
nol/chloroform extraction, génomic DNA was transferred to eppendorf tubes containing 0.6
ml iso-propanol and 66 112 M NaAc. After inverting, genomic DNA was fished out and
dissolved in a buffer containing 200 ul T1pEq; (10mM Tris-HCI1 pH 8.0, 0.1mM EDTA).
DNA were incubated at 37°C for 0.5 h and at 4°C overnight and then stored at -20°C.

2.14 Digestion of genomic DNA

15 pl genomic DNA was mixed with 2.5 ul Rsal, 2.5 pl Hinfl, 0.02 x]1 RNaseA, 70 ul
ddH,0 and 10 ul 10x NEB buffer. Samples were mixed and incubated at 37°C for 16h.

2.15 Southern blotting

Digested DNA was separated in 0.7% agarose gel until the 1 kb marker was near the bottom.
Three microgram digested DNA was loaded per lane. The gel was treated with 0.25 M HC1
for 0.5 h and denatured in denaturation buffer (1.5 M NaCl, 0.5 M NaOH) for 1 hoir,
followed by neutralization buffer (3 M NaCl, 0.5 M Tris-HCI, pH 7.0) for another hour.
The DNA was transferred to Hybond-N membrane. Following cross-linking and rinsing in
ddH,O, the membrane was put into churchmix buffer (0.5 M NaPi pH 7.2, 1 mM EDTA pH
8.0, 7% SDS, 1%' BSA) and incubated at 65°C for 1h. _Then the telomere DNA-containing
probe was added and the membrane was incubated at 65°C overnight. The next day, the
membrane was washed using churchwash (40 mM NaPi pH 7.2, 1 mM EDTA pH 8.0, 1%

SDS) for 3 times and then exposed to Phosphorlmage screen. The blot was analyzed as
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described (Karlseder ez al. 2002).

2.16 Growth curve

HT1080 cell lines were seeded on 24 well plate in triplicate. A total of 250 cells were
seeded in each well at the 4th day of selection. Cells were split 1:16 to 1:8 when they got
confluent. Number of cells in each well was counted every day for 19 days. Relative cell

numbers (average cell number in each well X split ratio) were plotted over time.

2.17 Antibodies

Anti-Rad50, anti-Mrell, anti-hRapl (#765), anti-TRF2 (#647), anti-TRF1 (#371) were
gifts from Dr. Titia de Lange. Anti-Myc (9E10) was from Oncogene Biosciences. Anti-y-
tubulin was from Sigma. Anti-y-H2AX and anti-H2AX were from Upstate Biotechnology.
Anti-mouse and anti;rabbit secondary antibodies were purchased from Jackson Laborato-

ries.
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Chapter 3

Results

3.1 Rad50 promoted telomere Iengthening

pLPCNmyc-Rad50 S1202R, together with the previously-made constructs pLPCNmyc,
pLPCNmyc-Rad50, pPLPCNmyc-Rad50 K22L, pLPCNmyc-Rad50 G41D, pLPCNmyc-Rad-
50 K42E, pLPCNmyc-Rad50 R83I were used in the study. These constructs were intro-
duced into human fibrosarcoma HT1080 cell lines. All of the expressed proteins have Myc

tag at their N-termini.

3.1.1 Rad50 mutants expressed predominantly in cytoplasm

Immunofluorescence (IF) was conducted by using mouse anti-Myc antibody to investigate
the expression pattern of Rad50 protei-ns (Figure 3.1a). pLPCNmyc-Rad50 and pPLPCNmyc-
Rad50 K22 were mainly in nucleus but all remaining mutants were outside of nucleus

several days after infection. Western analysis using anti-Myc antibody showed that all mu-
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tants except for R83I, had similar expression level with wild-type Rad50. (Figure 3.1b).

These results indicate that expression of Rad50 mutants are predominantly in cytoplasm.

Because K22L mutant is the only mutant that can be expressed in nucleus, I did
several experiments to investigate the respbnse of K221 mutant to DSB repair and stalled
replication forks. Ionizing irradiation (causing DSB) and HU (causing stalled replication
fork) treated DNA damage assays were performed in pLPCNmyc-Rad50 and pLPCNmyc-
Rad50 K22L expressing cell lines. However, no significant difference between these two
cell lines was found in terms of foci formation after treatment with IR and HU (data not
shown). The reported K22M mutant is thought to be a gain-of-function mutation and no
difference was detected at the cellular level in cell lines expressing K22M (Bender et al.
2002). It might be possible that K221, may behave like K22M. Our data suggest that K221

may also be associated with a gain-of-function.

