
NOTE TO USERS

Page(s) missing in number only; text follows. Page(s) were 

scanned as received.

97

This reproduction is the best copy available.

®

UMI

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



DISSERTATION

THE DUAL ROLES OF DNA-PKcs, NBS1, AND TRF2 PROTEINS IN  DNA  

REPAIR AND TELOMERE END-CAPPING

Submitted by 

Eli Stowe Williams 

Graduate Degree Program in Cell and Molecular Biology

In partial fulfillment of the requirements 

For the Degree of Doctor of Philosophy 

Colorado State University 

Fort Collins, CO 

Fall 2007

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UMI Number: 3299810

INFORMATION TO USERS

The quality of this reproduction is dependent upon the quality of the copy 

submitted. Broken or indistinct print, colored or poor quality illustrations and 

photographs, print bleed-through, substandard margins, and improper 

alignment can adversely affect reproduction.

In the unlikely event that the author did not send a complete manuscript 

and there are missing pages, these will be noted. Also, if unauthorized 

copyright material had to be removed, a note will indicate the deletion.

®

UMI
UMI Microform 3299810 

Copyright 2008 by ProQuest LLC.

All rights reserved. This microform edition is protected against 

unauthorized copying under Title 17, United States Code.

ProQuest LLC 
789 E. Eisenhower Parkway 

PO Box 1346 
Ann Arbor, Ml 48106-1346

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



COLORADO STATE UNIVERSITY

July 30, 2007

WE HEREBY RECOMMEND THAT THE DISSERTATION PREPARED UNDER OUR 

SUPERVISION BY ELI STOWE WILLIAMS ENTITLED “THE DUAL ROLES OF DNA-PKCS,

NBS1, AND TRF2IN D N A REPAIR AND TELOMERE END-CAPPING” BE ACCEPTED AS 

FULFILLING IN PART REQUIREMENTS FOR THE DEGREE OF DOCTOR OF PHILOSOPHY.

Committee on Graduate Work

Susan M. Bailey, Ph.D.

Joel S. Bedford, D. Phil.

Michael N. Comforth, Ph.D.

Rajinder S. Ranu, Ph.D., D.V.M.

Adviser: Robert L. Ullrich, Ph.D.

Department Head: Norman P. Curthoys, Ph.D.

ii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ABSTRACT OF DISSERTATION

THE DUAL ROLES OF DNA-PKcs, NBS1, AND TRF2 PROTEINS IN  DNA  
REPAIR AND TELOMERE END-CAPPING

Telomeres are the nucleoprotein structures located at the ends of linear 

chromosomes that distinguish naturally occurring chromosome ends from DNA double­

strand breaks (DSBs). The ability to properly distinguish telomeres as such is critical to long 

term cellular survival as failure to do so can result in genomic instability and favor the 

progression towards cancer, cellular senescence or apoptosis. Cells unable to efficiently cap 

their chromosome ends are recognized cytogenetically as dicentric chromosomes which 

maintain telomere sequence at the point of fusion (telomere fusions). It has been shown 

that deficiencies in Telomere Repeat Binding Factor 2 (TRF2), a telomere binding protein, 

results in massive telomere dysfunction characterized by high numbers of telomere fusions, 

thus establishing TRF2 as an essential telomere end-capping protein. Surprisingly, TRF2 is 

rapidly and abundantiy recruited to laser microbeam-induced damage, implicating this 

telomere protein in the early cellular response to DNA damage. We demonstrate that TRF2 

is, in fact, not recruited to localized IR- or UV-induced DNA damage, arguing against a role 

for TRF2 in the DNA damage response, as well as illustrating important differences between 

damage produced by laser microbeams, as compared to other types of radiation.

An abundance of evidence, however, confirms significant overlap between DNA 

repair proteins and telomeres. Most strikingly, deficiencies of key proteins involved in the 

cellular response to DNA damage, particularly the catalytic subunit of the DNA dependent 

protein kinase (DNA-PKcs), also lead to the formation of telomere fusions, suggesting a role 

for these proteins in telomere end-capping. We show here that auto-phosphorylation of
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DNA-PKcs is critical for its function at telomeres, as well as establish the utility of the 

BALB/c mouse in investigating the contribution of telomere dysfunction in driving genomic 

instability. NBS1, a homologous recombination (HR) protein critical in the cell’s initial 

response to damage, has also been implicated in telomere end-capping. We demonstrate 

that cells depleted of NBS1 show an increase in telomere associations. Overall, this study 

helps to further clarify the complex interplay between DNA repair proteins and telomeres.

Eh Stowe Williams
Graduate Degree Program in Cell and Molecular Biology

Colorado State University 
Fort Collins, CO 80523 

Fall 2007
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The notion of a structure that caps the ends of linear chromosomes was first 

proposed in the 1930s by the Drosophila geneticist Hermann J. Muller. He postulated that 

the “terminal gene must have a special function, that of sealing the end of the 

chromosome,” and termed these structures telomeres, literally “end part” [1]. Experiments 

in maize by Barbara McClintock at about the same time showed that X-ray mutagenized 

maize chromosomes formed ring chromosomes through the fusing of the ends of a single 

chromosome [3]. These observations supported Muller’s theory of a structure designed to 

prevent chromosome ends from fusing together and leading to gross chromosomal 

aberrations. The end-capping function of telomeres is now known to include a number of 

DNA repair proteins, a somewhat surprising observation given the importance of 

distinguishing telomeres from DNA damage. While understanding chromosome end- 

capping is fundamental to understanding the nature of telomeres, it is still not well 

understood.

Telomeres have garnered particular attention of late due to their profound 

involvement in cellular transformation and carcinogenesis. Telomeres have been shown to 

provide a measuring stick of cellular aging, as they shorten with successive replications. 

Overcoming this perpetual shortening confers immortality to the cell, and thus pushes the 

cell towards transformation. Indeed, telomere length maintenance has been designated a 

hallmark of cancer [5]. This crucial role in cellular proliferation, coupled with telomere’s 

earliest identified function of preventing chromosome end-to-end fusions thereby preserving 

genomic integrity, demonstrate the need to elucidate the precise manner in which telomeres 

function, the proteins critical for this function, and the pathways by which telomere 

dysfunction can lead to cellular transformation.

[2]
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Telomeres are complex, dynamic structures that interact with a large and diverse 

complement of proteins including those involved in DNA repair, DNA replication and gene 

silencing. This study examines the dual nature of two known DNA repair proteins, the 

catalytic subunit of the DNA-dependent protein kinase (DNA-PKcs) and Nijmegen 

Breakage Syndrome 1 (NBS1), in DNA repair and telomere end-capping. Further, we 

examine the possible role for telomere repeat binding factor 2 (TRF2) in the early response 

to DNA damage.

T e l o m e r e s

In the vast majority of eukaryotic organisms telomeric DNA consists of tandem 

arrays of repetitive G-rich sequence. Human telomeres are characterized by 3 to 15 

kilobases (kb) of TTAGGG hexamer oriented 5’ to 3’ towards the end of the chromosome, 

ending in a G-rich 3’ single-stranded overhang [6-9]. The G-rich overhang is a common 

feature of telomeres in many species and evidence suggests it plays an important role in 

distinguishing telomeres as natural chromosomal termini [10]. The unique position of 

telomeres at the beginning and end of every linear chromosome poses several unique 

problems to the cell, including telomere replication and telomere recognition.

Semi-conservative DNA replication utilizes a DNA polymerase that is able to 

replicate only in a 5’ to 3’ direction necessitating the use of multiple RNA primers for 

synthesis of the lagging strand [11,12]. However, no primer can be placed at th e  very  e n d  of 

the chromosome, resulting in the inability to replicate the most terminal DNA sequences 

and the continual shortening of the daughter telomere with each round of replication

[3]
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(Figure 1.1). This phenomenon, known as the “end-replication problem” [13,14], provides

the cell with a “mitotic clock” or counting 

mechanism for cellular age and induces replicative 

senescence when a critically short length is reached 

[15].

The rate of telomere shortening has been

.3' estimated in human cells to range from 50 to 200
5

A

Primer Removal

B

b a s e p a irs  (bp) p e r  ce ll d iv is io n . T h is  v a r ia t io n  is
Figure 1.1: The End-Replication
Problem. (A) Replication fork moving due to placement of the terminal RNA primer, as 
towards the DNA terminus. (B)
Replication products. Rem oval o f  the w ep as th e  deg ree  o f  en d -p ro c e ss in g  fo llow ing  
Okazaki fragm ent (represented by a
zigzag: line) from  the lagging strand „  , . ,° ° , / replication. 1 elomenc end-processing generatesgenerates a 3 overhang (upper r  1 0 0
product). Leading-strand synthesis
generates a b lun t end (lower product) th e  G -n c h  o v erh an g , a s in g le -s tran d ed  tail 
that may be further processed to
generate a 3’ single-strand overhang. extending fifty to several hundred nucleotides from 

the end of the duplex telomeric DNA [8,16,17]. Telomeres formed by lagging-strand 

synthesis naturally possess this overhang as a result of the footprint left by the removal of 

the terminal RNA primer. Leading strand telomeres are presumed to be blunt-ended in vivo, 

as they have shown to be in vitro, and therefore must be processed to form the G-rich 

overhang [18,19]. The extent of telomeric end-processing in human cells, as well as the 

nucleases and helicases responsible for this processing, has been the subject of much 

research and some debate.

Makarov et al. [8] estimated that more than 80% of telomeres possess long 

(processed) G-rich overhangs, whereas Wright et al. [20] observed that only half of the 

telomeres had long G-rich overhangs. Recent evidence from the Wright [21] lab indicates

[4]
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that leading and lagging strand telomeres do possess different G-overhang lengths with 

longer overhangs at lagging strands, lending credence to their earlier observations, as well as 

suggesting a difference in processing of leading and lagging strand telomeres. The 

M rell/Rad50/NBS1 (MRN) complex is a prime candidate for telomeric processing, as it 

possesses nuclease activity and is present at telomeres during or immediately following 

replication [22]. Furthermore, RNA interference (RNAi) knockdown of either M rell or 

NBS1 results in significantly shorter G-rich overhangs [23]. However, G-rich overhang 

length returns in time despite persistent knockdown of M rell suggesting that other proteins 

can compensate for its action in G-rich overhang processing.

The G-rich overhang is critical for properly distinguishing telomeres from DNA 

double-strand breaks (DSBs). Masking telomeres from improper DNA repair is a vital 

function in long term cellular survival as failure to do so can result in genomic instability, 

favoring the progression towards cancer, or cellular senescence and apoptosis. Evidence 

from electron microscopy studies suggest that telomeres may remodel into higher order 

structures known as telomere loops (t-loops) and G-quadruplexes, and the presence of G- 

rich overhangs is obligatory for both structures [4,24]. This reconfiguration also depends on 

a large and varied complement of proteins, the core of which is a six protein complex 

originally termed the telosome [25], more recently renamed named “shelterin’’ [26].

The Shelterin Complex

Shelterin is composed of a six protein complex that is responsible for regulating 

essential telomere processes such as replication, length regulation, and end-capping [26]. 

These proteins orchestrate the assembly of themselves and other telomere accessory proteins

[5]
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onto telomeres, in order to efficiently perform these processes. Three shelterin proteins, 

Telomere Repeat binding Factors 1 and 2 (TRF1 and 2) [27,28] and Protection of Telomeres 

1 (POT1) [29-31], bind directly to telomeric DNA with high specificity. The remaining three 

proteins, TRF1 Interacting Nuclear protein 2 (TIN2) [32], TPP1 (formerly named 

TIN T1/PTO P/ PIP1) [33-35] and repressor activator protein (Rapl) [36], interact with 

TRF1, TRF2 and/or POT1 to complete the shelterin complex.

The proteins TRF1 and TRF2 are able to specifically bind duplex telomeric DNA 

via a protein domain known as the “telobox” [37] present on both proteins. The telobox of 

TRF1 and TRF2 share approximately 58% homology [27,37]; not surprisingly, TRF1 and 

TRF2 bind the same consensus sequence of TAGGGTT [38], Both proteins also contain a 

central dimerization domain, though hetero-dimerization of TRF1 and TRF2 does not occur 

[27,39]. Pre-formed TRF1 and TRF2 homodimers are the functional units of each protein 

and constitute the vast majority of protein found in the cell [27,40,41]. Despite these 

similarities, these two proteins have evolved distinct functions at the telomeres, and this 

distinction is partly attributed to the divergence of their N-terminal region. TRF1 contains 

an acidic N-terminal domain and is primarily known for its role in telomerase-dependent 

telomere length regulation [42-45]. TRF2 is associated with telomeric end-capping [46]. The 

N-terminus of TRF2 is basic and has recently been suggested to participate in its essential 

role in the formation of the t-loop [47], a structure discussed in the next section. Both 

proteins are negative regulators of telomere length as over-expression results in telomere 

shortening [44,48].

POT1 has the unique ability to bind single-stranded G-rich telomeric DNA with 

high specificity, thus localizing POT1 to the G-rich overhang [29,30,49]. Accordingly,

[6]

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



POT1 plays important roles in both telomerase accessibility and end-capping [31,50]. POT1 

forms a complex with another shelterin component, TPP1, which regulates the recruitment 

of POT1 to telomeric ends [34]. Together, these two proteins share a high degree of 

homology with the only known protozoan telomere end-binding proteins, TEBP-a and 

TEBP-(3 [51,52]. This high degree of evolutionary conservation has provided important 

clues to their function at telomeres, particularly in telomerase regulation, as will be discussed 

later.

The functions of the two remaining proteins of the shelterin complex are less clear. 

TIN2 associates with telomeres by virtue of its interactions with TRF1 and TRF2 [32,53]. It 

is believed that TIN2 exerts regulatory effects on TRF1 by promoting conformational 

changes of TRF1 [54], It may also help stabilize TRF2 binding at telomeres by tethering 

TRF1 and TRF2 complexes [53,55]. Finally, TIN2 can recruit and secure the POT1/TPP1 

complex to telomeres and has been proposed to play a role in shifting POT1/TPP1 from 

the G-overhang to duplex telomeric DNA, thereby allowing telomerase accessibility [34,35]. 

Pluman Rapl (hRapl) has not been extensively studied, but it is known to interact 

specifically with TRF2, and like TRF2, is a negative regulator of telomere length [56].

The shelterin complex dictates the form and function of telomeres through the 

direct actions of its individual components and through the recruitment of accessory 

telomere proteins. The precise manner in which these proteins interact is an area of active 

investigation; the current studies will provide important clues into the mechanism of 

telomere replication, telomere end-capping, and telomere length maintenance.

[7]
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Telomere End-Capping: T-loops & G-quadruplexes

A principle function of the shelterin complex, particularly TRF2, is to provide a 

mechanism by which the cellular end-processing machinery can distinguish telomeres from 

DNA DSBs. Cells deprived of TRF2— either by expression of a dominant-negative form of 

the protein or by generating conditional mutants—results in massive telomere dysfunction 

[46,57]. This dysfunction is easily recognizable cytogenetically as chromosome end-to-end 

fusions maintaining telomere sequence at the point of fusion (telomere fusions). The 

presence of telomeric DNA at the point of fusion is important, as it indicates these fusions 

events are not a result of critical telomere shortening, but instead represent failure to form a 

functional telomere end-cap. Telomeric end-capping must occur following each round of 

replication, as any end-capping structure must be resolved to allow the passage of the 

replication fork. Interestingly, it has been proposed that telomeres must induce a DNA 

damage signal following replication in order protect themselves from subsequent processing 

[58]. Several DNA repair, replication, and recombination proteins have been implicated in 

telomere end-capping, including DNA-PKcs and the Ku heterodimer [59-62], Rad51D [63], 

the MRN complex [22,58,64] and the RecQ helicases, WRN and BLM [65-67]. Whether 

these proteins function at telomeres as they do in their repair or recombination roles is not 

known. Two models for telomere end-capping, t-loops and G-quadruplexes, have been 

proposed, both supported by experimental evidence [4]. The contributions of each model in 

vivo, particularly at mammalian telomeres, remains to be clearly delineated.

Experimental evidence for the existence of t-loops in mammalian cells was first 

provided by electron microscopy studies of linear telomeric DNA incubated with TRF2 [4]. 

The linear DNA was found to form large lasso-like structures in 38% of the substrates, and

[8]
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this looping was dependent on the presence of TRF2, but not TRF1 (Figure 1.2). The 

presence of the G-rich overhang was also an absolute requirement for loop formation.

These observations prompted the authors to propose that the telomere was restructured by 

TRF2 so that the G-rich overhang loops back, invading the duplex telomeric DNA and 

forming a stable, short single-stranded Displacement Loop (D-loop).

The similarities between the proposed t-loop structure and Flolliday junctions, a 

homologous recombination intermediate, leads to speculation about the requirements for the 

RAD51 family of proteins for t-loop formation. Indeed the RAD51 paralog, RAD51D, has 

been shown to be essential for telomere end-capping. Cells deficient in RAD51D show an 

increased incidence of telomere fusions and telomere loss compared to wild-type cells [63]. 

Recent evidence has suggested a direct role for TRF2 in the formation of the t-loop, 

showing that TRF2 can positively supercoil DNA around itself in vitro, unwinding 

neighboring DNA and thereby promoting strand-invasion [47]. Other in vitro tests have 

supported the t-loop model (reviewed in [26]) making it an attractive candidate for telomere

(TTAGCG)n

AATCCC

-Tankyrase 1/2 A A
_ _ _  -pinxi m m k r -TRF2

potiI B B ^ tinz ^ 9 - R A P ,

Figure 1.2: T-Loops. (A) Electron microscopy reveals lasso-like 
structures dubbed “t-loops.” (B) Depiction of a t-loop with the G- 
rich 3’ single-strand overhang invading the duplex telomeric DNA 
generating the D-loop, which is bound by POT1. The TRF1- and 
TRF2-complexes are believed to be most crucial in t-loop formation, 
although the repair proteins DNA-PKcs, Ku7°A6, and the MRN 
complex have also been implicated. (EM images from [4])

[9]
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end-capping. It accounts for the abundance of the DNA recombination and repair proteins 

found at telomeres; however, it is a seemingly complex mechanism. The complexity of this 

restructuring raises questions as to how frequent t-loops are formed in vivo, especially given 

the ease of G-quadruplex formation under physiological conditions.

H H

Y  'H««N N- R
,NS )— {  

H m o - /  N
H ^  N —^

H-N H | j y i j  N-H
n

V r ^ N '  r  V

Qri

r - n .Y*
H H

B

T /~ \ /*h,

 %----& % 'N _

j f  i *0 i - d  i d , ;  }
V- T— /1 » • * ■ * « * • -rT

^  T ““* G——G——G —*»G

T : : 0  id  : d,: }
'T— G-s-G-s—G-t-Gi : ,

;:q — 6 — G — G - T

Figure 1.3: Structures formed by G-rich 
DNA. (A) The G-quartet is a square, planar 
arrangement of four guanine bases that each 
donates and accepts two hydrogen bonds. 
V ertic a l s ta c k in g  o f  G -q u a r te ts  in  th e  p re s e n c e  

of monovalent ions leads to the formation of 
G-quadruplexes in (B) a single telomere or (C) 
a stable complex of two (or more) telomeres 
[2],

The nearly universal presence of the 

G-rich overhang along with the 

aforementioned ease of formation of G-G 

base pairing, a requirement of G-quadruplex 

formation, has made G-quadruplexes a 

viable in vivo model. Short G-rich 

oligonucleotides can fold into a compact 

arrangement of square planar arrays of four 

hydrogen-bonded guanines (G-quartets, 

Figure 1.3A) [24,68], The formation of G- 

quadruplexes occurs when the G-quartets 

are vertically stacked in the presence of a 

monovalent ion (Figure 1.3B,C) [24,68]. 

