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ABSTRACT

Tel2 influences telomere length in S. cerevisiae and DNA-damage signaling in C.
elegans. We found that endogenous human Tel2 (hTel2) localized in a diffuse, granular
patter to the nuclei of human cells where it was enriched in PML nuclear bodies, but not
telomeres. Surprisingly, hTel2 also localized to centrosomes. Although hTel2 did not
detectably interact with telomeric proteins or telomeric chromatin, the overexpression of
untagged hTel2 resulted in the slow elongation of telomeres in HTC75 and SK-HEP-1
cells. Furthermore, hTel2 overexpression suppressed the accumulation of cells in G2
after ionizing radiation. The depletion of hTel2 in HeLa cells by RNA interference
resulted in apoptotic cell death. Furthermore, hTel2 depletion resulted in the
accumulation of aberrant mitotic cells that possessed disorganized metaphase
chromosomes. The metaphase chromosomes of hTel2 depleted cells were curly
suggesting that hTel2 played a role in chromosome compaction. A role for hTel2 in
establishing chromatin structure during S-phase could explain its multiple localizations
and phenotypes.

TRF2 protects telomeres from non-homologous end joining (NHEJ), possibly
through the formation of a t-loop structure. A mutant allele of TRF2, TRF2AB, retained
the ability to suppress NHEJ but induced dramatic deletions of telomeric DNA. This
catastrophic telomere shortening was accompanied by a DNA damage response and
senescence. Using FISH and CO-FISH, TRF2AB was found to induce rapid, stochastic
deletions that preferentially affected leading strand telomeres (parental C-strand) after
DNA replication. Genetic analyses demonstrated that TRF2AB-induced deletions
required Nbs1, a component of the Mrell complex, and XRCC3, a component of the
RAD51C/XRCC3 Holliday junction (HJ) resolvase, suggesting the involvement of
homologous recombation (HR) in the deletions. Consistent with a role for HR, TRF2AB

induced the formation of t-loop-sized telomeric circles. These telomeric circles were also



detected in unperturbed cells suggesting that t-loop deletion by HR could explain the
stochastic nature of telomere shortening and senescence in somatic cells. Furthermore,
telomerase-negative ALT cells had abundant telomeric circles, suggesting that
recombination-mediated elongation of ALT telomeres could involve telomeric circles.
These findings show that TRF2 regulates both NHEJ and HR at mammalian telomeres

and that HR at telomeres influences the integrity and dynamics of mammalian telomeres.



CHAPTER 1:
INTRODUCTION



Replicative Senescence

Hayflick’s observation on cellular mortality

Since the turn of the century, cells isolated from different vertebrate tissues,
including human, have been cultured in vitro. Alexis Carrel claimed that cells derived
from the chicken heart, if given the right growth conditions, could divide indefinitely in a
culture dish. Flaws in Carrel’s experiments went unrecognized, and the notion that cells
were immortal in vitro became widely accepted scientific fact. For most of the twentieth
century, it was thought that the cessation of cellular division in tissue culture was due to
inadequate growth conditions [1]. However, in 1961, Hayflick and Moorhead reported
that normal diploid fibroblasts stopped dividing despite the fact that they had been
cultured under optimal growth conditions. Although senescent fibroblasts remained
metabolically active, they were unable to proliferate despite the presence of the
appropriate growth signals. This state has been described as “replicative senescence,” or
more recently as the “Hayflick limit” [2, 3]. Although the original observations were met
with some skepticism, repeated independent observations of replicative senescence in a
large variety of cell types—including fibroblasts, keratinocytes, epithelial, endothelial,
glial, and smooth muscle cells—have demonstrated the robustness of replicative
senescence as a feature of human somatic cells [4, 5].

Many recent studies have yielded some insight into the molecular foundations of
replicative senescence. FACS analyses of cells in replicative senescence indicate that
very few cells are in S-phase with higher than normal numbers with 2n and 4n DNA
content. This profile is distinct from that of quiescent cells, which show most cells to be
arrested with a G1 DNA content. Genetic studies have demonstrated that senescence is
maintained by two partially redundant tumor suppressor pathways—Rb and p53. In
senescent cells, the activation of p53 pathway is accompanied by the upregulation of the

cyclin dependent kinase inhibitor, p21. Cells undergoing replicative senescence also



activate pl6 resulting in hypophosporylated Rb [6] (Fig. 1-1A). Both of these
modifications serve to inhibit the activity of several cyclin dependent kinases to halt cell
cycle progression. The involvement of the two major tumor suppressor pathways in
establishing senescence is no coincidence. It is likely that cellular senescence has
evolved as a mechanism to prevent inappropriate cell proliferation especially in the
context of neoplastic transformation.

As early as the 1972, it was speculated that the inability of lagging strand
synthesis to replicate the ends of linear chromosomes, called telomeres, could be the
cause of replicative senescence [7, 8]. Consistent with a role for the end-replication
problem in replicative senescence, it has been found that telomeres of many eukaryotes
shorten in the absence of telomerase at a rate of ~3-5 bp/end/cell division. Curiously, the
telomeres of cultured human and mouse cells that lack telomerase activity have been
found to shorten faster, ~50-150 bp/end/cell division [9-11]. Thus, it is likely that the
active degradation of telomeric DNA exacerbates the end replication problem in
mammalian cells. The mechanism and possible nucleases that cause the accelerated rate

of progressive telomere attrition in mammalian cells are not known.
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Figure 1-1. Cellular senescence in human somatic cells.

(A) Normal fibroblasts have a limited proliferative capacity in vitro. Although telomere shortening is
thought to be the primary cause of senescence in vitro, inadequate growth conditions, abnormal mitogenic
signaling, or DNA damage can drive a cell into "premature" senescence. (B) Cellular senescence does not
happen progressively for primary diploid fibroblasts. Individuals cells derived from a clonal population are
capable of strikingly different numbers of divisions in vitro. The clonal sizes formed by individual cells
have a bimodal distribution [12]. These rapidly senescent cells (arrow) are thought to be caused by
stochastic telomere shortening events that can be detected by STELA (right) [13]. Progressive shortening
happens at ~50-150 bp/PD (bracket) while stochastic shortening events can delete the entire telomeric tract
(arrowheads). Figures were adapted from Titia de Lange.

Although progressive telomere shortening likely contributes to replicative
senescence in human cells, it does not explain some prominent features of cellular
senescence. Although mass populations of cells derived from the same tissue undergo
roughly the same number of population doublings (PDs) before entering senescence,
individual cells derived from that population can have dramatically different replicative
capacities. For example, while most cells separated from an intra-clonal population of
fibroblasts are capable of as many PDs as the mass population, many other isolated cells

divide only a few times (or not at all) before senescing (Fig. 1-1B) [12]. Thus, the



colonies formed by fibroblasts isolated from an intra-clonal population were bimodal in
their size. Although factors other than telomere shortening, like spontaneous DNA
damage, inadequate growth conditions, and inappropriate mitogenic signals, have been
shown to induce cells to undergo a “premature” cellular senescence, recent studies have
shown that the prematurely senescent cells have shorter telomeres than the bulk
population [14]. In addition, the analysis of single telomere lengths using STELA has
demonstrated that the Xp/Yp telomeres from individual cells undergo stochastic deletions
while the majority of cells have telomeres that shorten at previously predicted rates [13].
Thus, large-scale, stochastic shortening events play a critical role in determining the
number of divisions that a cell can undergo. Oxidative damage, telomeric recombination,
and replication slippage have all been postulated to contribute to the stochastic element of
telomere shortening [15-17]. However, mechanistic details of this important contributor
to telomere shortening had not been clear.

Although the mechanisms of telomere shortening are still not completely
understood, there is little doubt that telomere shortening ultimately drives replicative
senescence. The early evidence for the relationship between replicative senescence and
telomere shortening had been correlative in nature. In addition to the progressive
telomere shortening that had been noted for most somatic cells, it was also noted that a
significant correlation existed between the telomere length of a cell population and its
proliferative capacity [18]. However, definitive proof for a causal role of telomere
shortening in replicative senescence was possible only after the cloning of telomerase, the
enzyme that adds telomeric repeats to chromosome end. The ectopic expression of
telomerase in somatic cells prevented the onset of replicative senescence [19].
Telomerase is normally expressed in germline tissues and stem cells and explains why

telomeres of those cell types are longer than those of somatic cells [20, 21].



Telomerase

The telomerase core enzyme —the RNA and protein subunits

Telomerase is a ribonucleoprotein enzyme that adds telomeric repeats to the ends
of linear chromosomes [22]. It consists of two parts—a template RNA, the telomerase
RNA component (TERC, TR, or TER) and a catalytic subunit, the telomerase reverse
transcriptase (TERT) [23-27]. Although telomerase RNA components from different
species have a high degree of sequence variability, they appear to have a well-defined
secondary structure (Fig. 1-2A) [28, 29]. One well conserved feature of ciliate, yeast,
and vertebrates telomerase RNAs is the pseudoknot domain. This pseudoknot domain is
thought to contain a conserved pseudoknot structure, a potential TERT-binding site, and
the template sequence that is used by TERT to synthesize telomeric repeats. In addition,
several features of the TERC secondary structure are important for the maturation,
stability, and association of the RNA with telomerase [28]. Some of other important
structural features of the telomerase RNA along with the proteins that bind them will be
discussed later in the introduction. TERT, the protein subunit of telomerase, is a reverse
transcriptase that is most closely related to group II intron-encoded reverse transcriptase
[30]. Together with the RNA, telomerase aligns itself on the uses the chromosome
terminus and uses the short template sequence to add DNA to the 3' end of DNA
substrates. In vitro, the enzyme is capable of repeated steps of alignment and elongation
making it highly processive [31, 32]. In addition, in both humans and §. cerevisiae,
active telomerase is found as a dimer [33, 34]; the functional significance of telomerase

dimerization is still unclear.
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Figure 1-2. Telomerase in S. cerevisiae and humans.

(A) The predicted secondary structure of yeast TLC1 and human hTERC. Shaded boxes represent
structural motifs demonstrated to be important for telomerase function. Deletions noted in autosomal
dominant DKC patients are marked in red. (B) Telomerase RNA associated with known protein binding
partners. (Figures adapted from [29, 35])

Telomeres reside in either an extendible or a non-extendible state; shorter
telomeres are more likely to be extendible [36]. Telomere length regulates the access of
telomerase, likely through the recruitment of protein factors that act in cis; these factors
will be discussed in detail later in this chapter. Upon recruitment to extendible
chromosome ends, telomerase adds a variable number of specific repeat sequences to the

3’ overhang of telomeres. Telomere length does not appear to influence the processivity

of telomerase [36]. Although it is thought that telomerase mediated extension of the G



strand is coordinated with lagging strand synthesis of the C-strand, precisely how these
events are coordinated are not understood.

In contrast to unicellular organisms and mice, the expression of telomerase in
human cells is highly regulated. In most somatic cells, the expression of hTERT and
telomerase activity, though detectable, is limiting for long term growth [37]. Somatic
cells repress hTERT expression in through multiple overlapping tumor suppressor
pathways including Mad/c-Myc, TGFb, and Mad/c-Myc [38]. A functional deficiency of
telomerase in somatic cells would be consistent with their progressive telomere
shortening and limited proliferative capacity in vitro. This relationship between telomere
shortening and replicative senescence was demonstrated definitively by the
immortalization of three otherwise mortal cell types through the ectopic expression of
hTERT [19]. The fundamental importance of regulating TERT levels in mammalian
cells is further supported by the finding that mice heterozygous for a deletion of mTERT
(mTERT+/-) show haploinsufficiency and telomere shortening when compared to
mTERT+/+ mice [39]. Despite its repression in somatic tissues, hTERT is normally
expressed in the germline, stem cells, and highly proliferative tissues [21, 40}].

TERT expression may be repressed in human cells because telomerase activity is
required for unlimited cell proliferation, a characteristic of many tumor cells.
Approximately 85% of all human tumors have reactivated telomerase [41, 42]. Of the
remaining tumors, some may have undetectable amounts of telomerase activity that are
still sufficient to promote growth of the tumor; others may have reached a pathological
size without reactivating telomerase [43]; still others could have activated an alternative
means of telomere elongation (ALT) (discussed in Chapter 3). For most tumors,
replicative senescence caused by telomere attrition seems to limit the outgrowth of cells
undergoing repeated cycles of inappropriate division. Consistent with this model,
tumorigenesis is impaired in cancer prone mice in the absence of mTR [44]. Although it

is possible to generate transformed, oncogenic cells without reactivating telomerase [45],
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the majority of human cancers have reactivated telomerase or another telomere
maintenance mechanism and no longer show progressive telomere loss with proliferation
[46, 47].

Telomerase accessory factors

Although hTERT and hTR are the only essential factors in telomerase in vitro, a
number of factors have been identified in genetic and biochemical assays that appear to
promote telomere elongation in vivo. In S. cerevisiae, genetic screens for yielded Estl
and Est3, in addition to the RNA template (TLC) and catalytic protein subunit (Est2) of
telomerase. Estl is localizes to chromosome ends via an interaction with a G-strand
binding protein (Cdc13) and also interacts with a conserved bulged stem in TLC (yeast
telomerase RNA component) [48]. Consistent with its interacting partner, Estl has been
implicated in loading telomerase onto telomeres [49]. Est3 is also a component of the
telomerase holoenyzme in yeast; however, its precise function in promoting telomerase
recruitment is not understood [50]. Recent investigations have also demonstrated that
Ku80 specifically binds to a specific stem loop in TLC1 promoting its recruitment to
telomeres. Although yeast that express a yKu80 that is defective for TLC1 binding have
shorter telomeres, these yeast do not senesce like est mutants. Thus, Ku promotes, but is
not essential for, telomere elongation by telomerase. The details of Ku’s recruitment of
telomerase will be discussed in more detail later in this introductory chapter.