3.1.2 Fusing hRapl to Rad50

The fact that defective Rad50 mutants predominantly accumulate in the cytoplasm made it
difficult to study the function of these Rad50 mutants in cells. To overcome this problem,
the Rad50 proteins were fused to a telomere protein. The fusion was able to target Rad50

mutants into nucleus, especially to telomeres.

The reason of choosing hRapl in the study lied in several aspects. First of all,
hRap1 is a telomere specific protein, which interacts with TRF2 and MRN in human. Fus-
ing hRapl to Rad50 proteins may target the Rad50 mutants into nucleus, especially to
telomeres. Given the fact that only 5% of endogenous Rad50 protein is associated with
telomeres. Furthermore, overexpression of hRap1l only caused slightly telomere elongation

(Li et al. 2000; Li and de Lange 2003), which wouid only have slight effects on the analysis
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on telomere length. Thus hRap1 was considered as a good candidate for fusion.

hRapl was directly fused to the N-terminus of RadS0 to generate a fusion pro-
tein (Figure 3.2). Several constructs were made and they are pLPCNmyc, pLPCNmyc-
hRap1, pLPCNmyc-Rad50, pPLPCNmyc-hRap1-Rad50, pLPCNmyc-hRapl—RadSO K22L,
pLPCNmyc-hRap1-Rad50 G41D, pLPCNmyc-hRap1-Rad50 K42E, pLPCNmyc-hRapl-
Rad50 R83I, pLPCNmyc-hRap1-Rad50 S1202R. These constructs were used in retrovirus

infection to generate stable HT1080 cell lines.

3.1.3 Property of hRap1-Rad50 proteins
Western analysis showed the expression of the fusion proteins

HT1080 cells expressing pLPCNmyc, pLPCNmyc-hRap1l, pLPCNmyc-Rad50, pLPCN-
myc-hRapl-Rad50, pLPCNmyc-hRapl-Rad50 K221, pLPCNmyc-hRap1-Rad50 K42E,
pLPCNmyc-hRap1-Rad50 S1202R were harvested and the lysates were used for western
blotting. As shown in Figure 3.3, the fusion proteins with a molecular weight of 210 kDa
were detected by anti-Myc, anti-RadS0 and anti-hRap!l antibodies. These results suggest
that the full-length fusion proteins were expressed. As a control, anti-Rad50 and anti-
hRap1 antibodies also detected endogenous Rad50 and hRapl, respectively. Consistent
with previously-published data (Li ef al. 2000; Li and de Lange 2003), the expression of
Myc-hRapl is at least 5 folds higher than endogenous hRapl. Expression of Myc-Rad50
is similar to endogenous Rad50. The expression of all fusion proteins is also similar to
that of endogenous Rad50. These data indicate that the expression of fusion Rad50 is at a

physiological level of Rad50.
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The fusion proteins are associated with telomeres

Immunofluorescence using anti-Myc antibody was conducted. As shown in figure 3.4, the
expression levels of fusion proteins were consistent with the western blotting (Figure 3.3). .
Further more, the Myc-hRap1-Rad50 proteins were located in the nucleus. This suggested

that hRap1 brought Rad50 mutants into nucleus.

Since the nucleoplasmic proteins obscured the telomere foci, IF using extraction
method, which removed the nucleoplasmic proteins, was conducted. The coverslips were
co-stained with anti-Myc and anti-TRF1 antibodies (Figure 3.5). TRF1, the telomere re-
peat binding factor 1, was used as marker of telomeres. The results showed that the TRF1
foci co-localized with Myc containing foci quite well in fusion proteins expressing cells,
indicating that the fusion proteins localized to telomeres. In addition, the co-localization
of TRF1 foci and Myc-hRap1-Rad50 foci was better than that of unfused Rad50 foci, sug-
gesting that by fusing to hRapl, the amount of fusion proteins on telomeres were higher

than unfused Rad50.

hRap1l-fused Rad50 interacts with endogenous Mrell and hRap1

To examine the interaction between expressed proteins and other proteins, co-immuno-
precipitation using anti-Myc antibody was conducted. As shown in Figure 3.6, the hRapl
fused Rad50 proteins interacted with Mrell at a level similar to that of the unfused Rad50.
However, hRap1 did not interact with Mre11 directly, suggesting that the fusion proteins in-
teract with Mrel1 through the Rad50 portion of the fusion protein. Western analysis using
anti-TREF2 antibody showed that all the fusion proteins interacted with TRF2. Expressed
Myc-hRapl also interacted with TRF2. These results suggest that the fusion proteins in-

teract with TRF2 through its hRap1 part. In addition, all of the expressed proteins did not
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interact with TRF1 directly as expected. Figure 3.6 also shows that all the proteins were

detected by anti-Myc antibody.

The expression levels of endogenous telomere binding proteins were also exam-
ined. The expression of TRF1, TRF2 and POT1 were not affected by expression of the
fusion Rad50 alleles in cells (Figure 3.7).