Most work in this field has been done in the 

ciliated protozoa stichotrichous, whose 

macronuclei contain millions of gene-sized 

chromosomes, complete with telomeres, 

providing an abundance of telomeric DNA 

and telomere-associated proteins [69]. The

[10]
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G-rich overhangs of ciliate telomeres can form the four-stranded G-quadruplexes by virtue 

of interaction of one, two, or four telomeres, thus enabling end-capping of multiple 

telomeres with one structure (reviewed in [70]). Support for this hypothesis comes from the 

generation of an antibody against G-quadruplex DNA. This antibody reacts specifically with 

the macronuclei of ciliate nuclei, lending credence to the hypothesis that G-quadruplexes 

form at telomeres in vivo [71].

The relative simplicity of telomeric G-quadruplex formation, coupled with evidence 

of their existence in vivo, reinforces this structure as a viable option in end-capping.

However, this model doesn’t account for the ever increasing number of DNA repair, 

recombination, and replication proteins found at the telomere. On the contrary, the t-loop 

can neatly fit the presence of these proteins into a working model which has withstood 

numerous in vitro challenges; however it has yet to be directly shown that t-loops exist in vivo. 

Likely, telomere end-capping uses a combination of both of these models, and perhaps other 

as-yet unidentified mechanisms, to effectively distinguish telomeres from DNA DSBs.

Telomere Length Maintenance

Telomere length has been closely linked to cellular survival, as those cells with 

extremely short telomeres, resulting from either the chronic effects of the end-replication 

problem or from stochastic telomere loss, trigger senescence [72], Cells able to maintain 

sufficient telomere length through a telomere length maintenance mechanism, such as 

activation of telomerase, are effectively rendered immortal and have a practically infinite 

replicative potential. Not surprisingly, telomere length maintenance is a hallmark of 

tumorigenesis, and telomerase is positively expressed in over 90% of human cancers [73]. 

The remainders of cancers are thought to employ Alternate Lengthening of Telomeres
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(ALT) mechanisms, which is based on recombination between telomeric sequences 

(discussed below).

Telomerase is a specialized DNA polymerase consisting of an RNA template 

(TERC) and a catalytic subunit (TERT) that is able to synthesize and elongate telomeres 

[43,74-76], Expression of TERC is independent of telomerase activity and is highly 

expressed in all tissue types [77], whereas the expression of TERT is minimal in most cell 

types, with human somatic cells estimated to contain less than five copies [78]. Telomerase 

activity in normal human somatic cells is restricted to developmental stages after which 

telomerase is down-regulated in most tissues; notable exceptions include male germ line 

cells, activated lymphocytes and certain stem cell populations [73,79,80]. The tight 

regulation of TERT in normal somatic cells, and its up-regulation during immortalization 

and carcinogenesis, indicate the catalytic subunit as the primary determinant in regulating 

telomerase activity [73,79,81],

The shelterin complex plays a critical role in telomerase-dependent telomere 

extension. Telomeres exist in two proposed states in the cell: a non-extendable state in 

which telomeres are protected from the action of telomerase regardless of TERT expression 

and activity and an extendible state [82]. Evidence strongly suggests that the arrangement of 

the shelterin complex, most notably POT1 and TPP1, determines the ability of telomerase to 

access the end [51,52]. It has been known for some time that shelterin components can 

inhibit the access of telomerase to DNA ends through the formation of the t-loop or 

through direct contact with telomerase. For instance, TRF1 controls the action of 

telomerase at each telomere by inhibiting telomerase access in cis- [45]. POT1 can also 

directly inhibit telomerase accessibility to the telomere. In vitro studies show that when
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POT1 is bound to the telomere 3’ overhang, telomerase binding and telomere extension is 

prohibited [51], thus providing multiple modes of shelterin-dependent telomerase-inhibition.

Reciprocally, recent evidence has strengthened the notion that shelterin can promote 

telomerase activity. TPP1 has now been shown to be the first shelterin protein to interact 

with telomerase and stimulate telomerase’s enzymatic activity and processivity [51,52].

TPP1 does not bind DNA directly, rather it is tethered to telomeric DNA through 

association with POT1 [51,52]. An appealing model for POT1/TPP1 control of telomerase 

is that binding of POT1/TPP1 to the 3’ single strand overhang prohibits telomerase access. 

Here, if POT1/TPP1 shifts slightly upstream to bind the duplex telomere tract through 

interactions with TIN2, telomerase would be able to access and extend telomeres. The 

manner in which this transition takes place, as well as the true molecular nature of the non- 

extendable and extendable telomere states, has yet to be determined.

The ALT pathway of telomere length maintenance occurs much less frequently than 

telomerase activation, and it is only activated in cancer cells or immortalized cell lines [83- 

85]. Approximately 10% of human cancers use ALT for telomere maintenance, though 

some cancers are especially enriched for ALT [73]. Human osteosarcomas, for example, 

display ALT in over 60% of cases and ALT-positive osteosarcomas display a more favorable 

clinical prognosis than telomerase positive osteosarcomas [86,87].

The presence of significant telomere length heterogeneity and ALT-specific nuclear 

bodies facilitate the identification of ALT-positive cells. Telomere lengths in ALT cells can 

range from less than 3 kb to over 50 kb, and the onset of this phenotype corresponds well 

with the activation of ALT [83,84,88,89]. ALT-positive cells also display ALT-associated 

PML bodies (APBs) which are subnuclear structures containing the promyelocytic leukemia
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(PML) protein, telomeric DNA, the core telomeric proteins TRF1 and TRF2, as well as 

proteins involved in DNA recombination and replication [89], The HR proteins RAD51, 

RAD52, MRE11, RAD50, NBS1, as well as the RecQ helicases BLM and WRN are present 

in APBs [22,89-91]. The suggestion of a recombination-based telomere length mechanism 

was proposed over a decade ago by John Murnane and colleagues [88] and the two 

characteristic phenotypes of ALT—heterogenous telomere lengths and APBs— support this 

hypothesis, though the precise mechanism has yet to be elucidated.

D N A  D a m a g e  R e s p o n s e  a n d  R e p a i r

The cell must constantly monitor the integrity of its DNA and repair any lesions that 

arise, as DNA damage occurs continuously from a variety of endogenous processes or 

exogenous agents. Most notably, ionizing radiation (IR) is known to produce a particularly 

deleterious type of DNA damage, the DNA DSB. There are many consequences of DSBs, 

depending on whether or not they are repaired and how accurately they are repaired. Two 

primary pathways are employed by the cell to cope with DNA DSBs, non-homologous end- 

joining (NHEJ) and homologous recombination (HR). NHEJ is believed to operate 

throughout the cell cycle and serves as the primary pathway employed by mammalian cells to 

repair IR-induced DNA DSBs [92]. Cells deficient in HR proteins show defects primarily in 

S/G2, consistent with the idea that HR occurs primarily between sequences of sister 

chromatids [92].

Small deletions at the point of ligation have been reported following NHEJ [93], 

promoting the belief that NHEJ is an error-prone process. However, NHEJ allows cells to
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quickly re-enter the cell cycle, as essentially all damage is removed within six hours with the 

majority of breaks repaired within 30 minutes [94]. In genomes such as that of humans, 

which possess a high percentage of non-coding DNA sequence, these types of small 

deletions can be tolerated with no ill effects. Nevertheless, NHEJ can mis-join broken ends 

from two chromosomes resulting in aberrations such as dicentric chromosomes or 

chromosome translocations. These rearrangements can be quite harmful to the cell and can 

promote further mutations or lead to apoptosis [95]. HR repairs DNA DSBs with high 

fidelity by using a homologous template, although adverse cellular effects, such as loss of 

heterozygosity (LOH) may also occur.

The principle proteins involved in each of these pathways have been identified, yet 

precisely how these proteins interact to effectively repair DSBs remains unclear. The ataxia 

telangiectasia mutated (ATM) kinase is known to be an apical kinase in the cellular response 

to exogenous DNA damage. ATM initiates a signaling cascade that activates DNA repair 

pathways and cell cycle checkpoint pathways. Key cell cycle regulators, such as p53 and 

Chk2, are phosphorylated by ATM, leading to cell cycle arrest following DNA damage [96- 

98]. The MRN compl ex has been shown to be a key mediator of ATM phosphorylation 

facilitating ATM binding to downstream targets [99,100]. The MRN complex localizes to 

the sites of damage through a direct interaction with another ATM target, the histone variant 

H2AX [101,102],

The phosphorylated form of H2AX, V-H2AX, is detectable extremely rapidly 

following exposure to ionizing radiation (IR), and is among the first proteins to be detectable 

at a break site. The recruitment and retention of 53BP1, mediator of damage checkpoint 

protein 1 (MDC1), breast cancer protein 1 (BRCA1), and the aforementioned MRN
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complex are dependent on interactions with y-H2AX [101,103-105]. Though y-H2AX is not 

stricdy required for DNA repair, y-H2AX deficient cells are sensitive to IR [104,106]. The 

robustness of H2AX phosphorylation, which encompass between 500 to 1000 kilobases of 

DNA surrounding the break [107,108], has made immunofluorescent staining an attractive 

marker for detecting and locating DNA DSBs. However, care must be taken when 

interpreting results, as all y-H2AX foci are not created equal. While it is generally agreed that 

1 Gy of IR produces 30 to 40 DSBs, different qualities of radiation have been shown to 

generate different size y-H2AX foci appearing with different kinetics [109]. Other agents 

can also contribute to foci formation, including DNA replication processes, ultraviolet (UV) 

exposure, or even on-going genomic instability [110-112].

Some proteins are recruited to DNA DSBs due to their affinity for free DNA ends. 

Thus, a large complement of proteins is present at damage sites via direct protein-DNA 

interactions, as well as through protein-protein interaction as described above. It has still 

not been directly shown how the cell decides whether to use NHEJ or HR in the repair of 

DSBs. Certainly competition for free DNA ends plays a part in this decision making 

process, as does the presence/absence of a homologous template. The MRN complex has 

been shown to be involved in early processing of DNA to produce a repairable DNA end 

[100], HR is mediated primarily by the Rad51 paralogs, and by Rad54. These proteins 

search for homologous regions of DNA and promote strand invasion (reviewed in [113]). 

NHEJ is initiated by the binding of the Ku heterodimer to duplex DNA, and the subsequent 

recruitment of DNA-PKcs [114,115] . The necessity of DNA-PKcs in NHEJ and the 

importance of DNA-PKcs in telomere function warrant a brief overview of the current 

model of this DNA DSB repair pathway.
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Non-Homologous EndJoining

NHEJ is the predominant pathway employed to repair DNA DSBs and functions by 

recognizing, processing, and fusing any two broken DNA duplexes. The Ku70/Ku80 

heterodimer, a component of the essential end-joining protein DNA-PK, binds duplex 

DNA rapidly and with high affinity, thereby initiating NHEJ [114,115]. The binding of 

DNA by the Ku heterodimer also facilitates the recruitment and activation of the catalytic 

subunit of DNA-PK, DNA-PKcs [114]. Both the kinase activity and the physical presence 

of DNA-PKcs have been shown to be important in NHEJ [116]. DNA-PKcs 

phosphorylates numerous proteins involved in NHEJ including the Ku heterodimer, X-ray 

complementing Chinese hamster 4 (XRCC4), and Artemis [117-119], Perhaps the most 

important target of DNA-PKcs is itself. DNA-PKcs possesses two clusters of auto­

phosphorylation sites whose phosphorylation has been shown to alter the accessibility of 

end processing proteins, most likely through a conformational change in DNA-PKcs [120- 

122].

The physical presence of DNA-PKcs at break ends is required for the recruitment of 

XRCC4 and DNA Ligase IV, likely a result of direct protein-protein interaction [123]. Two 

groups have recendy identified a new partner in the XRCC4/Ligase IV complex, named 

Cernunnos or XRCC4-like factor (XLF) [124,125]. Cells deficient of Cernunnos/XLF show 

phenotypes characteristic of NHEJ defects such as increased radiosensitivity, as well as 

defective V(D)J recombination and DNA-end joining [124,125]. Cernunnos/XLF has also 

been shown to promote ligation in the absence of processing factors [126], Processing of 

broken ends has been proposed to involve several different nucleases including Artemis and 

MRE11 [127-129]. It remains to be seen whether Artemis and MRE11 are responsible for
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the resolution of a specific subset of damage, or if another mechanism is responsible for 

determining nuclease activity at the break site. Artemis has been implicated specifically in 

the resolution of complex end-structures, such as hairpins, lending credence to the idea that 

different nucleases may be specific for different damage structures. DNA Ligase IV is 

necessary for the pathway’s final step, re-establishing the phosphodiester linkages of the two 

broken DNA ends [130].

Like many early events of the DNA damage response and repair pathways, NHEJ 

specifics as to protein loading and activation remain to be discovered. A clearer 

understanding of the role of DNA-PK will provide many clues to the series of steps 

necessary to rapidly re-join broken chromosome ends. The identification of required targets 

for in vivo DNA-PKcs phosphorylation, including auto-phosphorylation, has proven useful 

in our understanding of how end accessibility is regulated. Several NHEJ proteins localize to 

telomeres and play roles in telomere metabolism, including DNA-PK and Artmeis. The 

interactions between NHEJ and telomeres will also be vital in revealing the way in which 

DNA ends are distinguished and processed to maintain genomic integrity.

TRF2

de Lange’s work in the early 1990’s lead to the identification of a vertebrate telomere 

binding protein, named telomere repeat binding factor (TRF, later TRF1), which bound 

specifically to human chromosome ends [131]. The ability of TRF1 to bind specifically to 

duplex telomeric repeats through a specialized Myb-type DNA binding domain, named the 

“telobox,” prompted the search for other telobox-associated proteins. Indeed, work out of
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two labs independently confirmed the presence of a second telobox containing protein, 

appropriately dubbed TRF2 [27,37]. TRF2 shares significant homology with TRF1, 

particularly in the telobox domain; however, divergence of the N-terminal domains of the 

two proteins has lead to different telomere functions of TRF1 and TRF2, as discussed 

previously.

The TRF2 protein is encoded by the gene TERF2, which has been mapped to 

human chromosome 16q22.1 (mouse chromosome 8) [132]. TRF2 is more highly conserved 

between mouse and humans (85% homology) compared to the rapid divergence of TRF1 

(65% homology) [27]. TERF2 encompasses 30,338 bases and encodes a 10 exon transcript 

with a size of 2907 bp [27,132,133]. The TRF2 protein is 500 amino acids in length and is 

composed of three major functional domains, the N-terminal basic domain, the central 

dimerization domain, and the C-terminal DNA binding domain [27,37]. The dimerization 

and the DNA binding domains function to, as their names imply, form TRF2 homodimers 

and bind telomeric DNA, respectively. The function of the basic N-terminal domain 

remains elusive, although recent evidence has provided clues. Deletion of this domain has 

no effect on TRF2’s ability to localize to telomeres or bind DNA [134]; however it does 

result in stochastic telomere deletions and senescence. The basic N-terminal domain is also 

required for recruitment of TRF2 to sites of laser-microbeam induced damage [135], as well 

as TRF2 binding to replication intermediates [136]. It remains to be seen whether the non- 

telomeric binding functions of the TRF2 N-terminal domain have in vivo significance.

The primary function of TRF2 is to enable the formation of an effective telomere 

end-capping structure. Inability of TRF2 to bind to telomeres, e.g., following introduction 

of the dominant negative form TRF2ABAM, leads to the rapid formation of abundant telomere
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fusions [46]. Similar to the phenotype seen with DNA-PKcs deficiency, these fusions do 

not result from telomere loss, but rather from a defect in the end-capping mechanism.

Recent evidence has indicated that TRF2 can positively supercoil DNA around TRF2 

homodimers resulting in negative supercoiling in the overall DNA strand [47]. This tension 

must be relieved through either further DNA looping or separation of the DNA duplex, 

presenting an opportunity for DNA strand invasion, producing an attractive model for T- 

loop formation. TRF2 also interacts with a wide variety of proteins which are believed to be 

required for end-capping. In addition to other shelterin components, TRF2 has been shown 

to interact with the DNA DSB repair proteins ATM [137], MRE11, RAD50, NBS1 [22], the 

nucleotide excision repair protein XPF/ERCC1 [138], and the RecQ helicases BLM and 

WRN [67,139,140].

The interactions between TRF2 and repair, replication, and recombination proteins 

are presumed to be involved in forming a functional end-cap and evidence supports this 

presumption. For instance, Karlseder et al. [137] demonstrated that TRF2 inhibits activation 

of ATM following IR, and dampens downstream ATM effects such as the induction of p53 

and phosphorylation of NBS1. This group utilized chromatin immunoprecipitation to show 

that ATM complexes with TRF2. This evidence points to a role for TRF2 in inhibiting 

ATM activation at telomeres, thereby avoiding an improper DNA damage response to 

proper chromosome ends. Members of the MRN complex MRE11 and RAD50 are present 

at telomeres in a cell cycle independent fashion [22], NBS1, the regulatory subunit of the 

M R N  co m p lex , associa tes w ith  T R F 2  on ly  in  S /G 2  p h a se  w h e n  en d -c a p p in g  is p re su m e d  to  

occur, implicating the MRN complex in telomere end-processing and capping functions [22]. 

In addition to the extensive evidence showing that the interactions between repair proteins
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and TRF2 are for end-capping functions, there is also some support for the more 

controversial notion that TRF2 is involved in DNA repair.

One study looked direcdy at a role for TRF2 in DNA repair. Bradshaw et al. [135] 

showed that TRF2 is rapidly and abundandy recruited to sites of DNA damage induced by a 

high intensity laser microbeams, and that this recruitment depended on the basic N-terminal 

domain. From this observation, the authors suggest that TRF2 is recruited to sites of DNA 

damage and plays an early role in cellular response to DNA DSBs damage. Our study 

direcdy addresses this assertion, and raises issue to the utility of laser microbeam-induced 

damage in this context. One additional study used to argue in favor of a role for TRF2 in 

the DNA DSB response is the observation that TRF2 is phosphorylated in response to IR 

exposure, similar to many repair proteins, including ATM, DNA-PKcs, and NBS1 [141].

This phosphorylation occurs on a highly conserved PIKK residue, threonine-188. However, 

the purpose of this phosphorylation could be telomere related. Taken together with 

concerns over the specificity of the phosphorylated-TRF2 antibody (T. de Lange, personal 

communication), the conclusion that TRF2 phosphorylation has a role in the early DSB 

damage response may be premature.

T h e  D N A - d e p e n d e n t  p r o t e i n  k in a s e  (DNA-PK)

DNA-PK is a heterotrimeric protein composed of the Ku70/Ku80 heterodimer, and the 

catalytic subunit (DNA-PKcs). DNA-PK is primarily known for its involvement in three 

important cellular processes: NHEJ, telomere end-capping, and V(D)J recombination. Many 

of the specifics of DNA-PK functioning, particularly in NHEJ and telomere function, have

[21]

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



remained enigmatic due in part to the huge size of the catalytic subunit (460 kDa), as well as 

the protein’s robust in vitro kinase activity.

The Ku Hetetodimer

Two subunits, Ku70 and Ku80, so named because of their approximate size (70 and 83 kDa, 

respectively) form a stable heterodimer which comprises the regulatory subunit of DNA-PK 

[142,143], The donut-shaped complex binds and fully encircles duplex DNA ends [144]. 

Protein charge and shape are believed to be responsible for the Ku heterodimer binding of 

DNA as little direct interaction occurs between protein and DNA [144]. This characteristic 

allows the Ku heterodimer to bind all DNA ends and to migrate along the DNA.

The Ku heterodimer, specifically the C-terminus of Ku80, is essential for the 

recruitment of DNA-PKcs to DNA ends [145], although the precise manner in which this 

recruitment occurs remains to be elucidated. Ku can be phosphorylated by DNA-PKcs, 

promoting either translocation of the heterodimer [146] or disassembly of the complex 

[117,147,148]. Upon DNA-PKcs binding, the Ku heterodimer is displaced approximately 10 

bp [149] followed by an additional 20 bp displacement in the presence of XRCC4/LigaseIV 

[150]. This translocation is ATP-dependent and required for the recruitment of 

XRCC4/LigaseIV.