Based on weak homology to S. cerevisiae Estl, three homologs in humans
(Estl1A, B, and C) and one homolog in S. pombe have been identified [51-53]. In both
fission yeast and human cells, Estl is closely associated with telomerase activity
suggesting that Est1’s role as an essential component of telomerase is widely conserved.
The overexpression of EstlA in human cells results in defects in telomere capping; in
addition, the concomitant loss of both Estl and Tazl in fission yeast resulted in a lethal

germination phenotype suggesting that Est] may have a role in telomere capping in
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addition to a role as an telomerase accessory factor. In contrast to Estl, no homologs of
Est3 have been found in other organisms.

In addition to factors that interact with the core enzyme, a number of proteins
have been shown to be important for the maturation and folding of the RNA subunit. In
S. cerevisiae, the TLC1 RNA associates with Sm proteins using a binding motif near it 3'
end (Fig. 1-1A). In concert with its 5' trimethylguanosine cap, TLC1 is very likely a
small nuclear ribonucleoprotein particle [54].

Like TLCI1, hTERC associates with accessory factors and undergoes secondary
processing that is required for its maturation. Human telomerase RNA localizes to Cajal
bodies, an intranuclear structure for RNP processing and assembly [55-57]. Like other
small Cajal body RNAs (scaRNAs), the localization to Cajal bodies is dependent on a
specific sequence motif in the CR7 domain. An additional protein factor that is important
for the maturation of telomerase is dyskerin (Fig. 1-2). Dyskerin binds to a conserved 3’
box H/ACA motif in hTERC. Dyskerin is a component of small nucleolar
ribonucleoproteins (snoRNAs) and scaRNAs that convert specific uridine residues to
pseudouridine residues, a process which is especially important for the maturation of
rRNA.

Dyskerin is mutated in patients who suffer from dyskeratosis congenital (DKC), a
disease that is characterized by muco-cutaneous abnormalities and severe bone marrow
failure [58]. In the absence of dyskerin, hTERC is unstable and becomes limiting for
telomerase activity. DKC patients have extremely short telomeres, and an inability to
maintain telomere capping in stem cell populations can explain all of the disease
symptoms in DKC, many of which are reminiscent of premature ageing syndromes.
Because the dyskerin gene is located on the X chromosome, the more common form of
the disease is usually inherited in an X-linked recessive pattern. A subset of DKC
patients, who have an autosomal dominant version of the disorder (AD-DC), possess

mutations in hTERC RNA itself (Fig. 1-2A), excluding the possibility that the
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phenotypes of DKC are secondary to defects in ribosome biogenesis [59, 60]. Studies on
eight families affected with AD-DC indicate that the disease shows genetic anticipation
in that successive generations become symptomatic at earlier ages. The disease
anticipation is associated with progressively shorter telomeres [61]. hTERC's
interactions with dyskerin and Cajal bodies and TLC's interactions with Sm accessory
proteins are likely to be related to the observation that telomerase shuttles to and from
nucleoli in both human and yeast cells [62, 63].

Telomerase is not enough

The activity of telomerase alone cannot explain many features of telomere
maintenance. For example, germ cells or immortalized cells that possess very high
telomerase activity do not progressively lengthen their telomeres, but rather keep their
telomeres within a (usually) narrow length distribution [19, 64]. Furthermore, the ends of
linear plasmids introduced into budding yeast will be lengthened by telomerase until they
match the size of the endogenous telomeres [65]. These results suggest that there are
factors that act in cis at individual telomeres to regulate the access of telomerase. In
addition to regulating telomerase activity, these cis acting factors have additional unique
functions in maintaining the ends of chromosomes.

Although the overexpression of hTERT is sufficient to immortalize many human
cell lines, the addition of any sequence is not sufficient to circumvent the problem of
chromosome ends. In fact, the expression of mutant versions of telomerase, which
synthesize altered telomeric repeats in ciliates, yeast, or human cells, results in the rapid
loss of viability [66-68]. Furthermore, in human cells, an alteration in telomere state
rather than the complete loss of telomeric sequence induces senescence [11].
Collectively, these observations are consistent with a model in which telomerase
synthesizes repetitive sequences that are the binding sites for sequence-specific binding
proteins and additional associated proteins. Together with the DNA, these proteins

complexes protect natural chromosome ends from being recognized and processed as
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DNA damage. This definition of telomeres is consistent with the original cytological
description of telomeres as essential chromosomal elements that prevent fusions [69, 70].

Although the telomere specific binding factors that mediate this protection are
evolutionarily divergent, I will compare the telomere proteins of several
organisms— primarily ciliates, S. cerevisiae, S. pombe and humans —to highlight some of
the conserved features of general telomere biology and to examine what remains
unresolved about telomere structure and function. A summary of some of the proteins

and features of telomeres in these diverse organisms are included in Table 1-1.

Telomere binding proteins

The telomere end binding proteins of macronuclei — a simple solution for ciliates
Many unicellular ciliated protozoans including--Oxytricha, Euplotes, and
Tetrahymena--possess two distinct nuclei—a diploid, transcriptionally silent germline
nucleus (micronucleus) and a polyploid, transcriptionally active, vegetative nucleus
(macronucleus). The Oxytricha macronucleus, possesses ~24 million short, linear, gene-
sized chromosomes of no more than a few kilobases. The abundance of telomeres in
these nuclei allowed for the isolation and sequencing of telomeric DNA, the purification
of telomerase, and the identification of the first telomere binding proteins [30, 71, 72].
The telomere end binding proteins (TEBP) of Oxytricha nova has been characterized

most thoroughly. It has two subunits, TEBP a and . TEBPa binds specifically to the

single stranded G-rich 16 nucleotide overhangs using three oligonucleotide binding (OB)

domains; TEBP interacts with the a subunit via an additional OB-like fold to form a

very stable ternary complex with DNA [73]. In addition, telomeric DNA complexed with
TEBPab are completely inaccessible to telomerase [74]. Based on the crystal structure

and in vitro function of the TEBPa/f of Oxytricha, it was speculated that the tightly

bound complex might both regulate telomerase activity and protect telomeres from
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fusion, nucleases, and recombination. However, evidence for the functions of single

stranded telomere binding proteins required the analysis in other model systems.

Table 1-1. Summary of general features of telomeres and telomere binding proteins in S. pombe, S.

cerevisiae, and humans.

Vertebrates S. cerevisiae S. pombe
Telomere sequence TTAGGG TG, TTACAGG
Telomere structure t-loop Folded back Unknown
Telomerase
- RNA hTERC (hTR, hTER) TLCI
- Protein hTERT Est2p spTrtlp
- Accessory Dyskerin, Est1A Estl, Est3 EstlA
ds telomeric DNA TRF1 Tbflp? Tazl
binding protein TRF2 Raplp

Ku? Ku Ku?
ss telomeric DNA POTI Cdcl3p scPotlp

binding protein
Telomere TRF1 interacting: Raplp interacting: Tazlp interacting:
recruited Tin2, Tankyrase1/2, PinX1, Ku? Rif1/2, Sir3/4 spRaplp, spRiflp
proteins
TRF2 interacting: Cdc13 interacting:
Tin2, hRapl, Mrell complex, Est2, Stnl, Tenl
ERCCI1/XPF, BLM, WRN, Ku?
Ku interacting:
POTI interacting: Est2 (via TLC)
PIP1
Telomerase ALT pathway Type I: Chromosome
independent - HR dependent? Y’ repeat amp. circularization
survival - Rad52, Rad5l,
Rad54, Rad5s5, Rad57 Telomere repeat
amp. -
Type II: recombination
- telomere repeat amp.  dependent?
- Rad 52, MRX,
Rad59, Sgsi

Cdc13 and the roles of single stranded DNA binding proteins in budding yeast

A role for the OB fold in binding ssDNA at telomeres appears to be conserved in

most eukaryotes. Cdcl3, the single stranded telomere binding protein of S. cerevisiae,



also binds to the G-overhang with an OB fold [75]. Cdc13 functions to regulate both
telomerase recruitment and end protection. The protective functions of Cdc13 were
highlighted by the original identification of cdcl3-1 as a mutant that arrested in G2 with
long, single-stranded DNA at telomere at restrictive temperatures in a Rad9 dependent
fashion [76]. Cdcl3 recruits both Stnl and Tenl to prevent the recognition of the
telomere as DNA damage and its subsequent resection by 5°-3’ exonucleases.
Overexpression of Stnl or Tenl or the tethering of Stnl to telomeres with the Cdc13
DNA binding domain can rescue the defects of the cdc13-1 mutant [77]. Stnl and Tenl
also play a role in telomere length homeostasis, as mutations in either of the proteins
results in telomere elongation. Cdc13 is likely to coordinate the actions of telomerase
and lagging strand DNA synthesis because mutations in Stnl and Tenl result in defects
in C strand synthesis and further Cdc13 interacts directly with DNA polymerase a [78].
In addition to its role in end protection, Cdcl3 also has a role in telomere length
maintenance via the recruitment of Estl. This function of Cdc13 was uncovered in a
senescence screen through the isolation of the cdcl3-2*" mutation. The cdc13-2 mutant is
defective in it ability to interact with Estl but can be rescued by the fusion of Est2 to
telomeres with the Cdc13 DBD or by a compensatory charge swap mutation in Estl
(est1-60) [49]. Although the details of how Cdc13 coordinates the actions of so many
different protein complexes is not yet clear, it is apparent that this single stranded binding
protein in S. cerevisiae plays a crucial role in both end protection and length regulation.
Potl - a conserved single stranded telomere binding protein

Using the OB fold of TEBPa, an ortholog of this protein, Potl, was found in S.
pombe. Potl binds single-stranded telomeric DNA in vitro with very high specificity.
Deletion of Potl in fission yeast results in the rapid loss of both telomeric and
subtelomeric sequences. Potl- survivors possess telomere fusions and are only viable
when the three chromosomes become circularized [79]. Like TEPBa, Potl possesses an

OB fold that is sufficient for its specific interaction with ss telomeric DNA [80]. It is
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possible that the other OB folds of scPotl mediate interactions with other proteins. In
addition, any role for scPotl in telomerase recruitment and telomere length regulation
remains an interesting question.

Found based on homology in the amino terminal OB fold of spPotl, the human
homolog of Potl binds to single-stranded G-rich DNA and regulates telomere length.
Human Potl (hPotl) binds with extremely high specificity to the single-stranded
nonamer 5’-TAGGGTTAG-3’ [81]. Human Potl localizes to telomeres [82].
Surprisingly, a mutant allele of hPotl1 that lacks its N-terminal OB fold (Pot1AOB) and
no longer binds DNA still localizes to telomeres. The DNA binding-independent
recruitment of Potl to telomeres is mediated by an interaction between hPotl and the
Potl Interacting Protein 1 (PIP1) [83, 84]. Although PIP1 does not directly bind to
telomeric DNA, it is indirectly recruited to telomeres by duplex telomeric repeat binding
proteins. Once targeted to the telomere, hPot1 negatively regulates telomere length. This
has been demonstrated by two complementary approaches. First, in fibrosarcoma cells,
the expression of hPot1AOB results in a loss of endogenous hPotl. The hPot1AOB allele
results in rapid telomere elongation presumably because it can no longer inhibit
telomerase mediated elongation due to the loss of its ability to bind single-stranded DNA
[85]. Second, reducing levels of hPotl through stable RNA interference also results in
telomere elongation [84]. In some settings, it seems that hPotl may promote modest
telomere elongation although these findings need to be further substantiated [86, 87].
Thus, it is possible that hPotl may also have a role in telomerase recruitment and
activation, so, like Cdc13, hPotl would have both negative and positive regulatory
functions on the action of telomerase. However, there is currently no evidence that hPot1
is associated with telomerase activity (Loayza and de Lange, unpublished). Furthermore,
the addition of purified hPotl inhibits the extension of primers by telomerase in vitro

(Lingner, unpublished data). More studies will be necessary to dissect the relationship

17



between hPotl and its regulation of telomerase. More studies are also needed to address
whether hPot1 has a role in telomere capping like Cdc13 or spPotl.

With the exception of ciliated protozoans, single-stranded telomeric DNA
constitutes only a very small fraction of the DNA present at telomeres. For example, S.
cerevisiae only has long G-overhangs in S-phase but possesses double stranded telomeric
repeats of ~350 bp throughout the cell cycle [88, 89]. The G overhangs of human
telomeres are longer (~150 nt); however, they still constitute only a small fraction of the
total telomeric DNA which ranges from ~2-30 kb in most cells. Not surprisingly, these
ds telomeric repeats recruit many different binding proteins with essential telomere
functions.

Rapl - the double-stranded telomeric binding protein of S. cerevisiae

The ds telomeric binding protein of S. cerevisiae, Raplp, affects both telomere
length and telomere position effect (TPE). Two Myb DNA binding domains in the ~120
kDa protein mediate Rap1p’s localization to telomeres through a degenerate recognition
sequence present in yeast telomeres. Raplp also binds to numerous chromosome internal
sites where it can mediate either transcription at various upstream activating sites or
silencing at the HML and HMR mating loci. Because of these dual roles, it was originally
deemed a Repressor/activator protein [90].

In addition to its roles at chromosome internal loci, Rapl also plays an essential
role in the establishment of silenced chromatin at telomeres. Genes placed near telomere
in S. cerevisiae are transcriptionally silenced, a process known as telomere position effect
(TPE). Rapl establishes silencing at telomeres (and silent mating loci) by interacting
with the silent information regulators, Sir3 and Sir4, with its carboxy terminus {91-94].
Deletion of Sir3/4 results in the complete loss of telomere position effect (TPE) [95].