Taken together, hRap1 fused Rad50 proteins interact with its partner Mrell and
TRFZ. Fusion of hRap1 targets Rad50 to telomeres.

hRap1-fused wild-type Rad50 promotes telomere elongation but not defective Rad50

mutants

Human fibroblastoma HT1080 cell lines expressing vector, Myc-hRap1, Myc-Rad50, Myc-
hRap1-Rad50, Myc-hRap1-Rad50 K22L, Myc-hRap1-Rad50 K42E, Myc-hRap1-Rad50
S1202R were cultured for about 150 population doublings (PD). Genomic DNA and protein

extracts were collected at various PDs.

Expression level of proteins were confirmed by western analysis (Figure 3.8). Ex-
cept for Myc-hRap1-Rad50 K22L, the expression levels of other proteins remain similar

throughout cell culturing. Expression of Myc-hRap1-Rad50 K22L decreased after 100 PD.

To investigate telomere length dynamics, southern blotting was conducted by using
*P32-labeled telomere probe (Figure 3.9). Median telomere length was measured by using
ImageQuant software. From about PD10 to PD150, telomere length in cells expressing vec-
tor control and Rad50 showed little change. In the Myc-hRapl expressing cell line, there
was a slight lengthening of telomeres. Myc-hRap1-RadS0 expressing cell line displayed a
continuous telomere lengthening pattern (about 20 bp/PD) (Figure 3.9), while Myc-hRap1-
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Rad50 K22L expressing cell line showed a plateau pattern after 100 PD which may be due
to the drop of protein expression (data not shown). In two of the deficient mutants Myc-

“hRap1-Rad50 K42E and Myc-hRap1-Rad50 S1202R, the lengthening of telomere was not
observed. The Myc-hRap1-Rad50 K42E expressing cell line even showed a slight telomere
shortening (about 4 bp/PD).

3.2 The function of Rad50 in DSB repair

3.2.1 hRapl-fused wild-type Rad50 is able to form irradiation-induced

foci in response to ionizing irradiation

It has been well demonstrated that the MRN complex can form DSB induced foci in various
kinds of cells (Mirzoeva and Petrini 2001). Ionizing irradiatioh—induced foci (IRIF) has
been widely used to examine the response of MRN to DSB. IRIF can be seen by IF using
antibodies against the protein of interest. The percentage of IRIF positive cells, number of
foci per cell, the shape and the size of the foci are dependent upon the protein of interest,

radiation dose, incubation time after IR as well as cell type (Mirzoeva and Petrini 2001).

HT1080 cells expressing pPLPCNmyc, pLPCNmyc-hRap1, pLPCNmyc-Rad50, pLP-
CNmyc-hRap1-Rad50, pLPCNmyc-hRapl-Rad50 K22, pPLPCNmyc-hRap1-Rad50 K42E,
pLPCNmyc-hRap1-Rad50 S1202R were treated with 12 Gy ionizing irradiation. It has
been shown that MRN form IRIF several hours post irradiation (Mirzoeva and Petrini
2001). Cells were fixed 4, 8, or 22 hours after irradiation and used for IF. Unlike the
telomere foci, the IRIF were shown to be influenced by extraction, thus the method without

extraction of nucleoplasmic protein was used in this study. Myc-hRap1 showed a homo-
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geneous Myc staining pattern post irradiation. Cells having more than five IRIFs were
scored positive. As shown in Figure 3.11a and Figure 3.13a, the percentage of IRIF posi-
tive cells in Rad50, Myc-hRap1-Rad50 and Myc-hRap1-Rad50 K22L expressing cell lines
were similar (about 40%). But the mutants K42E (about 2%) and S1202R (about 10%)
are defective in forming IRIF at 8 hours after irradiation. In addition, these Rad50 IRIFs
co-localized with endogenous Mrell (Figure 3.11a). Mrell is used as a marker of IRIF

site.

IF was also conducted at 4 hours and 22 hours post irradiation (Figure 3.11b). The
percentage of RadS0 IRIF positive cells was scored (Figures 3.13b and 3.13c). The data
indicated that at these two time points, the formation of Rad50 IRIF in the two defective

mutants were still low compared to Myc-hRap1-Rad50 expressing cell line.