Ku is a highly interactive protein with over 40 reported protein interactions involving 

a variety of proteins such as histone acetyltransferases (reviewed in [151]), the telomere 

proteins TRF1 and TRF2 [152,153], and the RecQ helicase WRN [154]. Presumably these 

interactions occur to facilitate DNA repair and/or telomere maintenance. For example, Ku 

stimulates the exonuclease activity of WRN helicase [155,156] which can then be inactivated
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via DNA-PKcs phosphorylation [157,158], prompting the model whereby Ku recruits and 

stimulates WRN helicase to resolve complex DNA ends, followed by the phosphorylation of 

WRN helicase by DNA-PKcs, inactivating the enzymatic activity and allowing NHEJ to 

proceed. Ku has also been shown to enhance the ligation reaction of XRCC4/LigaseIV in 

NHEJ [147,150].

DNA-PKcs

The DNA-PKcs is a member of the phosphotidylinositol 3 (PI-3)-kinase related 

kinases family of proteins, whose members are primarily involved in cellular response to 

DNA damage from replication or exogenous agents, such as ionizing radiation. Other 

members include the ATM kinase, an apical kinase in DNA double strand break repair 

pathways, and ATM rad3-related (ATR) which initiates a cellular response to stalled 

replication forks. These proteins have no detectable activity towards lipids, distinguishing 

them from the PI-3 kinase family and leading to the nomenclature PI-3 kinase like kinases 

(PIKK) [159]. The gene encoding DNA-PKcs is named Prkdc and has been mapped to 

human chromosome 8q ll by fluorescence in situ hybridization (FISH) [160]. Prkdc 

encompasses 12,228 bp encoding 86 exons producing an especially large protein kinase of 

4,127 amino acids with a molecular weight of approximately 470 kDa [159].

DNA-PKcs is required for DNA end-joining processes such as the DNA DSB repair 

pathway of NHEJ and V(D)J recombination in higher eukaryotes. It is known that the 

k inase activ ity  o f  D N A -P K c s  is req u ired  fo r  th e  en d -jo in in g  activities o ccu rrin g  in  b o th  o f  

these processes [146,161], yet the in vivo targets of this phosphorylation have been difficult to 

discern. DNA-PKcs shows preference for phosphorylating threonine or serine residues
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followed by a glutamine residue (SQ or TQ motifs) and has robust in vitro phosphorylation 

activity [162], The Ku heterodimer [117] and XRCC4 [118], also involved in NHEJ, are 

phosphorylated by DNA-PKcs and are likely in vivo targets. Other proteins involved in 

repair and replication have been shown to be phosphorylated in vitro by DNA-PKcs, 

including the cell-cycle protein MDM2 (mouse double minute protein 2) [163], Replication 

Protein A (RPA) [164], and the transcription factor IFN Regulatory Factor 3 (IRF3) [165]. 

The in vivo effects of phosphorylation of these proteins remain to be determined. The only 

sites shown to be essential for NHEJ in vivo are phosphorylation sites on DNA-PKcs itself 

[120-122,166]. Two auto-phosphorylation sites on DNA-PKcs, one located at Serine residue 

2056 (Ser-2056) and the second located at Threonine 2609 (Thr-2609), are believed to 

regulate the accessibility to the DNA end through changes in DNA-PKcs conformation.

Surrounding Ser-2056 and Thr-2609 exists two clusters of PIKK consensus 

sequences that are phosphorylated in response to DNA DSBs [167,168], Auto­

phosphorylation of DNA-PKcs dramatically reduces the kinase activity and causes changes 

in its association with the Ku heterodimer [169]. Protein sequencing of DNA-PKcs 

identified first the Thr-2609 cluster [120,168] followed by the Ser-2056 cluster [167,170]. 

Work began to mutate these sites with either alanines to prohibit phosphorylation, or with 

aspartic acid to mimic phosphorylation. This work clearly demonstrated a reciprocal 

function of these sites, as phosphorylation of the Thr-2609 site results in an accessible, 

“open” state at DNA ends, while phosphorylation of Ser-2056 results in a closed state 

[167,170,171]. T h e  ATM k inase  has b e e n  sh o w n  to  sign ifican tly  c o n tr ib u te  to  th e  

phosphorylation of Thr-2609, thereby placing ATM directly into the NHEJ pathway [172].
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A model emerges from these studies in which DNA-PKcs is recruited in an 

unphosphorylated state to Ku-bound DNA ends. Once bound, DNA-PKcs is activated, 

and also is believed to physically block DNA ends from unregulated processing. Auto­

phosphorylation of the Thr-2609 cluster occurs in trans- by virtue of the two DNA-PKcs 

molecules bound to both DNA DSB ends [173], thereby promoting the open state allowing 

necessary processing of DNA ends. The action of the NHEJ nuclease Artemis is dependent 

upon auto-phosphorylation of the Thr-2609 cluster [174], As mentioned, ATM can hetero- 

phosphorylate the Thr-2609 cluster; regulation of the phosphorylation of this cluster remains 

to be determined. Ser-2056 phosphorylation results in a closed state blocking further end- 

processing [170], although questions to the timing and importance of phosphorylation of 

this site remain. The in vivo mechanism of protein regulation by DNA-PKcs remains to be 

well defined, though this early work implicates DNA-PKcs as a key regulator of end- 

accessibiJity in NHEJ.

DNA-PKcs & Telomeres

DNA-PKcs is important for proper telomere function, as deficiencies in DNA-PKcs 

lead to telomere uncapping and end-to-end telomere fusion [60]. This phenotype, easily 

recognizable by telomeric FISH probes, maintains essentially full length telomeres at the 

point of fusion, indicating that loss of DNA-PKcs leads to disruption of the telomere end 

cap, and not stochastic loss of telomere sequence [60]. Chemical inhibition of the kinase 

activ ity  resu lts  in th e  sam e te lo m ere  fu s io n  p h e n o ty p e  seen  in  cells d e fic ien t in D N A -P K c s , 

indicating that DNA-PKcs plays an active role in telomere structure and is not simply a 

structural element, per se [59], Additional clues as to the mechanism of action of DNA-
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PKcs at telomeres comes from the observation that telomere fusions in DNA-PKcs 

deficient cells involve only telomeres generated via leading-strand DNA synthesis [175].

This suggests not only that DNA-PKcs acts preferentially on leading strand telomeres, 

presumably to generate the 3’single strand overhang absent following replication, but also 

that leading and lagging strand telomeres are processed differently following replication.

The frequency of these telomere fusions, however, has been shown to vary 

considerably depending on the cell type, immortalization status, DNA-PKcs mutation type, 

and experimental context; the contribution of each of these factors is an area of active 

investigation. The formation of telomere fusions is mediated by the NHEJ pathway, of 

which DNA-PKcs is an essential element, possibly explaining the variation in telomere 

fusion frequency depending on the specific mutation in DNA-PKcs, and therefore the 

efficiency of NHEJ. One line of evidence demonstrates a role for DNA-PKcs in 

maintenance of telomere length. Mouse cells doubly deficient for DNA-PKcs and the RNA 

component of telomerase, Terc, display increased telomere shortening compared to cells 

deficient in Terc alone [176]. This implies a role of DNA-PKcs in the telomere length 

maintenance pathway, though increased cellular turnover in this context cannot be excluded.

While it seems clear that DNA-PKcs plays important roles at telomeres, the impact 

of this interaction in organism survival and carcinogenesis remains controversial. Work 

from the Blasco lab has pointed to accelerated aging and tissue atrophy in mice doubly 

deficient for DNA-PKcs and Terc compared to those deficient in Terc alone, however no 

ev id en ce  fo r  in c reased  tu m o rig en esis  w as o b se rv e d  [177]. T h e  d o u b ly  d e fic ien t m ice  sh o w e d  

decreased proliferation, but showed no affects on apoptotic pathways, a key inhibitor of the 

uncontrolled cell growth necessary for tumor formation. Bailey and colleagues have
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demonstrated the ability of dysfunctional telomeres in DNA-PKcs deficient cells to fuse 

with DNA DSBs to produce chromosomal translocations, an aberration known to promote 

carcinogenesis in some situations [178]. However, the relatively low frequency of these 

telomere-DSB fusions (0.01 — 0.1 events per cell) compared to other chromosomal 

aberrations has led some to doubt the significance of this event in generating genomic 

instability. Our current studies address this issue by examining the contribution of telomere- 

DSB fusions in the delayed genomic instability observed in the DNA-PKcs deficient Balb/c 

mouse.

NBS1

The regulatory protein NBS1 is critical in normal cellular response to DSBs. 

Mutations in the N B S 1 gene are responsible for the rare autosomal recessive hereditary 

disorder Nijmegen breakage syndrome (NBS) whose patients are predisposed to develop 

malignancy at an early age, particularly lymphomas and leukemias [179,180]. Cells isolated 

from NBS patients are especially sensitive to IR, display abnormal cell-cycle checkpoints, 

and experience accelerated telomere shortening [181-184]. The complete ablation of the 

murine homologue of NBS 1, NBN, is embryonic lethal [185],

The NBS1  gene contains 16 exons encompassing 48,797 bp on human chromosome 

8q21 [186-188]. The NBS1 gene product is a 95-kDa protein that, along with MRE11 and 

RAD50, forms the MRN complex [186,189]. The MRN complex plays essential roles in 

DNA DSB repair via the NHEJ and HR pathways, cell cycle checkpoints, telomere 

maintenance, as well being implicated in DNA replication. Alterations in any of these
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processes could lead to the mutations necessary to promote the early-onset malignancy seen 

in NBS1 patients.

Three functional domains comprise the NBS1 protein. The N-terminus contains a 

fork head associated (FHA) and breast cancer C-terminal (BRCT) domain that directly binds 

phosphorylated histone variant H2AX, and, in so doing, recruits other members of the 

MRN complex to sites of DNA DSBs [101,102,190], The central region of NBS1 contains 

two SQ motifs consistent with the consensus sequence of PIKK kinases. Specifically, the 

ATM kinase has been shown to phosphorylate serine residues 278 and 343 in vitro and in vivo, 

and such phosphorylation is essential for the intra-S phase checkpoint in response to IR 

[191-193]. The NBS1 C-terminal domain contains a well conserved MRE11 binding site, 

essential for MRN complex formation [194,195].

The other two members of the MRN complex, MRE11 and RAD50 localize 

primarily in the cytoplasm and relocate to the nucleus upon induction of DNA damage in a 

NBS1-dependent fashion [196]. MRE11 possesses a variety of biochemical activities which 

contribute to the multitude of functions carried out by the MRN complex. MRE11 displays 

ATP-dependent 3’— 5’ exonuclease activity [197,198], but has also been shown to possess a 

number of other ATP-dependent properties, including 5’— 3’ exonuclease activity [199], 

hairpin opening activity [197,200], DNA unwinding [201], as well as an ATP-independent 

ssDNA endonuclease [198,202,203],

RAD50 is a large coiled-coil protein belonging to the structural maintenance of 

chromosome (SMC) family with ATPase motifs at both its N- and C-terminus [203,204]. 

RAD50 is required for the nuclease activities of M rell, and the long coiled-coil region that 

ends in a “zinc hook” is believed to bridge broken ends [201,205,206]. MRE11 and RAD50
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are well conserved through evolution, while NBS1 (or yeast homolog Xrs2) is only found in 

eukaryotes and has significantly less sequence conservation among species [202,207-209]. 

Working together, the components of the MRN complex play critical roles in a variety of 

DNA replication, recombination and repair pathways.

The MRN complex is essential for the efficient processing of DNA DSBs, and there 

is much in vitro and in vivo evidence to support this. Surprisingly, however, much is still 

unknown about the role of the MRN complex in the repair process, and debate still exists as 

to whether it functions in NHEJ, HR, or both. In vitro end-joining assays in mammalian 

systems have demonstrated that MRN enhances DNA fragment joining [210,211]; however 

chicken DT40 cells with a targeted disruption of NBS1 show wild-type NHEJ [196], Also, 

V(D)J recombination in NBS1 patients is comparable with wild type arguing against a role 

for NBS1 and the MRN complex in end joining processes in vivo [212]. The role of MRN in 

HR is more established, as NBS1-deficient DT40 cells show significantly decreased (100 

fold) HR compared to wild-type, as well as reduced sister chromatid exchanges (an HR 

dependent event) following mitomycin-C treatment [196,213,214]. These data strongly point 

towards a role for NBS1 and the MRN complex in the HR pathway.

Cells from NBS patients undergo radiation-resistant DNA synthesis (RDS) 

indicating a failure of the intra-S phase checkpoint, although the phenotype is milder than 

that observed in AT patients, suggesting multiple braches to the ATM-triggered intra-S 

phase arrest [181,213,215], Indeed, three parallel pathways have been shown to modulate 

this checkpoint in which ATM is the apical kinase (reviewed in [216]). NBS1 

phophorylation on serine residues 278 and 343 by ATM is responsible for intra-S phase 

checkpoint control [192,217]. Several lines of evidence have revealed an intimate

[29]

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



relationship between ATM and NBS1, as interaction between these two proteins strongly 

stimulates the kinase activity of ATM and increases ATM’s affinity for downstream targets 

such as p53, chk2, and H2AX [99,100,218,219]. A functional MRN complex is indispensible 

for ATM phosphorylation of chk2, a vital step in the intra-S phase checkpoint [99], NBS1 

and the MRN complex are also thought to have roles in G1 and G2, although different 

experimental systems produce conflicting results, and the redundancy of the checkpoint 

pathways have made it difficult to tease out a definitive role for NBS1 or MRN.

NBS1 & Telomeres

Cells from NBS patients display accelerated telomere shortening compared to wild 

type cells and this results in shorter proliferative life spans [183]. Introduction of the 

catalytic subunit of telomerase, TERT, allows longer proliferation of cells in culture, but this 

is insufficient to rescue the shortened telomere phenotype. Introduction of TERT and 

NBS1 rescues both the telomere shortening and proliferative life span phenotypes observed 

in NBS cells [183], This conclusion suggests a role of NBS1 and the MRN complex in 

generation of the G-rich overhang, the required substrate for the extension of telomeres by 

telomerase. In accordance with this hypothesis, RNA interference of either MRE11 or 

NBS1 results in marked shortening of the G-rich overhang in human cells [23]. It is 

important to note, however, that even with stable knockdown of these proteins overhang 

length is eventually restored to wild type length, indicating that other factors can compensate 

for deficiencies of the MRN complex. W o rk  in yeast and flies has also  im p lica ted  MRN in 

telomere end-processing [220-223]. Furthermore, NBS1 associates with telomeric DNA 

specifically in S-phase when telomere end-processing is believed to occur [22].
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An additional role for NBS1 at telomeres is indicated by virtue of its presence in 

APBs, which form when cells are maintaining telomeres via the ALT pathway [224]. NBS1 

is required for recruitment of MRE11, RAD50 and BRCA1 to these bodies [91], and 

inhibiting the recruitment of NBS1 to APBs suppresses ALT [225]. This evidence supports 

the hypothesis that the MRN complex, and NBS1 in particular, is required for the ALT 

telomere length maintenance mechanism.

R a t i o n a l e  o f  t h i s  S t u d y

In 1996 several studies independently demonstrated the involvement of the DNA 

repair protein Ku in telomere length maintenance in yeast [226,227]. Work quickly ensued 

to determine the extent to which DNA repair proteins were involved in telomere 

metabolism, as well as whether these observations in yeast were conserved in mammalian 

systems. Today, it is well established that DNA repair proteins are involved in telomere 

length maintenance, end-capping, and replication from yeast to mouse to man, with over a 

dozen repair proteins from many repair pathways interacting with telomeres. However, the 

rapid identification of novel protein interactions with telomeres leads to the task of 

deciphering the function and temporal interplay between each of these protein interactions.

Through this study we sought to address the roles of two known DNA repair 

proteins, DNA-PKcs and NBS1, in telomere function. To do so, we utilized a variety of 

cells either mutated in or depleted of DNA-PKcs or NBS1 then analyzed the effects on 

telomere function via telomere FISH or CO-FISH. Through this approach we collected 

valuable information regarding the function of DNA-PKcs and NBS1 on telomeres, 

providing biological endpoints with which future in vitro studies must be reconciled.
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During the course of this work, the telomere protein TRF2 was proposed to be 

involved in the DNA damage response pathway [135], presenting the possibility that the 

interactions between telomere proteins and DNA repair proteins may be bi-directional. We 

undertook a study to better characterize the interaction between TRF2 and DNA damage.

This work has, in large part, been published prior to the writing of this dissertation. 

Many of the studies reported here are the results of successful collaborations with groups 

located through the world, and I am indebted to many others for their expertise and 

assistance throughout the course of my graduate work.
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II. MATERIALS & METHODS
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C e l l  C u l t u r e

The human B-lymphoblast cell lines, TK6 and WTK1, were derived from the same 

progenitor, WIL2 [228,229] and kindly provided by Dr. Howard Liber. TK6 and WTK1 

were maintained in RPMI 1640 (Gibco BRL, Invitrogen Corporation, Carlsbad, CA) 

supplemented with 10% horse serum, 100 units/mL penicillin, and 100 pg/mL 

streptomycin. Human HeLa and U20S cells were cultured as monolayers in Dulbecco’s 

Minimal Essential Medium (Gibco BRL) supplemented with 10% fetal bovine serum (FBS), 

50 units/mL penicillin, and 50 pg/mL streptomycin. Primary Human Dermal Fibroblasts 

(HDF) were cultured as monolayers in MEM alpha medium (Gibco) supplemented with 

10% fetal calf serum, 50 units/mL penicillin, and 50 pg/mL streptomycin. All human cells 

were incubated at 37°C in 5% C 0 2 in air and subcultured (1:5 or 1:10) every five days.

The mouse DNA-PKcs auto-phosphorylation mutants were kindly provided by Dr. 

Kathryn Meek. These cells were cultured as monolayers in MEM alpha medium (Gibco) 

supplemented with 10% FBS, 50 units/mL penicillin, 50 pg/mL streptomycin, and 400 

pg/mL G418 to maintain selection. Cells were incubated at 37°C in 5% C 0 2 in air and 

subcultured (1:10) every four days. Balb/c and C57BL/6 mammary epithelial cells were 

cultured as monolayers in JRH Hams F-12 medium supplemented with 5 pg/mL insulin, 1 

pg/mL hydrocortisone, 10 ng/mL epidermal growth factor, 0.5 pg/mL fungizone, 5 pg/mL 

gentamycin and 5% FBS. All other mouse cell lines (SCID, p53-/-/SCID) were cultured as 

monolayers in MEM alpha medium (Gibco) supplemented with 10% fetal bovine serum 50 

units/mL penicillin, and 50 pg/mL streptomycin.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



C y t o g e n e t i c  T e c h n i q u e s  

C ell Collection and Slide preparation

Colcemid (0.1 to 0.2 jig/ml.) was added to cell cultures during the last 4 hours to 

accumulate mitotic figures that were collected as previously described [60]. Briefly, cells 

growing in monolayers were detached from the culture dish with 0.25% trypsin in Hank’s 

balanced salt solution (Hyclone) and transferred to a 15 mT. conical centrifuge tubes. Cells 

grown in suspension were transferred directly into centrifuge tubes. Cell pellets were then 

formed via centrifugation at 1000 RPM for 5 min. The media was aspirated and pellets were 

resuspended in 5 mL of 75mM KC1 added dropwise to the tube. Cells were incubated in 

KC1 at romm temperature (RT) for 15 min, then pre-fixed by the addition of 1 mL of 

Carnoy’s fixative (3:1 methanokacetic acid) and vortexed gently. Cells were again pelleted via 

centrifugation at 1000 RPM for 5 min, followed by the aspiration of the supernatant. Pellets 

were resuspended in 5mL Carnoy’s fixative and left at RT for 10 min. Cells were then rinsed 

in Carnoy’s fixative twice more by centrifuging the cells followed by resuspension in fixative. 

Cell suspensions were then dropped onto cold, wet microscope slides and dried at 37° for 

one hour or at RT for 2 to 3 days prior to telomere FISH.