The overexpression of Rapl results in telomere elongation while temperature-
sensitive Rapl mutants result in telomere shortening when grown at semipermissive

temperatures [96]. Rapl regulates telomere length by recruiting Rifl and 2 to telomeres.
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Rifl and 2 are negative regulators of telomere length as their deletion results in dramatic
telomere elongation [97, 98]. The mechanism through which Rif1/2 inhibit telomere
elongation is not completely clear but the proteins may limit the accessibility of telomeric
chromatin to telomerase [36].

As Rapl was the first ds telomere repeat binding proteins known in any organism,
telomere length regulation by Rapl has been established as a paradigm for the negative
regulation of telomerase in cis by binding proteins. This model is often described as the
“protein-counting” model of telomere length homeostasis. Simply put, longer telomeres
recruit more negative regulators of telomerase, like Rapl and its associated factors
Rif1/2. As telomeres shorten, binding sites for the negative regulators are lost, and
telomerase can once again lengthen the telomere [99].

TTAGGG Repeat Binding Factors

The long ds repeat arrays of vertebrate telomeres recruit two distinct binding
factors called TTAGGG Repeat binding Factors, TRF1 and TRF2. The proteins share
extensive homology in their C-terminal Myb DNA binding domain and throughout the
protein’s central helices, the TRF homology (TRFH) domain [100]. Based on specific
interactions in the TRFH domain, TRF1 and 2 form homodimers, but not heterodimers, to
telomeric DNA through a Myb-type DNA binding domain at their C-termini. TRF
homodimers bind two 5’-YTAGGGTTR-3’ half-sites with spatial and orientational
flexibility [101]. The spatial flexibility of DNA binding by the TRF molecules has been
shown to promote the bending and pairing of telomeric substrates in vitro [102].
Although TRF1 and 2 do share extensive sequence and structural similarities through the
TRFH and Myb DNA binding domains, the proteins differ extensively in their amino

termini and recruit different proteins to the telomeres (Fig. 1-2) [100].
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Figure 1-3. Schematic of human TTAGGG repeat binding factors, TRF1 and TRF2.

TRF1 and TRF2 share similarity through most of the molecule except for the amino-terminus that is acidic
in TRF1 and basic in TRF2. TRF1AAcAM, TRF2AB, and TRF2ABAM are mutant alleles of each of the
proteins that have been used to study the roles of TRF1 and TRF?2 in capping and length regulation.
TRF1 is a negative regulator of telomere length

Studies of TRF1 have firmly established its role as a negative regulator of
telomere length. The overexpression of TRF1 using an inducible gene expression sytem
results in telomere shortening without affecting telomerase expression or activity [103].
In addition, in telomerase positive cells, the expression of a lacI-TRF1 fusion protein
results in a shortening of telomeres tagged with LacO arrays confirming that the negative
length regulation happened in cis [104]. If TRF1 homeostatically regulates telomere
length in an analogous fashion to scRap1’s ‘protein counting model’, then disruption of
TRF1 activity should result in telomere elongation. An allele of TRF1 that lacks the Myb
DNA binding domain and the acidic N terminus functions as a dominant negative allele

of the protein by impairing its ability to bind DNA. The partial inhibition of TRF1
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through the expression of the dominant negative allele results in telomere elongation.
Furthermore, the stable depletion of TRF1 by RNA interference (shRNA) results in
telomere elongation (van Overbeek and de Lange, unpublished). In primary cells that do
not express appreciable amounts of telomerase, TRF1 does not affect the shortening rate
of the telomeres and thus indicates that TRF1’s effects on telomere length are telomerase-
dependent. How TRF1 inhibits telomerase is not clear, but the recruitment of hPotl to
single stranded telomeric DNA is likely to play a role in the process. In addition to
hPotl, TRF1 recruits a number of other binding partners that modulate its length
regulatory functions.

Tankyrase, Tin2, and PinX1—TRF1 binding partners

In the acidic amino-terminus of hTRF1, a conserved motif (RXXPDG) mediates
TRF1’s interaction with tankyrase 1 and 2 [105]. Curiously, the interaction between
tankyrase and TRF1 is does not appear to be conserved in murine TRF1, which lacks this
conserved tankyrase binding motif. The tankyrases are poly(ADP-ribose) polymerases
(PARPs) that oligomerize and can ADP ribosylate both TRF1 and itself [106-108]. ADP-
ribosylation of TRF1 interferes with TRF1’s ability to bind telomeric DNA in vitro[106,
109]. The overexpression of a nuclear targeted tankyrase 1 or 2 results in a partial
removal of TRF1 from telomeres in vivo [85]. Consistent with other mechanisms of
TRFI1 inhibition, the partial removal of TRF1 by tankyrase 1 results in telomere
elongation. Importantly, the tankyrase mediated telomere elongation is dependent on an
active PARP domain [110].

The ADP-ribosylation of TRF1 by tankyrases is inhibited by Tin2, a small protein
that interacts with TRF1. The expression of an allele of Tin2 that lacks its N terminus
(Tin2-13) but still interacts with TRF1 results in rapid telomere elongation [111]. In
vitro, Tin2 forms a stable trimeric complex with both TRF1 and tankyrase and further
protects TRF1 from ADP ribosylation. Consistent with its telomere elongation

phenotype, Tin2-13 does not protect TRF1 from ADP-ribosylation in vitro. Furthermore,

21



the inhibition of Tin2 through RNA interference results in a reduction of TRF1 at
telomeres detectable by IF; this loss of TRF! from telomeres can itself be rescued by the
inhibition of tankyrase with 3AB, a PARP inhibitor, or a dominant negative allele of
tankyrase. Finally, the inhibition of Tin2 also results in telomere elongation as would be
expected for a factor that promotes the stabilization of TRF1 on telomeres [112].
Collectively, these results demonstrate that Tin2 is a negative regulator of telomere
length and that Tin2 exerts at least part of its regulatory effects through the stabilization
of TRF1 on telomeres.

Another member of the TRF1 complex that may play a role in length regulation is
PinX1. Like tankyrase and Tin2, PinX1 was found to interact with TRF1 in a yeast two-
hybrid screen. The overexpression of PinX1 or a truncated allele of PinX1 shortens
telomeres and can inhibit telomerase activity in vitro. However, the effects of PinX1 on
telomerase are complicated by its additional role in the processing of rRNAs and
snoRNAs [113]. Curiously, the function of PinX1 in inhibiting rRNA maturation and
potentially telomerase RNA maturation may be conserved in §. cerevisiae [114]. More
studies will be necessary to determine how PinX1 inhibits telomerase and whether how
this activity might be integrated with other members of the TRF1 complex.

Tankyrase, and possibly other members of the TRF1 complex, have important
functions outside of telomere length maintenance. The transient inhibition of tankyrase
by RNA interference results in a mitotic arrest with an apparent defect in the separation
of telomeres in metaphase [115]. Although tankyrase’s role in sister telomere cohesion is
dependent on its PARP activity, there is no evidence to suggest that it is necessarily
related to the TRF1 complex. Futhermore, although it can be localized to telomeres if
expressed with TRF1, most of the tankyrase in the cell localizes to the Golgi complex of
interphase cells and mitotic spindle in dividing cells. Direct interactions with IRAP, a
component of GLUT4 vesicles, and NUMA, a component of the spindle, suggest that

tankyrase may have a role in regulating these two other organelles [105].
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Roles of TRF?2 in telomere length maintenance

TRF2, the other duplex repeat binding protein, has also been shown to have a role
in the regulation of telomere length. Similar to TRF1, the overexpression of TRF2
through an inducible expression system results in telomere shortening in telomerase
positive cells [116]. In contrast to TRF1, however, the expression of TRF2 also increases
the rate of telomere shortening in primary cells suggesting that it promotes the active
degradation of telomeres [11]. This finding was confirmed by the targeting of a lacl-
TRF2 fusion protein to LacO-marked telomeres. Targeted telomeres shortened in the
presence of telomerase activity but shortened even faster when telomerase was inhibited
suggesting that targeted telomeres were being actively degraded [117]. Although it is
likely that TRF2 is involved in regulating the rate of telomere attrition, the possible
nucleases and details of the process are unknown.

TRF2 binding proteins regulate telomere length

One multi-subunit nuclease with which TRF2 is known to interact is the Mrell
complex [118]. In human cells, the Mrell complex, which includes Mrel1, Rad50, and
Nbsl, has essential functions in DNA damage signaling and maintaining genomic
stability [119]. The Mrell complex may also be involved in telomere length
maintenance. Fibroblasts derived from patients that have hypomorphic alleles of Nbs1
have short telomeres [120]. Nbsl associates with TRF2 in S phase suggesting a possible
role in telomere replication. A better understanding of the precise contributions of the
Mrell complex to telomere length has been complicated by the essential, non-telomeric
functions of the complex.

In addition to the Mrell complex, TRF2 also recruits hRapl1 to telomeres [121].
hRapl is a small protein with homology to Rap1 of S. cerevisiae in the N-terminal BRCT
domain, a Myb domain, and the C-terminal acidic (RCT) domain. Rapl of §. cerevisiae
possesses a transcription activation domain and a second Myb domain that is lacking in

vertebrates. Despite the presence of a Myb domain, hRap1 does not bind directly to
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telomeric DNA. Instead, it localizes to telomeres by interacting with TRF2 through its
RCT domain. Inducible overexpression of hRapl results in telomere elongation [121].
In addition, the overexpression of many deletion mutants of hRapl lacking various
combinations of the BRCT, Myb, and RCT domains all resulted in telomere elongation.
In addition to elongating telomeres, the overexpression of hRaplABRCT promotes a
more homogeneous length distribution when compared to alleles that possess the BRCT
domain {122]. hRapl also possessed a coiled region situated between its Myb domain
and RCT domain. A deletion of a small linker region between the Myb and Coil domains
does not appear to elongate telomeres [123]. The overexpression of hRap1 alleles, even
ones that still possess the TRF2 interaction domain, result in a large amounts of hRap1
that is not localized to telomeres and accumulates in the nucleoplasm where it might
titrate other proteins away from telomeres. One way to explain the results obtained with
Rapl mutants is that hRapl recruits a negative regulator of telomere elongation to
telomeres. More work will be necessary to identify this putative length regulator and to
understand its function in regulating telomere length and heterogeneity.
TRF2 protects telomeres from uncapping and fusion

The expression of a dominant negative allele of TRF2 lacking both its C-terminal
Myb DNA binding domain and its basic N-terminus (TRF2ABAM) effectively removes
endogenous TRF2 from telomeres [85, 124]. When TRF2 is depleted from telomeres,
they become recognized and processed as sites of DNA double stranded breaks. Thus,
TRF2 maintains telomeres in a “capped” structure. The depletion of TRF2 by RNA
interference and its conditional deletion in mouse fibroblasts have all confirmed the
essential role of TRF2 in protecting telomeres [125] (Celli, unpublished resuits). After
the depletions of TRF2, many telomeres behave as sites of DNA damage and recruit
DNA damage response proteins including 53BP1 and g-H2AX. The uncapped telomeres
can be visualized cytologically as structures called Telomere Dysfunction Induced Foci

(TIFs) [125-127]. One very important transducer of the DNA damage signal from
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uncapped telomeres is the ATM kinase. In its absence, the formation of TIFs is less
efficient. In addition, ATM is known to be a major kinase responsible for the activation
of p53. After the activation of a DNA damage response by uncapped telomeres, the
induction of apoptosis in primary lymphocytes and mouse fibroblasts is dependent on
both ATM and p53 [128]. In other cell types, including primary fibroblasts, the
expression of TRF2ABAM induces a cell cycle arrest that has all of the hallmarks of
replicative senescence [129]. Telomeres uncapped by TRF2ABAM signal through both
Rb and p53 signaling pathways to induce senescence. In addition, ATM-deficient (A-T)
primary fibroblasts still senescence in response to the inhibition of TRF2 suggesting that
other PIKK kinases like ATR or DNA-PK can also transmit the telomere damage signal
to induce senescence [125].

In addition to the activation of DNA damage checkpoints, uncapped telomeres are
recognized as double-strand breaks and processed by NHEJ. This processing of
telomeres creates chromosome end-to-end fusions with the preservation of telomeric
DNA [124]. Prior to their ligation by LigaselV, the overhangs must be processed by the
ERCCI1/XPF nuclease [130, 131]. The frequency and class of telomere end-to-end
fusions can be monitored by Fluorescent In Situ Hybridization (FISH) on spreads of
metaphase chromosomes. The expression of the dominant negative TRF2ABAM results
in at least a 10-fold increase in the number of telomere fusions compared to control cells.
In mouse cells conditionally deficient for TRF2, virtually all chromosome ends undergo
end-to-end fusions in the absence of TRF2 (Celli and de Lange, unpublished). Fusions
that occur in the G1 phase of the cell cycle result in chromosome type fusions in which
both arms of different chromosomes are fused [130]. Interestingly, when fusions occur in
G2, telomere fusions between sister chromatids generated by leading strand replication
seem to predominate [132]. The preferential fusion of leading strand sister telomeres is
consistent with the observation that often only one of a pair of telomere signals,

presumably representing replicated sister telomeres, is associated with DNA damage
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response factors [125]. TRF2 inhibition may be a good model for the telomere induced
replicative senescence, as it has been reported that TRF2 is often undetectable from
shortened, uncapped telomeres [133].
Telomere protection by TRF2: t-loop formation and ATM suppression

TRF2 may prevent the recognition and processing of telomeres as DNA breaks by
NHEJ through the formation of a unique DNA architecture at chromosome ends. By EM,
it has been observed that the 3’ overhang of telomeres invade the proximal ds telomeric
sequence and displace the corresponding G-strand yielding a short stretch of single
stranded G-strand DNA at the base of the loop (Fig. 1-4A) [134]. The resultant structure,
called a t-loop, has been visualized by EM in a variety of organisms and appears to be an
evolutionarily conserved feature of most eukaryotic telomeres; it can be found in
mammals [134], plants [135], trypanosomes [136], ciliates [137], and chickens [138]. The
size of the t-loop varies greatly in different eukaryotes but can be as small as a few
hundred base pairs or may also encompass an entire mouse telomere (>40 kb). In
mammalian cells, TRF2 may have an important role in t-loop formation, as it can
catalyze the formation of t-loops on model substrates in vitro as demonstrated by EM
[139]. By hiding the 3’ overhang and the DNA end within the adjacent ds DNA, the t-
loop appears to provide a structural solution to the capping problem posed by telomeres.
Although purified TRF2 has the ability to form t-loops in vitro, several TRF2 binding
partners like the Mrel1 complex and RecQ helicases have also been proposed to facilitate

the formation of t-loops[140, 141].
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Figure 1-4. Telomere structure and proteins in mammals.
(A) Proposed structure of the t-loop based on EM [134]. Shown bound to the t-loop are proteins with
specific binding activity for telomeric DNA in vitro. The precise length of the displaced single stranded
DNA proposed to be bound by hPotl is not known, but it is estimated to be between 50-100 nt. The loop
of ds telomeric DNA can encompass the entire telomere. (B) Human telomeric proteins. Lines between
proteins represent reported direct interactions. Thick lines connect proteins which have been identified as a
part of a large telomeric protein complex [142].