- 3.2.2 The ability of endogenous Mrell to form IRIF is defective in

cells expressing defective Rad50 mutants

To examine whether these two defective mutants function as dominant negative alleles, IF
was conducted to examine the IRIF of endogenous Mrell by using anti-Mrell antibody.
As shown in Figure 3.12 and Figure 3.13d, in Myc-Rad50, Myc-hRap1-Rad50 and Myc-
hRap1-Rad50 K22L expressing cell lines, the formation of Mrell fgci was not affected
compared to vector control cell line (about 30%). However, in the two defective mutants
expressing cell lines, the endogenous Mrell foci formation decreased to about 7% and
10%. It suggested that the mutants K42E and S1202R also block the endogenous Mrell in

forming IRIF and thus may function as partially dominant negative alleles.
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3.2.3 The role of Rad50 in sensing uncapped telomere

Uncapped telomeres can be induced by expressing a dominant negative allele-TRF24BAM
that lacks the N-terminus basic domain and C terminal Myb domain of TRF2. This allele
itself did not bind to telomeres and it also affected the accumulation of endogenous TRF2

on telomeres (van Steensel et al. 1998).

Because the MRN complex has been demonstrated as a DNA damage sensor (Mo-
reno-Herrero et al. 2005), it is possible that it may also play a role in sensing uncapped
telomeres which share the same checkpoint pathways as DNA double-strand break repair
(de Lange 2002). pWZL vector and TRF2A54M jlleles were introduced into the HT1080
éell lines expressing vector, Myc-hRapl, Myc-Rad50, Myc-hRap1-Rad50, Myc-hRapl-
Rad50 K22L, Myc-hRap1-Rad50 K42E, Myc-hRapl-Rad50 S1202R. Western blot was
conducted to confirm the protein expression (Figure 3.14). Population growth over time
were plotted (Figure 3.15). The results has been confirmed by another independent infec-
tion. Compared to the vector control cell lines, all of the TRF2284M expressing cell lines
showed slower population doubling rate. The rate of growth in Myc-hRap1-Rad50 K42E/
TRF24BAM and Myc-hRap1-RadS0 S1202R/TREF24BAM expressing cell lines were sim-
ilar to that in Myc-hRap1-Rad50/TRF2454M cell line. These results suggest expressing

defective Rad50 mutants did not affect sensing of uncapped telomeres.

3.2.4 Expression of the fusion Rad50 mutants has no impact on the

dynamics of phosphorylated v-H2AX post irradiation

v-H2AX is phosphorylated a few minutes after DSB occurs. phosphorylated v-H2AX
foci are established markers for DSB. phosphorylated v-H2AX and the repair proteins
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may enforce each other in forming IRIFs, although the initial recruitment of the repair
proteins may not be dependent on phosphorylated v-H2AX. It has been suggested that the
presence of phosphorylated y-H2AX is a reflection of the extent of DNA damage (Paull
et al. 2001; Foster and Downs 2005: Stucki and Jackson 2006). In order to investigate
the behavior of Rad50 mutants in response to DSB, the dynamic of phosphorylated -
H2AX formation after irradiation was monitored by western blot (Figure 3.16). Post 12
Gy irradiation, cell extracts were made from HT1080 cell lines expressing different Rad50
alleles. Western blot was conducted by using anti-phosphorylated v-H2AX antibody. In the
'~ vector control cell line, a gradually decrease pattern of phosphorylated y-H2AX signal was
observed, suggesting that the DSB were gradually repaired. In cell lines expressing unfused
Rad50, fusion Rad50 as wéll as the two defective mutants, the pattern of phosphorylated
~v-H2AX decrease remains the same. These results suggest that the mutants did not affect

the dynamics of phosphorylated v-H2AX. Total H2AX blot was used as a loading control.
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Figure 3.1: Cytoplasmic expression of Myc-tagged Rad50 mutants. a) Immunofluores-
cence shbwing localization of non-fused Rad50 proteins in HT1080 cell line. Interphase
HT1080 cells infected with Myc-tagged wild-type Rad50 and Rad50 mutants were fixed
and stained with DAPI and anti-Myc (9E10) antibody. Wild-type Rad50 and Rad50 K22L.
are in the nucleus, whereas the dther Rad50 mutants are all outside of nucleus. b) Western
biotting showing the expression levels of Myc-tagged wild-type Rad50 and Rad50 mutants

in HT1080 cells. Primary antibody used is indicated on the left side.
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Figure 3.2: Fusing hRapl to Rad50. hRapl was inserted between Myc-tag and Rad50

protein.
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Figure 3.3: Expression of the hRapl-fused Rad50 proteins. Protein extracts from HT1080
cells infected with vector, Myc-hRapl, Myc-Rad50 and fusion proteins were used in west-

em blotting. Primary antibodies used are indicated on the left side.
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Figure 3.4: hRapl-fused Rad50 proteins are predominantly expressed in nucleus. Inter-
phase HT1080 cells expressing vector, Myc-hRapl, Myc-Rad50 and fusion proteins were
fixed. Immunofluorescence was conducted by staining cells with DAPI and anti-Myc anti-