Telom ere F luorescence in s itu  h ybrid iza tion  (FISH) 

Peptide Nucleic Acid (PNA) Telomere probe

M icro sco p e  slides w ere  r in se d  in  R T  I X  PB S. Slides w ere  th e n  in c u b a te d  in  37 °C  

RNAse A (100 pg/mL H20) for 10 min at 37°C, and rinsed in PBS. Next, slides were fixed 

in formaldehyde (4% in IX PBS) for 10 min at room temperature, and rinsed in PBS. Slides
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were then dehydrated in cold (—20°C) ethanol series (75%, 85%, 100%) for 2 min each and 

quickly dried in 37°C oven. Slides were denatured in 70% formamide in 2X SSC at 72°C for 

2 min, and quickly moved to cold ethanol series as previously, and air dried. A hybridization 

mixture containing 70% formamide, 12mM Tris-HCl, 5mM KC1, ImM MgCl2 and 0.2 pg/ml 

Cy-3-conjugated (TTAGGG)3 or fluorescein isothiocyanate (FITC)-conjugated (CCCTAA), 

telomere PNA probe (Applied Biosystems) was denatured at 72°C for 5 min, and then 

vortexed well, spun down, and placed on ice for 5 min. 25 pL of hybridization mixture was 

added to the dried slides, and the slides were coverslipped and allowed to hybridize in a 

moist chamber at RT for 3 hours. Following hybridization, the coverslips were removed and 

the slides were washed in 70% formamide for 15 min at 30°C, then in PN buffer for 5 min at 

room temperature. Antifade solution (Vectashield, Vector Laboratories) containing 1.5 

pg/mL of 4’-6-diamidino-2-phenylindole (DAPI) was applied to the slide and coverslipped 

for analysis.

Oligonucleotide Telomere probe

Microscope slides were rinsed in IX PBS. Slides were then incubated in 37°C 

RNAse A (100 pg/mL H20) for 10 min at 37°C, and rinsed in PBS. Slides were then 

dehydrated in cold (— 20°C) ethanol series (75%, 85%, 100%) for 2 min each and quickly 

dried in 37°C oven. Slides were denatured in 70% formamide in 2X SSC at 72°C for 2 min, 

and quickly moved to cold ethanol series as previously, and air dried. Probes to telomeric 

repeat DNA were prepared by synthesizing oligomers complementary to either the G-rich or 

C-rich strands; (CCCTAA)7 or (TTAGGG)7. Thirty-five pmol of oligomer was labeled by 

terminal deoxynucleotidyl transferase tailing (Boehringer Mannheim) with Cy3-dCTP 

according to the manufacturer’s instructions. A hybridization mixture containing 0.4 jig/ml
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probe DNA in 30% formamide and 2XSSC was denatured at 72°C for 5 min, and then 

vortexed well, spun down, and placed on ice for 5 min. 30pL of probe solution was added 

to the dried slides, and the slides were coverslipped and allowed to hybridize in a moist 

chamber at 37°C overnight (16 — 18 hours). Following hybridization, the coverslips were 

removed and the slides were washed in 2X SSC at 42°C for 15 min with shaking. The slides 

were washed 4 additional times under the same conditions, then in PN buffer for 5 min at 

room temperature. Antifade solution (Vectashield, Vector Laboratories) containing 1.5 

pg/mL of 4’-6-diamidino-2-phenylindole (DAPI) was applied to the slide and coverslipped 

for analysis.

Chromosome-Orientation FISH (CO-FISH)

The CO-FISH procedure has been described in detail previously [175], Cells were 

cultured for a single cell cycle of 5’-bromo-2’-deoxyuridine (BrdU; Sigma) at a final 

concentration of 10pM (50pM for TK6 and WTK1) was added. Cells were then collected as 

described above. Slides were then prepared according to appropriate telomere probe 

procedure above until the denaturation step. Prior to denaturation, slides were stained with 

Hoechst 33258 (0.5 pg /m l. 2X SSC) at RT for 15 min in the dark, then air dried in dark. 

Slides were then flooded with approximately 50 pL 2X SSC and coverslipped. Slides were 

then exposed to 365 nm UVA light (Stratolinker) at RT for 30 min, followed by a rinse in 

dd. HzO and drying. Enzymatic digestion of the BrdU-substituted DNA strands with 3 

U /pl of Exonuclease III (Promega) in buffer supplied by the manufacturer (50mM Tris- 

HC1, 5mM MgCl2, and 5 mM dithiothreitol, pH 8.0) was allowed to proceed at RT for 10 

min, followed by a rinse in dd. H20 . Slides were then denatured as described above, and 

continued through the appropriate telomere probe procedure.
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Image Analysis

Preparations were observed using a Zeiss fluorescence microscope (Axioplan 2ie 

MOT). DAPI and Cy3 of FITC exicitor/dichroic/barrier filter sets (Zeiss) were used to 

detect counterstained chromosomes and telomere signals, respectively. Images of 

chromosomes were captured with a CCD camera (model CV-M4+CL, JAI PULNiX Inc.,

San Jose, CA, USA), controlled by a Dell precision 360 workstation running Isis FISH 

imaging software (Metasystems, Altlussheim, Germany).

Scoring Criteria

Our scoring criteria require that to be scored as a telomeric fusion, the telomeres of 

adjoining chromosomes must fuse into a single FISH signal and the DAPI signal must be 

continuous through the point of fusion [60]. Telomere-DSB fusions were identified as 

single-sided (i.e. appearing on only one chromatid of a mitotic chromosome) interstitial 

blocks of CO-FISH telomere signal. Our scoring criteria requires that to be scored as a 

telomere association, telomeres of adjacent chromosomes must be touching or very close to 

one another (i.e., < 1 / 4  width of a chromatid) yet remain as separate and distinct signals. At 

least 25 metaphases were scored for each condition, for specific number of metaphases 

scored for each experiment see appropriate “Results” section.

I m m u n o f l u o r e s c e n c e

Cells were fixed onto substrate (glass, mylar, or polypropylene) in formaldehyde (4% 

in IX PBS) at RT for 6 min. Slides were then washed 3 times in PBST at RT for 5 min each 

wash. Cells were then permeabilized in triton X-100 solution (0.2% in IX PBS), followed by

blocking in blocking solution (5% dry milk in PBST) at RT for 30 min with shaking.
[38]
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Primary antibody diluted in blocking solution (see below for antibodies and concentrations 

used) was applied to the cells at RT for one hour with shaking. Cells were then washed 3 

times in PBST at RT for 5 minutes each wash. Secondary antibody diluted appropriately in 

blocking solution (see below) was then applied at RT for one to 1.5 hours with shaking in 

the dark. Cells are then washed 4 times in PBST at RT for 10 min each wash. Antifade 

solution (Vectashield, Vector Laboratories) containing 1.5 pg/mL of 4’-6-diamidino-2- 

phenylindole (DAPI) was applied to the slide and coverslipped for analysis.

1° antibodies and concentrations

Rabbit anti-yH2AX (Trevigen #4411 PC-100): [1:200]

Mouse anti-yH2AX, clone JBW301 (Upstate #05-636): [1:500]

Mouse anti-53BPl, clone BP18 (Upstate #05-725): [1:1000]

Rabbit anti-MDCl (BL578) (Bethyl #A300-051A): [1:150]

Rabbit anti-TRF2 (H-300) (Santa Cruz #sc-9143): [1:200]

Rabbit anti-TRF2 (Abeam #ab4182): [1:500]

Mouse anti-TRF2 (Imgenex #IMG-124A): [1:100]

2° antibodies and concentrations

Goat anti-mouse CY3 (Jackson ImmunoResearch Laboratories #115-165- 

100): [1:200]

Goat anti-mouse Alexa488 (Invitrogen #A11029): [1:200]

Goat anti-rabbit FITC (Jackson, #111-095-144): [1:200]

G o a t  a n t i - ra b b i t  A le x a 5 9 4  ( In v i t ro g e n  # A  11012): [1:200]
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C o m b in e d  im m u n o f l u o r e s c e n c e  a n d  FISH ( I m m u n o F IS H )

Steps for immunofluorescence were followed as described above until the washes 

after secondary antibody application. Following the last PBST wash, proteins were cross- 

linked in formaldehyde solution (4% in IX PBS). Slides are then dehydrated in cold (—20°C) 

ethanol series (75%, 85%, and 100%) for 2 min each and quickly dried in 37°C oven. Slides 

were then denatured and the remainder of appropriate telomere FISH procedure was 

followed. The PNA telomere probe was the preferred probe to use in this procedure, 

although the oligonucleotide telomere probe produced scorable signals.

G a m m a  I r r a d i a t i o n

All gamma irradiations were conducted by exposure of asynchronous cells in culture 

dishes to 1,7Cs (Mark I, J.L. Shepherd) at a dose rate of 3.9 Gy/min at room temperature to 

the desired dose. Cells to be used as controls were kept at room temperature for similar 

lengths of time. Following irradiation, cells were incubated at 37°C unless otherwise noted.

H i g h - i o n i z i n g  h i g h  e n e r g y  p a r t i c l e  ( H Z E )  i r r a d i a t i o n

Human lymphoblast cultures growing logarithmically were shipped in culture flasks 

to Brookhaven National Laboratory (BNL). Cells were exposed to lGeV/nucleon (GeV/n) 

56Fe particles (LET of ~ 150 keV/pm) to the desired dose. Cells were then returned to
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Colorado State University for subsequent analysis. Cells to be used as controls were 

subjected to the same shipping treatment and storage as experimental cells.

G e n e r a t i o n  o f  l o c a l i z e d  D N A  d a m a g e  

Laser-induction  o f  lo ca l D N A  dam age and live  ce ll im agin g

For induction of multiphoton damage, a Coherent Mira mode-locked Ti:Sapphire

laser was used at 800 nm with a pulse length of 200 fs and repetition rate of 76 MHz. In

parallel experiments, a 30 mW 405 nm diode laser supplied by Zeiss was used to induce local

damage. Exposures were done with and without Hoechst 33258 (Sigma, bisbenzimidazole

derivative, supravital minor groove-binding DNA stain with AT selectivity; final

concentration 10 pg/ml added 30 minutes prior to treatment). All treated cells were

analyzed at the same magnification and zoom factor using low laser power to minimize

monitor bleaching during data collection. The region to be damaged was always the same

size and shape, while laser treatment was done with calibrated lasers to exclude variations in

dose. Confocal images of living HeLa cells expressing green fluorescent protein (GFP)-

tagged TRF2 [230], Ku80 [231] and XPC (manuscript in preparation) were obtained using a

Zeiss LSM 510 microscope equipped with a 25 mW Ar laser at 488 nm and 40X 1.3 N.A. oil

immersion lens. Images of single nuclei were taken at a lateral sample interval of 100 nm.

GFP fluorescence was detected using a dichroic beamsplitter (HFT488) with an additional

505-530 nm bandpass emission filter placed in front of the photomultiplier tube.

[41]
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Ion izin g  R adia tion -in du ced  D N A dam age  

Longitudinal exposure to one or two a-particles (high LET, densely ionizing)

Our procedure is described elsewhere in detail [232]. In short, cells were cultured 

on ultra-thin Mylar film in custom-made culture dishes and irradiated with a-particles using 

an Americium (241Am) source with an activity of 140 kBq. Cell cultures were irradiated so 

that a-particles entered at an average angle of 30° from the horizontal plane of the growth 

surface. Cells were fixed 90 seconds, 5 minutes, 10 minutes, 30 minutes and 60 minutes 

post-exposure. Preparations were observed using a Leica (Wetzlar, Germany) fluorescence 

microscope (DM RA HC). Micrographs were recorded using a cooled CCD camera 

(KX1400, Apogee Instruments, CA, USA). Stacks of 40 images were collected at intervals of 

0.2 pm in the Z direction. The stacks of images were reconstructed and rendered using 

Huygens software (Scientific Volume Imaging, Hilversum, The Netherlands) and maximum 

intensity projections were made using Image Pro Plus software (Mediacybernetics, Carlsbad, 

CA, USA).

Perpendicular exposure to a high dose of localized a-particles

Cells were cultured on ultra-thin polypropylene foil in custom-made culture dishes

and then irradiated with 6.0 MeV He ions (initial stopping power ~95 keV/pm). The

charged particles are focused with a series of electrostatic lenses [233] to a beam diameter of

less than 5pm. A detailed description of ion beam generation, cell-targeting techniques and

beam positioning has been described elsewhere [234]. Cells were exposed to 0, 200, or 400

a-particles delivered perpendicularly (approximately 0, 30, and 60 Gy, respectively) and fixed

immediately, 30 min, and 60 min after irradiation. Preparations were observed using a Zeiss

(Thornwood, NY, USA) fluorescence microscope (Axioplan 2ie MOT). Images were
[42]
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captured using a CCD camera (model CV-M4+CL, JAI PULNiX Inc., San Jose, CA, USA). 

Stacks of 40 images were collected at intervals of 200nm in the Z direction. The stacks of 

images were reconstructed and rendered as above.

Scoring criteria

Maximal accumulation of TRF2 at damage sites was previously shown to occur 

approximately 2 minutes following exposure [135]; this was corroborated by our results from 

multiphoton laser experiments. Accordingly, we primarily investigated time points less than 

10 minutes, although later time points were also examined as noted. Cells were scored 

qualitatively for the presence or absence of TRF2 recruitment to damage sites. Positive 

recruitment was scored when noticeable changes in the staining pattern of TRF2 were 

observed, or when there was an increase in the incidence of TRF2 foci at the damage site. A 

subset of these cells was also quantitatively analyzed as described in “Image Analysis.”

Image analysis

The amount of TRF2 fluorescence co-localizing with DNA damage markers relative 

to the amount fluorescence in the background and on the telomeres was quantified by image 

analysis. Image analysis was performed using a custom-made macro created in Matlab 

(MathWorks, Natick, Massachusetts, USA), using Diplmage (Quantitative Imaging Group, 

D e lf t  U n iversity  o f  T ech n o lo g y , D e lft, T h e  N e th e rla n d s) , an  im age lib rary  fo r  M atlab . 3 D  

images of cells co-stained for TRF2, y-H2AX (or MDC1) and DNA were used. For analysis 

of telomere-associated TRF2, the TRF2 channel was thresholded using the isodata algorithm
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[235]. For the areas obtained by thresholding, the average TRF2 intensity was determined. 

For analysis of the TRF2 signal in the damage-containing areas, the y-H2AX channel was 

thresholded using the isodata algorithm. Damage-containing areas that also contained 

telomere-associated TRF2 were excluded from analysis. The intensity of TRF2 was 

measured in the remaining areas. To measure intensity of TRF2 in the background, the 

damage-containing areas were expanded by dilation, the damage-containing and telomere- 

associated areas were subtracted and, in the remaining areas, the average TRF2 intensity was 

determined.

U VC-induction o f  lo ca l D N A  dam age an d  live  ce ll im agin g

HeLa cells expressing TRF2-GFP were transiendy transfected with DDB2-mCherry

[236] using Lipofectamine transfection reagent (Invitrogen, Breda, The Netherlands) 

according to manufacturer instructions. After transfection, cells were cultured for an 

additional 24 h to allow expression of the fusion proteins before experiments were 

performed. Cells were UVC-irradiated on an Axiovert 200M widefield fluorescence 

microscope using a UVC source containing four UV lamps (Philips TUV 9W PL-S) above 

the microscope stage. The UV dose rate was measured to be 3 W /m 2at 254 nm. For 

induction of local UV-damage, cells were UV irradiated through a polycarbonate mask 

(Millipore Billerica, Massachusetts, USA) with pores of 5p [237] and subsequently irradiated 

for 39s (100 J /m 2) or 390s (1000 J /m 2). The response of TRF2-GFP and DDB2-mCherry

u p o n  U V  irrad ia tio n  w as m e a su re d  o n  a Z eiss  A x io v e rt 200M  w idefie ld  f lu o rescen ce  

microscope, equipped with a lOOx Plan-Apochromat (1.4 N.A.) oil immersion lens (Zeiss, 

Oberkochen, Germany) and a Cairn Xenon Arc lamp with monochromator (Cairn research,
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Kent, U.K.). Images were recorded with a cooled CCD camera (Coolsnap HQ, Roper 

Scientific, USA). A 375-490 excitation filter, 490 dichroic mirror and 525-40 band-pass 

emission filter was used for EGFP imaging (monochromator: 470 nm ± 20 nm). A 375-580 

excitation filter, 585 long-pass dichroic mirror and 620-60 band-pass emission filter was used 

for mCherry imaging (monochromator: 550 nm ± 20 nm).

St a t i s t i c a l  A n a l y s is

Results from two or more independent experiments were pooled and differences 

between control and experimental cell results were analyzed using the student’s t-test. The 

resulting p-values (or pa-value ranges) are presented with the corresponding data set. In 

instances where a low number of data points were obtained (i.e. Figure 3.5), data points are 

presented as mean ± standard deviation.
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III. TRF2
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ABSTRACT

The human telomere binding factor TRF2 is rapidly recruited to sites of damage 

produced by high intensity laser microbeams, prompting the conclusion that it plays an early 

role in the repair of DNA DSBs. To characterize the types of damage initiating this 

recruitment, we generated well-defined, localized nuclear damage utilizing numerous sources 

of UV and IR, and then quantified accumulation of TRF2 at these sites. Whereas we could 

confirm earlier reports that TRF2 was recruited to sites damaged by a high intensity 

multiphoton laser beam, no evidence for such recruitment was observed following exposure 

to lower intensity sources of UV. Furthermore, and most significantly, whereas exposures to 

various types of IR—agents known for their ability to produce copious quantities of 

DSBs—generated easily recognizable damage foci, they failed to elicit a TRF2 response.

Our results cast serious doubt on TRF2 playing a biologically relevant role in the early 

response to exogenous DNA damage, particularly DSBs. Moreover, they serve to illustrate 

meaningful differences in the cellular response to high-intensity laser systems versus other 

types of radiation damage.

IN T R O D U C T IO N

The human telomere protein TRF2 binds directly to duplex telomeric DNA and 

plays a crucial role in telomeric end-capping, as well as supporting roles in other telomere 

functions such as telomere length maintenance and replication [26]. TRF2 has been shown 

to  in te ra c t w ith  a large a n d  v a ried  c o m p le m e n t o f  p ro te in s , particu larly  th o se  in v o lv ed  in  

DNA repair, replication, and recombination. The nature of these interactions remains 

somewhat undefined, particularly in timing and location, although dogma holds that these
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interactions are necessary to facilitate t-loop formation and dampen improper telomere- 

induced damage responses [26,137]. Nevertheless, it is tempting to speculate a role for 

TRF2 in the DNA damage response, if solely due to the sheer numbers of TRF2 protein 

interactions.

TRF2 has been shown to interact with the DNA DSB repair proteins ATM [137], 

MRE11, RAD50, NBS1 [22], and Ku70 [152], Additionally, DNA polymerase (3 (Pol(3) and 

flap structure-specific nuclease (FEN1) [238], members of the base excision repair (BER) 

pathway, as well as nucleotide excision repair (NER) complex XPF/ERCC1 [138] all interact 

in some fashion with TRF2. Current information pertaining to the timing and nature of 

these interactions suggests that they occur in order to properly distinguish telomeres from 

DNA DSBs. For instance, NBS1, the regulatory component of the MRN complex, interacts 

with TRF2 only in S/G2 phase following replication, the time when end-capping is thought 

to occur [22], The BER proteins Pol(3 and FEN1 also specifically associate with telomeres in 

late S/G2 phase, strengthening the hypothesis that repair proteins are necessary for end-cap 

formation [64].

TRF2 has also been shown to inhibit the DNA damage response. ATM activation is 

attenuated by TRF2, as is phosphorylation of downstream ATM targets such as p53 and 

NBS1 [137]. Furthermore, constitutive over-expression of TRF2 in a mouse model results 

in ultra sensitivity to UV light and an increased incidence of skin tumor development [239]. 

This phenotype is consistent with deficiencies in NER, thus supporting a role for TRF2 

suppression of NER processes. These observations implicate TRF2 in dampening DNA 

damage responses which may be improperly activated by telomeres. Taken together, this 

evidence suggests that TRF2 interacts with DNA damage repair proteins to assist, in some
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presently undefined manner, telomere end-capping, as well as dampening local ATM- 

mediated damage responses.