In addition to sequestering chromosome ends in t-loops, an additional function of
TRF2 that may help to protect telomeres from being recognized as DNA damage is the
direct suppression of the ATM kinase. Long telomeres, like those found in primary cells,

are likely to bear more than 1000 TRF2 molecules each [143]. The overexpression of

TRF2 results in a global suppression of ATM activation as monitored by several factors,
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including the phosphorylation and accumulation of p53. In addition, TRF2 can bind
directly to ATM and inhibit its kinase activity [144].

Because the inhibition of TRF2 may also result in a concomitant loss of its
binding partners, like hRapl and the Mrell complex, from telomeres, it cannot be
excluded that TRF2 binding partners have important roles in capping telomeres. It has
been difficult to address the possible contributions of either hRap!1 or the Mrel1 complex
to telomere capping as both are essential for cellular viability. Because the Mrell
complex has nuclease activity and has been reported to modulate recombination, it is
possible that the complex participates in the formation of t-loops.

In addition to the Mrell complex nuclease, the ERCC1/XPF endonuclease
complex is normally recruited to telomeres by TRF2. ERCCI1/XPF is a structure specific
endonuclease that participates in nucleotide excision repair and in the processing of HR
intermediates; it cleaves on the 5’ side of bubble structures containing damaged DNA and
can cleave off the 3’ overhang of flapped structures [145, 146]. As described previously,
when telomeres are uncapped by TRF2ABAM, ERCCI1/XPF has a role in cleaving the 3’
overhang in preparation for telomere fusions [131]. However, ERCC1/XPF also
functions in normal telomere metabolism to to suppress the formation of telomeric
double-minutes (TDM), which may arise from inappropriate recombination events
between telomeres and interstitial telomeric sites [131].

Another TRF2 binding partner that may contribute to telomere protection is the
nuclear poly(ADP-ribose) poymerases, PARP-1 and -2. TRF2 interacts with and is
modified by PARP-2 and may interact with PARP-1 [123, 147, 148]. PARP-1 and -2
promote base excision repair (BER) by binding and modifying many proteins in the BER
pathway including XRCC1, DNA polymerase, and DNA ligase III [149, 150]. Poly
ADP-ribosylation of TRF2 interferes with its ability to bind DNA, but it is unclear how
this affects TRF2’s roles in telomere protection. Mice that are deficient in PARP-2

possess marked genomic instability and also have some evidence of telomere dysfunction
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[147, 151] although the latter defect is a matter of some debate [152, 153]. Because of
the important roles of PARP-1 and -2 in other types of DNA repair, it is difficult to
dissect how much of the telomere dysfunction and genomic instability is caused by TRF2
per se. Ultimately, for hRapl, the Mrell complex, PARP-1 and -2, and other potential
TRF2 binding partners, finding mutants that are telomere-loss-of-function mutants will
be necessary to assess their specific roles in telomere protection.
TRF orthologs in yeast

S. cerevisiae and other budding yeasts may have a distant ortholog of the
vertebrate TRFs in Tbflp. Although this protein will bind to human telomeric repeats
introduced into yeast by a mutant telomerase [154], it does not bind the degenerate TG, ,
repeat of normal S. cerevisiae telomeres (Table 1-1). This rather dramatic shift in
telomere binding protein architecture may have occurred secondary to a mutation in the
telomerase in the budding yeast [121]. Consistent with this hypothesis, the telomeric
sequences of budding yeast are heterogenous, divergent, and drastically different in
sequence compared with most other eukaryotes. It is proposed that, despite the proposed
alteration of telomeric sequences in budding yeast, scRapl and Cdc13 were still able to
bind to telomeric repeats and mediate chromosome end protection on the now altered
telomeres.

In contrast to the budding yeasts, S. pombe possesses a TRF ortholog, Taz1 [155].
Like the TRFs, Tazl dimerizes and binds DNA using a Myb domain [156]. Both the
telomere capping and length maintenance functions of the vertebrate TRF molecules
appear to be conserved in Tazl. In the absence of Tazl, telomeres show dramatic
elongation consistent with a role for the protein in the negative length regulation [155].
In addition, G1l-arrested tazl deficient cells undergo Ku and ligase IV dependent end
fusions implicating the protein in end protection [157]. Similar to TRF2, Tazl recruits
the S. pombe ortholog of Rapl to telomeres; spRapl deleted cells show telomere

elongation and loss of telomere position effect [158, 159]. Furthermore, Tazl also
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recruits the ortholog of Rifl to telomeres in S. pombe. Although milder than the deficits
exhibited by scRapl, spRifl also has a role in negatively regulating telomere length
[158]. In addition to the expected defects in telomere length regulation and capping,
Tazl, spRapl, and spRifl mutants all have severe defects in meiotic segregation
implicating telomeres in the process of meiotic clustering [159-161].
Interactions between telomere binding proteins

Currently, it appears that vertebrate cells possess more telomere specific binding
proteins than either S. cerevisiae or S. pombe. TRF1, TRF2, and hPot1 all have the
ability to bind to DNA in vitro. However, interactions between each of these telomere
binding proteins and their binding proteins appears to play an important role in the
recruitment of the complexes to telomeres in vivo, especially with regards to the TRF2
and Potl complexes. Although Tin2 was first identified as a binding partner of TRF1,
Tin2 also binds directly to TRF2 with its N terminus [142, 162]. Importantly, in vitro,
Tin2 can interact simultaneously with both TRF1 and TRF2 [142]. The Tin2-13 allele,
which still binds TRF1 but no longer protects TRF1 from ADP-ribosylation, is also
defective in its interaction with TRF2. Thus, in addition to stabilizing TRF1 on
telomeres, Tin2 may also regulate telomere length via the recruitment of the TRF2
complex. The localization of TRF1 and Tin2 to telomeres is especially important for the
recruitment of TRF2 and its associated proteins. After the depletion of either TRF1 or
Tin2 by siRNA, TRF2 and hRapl are lost from telomeres by IF. This explains the
observation that mouse embryonic stem (ES) cells deficient for TRF1 show a defect in
the telomeric localization of both Tin2 and TRF2 by both IF and ChIP. Consistent with
the loss of TRF2, ES cells deficient for TRF1 also showed telomere fusions indicative of
defects in telomere protection [163]. Furthermore, lentiviral expression of Tin2 mutants
that have lost their ability to bind either TRF1 or TRF2 results in a displacement of TRF2
from telomeres and the induction of TIFs [162]. Though TRF1 and TRF2 have similar

DNA binding properties, the depletion of TRF2 by siRNA or the expression of the
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dominant negative TRF2 does not result in an obvious displacement of TRF1 from
telomeres. In general, the localization of TRF2 to telomeres may be more tenuous than
TRF1 because of TRF2’s direct interaction with many abundant non-telomeric DNA
binding proteins including the Mrell complex, ERCC1/XPF, and ATM. These
interactions could titrate TRF2 to chromatin at non-telomeric sites.

The recruitment of hPot1 to telomeres is also reinforced by its interactions with
other telomere binding proteins. By binding simultaneously to hPotl and Tin2, PIP1
recruits and stabilizes hPotl on telomeres [83, 84]. Tin2 can bind simultaneously to PIP1
and TRF1 in vitro. By gel filtration, complexes containing TRF2, hRapl, Tin2, and
hPotl but not TRF1 have been identified suggesting that Tin2 can also interact
simultaneously with PIP1 and TRF2 [142]. However, it is not known whether Tin2 can
interact simultaneously with all three of its binding partners—TRF1, TRF2, and PIP1.
Both TRF1 and TRF2 appear to contribute to the recruitment of hPotl1 as interfering with
the telomeric localization of TRF1 or TRF?2 results in a decreased amount of hPotl on
telomeres by ChIP [85]. The extensive interactions between TRF1, TRF2, and hPot1
complicate the analysis of individual proteins in their specific telomere functions as
perturbing one protein will likely affect the status of the entire telomere complex. It will
be an interesting problem for the future to dissect how these proteins are coordinated in

mediating telomere length regulation and protection.
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Table 1-2. DNA damage proteins in telomere maintenance.

Bach row represents a conserved DNA damage response protein that has been implicated in telomere

metabolism in at least one species.

Putative homologs are in parentheses.

implicated in telomere length regulation or capping are in bold.

Proteins that have been

Mammals S. cerevisiae S. pombe C. elegans
ATR Mecl Rad3 (Atll)
ATM Tell Tell (Atll)
DNA-PK - - --
Mrel1/Rad50/Nbsl Mrell/Rad50/Xrs2  Rad32/Rad50/Nbsl Mrel1/--/--
ERCCVXPF Rad10/Radl SwilO(Rad23)/Rad16  --/xpf
Ku70/86 Ku70/80 Ku70/80 --

RAD9 Ddcl Rad9 Rad9
RAD1 Rad17 Radl Mrt-2
HUS1 Mec3 Husl Husl
RPA70/RPA32 Rfal/Rfa2 Rad11 --

Tel2 (CLK-2) Tel2 spTel2 Rad-5/ Clk-2
PARP-1/2 - - PME-1/2/5
BLM/WRN Sgsl Rghl Him-6
Rad54 Rad54 Rhp54 --

Rad51D (Rad55, Rad57) (Rhp55, Rhp57) --

Rifl Rif1/2 Rifl --

DNA Damage Proteins and Telomeres

PIKK kinases in telomere maintenance—ATM, ATR, and DNA-PKcs

Although telomeres resemble double strand breaks (DSBs), telomere binding

proteins protect them from being recognized as such. In addition to specialized telomere
binding proteins, the general DNA damage response pathways of all eukaryotes may
have also adapted to function at telomeres in ways that differ from their function in the
response to global DNA damage. Central to the DNA damage response of most
eukaryotes is the PIKK (phosphatidyl inositol 3-kinase-like kinase) family. As
previously described, in human cells, the activation of ATM and possibly ATR and/or

DNA-PKcs at uncapped telomeres results in the generation of a DNA damage signal,
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which if unrepaired, would likely result in senescence or apoptosis. The recognition of
“damaged” telomeres may be related to the postitive roles of ATM and ATR in telomere
maintenance. The loss of ATM (Tellp) or ATR (Mecl1/Rad3) in S. cerevisiae or S.
pombe results in telomere shortening [164-166]. Even more strikingly, the concomitant
loss of both Tell (ATM) and Mecl (ATR) in S. cervisiae results in progressive telomere
shortening ultimately causing senescence and the outgrowth of telomerase independent
survivors [166]. Similarly, the combined deletion of S. pombe Tell and Rad3 results in
the loss of telomeric sequences and the survival of yeast with circularized chromosomes
without telomeric sequences [167]. Recently, it has been shown that Tellp and Meclp
associate with telomeres in S. cerevisiae, Meclp during S phase, and Tellp during other
phases of the cell cycle [168]. Human fibroblasts deficient for ATM have been reported
to have defects in telomere length and maintenance {169, 170].

In addition to telomere shortening, the loss or overexpression of Mecl, but not
Tell, in S. cerevisiae results in defects in telomere silencing [(171]. In Drosophila, the
homolog of ATM, rather than ATR, is involved in the establishment of a protective
chromatin structure at telomeres. In the absence of ATM, HP1 is no longer localized to
telomeres and massive end-to-end fusions result [172-174]. The fusions happen despite
the presence of retrotransposon type telomere repeat elements being present at the ends.

The PIKK kinases exert their effects on telomere maintenance through a variety
of pathways. In S. cervisiae, Tellp affects telomere elongation in the same pathway as
Rifl and Rif2, the scRapl-recruited, negative regulators of telomere elongation. Thus, in
the tell-deleted cells, the deletion of rif1/2 does not result in elongation [175]. Like S.
cerevisiae, the human homolog of Rifl is in the ATM (Tell) signaling pathway.
Curiously, however, hRif1 does not localize to telomeres, but rather is involved in the
response to DNA damage. hRifl localizes to DNA damage foci in an ATM, 53BP1
dependent manner and is also required for the intra-S phase DNA damage checkpoint

(Silverman and de Lange, in press).
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Tell or Mecl may also mediate its effects on telomere elongation through an
effect on replication protein A (RPA), which includes Rfalp/Rfa2p in yeast and
RPA70/RPA32 in humans. A number of rfa mutants including rfal-D228Y, rfa2-210,
rfa2-55, rfa2A40 have shortened telomeres [176, 177]. In rfaA40 mutants, the binding of
Estlp to telomeric DNA is impaired while the binding of Cdc13, Est2, and Ku80 is
unimpaired. Although RPA has been shown to interact with Mecl (ATR) to activate
DNA damage checkpoints, with regards to the telomere, rfa2-55 and rfa2-55 appear to be
in the same pathway as Tell. Whether RPA plays in telomere elongation in human cells
is not known.