body.
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Figure 3.5: Co-localization of hRapl-fused Rad50 proteins with TRF1. TRF1 was used
as a marker of telomeres. Interphase HT1080 cells expressing various constructs were
permeabilized with Triton-X 100 and stained with anti-Myc (9E10) (TRITC) in conjunction
with anti-TRF1 (FITC) antibodies. Foci of fused Rad50 proteins co-localized with TRF1

foci, indicating that fusion to hRap1 targeted these proteins to telomeres.
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Figure 3.6: hRapl-fused Rad50 proteins interact with Mrell and TRF2. Whole cell ex-
tracts from HT1080 cells expressing vector, Myc-hRap1l, Myc-Rad50 and fusion proteins
were used in anti-Myc co-immunoprecipitation followed by western blotting. The immuno-
precipitates and 20% of the input were used in western blotting. Primary antibodies used

are indicated on the left side.
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Figure 3.7: Expression of various fusion proteins does not affect the expression of TRF1,
TRE2 and POT1 in HT1080 cells. Cell extracts from HT1080 cells expressing vector, Myc-
hRap1, Myc-Rad50 and fusion proteins were used in western blotting. Primary antibodies

used are indicated on the left side. y-tubulin blot was used as a loading control.
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Figure 3.8: Expression of hRap1-fused Rad50 proteins in the long-term culturing HT1080
cell lines. Cell extracts from HT1080 cells expressing vector, Myc-hRap1l, Myc-Rad50
and fusion proteins were harvested at indicated population doublings during cell culture.
Western blotting was conducted by using anti-Myc antibody. «y-tubulin blot was used as a

loading control.
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Figure 3.9: Telomere length analysis in HT1080 cell lines expressing vector, hRap1, Rad50
and hRapl fused Rad50 proteins. Genomic DNA was prepared from HT1080 cells grown
for the indicated number of population doublings. The DNA was restricted with HinfI/Rsal
and following southern blotting was hybridized with a probe specific for telomeric restric-
tion fragments. The median telomere length of each cell line was plotted against population
doublings. Wild-type hRap1-Rad50 caused telomere lengthening whereas the two defec-
tive mutants, hRap1-K42E and hRap1-S1202R did not. Vector control, hRap1l and Rad50
did not cause obvious telomere length change. (I would like to acknowledge Dr. Xu-Dong

Zhu for her help in analyzing the data in this figure and for making this figure.)
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Figﬁre 3.10: Expression of hRapl-fused Rad50 proteins in primary IMR90 cell lines. a)
Western blotting showing expression level of Rad50 proteins in primary IMR90 cells. Cell
extracts from primary IMR90 cells expressing various constructs were used for westemn
analysis. The expression of Myc-hRapl is much stronger than that of Rad50 proteins.
- Myc-Rad50, Myc-hRap1-Rad50 and Myc-hRap1-S1202R have similar protein expression
levels whereas the expression of Myc-hRap1-K42E is weak. b) Immunofluorescence was
conducted by using anti-Myc (9E10) antibody in primary IMR90 cells. Only a fraction of

cells expressed fusion Rad50 proteins.
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Figure 3.11: hRapl-fused wild-type Rad50 but not mutant Rad50 is able to form
irradiation-induced foci (IRIF). a) hRap1-fused wild-type Rad50 forms irradiation-induced
foci in HT1080 cell lines but hRap1-K42E and hRap1-S1202R are defective in forming
irradiation-induced foci. In addition, irradiation-induced foci of Rad50 co-localize with
endogenous Mrell. Interphase HT1080 cells expressing various constructs were irradi-
ated with 12 Gy and fixed 8 hours post irradiation. Immunofluorescence was conducted by
using anti-Myc (9E10) (TRITC) and anti-Mrel1 (FITC) primary antibody. b) Immunoﬁu-
orescence showing irradiation-induced Myc-containing foci at 4 hours and 22 hours post

irradiation in HT1080 cells expressing various constructs.
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Figufe 3.12: The ability of endogenous Mrel1 to form IRIF is defective in cells expressing
hRap1-K42E and hRap1-S1202R. Interphase HT1080 cells expressing various constructs
were irradiated with 12 Gy and fixed 8 hours post irradiation. Immunofluorescence was

conducted with anti-Mre11 (FITC) antibody.
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Figure 3.13: Summary of irradiation-induced foci forfnation. Cells were irradiated at 12
Gy and fixed 4, 8 or 22 hours post irradiation. Nuclei containing five or more IRIF were
counted as positive. Three independent experiments were conducted. More than five hun-
dred cells were counted in each experiment. Standard deviations derived from three in-
dependent experiments are indicated. a) Percentage of nuclei having irradiation-induced
Rad50 foci in HT1080 cells expressing various constructs 8 hours post irradiation. b) Per-
centage of nuclei having irradiation-induced Rad50 foci in HT 1080 cells expressing vari-
ous constructs 4 hours post irradiation. c¢) Percentage of nuclei having irradiation-induced
Rad50 foci in HT1080 cells expressing various constructs 22 hours post irradiation. d)
‘Percentage of nuclei having irradiation-induced endogenous Mrel1 foci in HT1080 cells