Thus, it was generally accepted that DNA repair proteins associate with telomeres.

It was somewhat surprising, however, when a recent report provided evidence for a 

reciprocal kind of relationship. That is, TRF2 played a role in the early DNA damage 

response. Bradshaw et al. [135] showed that TRF2 rapidly and transiendy migrates to sites 

of UV laser microbeam-induced DNA damage, a response that precedes the involvement of 

other DNA repair proteins, most notably ATM. This paper garnered much attention as the 

authors proposed that TRF2 plays an early role in the response to DNA DSBs and declared 

a role for the previously uncharacterized N-terminal basic domain of TRF2, as this domain is 

required for TRF2 recruitment to sites of damage. As is typical of papers describing novel 

phenomenon, many questions were generated: How is TRF2 localizing to the damage?

What is the N-terminus doing? Could other shelterin components be involved in the DNA 

damage response? Questions pertaining to the paper’s methodology also arose. Is TRF2 

really being recruited to DNA DSBs, or could other laser microbeam-induced lesions be 

responsible? We found this question to be particularly relevant as high intensity UV laser 

systems are poorly characterized and current applications deviate greatly from the 

foundations on which they are based.

The use of UVA light (320 -  400 nm) to generate DNA DSBs was described in 1993 

by Limoli and Ward [240] in their attempts to investigate the direct effects of radiation on 

DNA. T h e y  fo u n d  th a t  low fluence  (0.2 — 8 k j /m 2) 365 n m  ligh t can  g en e ra te  DNA DSBs 

in cells sensitized with the thymidine analog BrdU if exposed in the presence of the 

photosensitizing dye Hoechst 33258, a minor groove binder. Importantly, UVA, BrdU and

[49]
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Hoechst were all absolutely required to produce measurable quantities of DSBs in 

mammalian cells. DSBs can be formed from a single event when the bromine atom is 

cleaved from BrdU and abstracts an atom from the opposing strand, while the reactive 

uracilyl radical left following the cleavage abstracts an atom from the proximal strand 

producing two SSBs in close proximity, i.e. a DSB. Another possible mechanism is that 

DNA DSBs are formed when two SSBs are produced on opposing strands in close 

proximity as a result of the excitation of the bound Hoechst molecule. In either case, it is 

clear from these studies that the absence of any of these three key components, no DNA 

DSB is generated.

In 1999, Rogakou et al. [241] utilized a high intensity UVA (390 nm) laser 

microbeam to generate precise nuclear regions of DNA damage. Following the 

methodology of Limoli and Ward— first sensitizing the cells via growth in BrdU then 

exposure to Hoechst dye— the authors concluded that these sites of damage consisted 

primarily of DNA DSBs. While the overriding message of the paper was that the histone 

variant H2AX was phosphorylated specifically at sites of DNA DSBs (noteworthy in its own 

right), it also ushered in a novel way to produce DSBs in subcellular dimensions. It is 

important to note that the fluence (intensity) of the UVA laser microbeam was significantly 

higher than the UVA broad beam source used by Limoli and Ward. The authors estimated 

that at 1% of maximum power the laser generated 1000 k j/m 2, fully two orders of 

magnitude more intense than conditions used to characterize the Limoli and Ward reaction. 

T h e  au th o rs  la te r sugg ested  th a t re m o v in g  B rd U  fro m  th e  reac tio n  w o u ld  likely re su lt in  th e  

formation of more precise DNA damage [106], although this assertion was not directly 

tested.
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The approach proposed by Rogakou [241] was especially attractive in experimental 

settings, in that DNA damage could be generated in subnuclear volumes, a technique now 

known as laser microirradiation. The suggestion of removing BrdU from the reaction 

became, for some reason, widely accepted, and the vast majority of laser microirradiations 

are now done in the absence of this base analog (reviewed in [242]). As the altered 

methodology was applied experimentally, it is important to note that only indirect methods 

(i.e. methods other than those used to physically measure DSBs) have been utilized to 

characterize the types of DNA damage present, principally, recruitment of various DNA 

damage proteins. To us, the issue at hand is this: while DNA DSBs are undoubtedly present 

at these sites, the complete spectrum of damage present had yet to be defined.

We felt that while the recruitment of TRF2 to sites of laser microbeam-induced 

damage was a particularly interesting observation, the conclusion that TRF2 was recruited to 

these sites specifically as a result of the presence of DSBs was not solidly supported by the 

data. In other words, other lesions or unusual phenomenon present at the sites of laser 

microirradiation could be responsible for the recruitment of TRF2. Among other things, we 

were concerned about the biological relevance of these experiments, as the experimental 

protocol utilized the laser at 75% power (keeping in mind Rogakou’s estimation [241]). To 

address these concerns, we undertook a study designed to more fully examine the effects of 

various DNA lesions on the recruitment of TRF2.

RESU LTS

In an effort to confirm the original observation that TRF2 was recruited to sites 

damaged by high intensity laser beams (e.g. multiphoton lasers, pulsed laser microbeams)
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[135], HeLa cells expressing GFP-tagged TRF2 were exposed to the highly focused beam of 

a pulsed 800 nm mulitphoton laser. With this source, coincident absorption of two photons 

results in energy deposition equivalent to that produced by a single 400 nm photon. TRF2 

recruitment to exposed nuclear regions was measured by live-cell imaging and compared to 

the recruitment of Ku80-GFP, a NHEJ protein, or Xeroderma Pigmentosum C (XPC)-GFP, 

a critical NER protein. When cells were exposed in the presence of Hoechst 33258, a 

photo-sensitizing dye that promotes the photochemical reaction responsible for DSB 

production following UVA exposure [240,241], we observed immediate recruitment (within 

10 seconds) of both Ku80 and XPC to sites of laser-induced damage following exposure at 

15% of maximum laser output (Figure 3.1). Recruitment of TRF2 to these damaged sites 

occurred within 20 seconds of exposure and persisted for the duration of the experiment (3 

minutes), but only after a 1.6-fold increase in laser power (24% of maximum laser output) 

(Fig. 3.2a; a summary of experimental results can be seen in Table 3.1). Fluorescent 

intensity of TRF2 at telomeres was not measurably affected. These results are largely in 

agreement with those of Bradshaw et al. [135] in that we confirmed TRF2 recruitment to 

damaged nuclear regions within seconds of exposure to a multiphoton laser beam.

We also found that when cells were exposed to a multiphoton laser beam in the 

absence of Hoechst 33258, TRF2, XPC and Ku80 were likewise recruited rapidly to damaged 

nuclear regions, but only after a significant increase in laser power (95% of maximum laser 

output for TRF2 recruitment, 60% of output for both Ku80 and XPC; Figure 3.2b). As in

th e  p re sen ce  o f  H o e c h s t, 1.6 tim es m o re  laser p o w e r  w as n e e d e d  to  accu m u la te  T R F 2 . In  

contrast to multiphoton treatment, TRF2 recruitment was not observed following exposure 

of cells in the presence of Hoechst 33258 to a more conventional, less intense, 405 nm laser
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beam, whereas NER and NHEJ proteins were rapidly and abundandy recruited to such 

damaged sites (Figure 3.3). Taken together, these results imply that unusual features of the 

extremely concentrated energy deposition produced by multiphoton laser beams and other 

high intensity laser systems may be triggering TRF2 recruitment.

While IR produces a multitude of DNA lesions, it is specifically known for its ability 

to produce copious quantities of DSBs [243]. Unlike sparsely ionizing x- and y-rays, a - 

particles deposit their energy along defined tracks, producing dense linear distributions of 

DSBs, which are readily recognizable following detection of y-H2AX by 

immunofluorescence [232]. In one series of experiments, an average of 1 -2 a-particles 

(241Am) traversed HeLa cell nuclei in a longitudinal trajectory. We observed significant 

accumulation of y-H2AX, as well as various DNA damage-response proteins (RAD51, 

NBS1, MRE11, MDC1 and 53BP1) as early as 90 seconds following a-particle exposure 

(Figure 3.4 and data not shown). However, quantitative analysis of TRF2 fluorescence 

intensity at damage sites revealed no significant accumulation of TRF2 (Figure 3.5). 

Furthermore, TRF2 was not recruited to a-particle-induced damage sites in primary human 

dermal fibroblasts (HDF) or in the ALT-positive osteosarcoma cell line U20S, indicating 

that failure of TRF2 to migrate to damage sites is independent of telomere maintenance 

mechanisms (Figure 3.5). Also, consistent with previous observations [137], TRF2 did not 

co-localize with IR-induced foci in response to 5 Gy of 137Cs y-rays (Figure 3.6).

Thus, although damage induced by high intensity (e.g., multi-photon) laser irradiation 

resulted in the positive recruitment of TRF2, a-particles and y-rays—well known for their 

ability to produce DSBs— failed to elicit this response. In seeking an explanation for this
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apparent discrepancy, we considered the possibility that damage from one or two a-particle 

tracks or intermediate doses of y-rays might be insufficient to cause detectable TRF2 

recruitment. To address this issue, we utilized the Columbia University charged-particle 

microbeam, which delivers defined numbers of charged particles (in this case a-particles) 

with high accuracy to specified locations [234]. Delivery of either 200 or 400 a-particles 

(roughly equivalent to 30 and 60 Gy) to a defined nuclear area of less than 5pm2 resulted in 

well-defined damage clusters marked by y-H2AX and MDC1 (Figure 3.7). However, even 

at these high fluences, TRF2 was never observed at the damage sites (Figure 3.5). Our 

results therefore demonstrate that TRF2 is not recruited to DNA damage created by ionizing 

radiations, regardless of dose or distribution.

We next considered the possibility that TRF2 was in fact recruited to the sites of 

high intensity laser-induced damage— not in response to DSBs, but instead in response to 

DNA damage more characteristic of UV exposure, e.g. cyclobutane pyrimidine dimers 

(CPDs) and 6-4 photoproducts. UVC light (254 nm) was used to expose HeLa cells 

expressing both TRF2-GFP and mCherry-tagged DDB2 (DNA damage binding protein 2), a 

heterodimeric protein involved in NER. UV damage was confined to discrete nuclear 

volumes by passing light though a polycarbonate filter (5pm pore size) as described 

previously [237]. Live cell imaging was performed to monitor recruitment of the 

fluorescently tagged proteins to damaged sites. Exposures of 100 J /m 2 resulted in rapid 

accumulation of DDB2. However, even following 1000 J / m2 no aggregation of TRF2-GFP 

was present within 15 minutes of exposure (Figure 3.8). Thus, TRF2 is not recruited to 

damage sites created by UV exposure even when massive amounts of relatively concentrated 

UV-induced lesions are present.
[54]
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DISCUSSION

The aforementioned experiments demonstrate that cellular damage required for 

TRF2 recruitment is not produced by IR, nor is it produced by (what most would consider) 

typical exposures to UVA or UVC light. Rather, TRF2 recruitment appears to be dependent 

on a type or spectrum of damage unique to high-intensity laser beams (e.g. multiphoton 

lasers or pulsed laser microbeams). The full spectrum of damage produced by the 

absorption of such a high local concentration of energy has yet to be adequately 

characterized, as discussed in the introduction. However, high intensity laser beams do 

produce (among other things) lesion moieties that are also typically found following 

exposure to IR or UV, including DNA single-strand breaks (SSBs), DSBs, and a variety of 

base damage products. Nevertheless, our results clearly show that none of these— outside 

the context of high-intensity laser exposure— are sufficient to elicit the TRF2 damage 

response.

The difference in damage spectra between laser microbeams and IR is somewhat

disconcerting in light of the growing numbers of experiments relying solely on laser

microbeams to generate DNA damage. A particularly worrisome point which arose in the

course of the present study was the observation that Hoechst 33258 is dispensable for

generation of DNA DSBs following UV exposure. Limoli and Ward [240] clearly

demonstrated that following exposure to UVA, both Hoechst and BrdU were an absolute

requirement for DSB formation. As mentioned in the introduction, most laser

microirradiations are done in the absence of BrdU, and, by itself, this is not especially

troublesome. It has been demonstrated that Hoechst dye alone can introduce SSBs
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following excitation by UVA wavelength light [240]. The high intensity of laser exposure 

simply could cause a high degree of excitation in a discrete area generating many focused 

SSBs resulting in DSB formation. Indirect evidence confirms the existence of DSBs 

following laser microirradiation as known DNA DSB repair proteins are recruited to damage 

sites with kinetics similar to recruitment to IR-induced foci [244]. However, the crux of the 

matter returns to the proven assumption that DNA DSB formation under soft UV- 

irradiation is based on the presence of Hoechst and BrdU. That is, eliminating these factors 

immediately changes conclusions regarding the nature of damage induction. Experiments 

directly testing the types of damage present after laser microirradiation, as well as examining 

the effects of high fluences of 800nm light on cells, are essential in establishing and 

transitioning laser microbeam-based experiments into reliable analytical tools to study DSB 

damage response.

Our data clearly demonstrate that DNA DSBs alone are insufficient for TRF2 

recruitment, and therefore TRF2 is not involved in the early cellular response to DSBs. We 

believe this conclusion to be congruous with a number of previously published reports. For 

example, TRF2, and telomeres in general, have been shown to hinder proper repair by 

locally dampening the ATM-mediated damage response [137] and impairing cell cycle arrest 

[245]. Also, the TRF2/Rapl complex inhibits local NHEJ [246], strengthening the view 

that TRF2, as well as other shelterin components, do not participate in the cellular response 

to DNA damage, but rather hamper repair of DSBs. Counter to this notion is the 

demonstration that TRF2, like many DNA repair proteins, is phosphorylated in an ATM- 

dependent fashion following IR [141]. However, as the specificity of the phospho-specific
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TRF2 antibody has been questioned [T. de Lange, personal communication], it may be 

prudent to view the presence of phosho-TRF2 following IR with a degree of caution.

A primary argument that has been raised in opposition to our conclusions regarding 

TRF2 recruitment is that absence of evidence is not evidence of absence. This idiom has 

been applied to our study for two primary reasons; one because the sensitivity of indirect 

immunofluorescence may not detect low numbers of TRF2 at damage sites, and two, 

because essential DNA repair proteins, namely DNA-PKcs, do not readily show visible foci 

at damage sites. Flowever, we believe that we have suitably addressed these issues in our 

experimental design by utilizing the Columbia charged particle microbeam. The sensitivity 

for indirect immunofluorescence is not strictly known, although estimates put the detection 

limit at around 1000 molecules, provided these molecules are localized [247]. Since these 

estimates were first made nearly twenty years ago, microscopes and cameras have 

significantly improved and increased the sensitivity of immunofluorescent detection. Our 

utilization of the charged particle microbeam was principally to address the issue of 

sensitivity by generating dense regions of DNA damage. We delivered 200 and 400 a- 

particles to a 5pm area roughly correlating to 40 and 60 Gy and producing 1500 to 2500 

DSBs. If only one TRF2 molecule were present at each DSB end—  which is highly unlikely 

given that TRF2 acts en masse at telomeres and forms homodimers in vivo [27]— this would 

be within our detection limit, given the highly focused damage pattern of the charged 

particle microbeam. Therefore, if TRF2 were present at DNA DSBs even at very low 

co n c e n tra tio n s  w e  w o u ld  h av e  b e e n  ab le  to  d e te c t i t  fo llow ing  th e  ch a rg ed  partic le  

microbeam experiments, and never was a TRF2-positive damage foci observed.
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Repair proteins not normally considered to form foci, such as DNA-PKcs, should be 

visible following charged particle microbeam exposure for the same reason. It is known that 

at least one molecule of DNA-PKcs binds to each DNA end [248], thus thousands of 

localized breaks should bring the number of DNA-PKcs molecules up to a detectable level. 

Furthermore, it has been demonstrated that under optimized conditions DNA-PKcs foci 

can be visualized following exposure to y-rays (J. Nickoloff, personal communication) 

suggesting that the vast majority of DNA repair proteins do indeed form measurable foci.

An interesting sidebar that resulted from this study was our observation that TRF2 

localized to the nucleolus, particularly following exposure to high doses of alpha particles 

(Figure 3.9). This observation was especially striking given the juxtaposition of nucleoli 

with damage foci in some cells, emphasizing the total lack of co-localization between TRF2 

and DNA damage. Several studies have reported TRF2 localization to the nucleolus, though 

the significance of this remains unclear. Zhang et al. [249] attempted a more careful 

examination of this localization and found TRF2 existed in the nucleolus throughout the 

majority of the cell cycle with a significant diffusion from the nucleolus in G2/M  phase.

They also showed that exposure to actinomycin D sequestered TRF2 in the nucleolus, 

resulting in telomere fusions and prompting the authors to postulate a regulatory pathway 

for the nucleolar localization of TRF2. Flowever, Verdun et al. [58] later showed that TRF2 

was present at the telomeres throughout the cell cycle, raising doubt to the significance of 

TRF2 localizing to the nucleolus, particularly as a regulation mechanism, as Zhang et al.

[249] proposed. Our studies were unable to discern any predictable pattern of TRF2 

nucleolar localization in regards to dose or radiation type, timing, or cell line dependency; 

although the staining was most prominent in HeLa cells following high doses of alpha
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particles. We cannot exclude the possibility that this phenomenon was artifactual, as some 

treatments, particularly localized UV exposure, caused numerous proteins to localize within 

the nucleolus. However, even with robust nucleolus staining, the TRF2 staining at the 

telomeres was not affected, suggesting a large fraction of unbound or non-telomeric TRF2 

protein in the cell.