A recent study in S. pombe has demonstrated that Rad3 (ATR) may exert some of
its telomere length regulatory effects via components of the Rad9, Radl, and Husl
complex. Fission yeast mutant for the 9-1-1 complex have short telomeres that are
epistatic with Rad3, but not Tell. In addition, the components of the 9-1-1 complex were
found to be associated with telomeric DNA by ChIP [178]. Together with Rad9 and
Husl1, Radl forms a trimeric, PCNA-like complex, called the 9-1-1 complex, which is
thought to be loaded by Rad17 onto damaged DNA substrates to act as a sensor in a DNA
damage signalling pathway. A role for the 9-1-1 complex in telomere maintenance was
first identified noted in a C. elegans screen. Ahmed and colleagues found that worms
mutated for ceRadl, called MRT-2, experienced progressive telomere shortening in their
germline which ultimate resulted in infertility and senescence of the population after
several generations (i.e., the worms possessed a mortal germline) [179]. A role for the 9-
1-1 complex in C. elegans telomere maintenance was confirmed by a Hus1 mutant of C.
elegans, which also shows progressive telomere shortening and mortality of the germline
[180]. It is not clear that mutations in the §. cerevisiae homologs of the Rad9, Radl,
Hus1 complex (Ddcl, Rad17, Mec3) have defects in telomere maintenance [181-184].

The roles of the human 9-1-1 complex in telomere maintenance have not been explored.
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Though diverse in their mechanisms of action, clearly the homologs of ATM and ATR in
all organisms have essential roles in telomere maintenance.

Mammalian cells possess a third PIKK kinase, DNA-PKcs, which has also been
shown to have a role in telomere maintenance. Different mutations in DNA-PKcs appear
to have discordant effects on telomere length. Mice with a severe combined
immunodeficiency (scid) mutation in DNA-PKcs have slightly longer telomeres than
isogenic controls [185]. In contrast, DNA-PKcs null mice have been reported to have
telomeres that are slightly shorter or similar in length to wild-type mice [186-188]. The
absence of DNA-PKcs may exacerbate telomere shortening in telomerase deficient mice
[189]. DNA-PKcs deficient mouse cells or cells treated with chemical inhibitors of
DNA-PKcs both show increased telomere fusions [188, 190-192]. Finally, consistent
with its potential function in telomere maintenance, DNA-PKcs associated with telomeric
DNA can be detected by immunoprecipitation [193]. In diverse organisms, the PIKK
kinases— ATM, ATR, and DNA-PK—have evolved different, but important roles in
telomere function; it will be an interesting challenge for the future to understand how
telomerase, telomere binding proteins, and PIKK kinases interact to affect telomere
maintenance.

NHEJ —the Ku heterodimer in telomere biology

The Ku heterodimer, which consists of two subunits of ~70 and 80 kDa, has a
high affinity for DNA ends and has an essential role in DNA repair. In mammals, the Ku
heterodimer associates with catalytic subunit to form the DNA dependent protein kinase.
Ku has an evolutionarily conserved role in mediating non-homologous end joining
together with DNA ligase IV and XRCC4. Because end-to-end fusions are a major threat
to telomere integrity, it is somewhat surprising that the Ku heterodimer should play a role
in telomere maintenance. However, in most organisms, the Ku heterodimer has special

telomeric functions that are distinct from its role in general DNA repair.
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Early indications of a role for Ku in telomere biology came from studies in S.
cerevisiae. The deletion of Ku results in several defects in telomere function including
shortened telomeres, an increased amount of single-stranded DNA, and the loss of TPE
[194-197]. Ku promotes telomere elongation by a specific interaction with a stem-loop in
TLC1 (Fig. 1-2A) [198, 199]. This stem loop is not conserved in other organisms, so this
feature seems to have evolved specifically in S. cerevisiae. The disruption of either the
Ku binding stem loop of TLC1 or the expression of a mutant Ku allele that is specifically
defective for TLC1 binding (yKu80-135i) results in short, but stable telomeres [199].
Ku80’s specific interaction with TLC explains how the catalytic subunit of telomerase
(Est2) is recruited to telomeres in G1 despite the absence of both Cdc13 and Estl from
the telomeric chromatin (Zakian, unpublished). This localization is independent of
Cdc13’s localization to the single-stranded overhangs at telomeres in S phase [200].

Ku also has essential functions in telomere maintenance that are independent from
telomerase recruitment. The deletion of Ku70 or 80 combined with an Est2 deletion is
synthetically lethal [196, 201]. Defects in lagging-strand telomere synthesis and/or
increased access of telomeres to nucleases, including Exol, could explain the excess
single-stranded DNA in Ku deletion strains and the synthetic lethality caused by the loss
of telomerase [201, 202]. Finally, in S. cerevisiae, Ku interacts with SIR4 and may
stabilize it on telomeric DNA to promote TPE {203]. The Ku heterodimer appears to
have similar functions in telomere function in S. pombe. Telomeres are shorter but stable
after the loss of Ku. Although the combined deletion of #rt and a Ku subunit is not lethal,
it does result in the immediate loss of all telomeric repeats in S. pombe. In addition,
subtelomeric repeats showed striking rearrangements [204]. Thus, the S. pombe Ku
protein is important for the protection of telomeres from nucleolytic degradation and
recombination.

In mammalian cells, Ku70 and Ku86 associate with telomeric DNA by ChIP [193,

205]. This association with telomeres could be mediated by a direct binding to telomeric
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DNA, as Ku has been reported to do in vitro, or it could be recruited to telomeres by one
of its proposed direct interactions with TRF1, TRF2, or hRap1 [123, 206-208]. Potential
functions of the Ku heterodimer in mammalian telomere maintenance have been revealed
by genetic studies. Ku is an essential gene in HCT116 colon carcinoma cells [209].
However, in addition to the expected increase in genomic instability, the inactivation of
one allele of Ku86 resulted in HCT116 cells with shorter telomeres and increased single
stranded G strand overhangs [210]. These findings are corroborated by the reported
shortened telomeres in mouse fibroblasts or ES cells that lack either partner of the Ku
heterodimer [193]. Although many studies confirm that cells deficient for Ku70 or Ku86
have increased amounts of chromosomal fusions, it is not clear whether the fusions are
telomeric or simply a result of increased genomic instability [190, 193, 210, 211].
However, in all studies, the reported frequency of fusion in Ku deficient cells pales in
comparison to fusions caused by the inhibition of TRF2. Thus, the Ku heterodimer
probably has an accessory role in end protection in comparison to the role of the bona
fide telomere binding proteins like TRF2.

The analysis of Ku in other eukaryotes highlights how Ku at telomeres possesses
different functions. This could either be due to the interactions with telomere specific
binding factor, an evolution of Ku to have particular functions at telomeres, or a
combination of both processes. Another example of unique functions for Ku at telomeres
come from Arabidopsis. Arabidopsis telomeres are usually maintained within a very
narrow distribution such that each telomere is visible as an individual band. However,
the loss of Ku results in a loss of telomere homogeneity and telomere elongation [212].
Despite the unexpected telomere elongation in the absence of Ku70, plants deficient for
both ku70 and tert shorten their telomeres much faster than single tert deficient plants;
this observation is consistent with observations of yeast deficient for both Ku and
telomerase [212]. Also consistent with finding from S. cerevisiae, plants deficient for Ku

have excess single stranded G-rich overhangs regardless of presence of telomerase,
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indicating defects in telomeric C-strand synthesis and/or the protection of the C strand
from exonucleases [212]. In contrast to other eukaryotes, Ku does not appear to have an
important role in telomere maintenance in chicken DT40 cells. The telomere length and
G-overhangs of Ku70 deleted DT40 cells were comparable to control cells [213].
Overall, in most eukaryotes, in addition to its general role in NHEJ, the Ku heterodimer
functions appears to regulate telomere elongation and to maintain telomere capping by
protecting them from nucleolytic activity and recombination.

Roles of Mrell complex at the telomere

The Mrell complex appears to have a conserved role in promoting telomere
elongation in a number of organisms. The loss of components of the S. cerevisiae Mrell,
Rad50, Xrs2 complex (MRX) results in shorter but stable telomeres without defects in
TPE [214]. This shortening is epistatic with telomere shortening caused by deletion of
Tell suggesting that the Mrell complex may function in concert with Tellp to promote
telomerase mediated elongation of telomere ends [196]. Moreover, the deletion of rad50,
mrell, or xrs2 in a mecl-21 mutant mimics a tell, mecl-21 double mutant; both sets
result in a senescence phenotype [215]. In fission yeast, the Mrell complex and Tell
(ATM) also appear to function in the same pathway of telomere length maintenance that
collaborates with Rad3 (ATR) to maintain telomeres [178, 216-219].

Precisely how the MRX complex promotes telomere elongation is unclear. In
concert with other nucleases, the MRX complex is required for the generation of the short
12-14 nt overhangs present on S. cerevisiae outside of S phase which may then be
resected in S phase prior to telomere elongation [89]. The presence of ss G rich DNA is
thought to be necessary for Cdc13 binding, which would in turn promote the recruitment
of telomerase. Consistent with this hypothesis, de novo telomere formation outside of S-
phase requires the Mrell complex [220]. However, even in the absence of the Mrell
complex, the formation of long ss GG-rich overhangs appears to be normal [89].

Alternatively, the MRX complex may be involved in the recruitment of telomerase
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activity [221]. As previously mentioned, the mammalian Mrell complex—Mrell,
Rad50, and Nbs1—is recruited to mammalian telomeres by TRF2 [118]. Although the
complex has been implicated in telomere length regulation, much remains to be
understood about the function of this complex at mammalian telomeres [120]. Finally, in
Drosophila, Mrell and Rad50 appear to work in the same pathway as ATM to prevent
chromosome fusions [172, 222]. In their absence, HP1 and HOAP are no longer
efficiently localized to telomeres and massive end-to-end fusions result [222].
Homologous recombination at the telomere

Compared with NHEJ, homologous recombination (HR) is the more accurate
mechanism of DNA repair in eukaryotes. In addition to studies that have implicated the
Mrell complex in telomere functions, other systems have illustrated important
relationships between HR and telomeres. The earliest studies on the relationships
between HR and telomeres have come in the setting of telomere dysfunction. For
example, Telomere Rapid Deletions (TRD) resizes over-elongated budding yeast
telomeres to wild-type length in a process that depends on HR. In another setting, it was
found that S. cerevisiae escape senescence through the activation of survivor pathways
that depend on HR for telomere elongation and survival. Similarly, human cells that are
immortal, but telomerase-negative may also maintain their telomeres through HR in a
mechanism called Alternative Lengthening of Telomeres (ALT). More recently, studies
have implicated both Rad54 and Rad51D in telomere length regulation and capping in
mammals. Finally, the structure of the t-loop structure is reminiscent of an intra-
molecular Holliday junction. The relationships between telomeres and HR will be
discussed in detail in the introduction of Chapter 3.

Emerging connections between telomeres and the DNA damage pathways

As our understanding of the mechanisms of both DNA damage signalling and
telomere maintenance improve, new ways in which the two processes intersect will

become apparent. For example, a poorly understood upstream DNA damage repair
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protein of C. elegans, called Rad-5/Clk-2, may have a role in telomere length regulation.
The S. cervisiae homolog of Rad-5/Clk-2 called Tel2p has a definitive role in telomere
maintenance. The details of these mutants will be described in detail in the introduction
of Chapter 2. Despite the significant differences between the telomere biology of diverse
eukaryotes, there are enough parallels to make comparisons very informative for both
human telomere function and DNA damage pathways. A more comprehensive
understanding of telomere biology in all of these organisms should uncover the possible

roles that telomeres play in human aging and disease.
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CHAPTER 2:
ANALYSIS OF TEL2 IN HUMAN CELLS
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INTRODUCTION

Lessons from altered telomere length in S. cerevisiae

Perhaps the best-known mutations that affect yeast telomere length are the Ever
shorter telomere, or est mutations [223, 224]. Mutations of this class progressively
shorten yeast telomeres until they are too short to be compatible with telomere capping
resulting in cell senescence. However, the majority of mutations that affect telomere
length in S. cerevisiae cause them to lengthen or shorten until a new length equilibrium is
established. A survey of the ~4800 viable haploid deletion mutants of S. cerevisiae
mutants reported ~150 strains with altered telomere length. Deletion strains were
designated as having slight (<50 bp), moderate (50-150 bp), or severe (>150 bp)
alterations in telomere length. Most of the mutants with "severely" (>150 bp) shorter
telomeres were deletions of genes previously known to affect telomere metabolism
including Tell (ATM), the Mrell complex, and the Ku heterodimer. However, deletions
of many novel genes involved in diverse processes, including DNA metabolism,
chromatin modification, and Polll transcription and ribosome biogenesis, also showed
moderate defects in length maintenance. It will be interesting to establish how these new
genes, and the pathways in which they function, influence telomere metabolism.

Tel2 was one of the first mutants of S. cerevisiae known to affect telomere length
[164]. Despite its identification in 1986, still very little is known about the protein and its
role in telomere maintenance. The tel2 mutation causes a significant telomere shortening
of ~150 bp, to about about half wild-type length, when yeast are shifted to a non-
permissive temperature. When crossed with a wild-type strain, telomeres return to WT

lengths indicating that tel2 is a recessive mutation. Tel2 was isolated from a collection of
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temperature sensitive mutants and has a growth defect at 37°C. Based on this phenotype,
the gene encoding wild-type TEL2 was cloned by complementation and characterized
[225]. The tel2 mutation is a missense mutation causing a serine to asparagine mutation
at AA 129. In S. cerevisiae, TEL2 is essential, and its deletion causes cells to die with
multiple surface projections or “blebs.” In addition to shorter telomeres, tel2 mutant
strains are unable to silence telomeric loci as effectively as wild-type yeast. This defect
in silencing is limited to telomeres, as mating type loci are still effectively silenced.
Importantly, this defect in TPE was not due to shortened telomeres of per se mutants, as
yeast with telomeres that are even shorter than fel2 mutants have no noticeable defect in
telomere silencing [225]. Dual defects in TPE and length maintenance in rel2 yeast
suggest that the gene plays an important role in the maintenance of chromosome ends. In
addition to telomere defects, diploid strains heterozygous for tel2A had modestly higher
(10-20 folds) rates of chromosome loss. The tel2 S129N mutation did not have elevated
rates of chromosome loss when grown at permissive temperatures.