expressing various constructs 8 hours post irradiation.
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Figure 3.14: Expression of dominant negétive TRF2 allele (TRF2484M) in HT1080
cell lines expressing Rad50 alleles. pWZL and pWZL-TRF2454M were introduced into
HT1080 cell lines expressing vector, Myc-hRap1, Myc-Rad50 and fusion proteins by retro-
virus infection. Cell extracts were collected and western blotting was conducted by using
anti-TRF2 antibody. The expression levels of TRF2ABAM in HT1080 cell lines expressing

vector, Myc-hRap1, Myc-Rad50 and fusion proteins are similar.
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Figure 3.15: Expression of the dominant negative TRF2 allele negatively regulate popu-
lation growth of cells. pWZL and pWZL-TRF22824M wag introduced into HT1080 cell
lines expressing vector, Myc-hRapl, Myc-Rad50 and fusion proteins by retrovirus infec-
tion. 250 cells were plated each well on 24-well plates in triplicate at the fourth day of
selection. Cell numbers in each well were counted every day in the following 19 days.
Cells were split and re-plated when they got confluent. Relative cell number = Cell number
in the well x split ratio. Relative cell number of cell lines with or without TRF24BAM
was plotted against time. Both regular scale an‘d log scale of average numbers + standard
deviation from triplicate wells are shown. Similar trends were observed in two independent
infections. Expressing defective Rad50 mutants did not affect sensing of uncapped telom-
eres. a) Growth curve of cells expressing vector/pWZL and vector/pWZL-TRF24BAM
b) Log scale of Fig a. c) Growth curve of cells expressing Myc-hRapl/pWZL and Myc-
hRap1/pWZL-TRF24BAM  4) Log scale of Fig c. €) Growth curve of cells expressing Myc-
Rad50/pWZL and Myc-Rad50/pWZL-TRF22BAM | f) og scale of Fig e. g) Growth curve -
of cells expressing Myc-hRap1-Rad50/pWZL and Myc-hRap1-Rad50/pWZL-TRF245AM
h) Log scale of Fig g. i) Growth curve of cells expressing Myc-hRap1-Rad50 K22L/pWZL
and Myc-hRap1-Rad50 K22L/pWZL-TRF2484M 1) Log scale of Fig i. k) Growth curve
of cells expressing Myc-hRap1-Rad50 K42E/pWZL and Myc-hRap1-Rad50 K42E/pWZL-
TRF24BAM 1)L og scale of Fig k. m) Growth curve of cells expressing Myc-hRap1-Rad50
S1202R/pWZL and Myc-hRap1-Rad50 S1202R/pWZL-TRF24BAM 1) Log scale of Fig

m.
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Figure 3.16: Phosphorylation of v-H2AX in HT1080 cell lines in response to irradia-
tion. Whole cell extracts from HT1080 cells expressing various constructs were made
at different time points post 12 Gy irradiation. Western blotting was conducted with anti-
phosphorylated v-H2AX (Ser139) antibody. Dynamics of phosphorylated y-H2AX were
similar in cell lines expressing vector, Myc-hRap1-Rad50, Myc-hRap1-Rad50 K42E and
Myc-hRap1-Rad50 S1202R. Anti-H2AX blot was used as a loading control.
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Chapter 4

Discussion

4.1 Rad50 is a positive regulator of telomere length

In order to examine the role of Rad50 on telomere length regulation, two defective mutants
of Rad50 were constructed in the study. The mutants K42E and S1202R contain mutations
in Walker A and Signature motif respectively. Both mutants were shown defective in ATP-
dependent activities in vitro (Paull and Gellert 1999; Lee and Paull 2004; Lee and Paull
2005). However, overexpression of these two mutants in HT1080 cell line was predomi-
nantly in cytoplasm, making it difficult to investigate their impact on telomeres. Therefore,
a fusion strategy was used to target the proteins to nucleus, especially onto telomeres. The
immunofluorescence data indicated that fusing to hRap1 not only targets these mutants into
nucleus, but also specifically increases the expressed proteins at telomeres (Figure 3.5). The
co-immunoprecipitation data also revealed that fusion proteins were successfully brought
to TRF2 complex on telomeres. In addition, compared to unfused Rad50, fusion proteins

brought down more TRF2 (Figure 3.6). Since the amounts and properties of unfused Rad50
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and endogenous Rad50 were similar, it is likely that fusion Rad50 proteins have higher abil-
ity of binding to TRF2 compared to endogenous Rad50. In addition, my colleague Yili Wu
did chromatin immunoprecipitation which also showed that fusion of hRap1 results in an
increase in the amount of Rad50 proteins at telomeres. These results suggest that the fusion
approach made it possible to study the function of Rad50 at telomeres since it create a local

overexpression environment at telomeres.