Presently, we can say only that TRF2 is responding to uncharacterized features of the 

high-intensity laser systems that are not reproducible with other radiation sources. One 

possibility is that unusual DNA configurations may arise after exposure to such highly 

concentrated energy deposition. TRF2 has recently been shown to bind DNA in a 

sequence-independent, yet structure-dependent manner, interacting with replication-related 

intermediates such as four-way strand-junctions [136], These interactions require the basic 

N-terminal domain of TRF2, which has also been implicated in TRF2 recruitment to laser- 

damaged sites [135]. It may be possible that DNA structures resembling replication 

intermediates are formed in response to high-intensity laser exposure, although without 

direct experimental evidence, this is merely conjecture. In any case, while the initiating 

lesion(s) responsible for TRF2 recruitment remain elusive, our results cast serious doubt on 

TRF2 playing a biologically relevant role in response to exogenous DNA damage, 

particularly DSBs. Moreover, they serve to illustrate meaningful differences in the cellular 

response to high-intensity laser systems versus other types of radiation damage.
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TABLE 3.1. Summary of protein responses following exposure to various DNA  
damaging sources

Exposure Detection Protein Recruitment
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Figure 3.1. Recruitment of repair proteins in response to laser microirradiation. Exposure 
of cells to multiphoton laser beams at 15% of maximum laser output in the presence of 
Hoechst 33258 recruits the repair proteins (a) XPC and (b) Ku80 within 10 seconds of 
exposure.
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Figure 3.2. TRF2 recruitment to laser microirradiation. HeLa cells expressing TRF-GFP 
were exposed to a multiphoton laser beam (a) in the presence of Hoechst 33258 (10pg/mL) 
or (b) in the absence of Hoechst 33258. TRF2 recruitment in the presence of Hoechst was 
significantly more robust and required lower laser output (24% versus 90%) than in the 
absence of Hoechst.
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Figure 3.3. TRF2 response to 405nm UVA exposure in the presence of Hoechst 33258. A 
405nm UVA laser was exposed to a confined area in (a) a single HeLa nucleus or (b) across 
two HeLa nuclei (damaged area marked by rectangles) in the presence of Hoechst 33258. 
Dual staining for y-H2AX (green) and TRF2 (red) shows no evidence of co-localization 10 
minutes following exposure.
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Figure 3.4. TRF2 fails to co-localize with DNA damage generated by a-particle irradiation, 
(a) Maximum intensity projection from a reconstructed stack of images of a U20S nucleus 
90 sec after longitudinal transversal by two a-particles shows well-defined damage tracks 
(MDC1— green) with no change in TRF2 staining pattern (red), (b) Maximum intensity 
projection from a reconstructed stack of images of HeLa nuclei 90 sec after longitudinal 
transversal by a single particle shows well-defined damage tracks (y-H2AX— red) with no 
change in TRF2 staining pattern (green).
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Figure 3.5. Quantitation of TRF2 fluorecence intensity following various exposures to high 
LET ionizing radiation. TRF2 fluorescence intensity (mean ± s.d.; n—10) was measured 
after (a) exposure of three cell types of varying telomerase status to longitudinal exposure to 
one or two a-particles or (b) exposure of HeLa cells to varying numbers of He ions. TRF2 
fluorescence intensity is measured 10 minutes after exposure.
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Figure 3.6. TRF2 recruitment to y-ray induced DNA damage. HeLa cells exposed to 2 Gy 
low LET y-rays shows no recruitment of TRF2 (green) to sites of damage marked by y— 
H2AX (green) at (a) 2 minutes or (b) 5 minutes after exposure. Cell nuclei are outlined in 
white for clarity.
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Figure 3.7. Protein response to high LET He ions delivered by the Columbia charged 
particle microbeam. Perpendicular exposure of either (a) 200 He ions or (b) 400 He ions to 
a 5[j.m diameter area of HeLa cell nuclei shows robust yH2AX recruitment but no 
recruitment of TRF2 10 minutes following exposure, (c) DNA damage markers y-H2AX 
and MDC1 are rapidly recruited and co-localize at damage sites 30 minutes following 
exposure.
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DDB2 TRF2

Figure 3.8. TRF2 recruitment to lo c a ted  UVC damage. Cell nuclei show no recruitment 
of TRF2-GFP (green) to damage sites as marked by DDB2-mCherry (red) after exposure to 
localized UVC irradiation in this representative image (1000J/m2, t=5 minutes after 
illumination).
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Figure 3.9. TRF2 accumulates in the nucleolus following IR exposure. In some instances, 
TRF2 showed strong nucleolar staining following exposure to localized damage. Even when 
this large pool of nucleolar TRF2 (red) was juxtaposed with localized DNA damage 
(y H 2 AX-green) induced by high numbers of He ions, no significant co-localization is seen.
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IV. DNA-PKcs
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ABSTRACT

The essential DNA repair protein, DNA-PKcs, has been shown to play a critical role 

in capping of mammalian telomeres. However, the precise manner of interaction remains 

unclear, and the contribution of telomere dysfunction to genomic instability and organism 

survival remains controversial. Recent work examining the role of DNA-PKcs in NHEJ has 

demonstrated that auto-phosphorylation of DNA-PKcs is critical for proper end-joining. In 

the current study, we investigate the effects of mutations in DNA-PKcs auto­

phosphorylation sites on telomere end-capping and find that these sites are in vivo targets in 

telomere capping. The telomere phenotype of the Balb/ c mouse is also characterized, and 

we demonstrate that, like other DNA-PKcs deficient cells, cells from the Balb/c mouse 

show telomere dysfunction. Utilization of the Balb/c mouse will be useful in determining 

the impact of telomere dysfunction on the delayed genomic instability observed in the 

Balb/c mouse, addressing the issue of the contribution of telomere dysfunction in 

carcinogenesis. Finally, we show that RNA interference (RNAi) knockdown of DNA-PK 

subunits induces telomere dysfunction in human cells, which is significant given that all 

previous studies of DNA-PKcs and telomeres have used mouse models.

IN T R O D U C T IO N

DNA-PKcs plays an important, yet undefined, role at the telomeres of vertebrate 

cells. Cells deficient in DNA-PKcs, such as cells derived from severe combined 

immunodeficiency (SCID) mice, display end-to-end chromosome fusions which maintain 

telomere sequence at the point of fusion (telomere fusions) [60]. Telomere fusions arise as a 

result of improper capping of the telomere following replication, not from the stochastic
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telomere loss reported in cells deficient in the RecQ helicase WRN [66]. Instead, significant 

telomere length remains at the point of fusion implicating a disruption in the cap structure as 

the causative event.

The frequency of telomere fusions has been shown to vary somewhat depending on 

cell line and other experimental conditions, with an approximate occurrence of 0.1 fusions 

per cell [60,62,178,250]. In contrast, depletion of the telomere specific end-capping protein, 

TRF2, results in a much higher frequency of telomere fusions, approximately three per cell 

[175]. The relatively mild telomere fusion phenotype in DNA-PKcs deficient cells suggests 

that DNA-PKcs may not be stricfiy necessary for telomeric end-capping or may be required 

only at a subset of telomeres. A mechanistic explanation may also account for this 

discrepancy as NHEJ is suggested to misjoin the majority of telomere fusions. DNA-PKcs 

is an essential element of NHEJ, thus dysfunctional telomeres in DNA-PKcs deficient cells 

may not be fused together as readily as TRF2 deficient cells. We show that absence of ligase 

IV, the essential end-joining protein of NHEJ, is required for telomere fusion formation 

following chemical inhibiton of DNA-PKcs kinase activity. This observation clearly points 

to a required role for NHEJ in fusing dysfunctional telomeres.

Recent investigations into the role of DNA-PKcs in NHEJ have provided clues as to 

the manner in which DNA-PKcs interacts with DNA ends that may be relevant to its role at 

telomeres. Two auto-phosphorylation clusters are present on the DNA-PKcs protein which 

are phosphorylated in response to DNA damage in vivo [167,168,170]. It is becoming clear 

th a t p h o sp h o ry la tio n  o f  th e se  sites p ro m o te s  a c o n fo rm a tio n a l ch an g e  in th e  D N A -P K c s  

protein allowing processing of DNA ends for rejoining [170,171,174]. Cells expressing an 

unphosphorylatable form of DNA-PKcs shows more severe radiosensitivity then cells
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simply lacking DNA-PKcs [171]. Furthermore, the inability to phosphorylate DNA-PKcs 

inhibits Artemis nuclease acitivity at the DNA end [174]. Together these data support the 

hypothesis that once bound to the DNA end, DNA-PKcs is auto-phosphorylated to relieve 

the steric hindrance caused by its binding, thereby promoting end processing and rejoining. 

Interestingly, it was demonstrated that a catalytically inactive DNA-PKcs more severely 

impedes telomere end-capping than absence of DNA-PKcs alone, perhaps through a similar 

dominant negative effect [59]. This evidence leads one to hypothesize, as Bailey et al. [59] 

propose, that kinase inhibition results in the inability of DNA-PKcs to auto-phosphorylate, 

resulting in a conformational change promoting telomere end processing. We directly test 

this hypothesis in the current study by performing CO-FISH analysis of DNA-PKcs auto­

phosphorylation mutants. We find that auto-phosphorylation of DNA-PKcs is indeed an 

important in vivo target for proper telomere function [manuscript in preparation].

The role of DNA-PKcs in telomere end-capping has been demonstrated 

independently by several laboratories in a variety of experimental systems. However, the 

impact of this interaction on organism survival and carcinogenesis remains controversial. 

Work from the Blasco lab [177] has pointed to accelerated aging and tissue atrophy in mice 

doubly deficient for DNA-PKcs and Terc compared to those deficient in Terc alone, 

however no evidence for increased tumorigenesis was observed. Bailey et al. [178] has 

demonstrated the ability of dysfunctional telomeres to fuse with DNA DSBs to produce 

chromosomal translocations, an aberration known to promote carcinogenesis in some 

situa tions. T h e  freq u en cy  o f  te lo m ere -D S B s w as sh o w n  to  increase  in  a d o se  d e p e n d e n t 

manner, however, the contribution of this event in generating genomic instability, 

particularly in unirradiated cells or cells many generations after irradiation is unknown.
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The Balb/c mouse has been used extensively as a model for genomic instability and 

thus provides a model for investigating the effects of telomeres on instability. Previous work 

with the Balb/c mouse has demonstrated an increased incidence of radiation-induced 

mammary cancer compared to other mouse strains [251]. It has been established that this 

difference in strain susceptibility results from differences in the sensitivity of mammary 

epithelial target cells to radiation-induced transformation [252]. Work from our laboratory 

has demonstrated that Balb/c mammary epithelial cells display increased radiation-induced 

chromosomal instability [253] strengthening the hypothesis that genomic instability is linked 

to the mechanism of radiation carcinogenesis. In seeking an explanation for these 

phenotypes, the efficiency of DNA DSB rejoining in Balb/c mouse cells was investigated 

and it was discovered that the Balb/c mouse possessed significantly reduced levels and 

activity of DNA-PKcs [254]. This observation naturally leads to the investigation of 

telomere status in the Balb/c mouse. We show that, in fact, telomeres in Balb/c cells show 

an increased dysfunction compared to telomeres in the C57BL/6 mouse. This observation 

supports the view that Balb/c is a good experimental model for investigating the role of 

telomere dysfunction in promoting genomic instability, a topic of active investigation in our 

laboratory.

The majority of experimental models used to examine the role of DNA-PKcs in 

telomere function have utilized mouse models [175,250,255], as do the studies already 

discussed in this introduction. In many regards, mouse telomeres serve as good models for 

h u m a n  te lo m eres , h o w e v e r d iffe ren ces d o  exist. R ecen tly  it w as d e m o n s tra te d  th a t  m o u se  

cells have two distinct POT1 proteins, PO Tla and POTlb, whereas human cells only have 

one [256,257] raising concerns over the homology of telomere metabolism in the two
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organisms. Furthermore, it has been demonstrated that telomeres of inbred mouse strains 

are an order of magnitude longer than human telomeres and telomerase is constitutively 

active in mouse cells [258]. In order to determine the contribution of DNA-PKcs and Ku80 

in human telomere end-capping, we depleted cells of each protein individually, or in tandem, 

via RNAi. A significant induction of telomere fusions was observed in cells knocked down 

for either protein demonstrating a conservation of function between mouse and human.

RESULTS

Cells expressing mutations in the threonine 2609 auto-phosphorylation cluster show increased telomere 

dysfunction

Cells used in this study included those expressing either (a) wild type DNA-PKcs, (b)

kinase dead DNA-PKcs, (c) DNA-PKcs in which six of the previously identified threonine

2609 cluster auto-phosphorylation sites (threonines 2609, 2638, and 2647, and serines 2612,

2620, 2624) have been mutated to alanine (named ABCDE mutant), or (d) DNA-PKcs in

which five of the previously identified serine 2056 cluster of auto-phosphorylation sites

(serines 2023, 2029, 2041, 2053, 2056) have been mutated to alanine (named PQR mutant)

[170]. To determine the extent of telomere dysfunction in these cells, telomere FISH was

performed. Cells expressing the ABCDE mutation show an increased induction of telomere

signals occurring interstitially compared to WT (Figures 4.1, 4.2, 4.3 and Table 4.1). The

frequency of internal telomere sequences (ITS) in the ABCDE mutant was nearly as

abundant as internal telomere signals seen in cells expressing a kinase dead form of DNA-

PKcs, which is known to be essential in DNA-PKcs’ function at telomeres. Cells expressing
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the PQR mutant surprisingly showed a decrease of internal telomere signals compared to 

WT. While this supports the proposed reciprocal action of the two auto-phosphorylation 

sites [170], the relatively high background observed in cells expressing WT DNA-PKcs may 

skew this data. The significance of internal telomere signals in cells expressing WT DNA- 

PKcs is unknown, but may arise from the clonal expansion of a single event. While clonal 

events are excluded in the scoring of these cells, the inability to identify individual mouse 

chromosomes may allow the inclusion of a small number of these events. Exposure of cells 

to ionizing radiation did not significantly increase the frequency of internal telomere signals, 

indicating that these signals are a result of telomere-telomere fusions, not telomere-DSB 

fusions (Figure 4.3 and Table 4.2).

To further confirm the presence of dysfunctional telomeres in these cells, we 

employed a novel method called immunoFISH. With this technique, telomere FISH is 

performed followed by staining for the DNA damage marker y-112AX, thereby allowing the 

identification of telomeres triggering the DNA damage response, i.e. dysfunctional 

telomeres. Cells expressing the ABCDE mutation showed a significant increase in the 

number of telomere/y-H2AX co-localizations supporting the notion that the threonine 2609 

auto-phosphorylation cluster is an important in vivo target for proper telomere capping 

(Figures 4.4, 4.5 and Table 4.3). As in the telomere FISH analysis, the frequency of 

telomere dysfunction in the ABCDE mutant was similar to that of cells expressing a kinase 

dead DNA-PKcs, indicating that this site is a critical in vivo targe for proper telomere 

function. The frequency of telomere dysfunction in cells expressing the PQR mutant 

showed no change compared to WT, suggesting that auto-phosphorylation of the Serine 

2056 is not needed for proper telomere function.
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Ugase I V  is essentialfor telomere fusion formation in DNA-PKcs inhibited cells

Mouse embryonic fibroblasts (MEFs) deficient in p53 (p53 7) or MEFs doubly 

deficient for p53 and ligase IV (p53"7", liglV7) were exposed to a chemical inhibitor of the 

kinase activity of DNA-PKcs. This drug, NU7026 (2-(morpholin-4-yl)-benzo[h]chomen-4- 

one) is a selective and highly competitive inhibitor of the kinase activity of DNA-PKcs, and 

inactive to ATM and ATR [259]. Following exposure for one cell cycle in NU7026, cells 

were collected and analyzed via telomere FISH. A dramatic induction of telomere fusions 

was observed in p53 7 MEFs grown in the presence of the inhibitor compared to control 

p53 7 MEFs (Figure 4.6 and Table 4.4). These results are consistent with previous work 

showing that the inhibition of the kinase activity of the DNA-PKcs is a potent inducer of 

telomere dysfunction [59]. In contrast, p53_/", liglV7 MEFs showed no significant increase 

in telomere fusions when grown in the presence of NU7026, rather an increase in telomere 

associations, the unusually close proximity of two telomeres of the same or different 

metaphase chromosomes. This clearly demonstrates that ligase IV (and therefore NHEJ) is 

the primary pathway in generating fusions in DNA-PKcs deficient cells.

Characterising the telomeres in the Balb/ c mouse

T h e  in c id en ce  o f  te lo m ere -D S B  fu s io n s  in  m am m ary  fib ro b lasts  d e riv ed  f ro m  th e  

Balb/c and C57BL/6 mice is shown in figure 4.7. The frequency of telomere-DSB fusions 

in Balb/c increases as a function of dose, indicating that dysfunctional telomeres, rather than
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breaks, limit the formation of telomere-DSB fusions. Furthermore, the prevalence of 

telomere-DSB fusions was higher at all dose points than that of dicentric chromosome 

formation suggesting that telomere-DSB formation is an abundant event following IR in 

DNA-PKcs deficient backgrounds. Telomere-DSB fusions were never observed in 

C57BL/6 cells.

We examined whether Balb/c had an increased level of DNA DSBs compared to 

C57BL/6 immediately following IR, as measured by the y-H2AX assay. While Balb/c 

appears to have a slight, but statistically insignificant, increase in the number of foci present 

in unirradiated mammary fibroblasts (MFs) compared to C57BL/6, the number of foci 

following exposure to 1 Gy y-rays was the same (Figure 4.8 and Table 4.5). This is not 

surprising, since it has been shown that ATM is primarily responsible for phosphorylating 

H2AX following IR [260]. Next, we were interested to determine if the slight increase seen 

in unirradiated Balb/c MFs could be due to dysfunctional telomeres signaling a DNA 

damage response. To address this we utilized immunoFISH to determine the co-localization 

of y-H2AX with telomeric DNA. ImmunoFISH analysis shows an increased incidence of 

telomere dysfunction in Balb/c MFs compared to C57, and this dysfunction is further 

exacerbated by the induction of DSBs via exposure to IR (Figures 4.9, 4.10 and Table 4.6). 

These data further support the hypothesis that DNA-PKcs is necessary for proper telomere 

capping, and that deficiencies in DNA-PKcs result in telomeres signaling DNA damage 

responses, becoming fused to other dysfunctional telomeres or DNA DSBs.

To determine the effect of Balb/c telomere dysfunction in promoting the genomic 

instability seen following IR, we exposed Balb/c, p53 mammary epithelial cells to IR and 

monitored the induction of telomere dysfunction via telomere CO-FISH. An unanticipated
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spike in the level of telomere-DSB fusions was observed at P2 (day 10) following exposure 

to 0.25 Gy, but not at higher doses (Figure 4.11). The significance of this observation is 

unknown. It may indicate that, in the presence of few DNA DSBs, dysfunctional telomeres 

are more abundant substrate for joining. The contribution of telomere dysfunction to 

genomic instability was not able to be determined in this study, as cells could not be kept in 

culture for times corresponding to the reported increase in genomic instability in the Balb/c 

mouse [253]. Other than the noted “spike” in telomere-DSBs, no evidence of increased or 

delayed telomere dysfunction was observed. Further experiments to determine the role of 

telomere dysfunction in driving genomic instability in the Balb/ c mouse are on-going. 

Evidence for telomere dysfunction driving genomic instability has come from studies in 

SCID/p53 A MFs. Utilizing a combined Spectral Karyotyping (SKY) and CO-FISH 

technique allows us to identify clonal chromosome rearrangements, as well as telomere 

localization (Figure 4.12). Indeed, one of three clonal populations identified via this 

method identified a telomere at the point of chromosome fusion, thus providing direct 

evidence of telomere-DSB fusions promoting chromosomal rearrangements.

Suppression of D NA-PK by R N sli in human lymphoblastoid cell lines results in increased telomere- 

telomere fusions

Human TK6 (TP53 wild-type) and WTK1 (TP53 mutant) were transfected with 

siRNA for DNA-PKcs, Ku80, or the two combined. Western blotting confirmed that 

protein levels were significandy decreased, with maximal depletion of protein levels 72 hours
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after transfection [261]. Following transfection of siRNA, we performed cytogenetic analysis 

via telomere FISH and CO-FISH.

Knockdown of DNA-PKcs and Ku80 in TK6 cells showed similar levels of 

spontaneous telomere-telomere fusions (Figure 4.13 and Table 4.7). Telomere-telomere 

fusions in TK6 cells transfected with a non-specific siRNA occurred in approximately 2% of 

metaphases, whereas knockdown of DNA-PKcs and Ku resulted in 17 % and 19% of 

metaphases showing telomere-telomere fusions, respectively. The combined knockdown of 

both proteins resulted in a further increase in the frequency of telomere-telomere fusions 

with 32% of metaphases containing a telomere-telomere fusion. It is extremely unlikely that 

Ku80 and DNA-PKcs act in different pathways at telomeres, given that they are subunits of 

the same protein, so we surmise that this apparent additive effect is a result of residual 

protein activity in the single knockdowns.

We next conducted experiments to compare the effects of different qualities of 

radiation on telomere function in cells compromised for NHEJ. WTK1 cells were 

transfected with siRNA specific for DNA-PKcs and then exposed to 1.5 Gy 56Fe ions. In 

parallel, TK6 cells underwent the same stRNA treatment followed by exposure to 1.5 Gy y- 

rays. For both irradiations, cells were collected and prepared for telomere CO-FISH and 

analyzed for telomere-telomere and telomere-DSB fusions. A significant increase in 

telomere-DSB fusions was observed following exposure to 56Fe ions in cells depleted of 

DNA-PKcs, but not in cells transfected with a nonspecific siRNA (Figure 4.14 and Table 

4.8). B o th  u n irra d ia te d  cells an d  cells tra n s fe c te d  w ith  n o n sp ec ific  siR N A  caused  10%  o f  

metaphases to be positive for telomere-DSB fusions, while exposure following DNA-PKcs 

knockdown reached levels near 80% of fusion positive metaphases. In comparison, cells
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exposed to y-rays following RNAi depletion of DNA-PKcs showed only a modest increase 

in telomere-DSB fusions. No significant effect on the frequency of telomere-telomere 

fusions was observed following exposure to either type of radiation.