In vitro, Tel2p from S. cerevisiae (scTel2p) binds telomeric DNA [225]. Tel2p
bound yeast telomeric DNA in a sequence specific manner. Tel2p also has a high affinity
for single stranded telomeric DNA and induces the formation of secondary structures,
likely to be held together by G-G interactions, in G-rich single stranded telomeric DNA
of S. cerevisiae [226]. Because the expression of full length scTel2p is toxic to bacteria,
the DNA binding studies of Tel2p could only be done with a fusion of the C-terminal
two-thirds of the protein with MBP. Despite the biochemical analyses of Tel2p, still very

little is know about the essential function of the protein. The sequence of scTel2 did not
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possess any domains of known function. However, the gene does appear to be conserved
in all eukaryotes, including Caenorhabditis elegans.
Clk-2 and rad-5: C. elegans mutations in Tel2p

The rad-5 worm was found in a screen for UV irradiation hypersensitivity [227].
The rad-5 mutant is hypersensitive to a variety of DNA damage agents (UV, EMS, and
X-rays). Unlike the other rad mutants, rad-5 is lethal at 25°C and is also a general
spontaneous mutator. Specifically, in tests for either unc-58 reversion (31/34 vs. 0/35
plates) or spontaneous levamisole-resistance (4/15 vs. 0/15 plates), rad-5 animals showed
very high rates of spontaneous mutation [227]. Consistent with the spontaneous
accumulation of DNA damage, it was found that rad-5 mutants were synthetically lethal
with other DNA damage checkpoint mutants including husl and mrt-2 (radl) [228].
Furthermore, compared to normal worms, rad-5 worms possessed a greater number of
Hus1:GFP nuclear foci both before and after X-irradiation suggesting an impairment in
the ability to repair spontaneous and induced DNA damage [180]. In addition to a
potential role in repairing damage, rad-5 mutants prevented the DNA damaged-induced
apoptosis and cell proliferation arrest in the germline [229] suggesting that it may also
have a checkpoint function. Unlike mrt-2/radl or husl mutants, rad-5/clk-2 worms have
impaired S-phase DNA damage checkpoints in response to hydroxyurea (HU) [228]. The
unique phenotypes of rad-5 compared to the other rad mutants generated great interest in
its gene product. Curiously, when the gene for rad-5 was positionally cloned, it was
found to be allelic with a different mutant, clk-2, found in a completely different screen

[228].



Clk-2 was one of several mutant worms found in a screen for altered biological
rhythms [230]. In addition to a ~25% increase in mean lifespan, clk-2 worms possess
slower rhythmic behavior like feeding and egg-laying [231]. The extended lifespan of
the clk-2 worms may be related to their generally slowed development and metabolic
activity. Like rad-5, clk-2 is essential; adults that are shifted to non-permissive
temperatures cannot produce viable offspring. The clk-2 mutant possesses similar DNA
damage checkpoint defects as rad-5 and is unique among clk mutants for these defects.
Curiously, despite its other known function in DNA damage repair, CLK-2::GFP was
reported to localize to the cytoplasm of various cell types in C. elegans. When the
sequence of the gene encoding for rad-5/clk-2 was analyzed, it was found to be
homologous to TEL?2 in yeast [228, 231, 232]. Given its role in regulating DNA damage
signaling and lifespan in C. elegans, there was considerable interest in determining
whether it also affected telomere length. It was exciting to speculate about the possibility
that tel2/rad-5/clk-2 was a conserved regulator of telomere length, DNA damage, and
organismal life-span.

Three different groups studied the effects of the mutations on telomere length and
reached three different conclusions [228, 231, 232]. The first study concluded that clk-2
mutants possessed shortened telomeres compared to a wild-type N2 strain [232]. More
recent studies suggested that clk-2 results in telomere elongation [231]. This elongation
was rescued by expression of functional CLK-2. However, the most extensive analyses
of both rad-5 and clk-2 mutant on telomere length concluded that neither mutation has a
strong influence on telomere length [228]. In C. elegans, there is considerable strain

variability in telomere length [233]. In addition, the telomere length of wild-type worms
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fluctuates over time (Ahmed S., personal communication). Neither rad-5 nor clk-2
mutants show significant telomere length changes compared to normal worms.
Additionally, combining either rad-5 or clk-2 with mrt-2/radl does not affect the
telomere shortening caused by mrt-2. It is likely that the strain variability and
generational fluctuations in telomere length of C. elegans contributed to the disparate
observations reported by the initial two studies. There are Tel2 orthologs in all
eukaryotes, including humans. To understand the function of Tel2 and its possible role in

telomere metabolism, we have studied the human ortholog of Tel2.

RESULTS

Identification of human Tel2 (hTel2)

When it was originally cloned, Tel2 had no homologs or known domains [234]. 1
tested whether Tel2 had homology to any more recent submissions. Because the
sequence from C. elegans Tel2 (ceTel2) was not yet know, we used scTel2 as a starting
point. Some proteins in S. pombe are less diverged from mammals than those of budding
yeast, so any potential homologs identified in S. pombe could then be used to search for
potential mammalian homologs of Tel2. A BLAST search yielded significant homology
to a predicted ORF/protein in S. pombe. 1 used this region of high similarity between the
S. cerevisiae (aa 281-668) and S. pombe (aa 305-750) in an iterative BLAST (BLAST2)
search. This search revealed potential Tel2 homologs in humans (XP_008121), Mus
musculus (BAB23388), Arabidopsis thaliana (CAB88328), Drosophila melanogaster
(AAF55990), and Caenorhabditis elegans (T22976). Although the amino-termini of the
various proteins are not well conserved, the latter two-thirds of the various homologs

demonstrated regions of significant similarity (Fig. 2-1B). The C. elegans ortholog was
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not included in the alignment because this protein was least conserved amongst the
different orthologs. There is ~20% identity in pairwise comparisons between each of the
divergent species in the aligned regions (ClustalW). Conserved domains have not been
described for any of the putative Tel2 homologs. The conservation of Tel2 in D.
melanogaster strongly suggests that Tel2's functions are not limited to telomere
maintenance, as Drosophila (and other dipterans) possess a unique mechanism of
telomere maintenance and lack most of the otherwise conserved genes involved in
telomere biology, including telomerase and telomere repeat binding factors [235]. The
mutations responsible for the tel2, rad-5, and clk-2 phenotypes were localized to regions
of the protein that were not well conserved in humans. Thus, it was not possible for me
to generate the analogous mutants in the human protein.

Based on structural prediction programs, hTel2 has no well-conserved functional
domains; however, it does appear to have a conserved secondary structure (PSI-PRED,

http://insulin.brunel.ac.uk/psipred ) (Fig. 2-1A). Because the amino-terminal 200aa of

the protein is not conserved, it was not possible to make predictions about its secondary
structure. The next segment of 120 AA is rich in helices and possesses one highly
conserved loop. The next 100 AA are coiled or globular and probably consist of a less
conserved linker region. This linker is followed by another conserved helical region and
a less conserved carboxy-terminus composed of leucine-rich, hydrophobic helices. The
predicted secondary structure of hTel2 is also conserved among the different homologs of
Tel2.

Using a Reverse Position Specific BLAST (RPS-BLAST) program, I found that

scTel2 had some homology to the MutS/MSH family of mismatch repair proteins. The
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homology begins from AA 329 of scTel2 and extends for approximately 200 AA.
Despite the relative conservation of this region amongst the different homologs, only the
scTel2 protein RPS-BLAST revealed the extensive homology with MutS. Using the
crystal structure of the MutS homodimer [236], I found the region of homology
corresponded to the clamp, levers, and core of the homodimer and included a-helices 11-
21 and B-sheets 14-17. These regions of the MutS homodimer are involved in encircling
DNA. The significance of this homology to MutS is unclear. As scTel2p has been
reported to bind a variety of DNA structures, it is possible that this homology is relevant
to this activity. However, it is also possible that the homology is not representative of
Tel2 function and is simply a remnant of an ancestral protein from which the eukaryotic
Tel2 evolved.
Cloning and Expression of hTel2

To clone hTel2, I ordered clones that possessed the predicted full length cDNA
from BLAST searches of GenBank. The ORF from the cDNA is predicted to have a
molecular mass of ~92 kDa and a pI of 5.54. Restriction digests of various cDNA clones
had suggested that a few clones, including one from a sequencing consortium (RZPD ID:
DKFZp434A073), were full length. The presumed full lenth cDNAs and a negative
control (N-terminal truncation of Tel2) were included in an in vitro transcription and
translation reaction. Only the RZPD clone yielded a detectable product running at the

predicted size of just less than 100 kDa (Fig. 2-2A).
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Figure 2-1. Schematic and alignment of hTel2.

(A) Predicted structural domains of hTel2. The region of hTel2 showing some homology to the
MutS/MSH protein is marked above the schematic (AA 296-513). Deletion alleles generated for
expression studies are marked below the schematic; dashed lines represent the deleted regions. The peptide
used to generate antibodies Tel2A and Tel2B is marked above the schematic with a dashed line. (B)
Multiple sequence alignment of Tel2 orthologs in the conserved terminal two-thirds. (Hs, human
[XP_008121], Mm mouse [BAB23388], At Arabidopsis [CAB88328], Dm Drosophila [AF55990], Sc S.
cerevisiae [P53038], Sp S. pombe [CAB93845]). Sequences were aligned using ClustalX with the Gonnet
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series matrix. The alignment is displayed with SeqVu. If residues are identical or similar to the human
sequence, they are boxed or shaded, respectively.

Tel2 was expressed both with and without epitope tags (Myc and FLAG) after the
full-length cDNA was cloned by PCR into retroviral expression vectors that included a
puromycin resistance marker. In order to generate purified hTel2 protein, the gene was
also cloned into a baculovirus expression vector for expression in insect cells. In addition
to the full-length constructs, based on the putative homology to the MutS protein, I
generated several truncated alleles of Tel2. These included the following: a deletion of
the N-terminus yielding AA 513-837 (NtermA), a deletion of the C-terminus yielding AA
1-296, and an in-frame deletion of the MutS domain yielding AA 1-296 + 513-837
(MutSA). These deletion alleles were also cloned into retroviral vectors and were used
for subsequent expression studies.

In order to detect hTel2, I generated 3 antibodies against the protein. I ordered a
peptide of hTel2 (AA 670-692) that was predicted to be hydrophilic and immunogenic
(Fig. 2-1A). The two polyclonal rabbit serum generated against this peptide were affinity
purified over a peptide column to generate the two antibodies, Tel2A and Tel2B. In
addition, polyclonal rabbit serum was produced against full-length Tel2 produced in
insect cells; this serum was also affinity purified to generate an antibody, Tel2C. Finally,
a polyclonal mouse serum was also produced against a GST_Tel2 (AA 296-837) fusion
protein for a mouse o-Tel2 serum (Parsons, Marrero, and de Lange, unpublished). These
antibodies were used for subsequent analysis of both endogenous hTel2 and
overexpressed Tel2 proteins.

The transient transfection of either tagged Tel2 expression vector, but not a
control vector, resulted in the expression of a protein that migrated at the expected MW

of ~100 kDa (Fig. 2-2A). Although the transfection of full-length hTel2 in 293T cells
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and Phoenix cells (293T-derived retroviral packaging cells) resulted in large amounts of
cell death within 48 hours of transfections, the cell death did not interfere with the
production of viral particles for the stable transduction of hTel2 into a number of
different cell lines. Full length and truncated alleles of Tel2 were expressed in a number
of cell lines including HTC75, HeLal.2.11, BJ/hTERT, IMR90, SK-HEP1, and U2-OS.
Most full length and truncated alleles of hTel2 were clearly overexpressed above the
endogenous hTel2 in each of the cell lines tested (Fig. 2-2B, 2-9 to 2-11). Only the
CtermA allele appeared to be produced less efficiently than the other alleles and was
detected very weakly in HTC75 and IMR90 cells (Fig. 2-2B, 2-9 to 2-11). Although it
was reported that the overexpression of hTel2 resulted in an increased growth rate in SK-
HEP-1 cells, we did not detect an altered growth rate in any cell lines that we tested (Fig.

2-9 to 2-11) [237]. Itis not clear what caused the discrepancy in growth rates.
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Figure 2-2. Expression of hTel2 assessed by Western and IF.