A series of experiments were conducted to examine whether the property of Rad50
was still preserved in the context of the fusion protein. The results presented here showed
that fusion proteins were able to interact with its partner Mre11 at a level comparable to that
of unfused Rad50. In addition, the ability of wild-type Rad50 to form irradiation-induced
foci was not affected by fusing to hRap1. These results suggest that fusing Rad50 to hRap1
did not damage the function of Rad50 protein.

I'have shown that Myc-hRap1-Rad50 induced telomere lengthening, which is telom-
erase dependent in HT1080 cell line. This phenotype was not seen in Myc-hRap1 express-
ing cell line, which indicated that telomere lengthening is not caused by the hRap1 portion
of the fusion protein. The Rad50 expressing cell line also did not have telomere. length-
ening because of the limited amount of Rad50 protein on telomeres. By fusing to hRap1,
the amount of Rad50 protein on telomeres increased and telomeres got lengthened sub-
sequently. Given those facts, we reasoned that Rad50 might be a positive regulator of

telomere length.

The Myc-hRap1-Rad50 K22L mutant showed a similar telomere lengthening with
Myc-hRap1-Rad50 in the first 100 PD (data not shown), which is consistent with our hy-
pothesis that it is similar to K22M which is a “gain-of-function” mutation (Bender et al.

2002; Morales et al. 2005). The two defective mutants did not cause telomere lengthening
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up to about 150 PD. The protein expression levels of Myc-hRap1-Rad50, Myc-hRap1-
Rad50 K42E and Myc-hRap1-Rad50 S1202R did not have dramatic fluctuation during cell
culture and the location of fusion proteins has been demonstrated by immunofluorescence.
This indicated that those phenotypes can truly reflect the function of Rad50 proteins on
telomeres. The fact that fusion wild-type Rad50 rather than the two defective mutants
caused telomere lengthening suggested that the ATP related activities of RadSO contribute

to telomerase dependent telomere maintenance in human cell lines.

To further confirm that the telomere phenotype is through a telomerase dependent
pathway, all the Rad50 alleles were introduced into normal human fibroblast that are telom-
erase negative. The alleles were introduced into IMR90 cell line by Yili Wu. As shown
in Figure 3.10, Western blot and IF were conducted to examine the expression level of
the expressed proteins. However, from IF using anti-Myc antibodies, only part of the
cells expressed the fusion proteins (about 40% in Myc-hRap1-Rad50 cell line). In the
Myc-hRap1-Rad50 K42E expressing cell line, the percentage was even lower (about 10%).
Furthermore, this cell line started entering senescence after one month cell culture. Con-
sequently, it is difficult to examine telomere length change or DSB repair processes after

irradiation in those cell lines.

Expressing Rad50 alleles was attempted in WI38VA13/2RA cell line, which is also
telomerase negative. This cell line is dependent on ALT (alternative telomere lengthening)
pathway to maintain telomeres (Wu et al. 2000; Jiang et al. 2005). However, only about
30% of the cells had expression (data not shown), which ﬁlakes it difficult to éonduct further

study.

The fact that hRap1 fused Rad50 caused telomere lengthening suggests that MRN

has a positive role in telomere maintenance. Future work could be carried out to uncover
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~ the mechanism underlying this phenotype.

4.2 Rad50 mutants defective in ATP-dependent activities

fail to accumulate on DSB sites

The second line of the study lied in another finding: the two defective mutants were not
able to form obvious irradiation-induced foci. If suggested that the mutations within cat-
alytic Walker A domain and Signature motif affect the ability of Rad50 protein of forming
_ irradiation-induced foci (IRIF). In addition, expressing two defective mutants also affectéd
endogenous Mrell forming IRIF. We reasoned that they might be functioning in a domi-
nant negative way. Although the functions corresponding to the formation of MRN IRIF
in DNA double-strand repair were not known yet, we also did several experiments in order
to uncover which step in this process might be affected by expressing these two defective

mutants.