D ISCU SSIO N

The results presented here provide the first evidence that auto-phosphorylation of 

DNA-PKcs at threonine-2609 is an important in vivo target for telomere end-capping. It is 

reasonable to assume that the effects of auto-phosphorylation of DNA-PKcs at telomeres 

mimic those at sites of DNA DSBs, which is to cause a conformational change allowing 

protein access to the DNA end [170,171,174], However, some key differences exist between 

DNA-PKcs binding to telomeres compared to DNA DSBs. A primary difference is that 

only one telomeric end exists, whereas at DNA DSBs there will presumably be two ends in 

close proximity. It was recendy demonstrated that the auto-phosphorylation of DNA-PKcs 

occurs in trans- [173] which is facilitated by the juxtaposition of two DNA-PKcs molecules at 

each synapse. Unless two or more DNA-PKcs molecules are recruited to telomeres, the 

ability to auto-phosphorylate in trans- is lost.

Interestingly, ATM was recently shown to phosphorylate the threonine-2609 cluster 

in response to IR, but not the serine-2056 cluster [172]. This observation fits well with our 

data that the threonine-2609 cluster, but not the serine-2056 cluster, is important for 

telomere function, and suggests that ATM, not DNA-PKcs, may be the kinase responsible 

for phosphorylation of this cluster at telomeres. However, the kinase activity of ATM has 

been shown to be attenuated at telomeres through interactions with TRF2 [137]. While the 

responsible kinase for DNA-PKcs phosphorylation at telomeres remains to be determined,
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our data supports a model in which DNA-PKcs rapidly binds to telomeres produced by 

leading strand DNA synthesis. The specificity of DNA-PKcs for leading-strand telomeres 

also remains to be determined, but our working hypothesis is that the blunt-ended leading- 

strand telomere acts to trigger a DNA damage response, whereas the single-strand overhang 

of the lagging strand telomere does not. Once DNA-PKcs binds to leading strand 

telomeres, it sterically blocks the telomere from further processing. Phosphorylation of the 

threonine-2609 cluster of DNA-PKcs induces a conformational change allowing as yet 

unidentified factors access to properly cap the telomere, thereby distinguishing it from a

DNA DSB.

Our work in the Balb/c mouse has demonstrated this mouse model to be an 

excellent system for determining the contribution of telomere dysfunction in driving 

genomic instability. The similarity in frequency of y-H2AX foci in Balb/c and C57BL/6 

cells indicates that telomere dysfunction does not induce an overt DNA damage response. 

Rather, when presented with a suitable substrate for ligation, such as an IR-induced DNA 

DSB, cells can (and will) improperly fuse telomeres to DSBs at levels consistent with, or 

even higher than, common chromosome rearrangements like dicentrics. We have shown 

that telomere-DSB fusions can promote a cellular growth advantage as this type of event was 

observed clonally. The DNA-PKcs deficiency in Balb/c results in telomere uncapping 

consistent with other DNA-PKcs deficient cells. Tracking the levels of telomere 

dysfunction through the known genomic instability of Balb/c will provide clear evidence to 

d e te rm in e  th e  re la tio n sh ip  b e tw e e n  te lo m eres  a n d  g en o m ic  instability .

Our results demonstrate that RNAi depletion of DNA-PK protein levels in human 

lymphoblastoid cells leads to increased telomere-telomere and telomere-DSB, and this

[82]

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



induction of telomere dysfunction in human cells mimics that seen in DNA-PKcs deficient 

mouse cells. This is an important observation given the wide use of mouse models for 

telomere structure and function studies, and the recent reports of subtle, but significant, 

differences in telomere proteins between mice and humans [256,257]. Additionally, we 

demonstrate that different qualities of radiation have different quantitative effects on 

telomere dysfunction, with high-energy heavy ion exposure being especially effective at 

generating the telomere-DSB endpoint, while y-ray exposure showed only a modest increase 

in telomere-DSB fusions. The use of IR in studying telomeres has proven to be an especially 

valuable, as it increases the sensitivity of telomere FISH in detecting dysfunctional telomeres. 

Our study shows that following IR the frequency of telomere dysfunction is increased, 

indicating that telomeres are the limiting factor in the formation of these cytogenetically 

measurable end points. This is logical as two dysfunctional telomeres, in close proximity, are 

required to produce a measurable event in unirradiated cells; the induction of DNA DSBs 

via IR provides multiple substrates suitable (i.e. DSBs) for a single dysfunctional telomere to 

fuse.
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Table 4.1. Telomere dysfunction in cells expressing DNA-PKcs mutants (0 Gy)
Telomere Internal

DNA-PKcs Cells Fusions (TF) TF per Cell Telomere ITS per Cell
status scored Signal (ITS)
Wild-type 75 0 0 18 0.24
Kinase Dead 75 5 0.067 37 0.49*
ABCDE 75 5 0.067 36 0.48*
Mutant
PQR Mutant 50 0 0 2 0.04*
* indicates significant deviation from WT (p < 0.05)
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Table 4.2. Telomere dysfunction in cells expressing DNA-PKcs mutants (1 Gy)
Telomere Internal

DNA-PKcs Cells Fusions TF per Cell Telomere ITS per Cell
status scored (TF) Signal (ITS)
Wild-type 25 6 0.24 6 0.24
Kinase Dead 25 5 0.20 16 0.64*
ABCDE 25 1 0.04 14 0.56*
Mutant
PQR Mutant 25 4 0.16 4 0.16
* indicates significant deviation from WT (p < 0.05)
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Table 4.3. ImmunoFISH analysis of cells expressing
DNA-PKcs mutants (0 Gy)
DNA-PKcs Cells Telomere and Co-localizations
status scored yH2AX per cell

co-localizations
Wild-type 100 88 0.88
Kinase Dead 100 220 2.2*
ABCDE 100 216 2.16*
Mutant
PQR Mutant 100 75 0.75

* indicates significant deviation firom WT (p < 0.01)
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Tabic 4.4. DNA-PKcs kinase inhibition leads to an increase in telomere fuisions only 
in the presence of Ligasc IV
„ „ T. NU7026 „ i Telomere TelomereCeil Line . Cells bcored „  . „  . ..Concentration Fusions Fusions per cell

p53-/- MEFs 0 [iM 10 0 0.0
55___  10____________ 16______________1.6*

p53-/-, LiglV-/- 0 pM 10 0 0.0
MEFs____________ 55 pM___________ 10_____________2______________02*
*indicates a significant difference compared to control (p < 0.05)

[87]

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Tabic 4.5. Frequency of y-H2AX foci in C57BL/6 and Balb/c mammary fibroblasts

Cell Line Dose Cells
Scored

yH2AX Foci per CeL
0 1 -  5 6 - 1 5 16 -  25 26 -  50 51 +

C57BL/6
0 Gy 506 286 105 77 25 7 6

100% 56.5% 20.8% 15.2% 4.9% 1.4% 1.2%

1 Gy
505 0 20 270 159 55 1
100% 0.0% 4.0% 53.5% 31.5% 10.9% 0.2%

Balb/c
0 Gy 501 287 124 76 12 1 1

100% 57.3% 24.8% 15.2% 2.4% 0.2% 0.2%

1 Gy
530 2 39 284 142 60 3
100% 0.4% 7.4% 53.6% 26.8% 11.3% 0.6%
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Tabic 4.6. ImmunoFISH analysis of C57 BL /6an d  B alb/cm ice
Cell Line Dose Cells

Scored
Telomere and yH2AX 
co-localizations

Co-localizations 
per cell

C57BL/6 0 Gy 238 0 0.0
1 Gy 208 12 0.058

Balb/ c 0 Gy 222 4 0.018*
1 Gy 220 30 0.136*

^indicates significant deviation from control
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Tabic 4.7. Spontaneous telomere fusions in TK6 cells following RNAi knockdown of 
DNA-PK subunits
. . Cells ,r , • Telomere FusionssiKJNA iareet , ielomere Fusions ,,_________ ______________ scored____________________________ per cell______________

Non-specific 105 2 0.02
Ku80 21 4 0.19
DNA-PKcs 46 8 0.17
Both Ku80 and PKcs 25 8 0.32
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Table 4.8. Telomere dysfunction following knockdown of DNA-PKcs and exposure
to y-rays and HZE particles in human lymphoblasts

Cells
scored

Telomere- T-T Telomere- T-DSB
Cell line Dose Condition Telomere Fusions DSB Fusions

Fusions per cell Fusions per cell
0 Gy Mock 105 2 0.019 20 0.19

TK6
(y-rays) siRNA 46 8 0.17 8 0.17
1.5 Gy Mock 21 1 0.04 3 0.14
( Y faYs) siRNA 37 7 0.19 11 0.30
0 Gy Mock 30 0 0.0 3 0.10

WTK1 (HZE) siRNA 35 6 0.17 2 0.05
1.5 Gy Mock 30 0 0.0 3 0.10
(HZE) siRNA 19 4 0.21 15 0.79
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Figure 4.1. Cells mutated at the Thr-2609 cluster of autophosphorylation site of DNA- 
PKcs (ABCDE mutants) show large internal blocks of telomere signal.
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Figure 4.2. Internal telomere signals (ITS) in ABCDE mutant. This typical metaphase 
spread shows a chromosome displaying an ITS on both chromatid arms (marked by arrow) 
demonstrating telomere dysfunction in this cell line. Also, note the long “train” of 
chromosomes (marked by star) devoid of telomere sequence at the point of fusion, 
indicating the presence of telomere-independent genomic instability.
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Figure 4.3. Frequency of ITS in DNA-PKcs auto-phosphorylation mutants. Significant 
increases (*p < 0.05) are seen in ITS frequency in cells expressing a kinase dead DNA-PKcs 
and ABCDE mutant compared to WT control, both in unirradiated and irradiated cells. The 
increase in ITS between irradiated samples and unirradiated samples is likely due to the 
formation of telomere-DSB fusions, although this increase is insignificant.
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Figure 4.4. ImmunoFISH analysis of the ABCDE mutant reveals the co-localization of 
telomere DNA and the DNA damage marker y-H2AX, indicating that telomeres are 
triggering a DNA damage response.
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F ig u re  4.5. ImmunoFISH analysis of DNA-PKcs auto-phosphorylation mutants. A 
significant increase in the frequency of co-localizations between telomeric DNA and y- 
H2AX foci is observed in kinase-dead and ABCDE mutant cells compared to WT. (*p < 
0.05).

[9 6 ]

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



0 ;j.M NU7026 I ' 5 3  ,  l i : ■ 1 \0 uM NU7026 b)

c) 55 [iM N U 7026 p53-

55 pM  NU7026 p53 ! , ligTV

\
d )

Figure 4.6. LiglV is essential for telomere fusions following inhibition of DNA-PKcs 
kinase activity. In the presence of the inhibitor NU2076 a significant induction of telomere 
fusions is seen in p53"/_ cells, whereas only telomere associations are induced in the presence 
of inhibitor in p53^ , ligIV A cells.
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Figure 4.7. Frequency of chromosome rearrangements in Balb/c and C57BL/6 mice. 
Telomere-DSB fusions are observed only in Balb/c cells and increase in a dose-dependent 
manner. The frequency of telomere-DSB is greater than that of dicentrics indicating these 
are significant events within the cell.
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Figure 4.8. y-II2AX foci formation in Balb/c and C57BL/6 mammary fibroblasts. 
Quantification of y-H2AX foci in unirradiated (0 Gy) and irradiated (lGy) cells shows 
similar levels of foci formation in Balb/c and C57BL/6 cells 15 minutes after exposure.
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Figure 4.9. Representative image of Balb/c fibroblast showing a positive co-localization of 
telomeric DNA (red) with y-H2AX (green) via immunoFISH assay. Cells derived from the 
Balb/c mouse show an increase incidence of co-localizations compared to cells from 
C57BL/6.
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Figure 4.10. ImmunoFISH analysis of Balb/c and C57 mammary fibroblasts reveals a 
statistically significant increase in co-localization in Balb/c, regardless of exposure to IR. (p 
< 0.05).
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F ig u re  4.11. Telomere FISH analysis of Balb/c, p53_/'mammary epithelial cells indicates a 
spike in telomere fusions after exposure to 0.25 Gy only. This may indicate that, in the 
presence of only a few DSBs, telomeres serve as the more abundant substrate for end- 
joining events.
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Figure 4.12. SKY-CO-FISH analysis of SCID, p53 ' cells demonstrates the presence of a 
telomere at the point of fusion. This telomere-DSB rearrangement was clonal, indicating 
that these events result from covalent linkages and, therefore, are transmissible.
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Figure 4.13. Telomere-Telomere fusions in cells human cells knocked down for DNA-PK. 
a) siRNA knockdown of DNA-PK components reveals a significant increase in the 
freq u en cy  o f  te lo m ere  fu sions c o m p a re d  to  m o c k -tra n sfe c te d  cells. (*p <  0.05) (b) A

chromtaid type telomere-telomere fusion of the leading strand telomere is depicted.
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Figure 4.14. Differential quantitative effects on telomete dysfunction of y-rays and HZE 
particles in cells knocked down for DNA-PKcs. Two closely related cell lines, TK6 and 
WTK1, were exposed to y-rays and 1 GeV/n 56Fe ions, respectively. Exposure to 1.5 Gy y- 
rays caused only a slight increase in telomere-DSB fusions, whereas exposure to 1.5 Gy HZE 
particles produced a significant increase in this phenotype.
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V. NBS1
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ABSTRACT

Hypomorphic mutation of the NBS1 gene results in Nijmegen Breakage Syndrome, a 

disease characterized by chromosomal instability and cancer predisposition. NBS1 forms a 

complex with MRE11 and RAD50, called the MRN complex that plays a multifaceted role 

in the processing of double-stranded DNA ends. Cells from NBS patients exhibit 

hypersensitivity to IR, as well as decreased HR and accelerated telomere shortening. Further 

evidence of a role for NBS1 at telomeres is the report of an S-phase-specific interaction with 

the telomere repeat binding factor TRF2 at mammalian telomeres. Here, we examine the 

effects of siRNA knockdown of NBS1 protein levels in two lymphoblastoid cell lines. 

Utilizing CO-FISH, we find a significant induction of telomere associations (TA)—  a 

phenomenon in which telomeres of the same or different chromosomes are observed in 

unusually close proximity in metaphase spreads— following treatment. These TAs are 

equally distributed among telomeres produced via leading and lagging strand DNA synthesis. 

Our results support the hypothesis that NBS1 plays a role in the suppression of telomere- 

telomere interactions, while arguing against an essential role for NBS1 and the MRN 

complex in telomere end-capping.

I N T R O D U C T IO N

Nijmegen Breakage Syndrome is a rare autosomal recessive disorder whose patients 

suffer from a predisposition to immunological disease, lymphatic cancers and leukemia 

[179,180]. Cells from these patients demonstrate sensitivity to IR and RDS pointing to a 

defect in the intra S-phase checkpoint [181,182,215]. In 1998 two groups independently 

distinguished NBS1 (also called Nibrin/p95) as the culprit of NBS, and work quickly began

[108]
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identifying roles for NBS1 in DNA damage and cell cycle checkpoint control [186,188]. As 

was predicted [188], NBS1 plays essential roles in the cell’s ability to respond to and repair 

DNA damage, as well as central functions in the S-phase (and possibly other) cell cycle 

checkpoints.

Cloning of the gene expressing NBS1 has helped to identify three functional 

domains of the protein. These domains are comprised of the N-terminal FHA/BRCT 

domain, which direcdy binds to y-H2AX [101,102], a central activation domain 

encompassing two PIKK phosphorylation sites [191-193], and the highly conserved MRE11 

binding site at the C-terminus [194,195]. MRE11 is typically found complexed with RAD50 

[189], and interaction of MRE11 with NBS1 forms a functional trimeric complex known as 

the MRN complex. NBS1 has been shown to regulate the activities of the MRN complex 

through its phosphorylation by ATM in response to DNA damage [191-193]. NBS1 can 

then localize MRN directly to sites of damage through its contacts with y-H2AX [262].

Once localized to the break, RAD50 is believed to tether DNA ends together by virtue of its 

long coiled-coiled domain [205,206], The model maintains that two RAD50 molecules on 

either side of the break can form a homodimer through interaction of the coiled-coiled 

domain, thereby physically linking DNA break ends. MRE11 possesses a host of nuclease 

activities and, along with RAD 50, enables the MRN complex to effectively bridge and 

process a DNA DSB (reviewed in [263]).

The MRN complex has also been shown to be important in the activation of cell 

cycle c h eck p o in ts , p articu larly  S -phase  as in d ica ted  by  th e  R D S  p h e n o ty p e  [181,182,215], 

The signaling cascade following IR consists of numerous branches and levels of signaling, 

but exactly where MRN falls on this map is unclear (reviewed in [264]). The MRN complex

[1 0 9 ]
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interacts intimately with ATM, and is known to be required for activation of a number of 

downstream targets of ATM, including p53 and Chk2 [99,100,219]. However, the MRN 

complex has also been implicated upstream of ATM as in vitro tests indicated the presence of 

the MRN complex, particularly NBS1, greatly increases phosphorylation and activation of 

ATM [265]. However, the decreased severity of RDS compared to cells deficient in ATM 

suggests that NBS1 exerts its function primarily downstream of ATM [181]. NBS1 has also 

been suggested to play a role in the G1 and G2 checkpoints as well, but conflicting evidence 

from different experimental models has hindered a clear assessment of NBS 1 contribution in 

this regard (reviewed in [266]).

There is increasing evidence that telomeres must be recognized as DNA damage to 

be properly processed. The first indication that MRN may be important in this regard was 

the observation that NBS patients had shorter telomeres than unaffected individuals [183], 

The result of Chromatin immunoprecipitation (ChIP) studies place MRE11 and RAD50 at 

telomeres throughout the cell cycle, while NBS1 is associated with telomeric DNA in S- 

phase only [22]. This S-phase interaction suggests a role for MRN in replication, and the 3’ 

to 5’ exonuclease activity of MRE11 makes it an attractive candidate for generating the G- 

rich overhang necessary for proper telomere end-capping. Stronger evidence now exists for 

this claim, as RNAi of either MRE11 or NBS1 results in a shortening of the G-rich overhang

[23], This evidence comes with a caveat, however: cells expressing a stable knock-down of 

MRE11 soon see a return of G-rich overhang length to wild type, thereby implying as-of-yet 

u n id en tified  p ro te in (s) in  o v e rh a n g  g e n e ra tio n  th a t  are  in d e p e n d e n t o f  th e  M R N  co m plex .

Our study seeks to define a role for NBS1 in telomere function, by utilizing telomere 

FISH to identify telomere dysfunction cytogenetically. We chose to use human TK6 and

[110]
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WTK1 cells in the current study, as these cells showed a consistent, robust response to 

RNAi and allowed us the ability to perform mutation analysis, in addition to telomeric 

analysis, following knockdown of NBS 1. TK6 and WTK1 cells that are transiently knocked 

down for NBS1 demonstrate an increase in TAs. These associations occur with equal 

frequencies at telomeres formed by leading strand DNA synthesis and lagging strand 

synthesis, suggesting that NBS1 (and therefore the MRN complex) acts on all telomeres. 

Furthermore, induction of telomere associations is unaffected by exposure to IR and 

cellular p53 status, indicating that NBS1 functions at telomeres independent of its role in 

DNA damage and cell cycle functions.

RESULTS

siRNA transfection led to a marked silencing effect of NBS 1 protein expression on 

days 4 and 5 after transfection [267]. The relative NBS1 protein level on these days was 

roughly 10% of that in the mock-transfected control. These observations were true for both 

the TK6 and WTK1 cells. Accordingly, cytogenetic analysis using telomere FISH and CO­

FISH was performed at day 5 after transfection.

Telomere FISH analysis was used to determined the extent of telomere dysfunction 

following depletion of NBS1 in both WTK1 and TK6 cell lines. Both TK6 and WTK1 cells 

are derived from the same progenitor and differ only in their p53 status [2 2 8 ,229 ]; TK6 

expresses a wild type p53 and WTK1 expresses a mutated form that results in decreased 

p r o te in  le v e ls  r e s u lt in g  in  s lo w e r  (b u t n o t  a b o lish e d )  p 5 3 -m e d ia te d  p a th w a y s  [229]. A  

significant induction of telomere instability— displayed as TAs (Figure 5.1 and 5.2), the 

unusually close proximity of two telomeres of the same or different metaphase

[111]
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chromosomes— can be seen in both cell lines following knock down of NBS1 (Table 5.1). 