(A) In vitro transcription and translation from a full length cDNA (RZPD DKFZp434A073) (lane 1) and a
truncated cDNA lacking the predicted stard codon. Detected with **S-methionine on Phosphorlmager. (B)
Western blots from Phoenix packaging (293T) cells transiently transfected with vector control (lane 1) or
Myc_Tel2 (lane 2), or IMR90 fibroblasts infected with pLPC vector control (lane 3) or Myc_Tel2 (lane 4).
(C) IF of cells overexpressing FLAG_Tel2. Cells (type indicated on left) were stained with FLAG (9E10,
green) and Tin2 (865; red). FLAG_Tel2 shows weak cytoplasmic and strong, diffuse nuclear staining in
methanol fixed IMR90 and HeLal.2.11 cells. (D) Some foci of overexpressed FLAG_Tel2 colocalize with
Tin2. Cells were extracted with Triton X-100 prior to formaldehyde fixation and staining with FLAG and
Tin or TRF1 (371; red). Arrowheads indicate sites of putative colocalization with telomeric markers.
Arrows indicate FLAG_Tel2 foci that do not colocalize with telomeric markers.
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Endogenous hTel2 does not localize to telomeres

We also investigated the subcellular localization of hTel2 in the Tel2
overexpressing cell populations. With methanol or formaldehyde fixation, overexpressed
hTel2 has a strong, diffuse nuclear staining (Fig. 2-2C). Because the overexpressed Tel2
was enriched strongly and diffusely in the nucleus, it was difficult to localize Tel2 with
known telomeric markers in a definitive fashion. Pre-extraction of cells with a TritonX-
100 buffer prior to fixation removes nucleoplasmic proteins and can reveal foci of highly
expressed nuclear proteins [118]. Upon Triton extraction, both HeLal.2.11 and
BJ/hTERT cells overexpressing FLAG_Tel2 possessed nuclear foci. Unlike the known
telomeric proteins, overexpressed FLAG_Tel2 showed very few nuclear foci (usually<5).
Using either Myc (9E10) or FLAG (M2) antibodies, I found that some of the nuclear foci
colocalized with the telomeric marker Tin2 (Fig. 2-2C). However, these foci were
reduced in number and larger in size than typical telomeric foci. Furthermore, these foci
of overexpressed Tel2 did not consistently co-localize with all telomeric markers like
TRF1 (Fig. 2-2D). Thus, I conclude that these foci of co-localization are unlikely to
represent telomeres. It is unclear what these foci represent. Although it is possible that
overexpressed Tel2 localizes with telomeric marker at extra telomeric sites, it is possible
that these sites are an artifact of either the epitope tagging or Triton extraction of the
cells.

To address the localization of endogenous Tel2 more accurately, I used an
affinity- purified serum generated against full length Tel2 (Tel2C). Using this antibody, I
examined the localization of endogenous Tel2 in a variety of cell types (BJ, IMR90,
HeLal.2.11). Consistent with the overexpressed FLAG_Tel2, most Tel2 localized in the

nucleus (Fig. 2-3A). However, endogenous hTel2 had a more punctate staining pattern
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than overexpressed Tel2. The foci of Tel2 enrichment did not colocalize with telomeres
(Fig. 2-3A). An antibody against mouse Tel2 (mTel2) also showed a granular nuclear
staining pattern in NIH/3T3 mouse fibroblasts (Fig. 2-3B) (Takai and de Lange,
unpublished). Like hTel2, mTel2 foci also do not significantly colocalize with telomeres.

ChIP is an alternative and quantitative method of assessing the presence of
proteins at telomeres. To better address a possible localization of hTel2 to telomeres, I
performed ChIP on HeLal.2.11 and HTC75 cells. Crosslinked lysates from HeLa cells
that stably expressed FLAG_Tel2 were subjected to ChIP. Known telomeric proteins
efficiently precipitated telomeric DNA. However, polyclonal sera raised against peptides
of hTel2 did not precipitate telomeric DNA more efficiently than pre-immune sera.
Furthermore, monoclonal antibodies against the FLAG peptide did not efficiently bring
down telomeric DNA (Fig. 2-3C left). In two separate clones of HTC75 cells, the
affinity-purified antibody raised against full length hTel2 (Tel2C) also did not precipitate
telomeric DNA while sera against TRF1 or TRF2 did so very efficiently. Antibodies
Tel2A, Tel2B, and Tel2C recognize Tel2 by both Western blot and IP (Fig. 2-3D, 2-4C).
Based on the ChIP experiments from HeLal.2.11:pLPC cells and the HTC75 clones, it

seems that that neither overexpressed nor endogenous Tel2 are abundant telomeric

protein.
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Figure 2-3. Endogenous hTel2 does not associate with telomeres.

(A) Localization of endogenous Tel2 by IF. Primary BJ fibroblasts were fixed with formaldehyde and co-
stained for Tel2 (Tel2C; green) and TRF2 (Upstate anti-TRF2; red). Image is merged with DAPI (blue) on
right. (B) NIH/3T3 mouse fibroblasts were stained for mTel2 and mTRF1. This experiment was peformed
by Hiro Takai. (C) hTel2C does not associate with telomeric DNA by ChIP. Telomeric ChIP on
HeLal.2.11 cells (left) infected with pLPC or pLPC-FLAG_Tel2 or two clones of HTC75 cells that do not
express exogenous Tel2 (right) using the indicated antibodies or pre-immune serum (PI). Dot blots were
hybridized with a TTAGGG repeat probe. All Tel2 sera interacted with <1% of the input telomeric DNA.
(D) Western blot of centrifugally elutriated HeLa cells demonstrates that the Tel2B serum recognizes a
band of the expected size. Levels of hTel2 do not vary through the cell cycle. Elutriated lysates were
provided by J. Ye. Scale bar ~ 10 ym.
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The ability of hTel2 to bind telomeric DNA was assessed with in vitro assays.
Full-length hTel2 purified from insect cells did not bind to telomeric DNA in vitro
(Parsons and de Lange, unpublished). In previous studies of scTel2, only the C-terminal
two-thirds of scTel2p fused to maltose binding protein were used in the telomeric DNA
binding assays. Because it was possible that the N-terminal third of Tel2 might interfere
with efficient binding, the C-terminal two-thirds of the protein was fused to GST and
tested for DNA binding; it also did not bind to telomeric DNA (Parsons and de Lange,
unpublished).

The dearth of telomeric colocalization of endogenous hTel2, lack of telomeric
DNA in ChIP assays, and inability of purified hTel2 to bind telomeric DNA suggest that
hTel2 is not an abundant telomeric protein. However, some proteins, like the BLM and
WRN RecQ helicases, are thought to have important roles in telomere maintenance, but
also do not obviously colocalize with telomeres by IF [141, 238]. BLM and WRN may
targeted to telomeres via an interaction with TRF2. To test whether hTel2 might be
brought to telomeres via interactions with known telomere binding proteins, I co-
transfected 293T cells with hTel2 and various known telomere binding proteins to test for
direct interactions. I found that Tel2 did not interact directly with the known telomeric
proteins TRF1, Tin2, TRF2, or tankyrase; however, it did interact with itself indicating
some level of protein oligomerization (Fig. 2-4A). To test for indirect protein
interactions, lysates from IMR90 cells expressing Myc_Tel2 were immunoprecipitated
with Myc (9E10). Myc_Tel2 did not pull down abundant amounts of hRapl, TRF1,

TRF2, Nbs1, or Rad50.
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Figure 2-4. Tel2 does not interact with telomeric proteins by IP.

(A) Co-immunoprecipitation of hTel2 with itself but no other telomeric proteins. FLAG and Myc tagged
constructs were transfected into 293T cells in various combinations and subjected to co-IP using antibodies
against a monoclonal Myc antibody (9E10). Input lysates indicate that proteins are expressed.
(FLAG_tankyrase is expressed more weakly than other proteins.) Immunoblots were done with the Myc
antibody; bands in the FLAG blot (upper right) indicate a positive interaction. (B) Interaction of of hTel2
with itself can not be localized to a domain of hTel2 by 293T Co-IP. FLAG_TRFI1 + Myc_TRF2 and
FLLAG_TRF1 + Myc_Tin2 serve as negative and positive controls for the Co-IP. (C) Myc_Tel2 does not
interact with telomeric proteins when stably expressed in IMR90 fibroblasts. IPs were performed from
Buffer C extracts with the indicated amounts of Myc (9E10) antibody and analyzed by immunoblotting
with antibodies to the indicated proteins. IPs were performed in the presence of 100 ug/ml of ethidium
bromide to inhibit non-specific interactions mediated by DNA tethering. (D) Myc_Tel2 does not interact
with telomeric proteins when stably expressed in HCT116 cells. IPs were performed as in (C).
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Collectively, the IF, IP, ChIP, and in vitro DNA binding assays strongly suggest that
hTel2 does not interact with telomeres. However, because of hTel2’s diffuse localization
in the nucleus, I cannot exclude the possibility that transient interactions between hTel2
and telomeric chromatin exist.
Tel2 co-localizes with PML nuclear bodies

I next determined whether the foci of hTel2 enrichment colocalize with know
nuclear structures. Fixation and permeabilization of nuclei with methanol or the pre-
extraction of nuclei with Triton buffer or a cytoskeletal extraction buffer (CSK)
enhanced, but were not required, for the visibility of the enriched foci. The foci did not
significantly colocalize with foci of DNA replication marked by PCNA, centromeres
(CREST or CENP), or ionizing radiation induced foci (IRIFs) (Fig. 2-5A and B).
However, they did show significant colocalization with PML nuclear bodies (PML-NBs,
also called PODs or ND10). This colocalization was assessed using two distinct
antibodies for Tel2, Tel2C and maTel2, and two separate markers for PML-NBs, PML
and Mrell (Fig. 2-6A). The colocalization with PML-NBs was visible under three
different extraction conditions (methanol, CSK buffer, Triton X-100 buffer) making it
unlikely that the colocalization was an artifact of the fixation conditions (Fig. 2-6A, B).
Most, if not all, PML-NBs colocalized with hTel2 foci; however, there were frequent
hTel2 foci that were not associated with PML-Nbs (Fig. 2-6, merged images). The
function of PML-NBs is not well understood, though they have been implicated in many
functions including apoptosis, transcriptional regulation, RNA processing, and DNA

repair/replication {239, 240].
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Figure 2-5. hTel2 foci do not colocalize with PCNA foci, centromeres, or IRIFs.

(A) hTel2 does not localize to replication centers. hTel2 (Tel2C; green) and PCNA (Calbiochem NAO3;
red) IF of IMR90 cells extracted with CSK extraction buffer prior to fixation with formaldehyde. The
majority of PCNA foci do not colocalize with hTel2. As only cells in S phase possess PCNA, the lack of
colocalization is especially apparent in G1 cells (bottom). (B) hTel2 does not localize to centromeres.
hTel2 (Tel2C; green) and centromere (CREST serum, gift from T. Kapoor; red) (CENP-F [BN-S188B8] ,
gift from E. Tan; red) IF of IMR90 cells fixed with methanol. (C) hTel2 does not localize to IRIFs,
presumably sites of DNA damage and repair. hTel2 (Tel2C) and BRCA1 (Oncogene Ab-1; red) IF of BJ
cells fixed with formaldehyde lhr after 5 Gy of IR. Images are merged with DAPI (blue) in the right
panels. Scale bar ~ 10 xm.
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A partial list of proteins that associate with PML-NBs include the following: the Mrell
complex, Sp100, ISG20, p53, Daxx, BLM, RPA, and Rad51. It is not clear which, if any,
of the diverse functions associated function associated with PML-NBs are related to
hTel2 function.

Immortal telomerase negative ALT cells possess a unique kind of PML body
called ALT associated PML bodies (APBs or AA-PBs). These nuclear structures not
only contain all of the previously described components of PML-NBs but also possess
telomere binding proteins, telomeric DNA, and many DNA repair complexes (reviewed
in the Chapter 3). We found that hTel2 colocalized to APBs in both VA13 cells and
GMS847 cells (Fig. 2-5C). The telomeric foci that were not associated with APBs, notable
for their smaller size and diminished intensity, did not localize with hTel2. This pattern
of localization was consistent with other PML-NB proteins that do not normally
colocalize with telomeres, including PML itself.

PML-NBs have been implicated in DNA repair, and some of the components that
localize to these bodies (Mrell complex, RPA, and BLM) relocalize to sites of DNA
damage after cells are treated with IR or clastogens. Although primary BJ cells irradiated
with 5 Gy had distinct IRIFs as assessed by BRCAL1 staining, but Tel2 did not localize to

the IRIFs and its pattern of localization did not appear dramatically altered (Fig. 2-5C).
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Figure 2-6. hTel2 foci co-localizes with PML nuclear bodies.

(A) hTel2 localizes to PML-NBs in telomerase-positive cells. hTel2 (Tel2C; green) and PML (Santa Cruz
PG-M3; red) IF of IMR90 cells (top) fixed with methanol. hTel2 (Tel2C) and Mrell (864; red) IF of
primary BJ cells (bottom) fixed with methanol. (B) hTel2 localizes to PML-NBs in telomerase-negative
ALT cells. hTel2 (Tel2C) and TRF2 (647; red) IF of VA-13 cells (top) extracted with Triton X-100 and
fixed with formaldehyde. hTel2 (Tel2C) and TRF2 (647) IF of GM847 cells (bottom) extracted with Triton
X-100 buffer and fixed with formaldehyde. Tel2 co-localizes with the larger TRF2 foci, corresponding to
APBs, but not to smaller ones, corresponding to telomeres. (C) hTel2 co-localizes with some Cajal bodies.
hTel2 (Tel2C) and coilin (BD C28020; red) IF of BJ cells fixed with methanol. Arrows indicate sites of
colocalization with hTel2; not all Cajal bodies contain Tel2. Images are merged with DAPI (blue) in right
panels. Scale bars ~ 10 ym.
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In most cells, it has been noted that at least one PML body is associated with Cajal
bodies, an intranuclear structure for small ribonucleoprotein processing and assembly
[241, 242]. Consistent with these findings, hTel2 occasionally colocalized with one or
more Cajal bodies stained with p80 coilin (Fig. 2-6C). As there were Cajal bodies that
did not localize with hTel2, it is unlikely that the co-localization is due to bleed-through
from coilin staining; however, these experiments should be repeated using separate
markers for both hTel2 and Cajal bodies to confirm the finding. Some components of
PML-NBs and Cajal bodies have been noted to have cell cycle variations in their
localization. Thus, I assessed the cell cycle variation in levels of hTel2 using cell lysates
prepared from centrifugally elutriated HeLa cells and found that it did not vary with the
cell cyle (Fig. 2-3D). More careful IF and biochemical studies are necessary to address
whether there are more subtle variations in the localization of hTel2 through the cell
cycle.
Localization of hTel2 in meiotic cells

Microarray analyses of S. cerevisiae genes have also suggested that scTel2 is one
of a limited number of genes that are highly induced after yeast are induced to undergo
meiosis on sporulation medium. Using affinity purified Tel2C serum, our collaborators
examined the localization of hTel2 in meiotic nuclei prepared from testis suspensions.