It has been well established that introducing a dominant negative allele of TRF2
(TRF2ABAM ) into cells can induce dysfunctional telomeres, which triggered cellular re-
sponse similar to DNA double-strand break (van Steensel ef al. 1998; de Lange 2002;
Jacobs and de Lange 2005). Van Steensel reported that growth arrest was observed after
introducing TRF2424M into HTC75 cell line, which is a colonial cell line derived from -
HT1080 cell line. To examine whether the Rad50 mutants affect sensing dysfunctional
telomere, vector (pWZL) and TRF248AM were introducéd into HT1080 cell lines contain-
ing different Rad50 alleles. The results show slower population growth rather than growth
arrest in dominant negative TRF2 allele expressing cell lines, compared with vector con-

trol. This might be due to the slight different features of these cell lines or the retrovirus
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infection method we used could not induce robust TRF24B2M expression into every single

cell.

Strikingly, the Myc-hRap1- Rad50 K42E/TRF2454M and Myc-hRap1- Rad50 S-
1202R/ TRF24B2M expressing cell lines also showed slower population doubling rate as
the control cell lines did. Thus expressing these two defective mutants did not induce de-
tectable difference in sensing uncapped ‘telomeres. It might be possible that the fusion
protein lost the advantage of binding to telomeres in absence of TRF2 on telomeres com-
pared to endogenous Rad50 protein or the endogenous protein was enough to induce slower
population growth in a relatively long time period. Another possibility might be that the

difference of population growth rate is too subtle to detect in tumor cell lines.

It has been established that telomere fusions caused by introducing TRF2454M are
dependent on NHEJ pathway whereas telomere deletions caused by introducing TRF242
are dependent on HR pathway (Smogorzewska and de Lange 2002; Wang et al. 2004). I
attempted to examine the Rad50’s role in these repair pathways. Efforts were conducted to
count the frequency of anaphase bridges in HT1080 cell lines expressing both TRF245AM
and hRap]1 fused Rad50 alleles. However, since the background of chromosome abnor-
mality is too high in cancer cell line, we were not been able to get conclusive data. I
also attempted to compare the TRF24Z induced telomere loss in cells expressing differ-

ent Rad50 alleles by southern blotting. Unfortunately, we failed to accurately quantify the

telomere loss.

In the context of dysfunctional telomeres, TRF2452M experiments could be re-
péated in normal cell lines in order to count anaphase bridges at a cleaner background.
Other techniques, such as 2D gel which can detect the deleted circular DNA from telom-

eres, could be used to analysis the telomere loss caused by introducing TRF245,
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Besides the experiments of dysfunctional telomeres, I also did several experiments
to investigate the role of Rad50 in DNA double-strand break repair. In order to examine
the repair efficiency of DSB, I observed the kinetics of phosphorylation of y-H2AX at
Serine139 by western blotting. No significant difference of presence or decrease of y-
H2AX phosphorylation was detected among cell lines expressing Rad50 alleles. y-H2AX
is phosphorylated at Serine139 by PIKK family members (ATM, ATR and DNA-PKcs)
shortly post irradiation and the decrease of phosphorylated form of y-H2AX reflects the
repair process of DSBs. It suggested that the repair process in HT1080 cell line was not

affected by expressing Rad50 mutants.

In addition, I have observed ATM phosphorylation by IF shortly after IR treatment
in fused Rad50 mutants expressing cell lines, similar with that in fused wild-type Rad50
expressing cells (data not shown). Maybe expressing defective Rad50 mutants is not suf-
ficient enough to block ATM activation in the presence of endogenous Rad50 protein in
nucleoplasm. Due to the difficulty of expressing these fusion Rad50 alleles in normal cells,

we were not able to examine the phosphorylation of substrates of ATM, such as p53.

4.3 Future work to examine the role of MRN in DNA dam-

age repair

In our work, we did not observe blocking of sensing DNA double-strand break or dysfunc-
tional telomeres in HT1080 cell lines expressing Rad50 mutants. There are two possible
explanations: first, the effects of expressing mutants might be attenuated by the endoge-
nous Rad50 proteins. Second, the cell line used vin the study lacks intact checkpoints. This

made it difficult to further examine the role of MRN in sensing DNA damage. To gain

g1



mdre understanding on the role of MRN in sensing DNA damage, future studies should
be focused on improving the expression of Rad50 proteins and expressing Rad50 alleles in
normal cell lines. A nuclear localization sequence could be used to introduce Rad50 alleles
into normal cells. Then experiments can be carried out to examine the activation of cell

cycle checkpoint proteins responding to DNA damage.

The results revealed that dynamics of phosphorylation of v-H2AX did not change
in cells expressing Rad50 mutants comparing to wild-type Rad50. This suggests that the
repair process is not affected in cells expressing Rad50 mutants. However, since there are
two pathways of DSB repair in human cells (HR and NHEJ) (Su 2006), we can not rule
out the possibility that the Rad50 mutants may affect one of the repair pathway but not the
other. Future study can be carried out to examine this by blocking one of the two pathways.
To do this, PIKK inhibitors or deficient cell lines could be used to examine the role of MRN

in the other pathway.
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