The roughly 3 to 4-fold increase in TAs was independent of p53 status, as both cell lines 

showed comparable induction of this phenotype. Furthermore, exposure to IR did not 

affect the induction of TAs, indicating that the role of NBS1 at telomeres is independent of 

its role in the activation of DNA repair pathways or cell cycle checkpoints. It is important to 

note that there was not a significant induction of telomere fusions following knockdown of 

NBS1 in these cells (Table 5.1).

There is strong evidence that telomeres are processed differently depending on 

whether they are formed via leading-strand DNA synthesis or lagging-strand synthesis [175]. 

We performed telomere CO-FISH to determine if the increased telomere associations 

observed following knockdown of NBS 1 were strand-specific. Again, there was an increase 

in the number of telomere associations observed in the cells knocked down for NBS1, 

regardless of p53 status or exposure to IR (Table 5.2). Significantly, however, there was no 

difference in the induction of telomere associations in leading versus lagging strand 

telomeres, indicating that NBS1 is involved in the processing of telomeres synthesized by the 

two modes of replication.

D ISCU SSIO N

In this study, we have examined the effects of transient knockdown of NBS1 on 

telomere stability. Our data demonstrates that depletion of NBS1 induces the formation of 

T A s, b u t  n o t  te lo m e re -te lo m ere  fusions. T h e se  a sso c ia tio n s fo rm  in  eq u a l n u m b e rs  o n  b o th  

leading and lagging stand telomeres. Telomere associations are independent of p53 status 

and are not altered following exposure to IR, supporting the notion that the function of

[112]
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NBS1 at telometes is distinct from its other cellular functions, such as DNA repair and cell 

cycle regulation. TAs have also been reported in ataxia telangiectasia cell lines and ATM- 

deficient tissues [268,269]. This is significant because of the intimacy with which ATM and 

NBS1 interact in the early cellular response to DNA damage. This shared phenotype may 

indicate that ATM and NBS1 act in the same pathway in regard to telomere function, 

resembling their interactions as an early response to DNA DSBs.

The mechanism by which TAs are formed remains obscure. One hypothesis is that 

TAs result from G-rich overhang invasion in trans [47]. This would suggest that TAs are the 

result of increased telomere recombination, implicating a role for NBS1 in suppressing inter- 

chromosomal recombination. Several lines of evidence support this hypothesis, as NBS1- 

mutant mice show increased inter-chromosomal recombination in V(D)J assays [195,270] 

and NBS1 deficient cells show a significant increase in inter-chromosome recombination via 

HR [196]. It is possible, then, that NBS1 is serving to repress improper recombination 

events at telomeres. On the other hand, evidence exists which demonstrates a role for 

NBS1 and the MRN complex in promoting recombination at DNA ends, as the 

recombination-based ALT mechanism requires the presence of MRN at telomeres [91,225], 

Thus, cells depleted of NBS1 would be predicted to have decreased telomere recombination 

and TAs when, in fact, levels of recombination are actually increased.

The hypothesis for TA formation as described above also predicts the necessity of 

the G-rich overhang [47]. The effect of siRNA knockdown of NBS1 on G-rich overhang 

len g th  w as n o t  m easu red  in  th is  s tudy , a lth o u g h  C h ai e t al. [23] p rev io u sly  sh o w ed  th a t 

NBS1 knockdown results in significantly shorter G-rich overhangs. While G-rich overhangs 

were not completely abolished, the fraction of short overhangs (<50 nucleotides) was greatly

[113]
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increased. However, the function of the MRN complex in generating the G-rich overhang 

appears dispensable as the short overhang observed after knockdown of MRN components 

is restored in stably transfected cell lines [23]. In general, the lack of knowledge about 

formation of telomere associations complicates the task of assigning a role for NBS1 at 

telomeres.

The absence of a significant induction of telomere fusions following siRNA 

knockdown of NBS1 argues against an essential role for the MRN complex in telomere end- 

capping. Cells deficient in the proteins TRF2 and DNA-PKcs show a significant increase in 

telomere fusions providing obvious evidence of a role in end-capping [175]. While a slight 

increase in telomere fusions is observed in cells depleted of NBS1, the number of telomere 

fusion events did not reach significance in the current study. The inability of siRNA 

techniques to fully abolish protein levels in the cell makes interpretation of these data more 

difficult, as some functional NBS1 remains in the cell, and its contribution in preventing 

abnormal telomere phenotypes is unknown.

Telomere shortening has been reported in cells from NBS patients, as well as in cell 

lines with a mutant NBS1 protein [183]. Furthermore, cells expressing NBS1 protein 

containing mutations in the ATM phosphorylation sites (serines 278 and 343) demonstrate 

stochastic loss of telomeres, but no overall effect on telomere length [271]. While telomere 

length was not directly measured in this study, the transient nature of the knockdown as well 

as active telomerase in these cell lines makes measurable telomere shortening unlikely. 

Indeed, there was no noticeable decrease in telomeric signal fluorescence in cells knocked 

down for NBS1 versus control cells, nor was there an increase in signal free ends. Pandita et
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al. [268] showed that while shortened telomeres promote telomere association formation, 

long telomeres did not preclude telomere association formation.

This study further characterizes the nature of the interaction of NBS 1 and telomeres 

by showing that NBS1 functions at telomeres independently of its role in DNA damage 

repair and cell cycle checkpoints, and serves to prevent telomere associations. Furthermore, 

the failure to increase the incidence of telomere fusions in NBS1 knockdown cells argues 

against an essential role of the MRN complex in telomere end-capping. An understanding 

of TA formation would facilitate the interpretation of these data. Continuing investigation 

into the interactions of NBS 1 with telomeric DNA and telomeric proteins may help to fully 

elucidate the function of NBS 1 and the MRN complex at the telomere.
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Table 5.1. Telomere phenotype after NBS1 knockdown

Cell Line Condition Dose (Gy) #  cells scored TF TF per cell TA TA per cell
m ock n 50 1 0.02 40 0.80

TK6
siRNA 25 1 0.04 80 3.20*

m ock 25 0 0.00 19 0.76
0.75

siRNA 56 7 0.13 167 2.98*

m ock n 25 0 0.00 12 0.48

siRNA 30 4 0.13 58 1.93*
WTK1

m ock 25 0 0.00 15 0.60
0.75

siRNA 36 2 0.06 80 2.22*
^indicates significant deviation from control (p < 0.05)
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Table 5.2. Strand-specificity of telomere phenotype after NBS1 knockdown

Telomeric DNA 
Strand

Dose #  cells TF per TA per 
Condition (Gy) scored TF cell TA cell

Leading

mock 25 0 0.00 9 0.36 
siRNA 25 0 0.00 15 0.60 
mock Q ?5 25 0 0.00 8 0.32 
siRNA ' 25 0 0.00 17 0.68

Lagging

mock 25 1 0.04 7 0.28
siRNA 25 0 0.00 10 0.40
mock 25 0 0.00 5 0.20 0.75
siRNA 25 0 0.00 14 0.56
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Figure 5.1. Telomere association versus telomere fusion. An example of a telomere 
association (left) and a telomere fusion (right) can be seen here. Notice that telomere 
associations, despite the proximity of the two telomere signals, maintain distinct signals. 
Telomere fusions show a single telomere signal at the point of fusion, with no break in 
DAPI signal between the two chromosomes.
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Figure 5.2. Telomere associations. Representative examples of the telomere association 
phenotype show an unusually close proximity of telomere signals while maintaining two 
distinct signals.
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VI. THE END PIECE
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It is well established that telomeres must be protected from improper repair, so the 

involvement of DNA repair proteins in this process seems paradoxical. However, the work 

presented in this study, along with current literature, indicates that this is indeed the case.

To date, over a dozen DNA repair and recombination proteins have been shown to localize 

to telomeres (reviewed in [272]) and determining the manner in which these proteins interact 

to form a functional, capped telomere remains a priority. Our work investigating the role of 

DNA-PKcs at telomeres demonstrates a strong parallel with its role in the NHEJ. We also 

demonstrate that NBS1 functions to suppress the recombination-mediated telomere 

association phenotype, consistent with several reports showing that NBS1 suppresses inter- 

chromosomal recombination in both V(D)J recombination [195,270] and HR [196].

Certainly the presence of the shelterin complex at telomeres shapes the interactions of DNA 

repair proteins, but our results indicate that it is reasonable to assume that the initial 

response to DNA DSBs and the initial processing of telomeres shares a high degree of 

homology.

We believe the DNA repair proteins investigated in this study, DNA-PKcs and 

NBS1, are involved in the early processing of the telomeres, that is to say, from the time 

telomeres are initially replicated to the time when the long G-rich overhang is generated. 

While NBS1 and the MRN complex may be involved in later stages of telomere capping, 

such as suppression of improper telomere recombination and recruitment of ATM; the early 

involvement of the MRN complex in the response to DNA DSBs suggests an early 

involvement of the MRN complex at telomeres. Thus, in considering how a telomere is 

processed, we will focus on the early steps following replication up to G-rich overhang
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generation, and avoid the troublesome topic of T-loop versus G-quadruplex formation, a 

debate in which neither side has much direct, in vivo experimental evidence.

The passage of the replication fork is required for telomere processing [273] 

suggesting that proteins are removed and higher order structures resolved for efficient 

telomere replication. While there is some debate as to whether telomere-bound TRF2 

hinders or facilitates replication fork passage [274,275], there is little doubt that the t-loop 

(or G-quadruplex) must be resolved for complete telomere replication. Expression of a 

dominant negative form of the RecQ helicase WRN, a protein shown to resolve in vitro 

displacement loops (and by extension t-loops) [67], results in the stochastic loss of telomere 

sequence, presumably a result of replication fork stalling and collapse in the telomeric 

sequence [66]. Telomeres pose additional problems for cell replication machinery, including 

the sensitivity of G-rich sequences to oxidative stress resulting in bulky adducts [276], the 

highly repetitive nature of telomeres [7], and the “end-replication problem” [13,14]. Despite 

these obstacles, cells are able to effectively replicate telomeres except for the most terminal 

five to fifteen nucleotides [277], resulting in a blunt-ended leading strand telomere and a 

short, 3’ single strand overhang on the lagging strand telomere.

The structure of these newly replicated telomere ends following replication is 

indistinguishable from the structure of a DNA DSB, leading to the hypothesis that telomeres 

trigger a DNA damage response immediately following replication. Chromatin 

immunoprecipitation assays demonstrate an increase of PIKK family members ATM and 

ATR at telomeres in late S/G2, along with the HR proteins RAD51 and RAD52, providing 

support for this hypothesis [64]. Furthermore, the activated form of ATM (S1981-ATM) 

and NBS1 (S343-NBS1) were found to co-localize with telomeres at these times [58],
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indicating the activation of DNA damage response pathways. Surprisingly, despite this 

activation cell cycle arrest is not observed, nor is p53 phosphorylated [58] suggesting that 

this damage response is locally confined to the telomeres. The inhibition of a global DNA 

response seems advantageous to the cell in this scenario, as it localizes activated DNA repair 

proteins to the telomere, proteins which are required for further processing of the telomeric 

DNA, as well as preventing a cell cycle arrest following every round of replication. It has 

been shown that TRF2 can inhibit the kinase activity of ATM and decrease phosphorylation 

of downstream targets, such as p53 [137], thus providing a logical explanation for the lack of 

p53 phosphorylation, despite ATM activation.

The DNA-damage response proteins recruited to the telomere are likely the same as 

those recruited to DNA DSBs, thereby placing such proteins as the Ku70/K u86 heterodimer, 

the MRN complex, the RAD9-Husl-RAD1 complex (of which RAD9 was recently shown 

to promote telomere stability [278]), and likely others, at the telomere. The mechanism that 

determines which of these proteins bind the telomeres is unknown, but competition for the 

binding site is likely a primary factor, just as it is at DNA repair. This competition for the 

binding of telomeres may help to explain why deficiencies in DNA repair proteins, such as 

DNA-PKcs, do not result in the robust telomere fusion phenotype seen in TRF2, which is 

present at every telomere. The Ku70/K u86 heterodimer likely binds a significant number of 

telomeric ends given the moderately abundant protein (approximately 500,000 molecules per 

cell [279]) and the presence of Ku at telomeres throughout the cell cycle [152,280], 

Furthermore, the Ku heterodimer has been proposed to compete with RAD52 for DNA 

DSBs thus triggering either the NHEJ or HR pathways [281]. The fact that the majority of
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DNA DSBs are repaired by NHEJ in mammalian cells, indicates that Ku is an especially 

efficient end-binding protein.

The binding of Ku to the telomere results in the recruitment of DNA-PKcs and 

subsequent localization of DNA-PKcs to the telomere. Once associated with Ku-bound 

telomeric DNA, the kinase activity of DNA-PKcs becomes active, and while the target of 

this kinase activity remains unknown, it is tempting to speculate that it is required for 

recruitment of processing factors similar to the recruitment and activation of Artemis in 

NHEJ [119,282], The recendy identified Apollo nuclease, a member of the same protein 

family as Artmeis, is a likely candidate for this phosphorylation. Two groups independentiy 

demonstrated that Apollo is localized at telomeres and plays in telomere processing, as 

siRNA depletion of Apollo results in telomere-induced foci (TIFs) and telomere-induced 

senescence [283,284], The nuclease of Apollo was shown to be 5’ to 3’, the correct 

orientation for 3’ single strand overhang generation. While siRNA knockdown of Apollo 

generated an aberrant telomere phenotype, no telomere fusion events were reported, 

indicating it is probably not the primary nuclease in telomere end-processing [284].

It is likely that the binding of DNA-PKcs to telomeric DNA sterically blocks access 

to the DNA end, thus preventing unchecked nucleolytic processing. Relief of this steric 

hindrance comes in the form of trans- auto-phosphorylation in the NHEJ pathway 

[121,170,171,173], a mechanism not possible at telomeres as there is only one DNA end. 

The observation that ATM can phosphorylate the Thr-2609 cluster of sites [172] offers an 

excellent alternative to this dilemma, especially given our data demonstrating that only Thr- 

2609 is involved in telomere end-processing. Therefore, we propose that ATM 

phosphorylates telomeric bound DNA-PKcs at the Thr-2609 cluster, causing a

[124]

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



conformational change that promotes nucleolytic activity, perhaps via the Apollo nuclease, 

and the generation of the 3’ single strand overhang.

DNA-PKcs has been shown to act only on telomeres formed by leading strand 

DNA synthesis [175]; the reason for this remains unclear. One possibility is that Ku binds 

differently to leading verus lagging strand telomeres, although this explanation seems 

unlikely. Ku has been shown to bind DNA ends even with long (~200nt) overhangs [285], 

thus the short overhang of lagging strand telomeres would not impede Ku binding. It is 

more likely that leading and lagging strand telomeres are processed slightiy differently 

following replication, a hypothesis supported by the strand specificity of WRN and DNA- 

PKcs telomere interactions [66,175]. However, it is known that both strands are subjected 

to nucleolytic processing following replication [21], which would lead one to hypothesize 

that this function is the same on both telomeres. Perhaps, however, differences exist in the 

proteins that are recruited to leading versus lagging strand telomeres, or in the manner in 

which the two are processed. Also, the contribution of end structure to the processing of 

telomeres (short overhang versus blunt-ended) remains to be determined.

The model presented here provides several avenues of future direction worthy of 

further investigation. Examining the relationship (if any) between the Apollo nuclease and 

DNA-PKcs may provide important clues to nucleolytic processing of leading versus lagging 

strand telomeres. Taking this further, it would be informative to examine protein 

localization to telomeres in the presence and absence of DNA-PKcs, as DNA-PKcs may be 

required to recruit critical proteins (e.g. shelterin components or DNA repair proteins) to the 

telomere. The effects of DNA-PKcs on G-rich overhang length should also be examined. 

Previous work has shown that DNA-PKcs does not affect G-rich overhang length [62],
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however no distinction was made between leading and lagging strand telomeres. Recent 

work out of the Wright and Shay lab [21,23] has produced a method by which you can 

separate leading versus lagging strand telomeres and then measure overhang length. The 

application of this technique to DNA-PKcs studies could provide evidence for changes in 

overhang length thereby directly implicating DNA-PKcs in this process.

The processing and capping of telomeres in vivo remains an enigma. Clearly, 

telomeres are dynamic structures that require the presence of a multitude of proteins whose 

precise functions and interactions remain unknown. The role of a properly functioning 

telomere to long-term cellular survival is paramount. As such, the cell has developed 

redundancy in this key pathway, further complicating our already confusing picture of the 

telomere. However, strong parallels can be drawn between early events in telomere 

processing and early events in DNA DSB repair. Indeed, recent discoveries in the DNA 

repair field have provided important clues to the way telomeres are recognized and 

processed. The elucidation of the role of DNA-PKcs auto-phosphorylation is but one 

example. Continued clarification of the early events in the DNA damage response and 

telomere processing is a daunting, yet vital task. These two closely related processes serve to 

safe-guard the genome, preventing genomic instability and progression to tumorigenesis, 

thus a clear picture of their function will provide a greater understanding of cancer and 

aging.
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L i s t  o f  A b b r e v i a t i o n s

Abbreviation Meaninp-
ALT alternative lengthening of telomere
Am Americium
APB ALT-associated PML bodies
ATM ataxia telangiectasia mutated protein
ATR ATM rad3-related
BER base excision repair
Bp basepair (unit of measure)
BRCA1 breast cancer protein 1
BRCT breast cancer C-terminal domain
BrdU bromodeoxyuridine
CCD cbarge-coupled device
CO-FISH chromosome orientation-fluorescence in situ hybridization
DAPI 4’,6’-Diamidino-2-Phenylindole
DDB2 DNA damage binding protein 2
D-loop displacement loop
DNA-PK DNA-dependent protein kinase
DNA-PKcs The catalytic subunit of the DNA-dependent protein kinase
DSB double strand breaks
FBS fetal bovine serum
FEN1 flap structure-specific nuclease protein 1
FHA fork head associated domain
FISH fluorescence in situ hybridization
FITC fluorescein isothiocyanate
GFP green fluorescent protein
HDF human dermal fibroblasts
HR homologous recombination
IR ionizing radiation
IRF3 interferon regulatory factor 3
IRIF ionizing radiation induced foci
kBq kiloBecquerel (unit of measure)
keV kilo electron volt (unit of measure)
MDC1 mediator of damage checkpoint protein 1
MDM2 mouse double minute protein 2
MF mammary fibroblast
MRN MRE11 /RAD50/NBS1 complex
NBN Murine homolog to NBS1
NBS Nijmegen breakage syndrome
NBS1 Nijmegen Breakage syndrome protein 1
NER nucleotide excision repair
NHEJ non-homologous end-joining
PI-3 phosphotidylinositol 3
PIKK PI-3-kinase like kinase
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PML promyelocytic leukemia
Abbreviation Meaning
PNA peptide nucleic acid
Pol(3 DNA polymerase [3
POT1 Protection of telomere 1
Rapl repressor activator protein 1
RDS radiation-resistant DNA synthesis
RNAi RNA interference
RPA replication protein A
RT room temperature
SCID severe combined immunodeficiency
Ser Serine
siRNA short interfering RNA
SMC structural maintenance of chromosome
SQ serine-glutamine motif
SSB single-strand break
TA telomere associations
TEBP telomere end-binding protein
TERC telomerase RNA component
TERT telomerase reverse transcriptase
Thr Threonine
TIN2 TRF1 interacting nuclear protein 2
T-loop Telomere Loops
TPP1 compiled from former protein names TINT1, PTOP, PIP1
TQ threonine-glutamine motif
TRF1 Telomere Repeat binding factor 1
TRF2 Telomere repeat binding factor 2
UV ultraviolet
XLF XRCC4-like factor
XPC xeroderma pigmentosum C
XRCC4 X-ray complementing Chinese hamster 4
y-F[2AX phosphorylated from of variant histone H2AX

[156]

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