Opverall, both somatic and meiotic cells shared a diffuse nuclear staining pattern.
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Figure 2-7. hTel2 localization in meiotic spermatocytes.

(A) Localization of hTel2 in meiotic spermatocytes. hTel2 (Tel2C) and SCPI1 IF of spermatocytes in
leptotene (L), zygotene (Z), pachytene (P), or diplotene (D) as labeled. (Inset) Detail of hTel2 localization
from whilte box. (B) Variation in staining pattern of hTel2 through meiosis. Meiotic chromosomes are
localized with SCP3. (C) Small amounts of hTel2 co-localizes with hRapl in meiotic nuclei. Arrows
denot sites of putative co-localization. Some images are merged with DAPI staining in right panels. These
experiments were performed by H. Scherthan.
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However, some subtleties were noted in meiotic cells. In particular, the diffuse granular
staining pattern was most apparent in late pachytene and diplotene meiotic nuclei.
Interestingly, it appeared that the strongest granular staining was excluded from the dense
chromatin of late pachytene and diplotene nuclei. The meiotic chromosomes were
visualized by DAPI staining for components of the synaptonemal complex (SCP1,
SCP3). The progressive condensation of meiotic chromosomes and exclusion of hTel2
from this condensed chromatin could explain the apparent increase in the intensity of
hTel2 during the late stages of meiosis. The exclusion of hTel2 from regions of dense
chromatin may be consistent with the finding that PML-NB and Cajal bodies are also
excluded from dense chromatin in interphase cells {243]. Curiously, in late pachytene
and diplotene nuclei, some foci of hTel2 colocalized with foci of hRapl. It is not clear
whether the infrequent foci of co-localization represented telomeres. In addition, not all
telomeres colocalized with hTel2. Because it is possible that the occasional
colocalization between hTel2 and hRapl was a trivial result of the abundant and diffuse
staining of hTel2, the possible co-localization of hTel2 with telomeres in meiotic cells
will need to be addressed with additional markers.
Localization of mammalian Tel2 to centrosomes

During their analyses of hTel2 localization in meiotic cells, our collaborators
noted that a strong extra-nuclear focus of hTel2 staining was often visible (Scherthan,

unpublished). The size and localization of this focus next to the nucleas was consistent

with that of the centrosome.
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Figure 2-8. hTel2 localizes to centrosomes in mouse and human cells.

(A) hTel2 (Tel2C) and centrin (gift from J. Salisburg; red) IF of IMR90 cells fixed with formaldehyde. (B)
hTel2 (Tel2A) and y-tubulin (Sigma GTU88; red) IF of GM847 cells fixed with methanol. (C) hTel2
(Tel2B; red) and y-tubulin (green) IF of spermatocytes. Note the asymmetric staining of centrosomes by
hTel2 in spermatocytes. Experiment performed by H. Scherthan. (D) mTel2 (1036) and mTRF1 IF of a
mitotic NIH/3T3 cell. Experiment performed by H. Takai. Some images are merged with DAPI staining in
right panels. Scale bars ~ 10 ym.
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I have found that hTel2 localized to centrosomes in somatic cells using three different
affinity purified antibodies against hTel2 (Tel2A, Tel2B, and Tel2C) and several
different markers for centrosomes (centrin, y-tubulin) (Fig. 2-8A, B). Independently from
the studies of our collaborator, using two distinct peptide antibodies against mTel2, a
post-doctoral fellow in our lab has found that mTel2 also colocalized with centrosomes
(Fig. 2-8E and data not shown) (Takai and de Lange, unpublished). The centrosomal
staining of mTel2 was especially intense in mitotic cells where mTel2 very clearly
stained the centrosomes at the core of the mitotic spindles.

Curiously, the staining of hTel2 in spermatocytes with Tel2B resulted in an
asymmetric staining pattern on most centrosomes (Fig. 2-8C). However, this asymmetric
localization of Tel2 was not noted in mitotic human and mouse cells (Fig. 2-8A, B, D).
Although some components of the centrosome (e.g. e-tubulin) have been previously
noted to be asymmetrically distributed between the mother and daughter centrioles, it is
not known whether Tel2's distribution is related to the asymmetric distribution of these
centrosomal markers. Futhermore, the asymmetric centrosomal staining by hTel2
appears to be specific to meiotic cells. Importantly, in at least the spermatocytes, the
incomplete overlap between the IF signals for hTel2 and centrosomes suggests that the
localization of hTel2 is not an artifact of the staining process (e.g. bleed through). One
concern of these IF studies is that the intensity of the centrosomal staining varies
considerable between different antibodies. To address this concern, it may be helpful to
determine the localization of a GFP_Tel2 fusion protein. Alternatively, it will be

important to determine whether mouse Tel2 still localizes to telomeres in mouse cells that
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have been targeted for Tel2. These additional studies should establish the importance of
the apparent localization of mammalian Tel2 localization to centrosomes.
hTel2 overexpression induces telomere elongation

In S. cerevisiae, Tel2 mutants have short telomeres. The hypomorphic alleles of
ceTel2 (clk-2/rad-5) may subtly elongate telomeres, though this effect is disrupted. I
expressed different Myc tagged alleles of Tel2—NtermA, CtermA, MutSA, and full
length—in the telomerase-positive HTC75 cell line and the primary, telomerase-negative
cell line IMR90. Most truncation alleles of Tel2 were expressed efficiently; however, the
C-terminal deletion of Tel2 (CtermA) was unstable and expressed only weakly. In
HTC75 cells, after ~60PD, the overexpression of Myc_Tel2 or truncation mutants did not
have obvious effects on telomere length or growth rate (Fig. 2-9B). In IMRO90 cells, the
expression of Tel2 did not affect the rate of telomere shortening or growth rate (Fig. 2-
9C). To extend my analysis on the possible effects of hTel2 on telomere length, I
expressed FLAG_Tel2 in the telomerase-positive BJ/hTERT and HeLal.2.11 cells. In
BJ/hTERT cells, even the vector control expressing cells demonstrated significant
telomere elongation. However, the expression of FLAG_Tel2 did not obviously alter the

baseline TRF (terminal restrictrion fragment) elongation.
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Figure 2-9. Effect of Myc_Tel2 alleles on TRF length in HTC75 and IMR90 cells.

(A) Analysis of telomeric restriction fragments (TRFs) and growth curves of HTC75 cells expressing
Myc_Tel2 alleles. HTC75 cells were infected with Myc_Tel2, Myc_NtermA, Myc_MutSA, Myc_CtermA,
or vector control retroviruses. Cells were passaged every 2-3 days by seeding 4.0x10° cells into a 10 cm
dish. DNA was harvested at the indicated PDs, digested with Mbol and Alul, and analyzed by genomic
blotting using a TTAGGG repeat probe. Growth curve of HTC75 cells (right, bottom) calculated from cell
numbers taken at each cell splitting. "UI" indicates DNA harvested from cells prior to infection. Western
blot of Myc_Tel2 allele expression (right, top). About 5 PD after selection from infection, lysate from
~1.5x10° cells infected with the indicated virus were blotted with Tel2B (leff) or Myc (right). Deletion
alleles all run at the predicted MW, endogenous hTel2 is detected with Tel2B at ~100 kDa.
Myc_Tel2ACterm is expressed very weakly (right) and is not detected by Tel2B, which recognizes a C-
terminal epitope. (C) Analysis of TRFs, growth curves, expression in IMR90 cells expressing Myc_Tel2
alleles. IMR90 fibroblasts (ATCC) were infected at PD27 and passaged every 4 days by seeding 1.5x10°
cells into a 15-cm dish. PD56 of Myc_MutSA was not fully digested.
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Figure 2-10. Effect of FLAG_Tel2 on TRF length in BJ/hTERT and HeLal.2.11.

(A) TRF analysis of BJ/hTERT expressing vector control or FLAG_Tel2. Genomic blots was performed as
described in Fig. 2-9A. BJ/hTERT cells were passaged every 3 days by seeding 7.0x10° cells into a 10 cm
dish. Expression of FLAG_Tel2 was confirmed throughout the course of the experiment by the a-FLAG
western (left bottom) (B) TRF analysis of HeLal.2.11 cells. HeLal.2.11 cells were passaged every 2-3 days
by seeding 4.0x10° cells into a 10 cm dish. Expression of FLAG_Tel2 was confirmed throughout the
course of the experiment by the a-FLAG western (right middle). Samples were prepared as described in
Fig. 2-9A. The change in median TRF length was determined in ImageQuant and plotted (right bottom).
Telomere shortening rate was calculated by linear regression.
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The HeLal.2.11 subclonal line has extremely long telomeres (>23 kb) that
shorten upon extended subculturing (Hooper and de Lange unpublished). The expression
of FLAG_Tel2 appeared to slow the rate of telomere shortening in HeLal.2.11 cells (Fig.
2-10B). The slower TRF shortening rate persisted through at least 100 PD (data not
shown). The cause of the unstable TRF length in HeLal.2.11 cells is unclear. It is
possible that overexpressed FLAG_Tel2 could either promote TRF elongation or prevent
telomere shortening in these cells. However, as the overexpression of Tel2 alleles does
not appear to affect the telomere shortening in primary IMR90 cells, it may be more
likely that FLAG_Tel2 promotes telomere elongation. To exclude the possibility that the
altered telomere shortening rates were caused by population variability in HeLal.2.11
populations, it will be necessary to repeat this infection; it may further be helpful to
determine whether the deletion mutant of Tel2 may also slow the TRF shortening rate in
HeLal.2.11 cells or other cells with long, but unstable telomeres.

Recently, it was reported that the overexpression of hTel2 (CLK-2) was reported
lengthen telomeres in the hepatocellular adenocarcinoma cell line, SK-HEP-1 [237].
This report conflicted with my finding that Myc_Tel2 overexpression did not promote
telomere elongation in HTC75 cells. However, there were some differences in the way
the two studies were performed. At least three factors--differences in the cell line used
(SK-HEP-1 vs. HTC75), the presence of an N-terminal epitope tag in my expression
vector, and the longer term culturing of infected cells by the Hekimi group-- could all
contribute to the reported differences. To address these discrepancies, I repeated the
experiment using the same conditions as Hekimi and collegues. Consistent with findings

from the Hekimi group, I found that the expression of untagged Tel2 gradually increased

70



the median TRF length in both HTC75 and SK-HEP-1 (Fig. 2-10B, C). The rates of
telomere elongation were calculated by linear regression to be roughly 11 bp/PD and 22
bp/PD in HTC75 and SK-HEP-1 cells, respectively. In HTC75 cells, this rate of telomere
elongation is ~3 fold lower than the rate of elongation caused by hRap1 overexpression
and ~20 fold lower than the telomere elongation caused by expressing Pot1AOB [85,
122].

In both SK-HEP-1 and HTC75 cells, untagged Tel2 overexpression appeared to
yield qualitatively better TRF elongation than FLAG_Tel2 overexpression. However,
quantitative analyses of changes in median telomere length (ImageQuant) indicated that
FLAG_Tel2 overexpression in SK-HEP-1, but not HTC75, cells also induced telomere
elongation. Thus, it is unclear whether an N-terminal epitope tag on Tel2 impedes the
protein's ability to promote telomere elongation after overexpression. More experiments
may be necessary to determine whether untagged deletions mutants of Tel2 affect
telomere length in HTC75 and HeLLal.2.11 cells.

I previously noted that hTel2 colocalizes with telomeric markers in the APBs of
ALT cells. To determine whether hTel2 contributes to telomere elongation in ALT cells,
I expressed hTel2 in the ALT osteosarcoma cell line, U2-OS cells, and found that its
expression did not strongly affect telomere length dynamics (Fig. 2-12A). However, the
very long and heterogeneous telomeres of ALT cells are difficult to resolve through
standard electrophoresis, which can only resolve fragments <25 kb in length. Thus, a
more thorough TRF analysis of these U2-OS cells should be performed using a CHEF
gel. This will help to exclude the possibility that hTel2 exerts subtle effects on telomere

maintenance in ALT cells.
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Figure 2-11. Effect of Tel2 on TRF length in HTC75 and SK-HEP-1 cells.

(A) Levels of endogenous, FLAG_Tel2, and untagged Tel2 in HTC75 (left) and SK-HEP-1 (right) cells
detected by Tel2C. Samples were prepared as described in Fig. 2-9A. (B) TRF analysis of HTC75 cells
expressing indicated virus. Genomic blot and growth rates (upper right) were performed as described in
Fig. 2-9A. The change in median TRF length was determined in ImageQuant and plotted (right bottom).
Telomere growth rate was calculated by linear regression. (C) TRF analysis of SK-HEP-1 cells. SK-HEP-1

cells (from ATCC) cells were passaged every 3 days by seeding 7.0x10° cells into a 10 cm dish.
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Figure 2-12. Effect of Tel2 on TRF length in HTC75 and SK-HEP-1 cells.

(A) TRF analysis of US-OS expressing vector control or FLAG_Tel2. Genomic blots was performed as
described in Fig. 2-9A. US-OS cells were passaged every 3 days by seeding 7.0x10° cells into a 10 cm
dish. The apparent increase in MW of TRFs in the outer lanes is caused by an artifact of the gel running
conditions. (B) Growth rate of U2-OS cells expressing vector control or hTel2 were determined as
described in Fig. 2-9B. (C) Expression of FLAG_Tel2 was confirmed throughout the course of the
experiment by the a-Tel2C western.

The overexpression of Tel2 can promote modest telomere elongation in many
settings. The effect appears to be dependent on telomerase as IMR90 cells and U2-OS
cells overexpressing Tel2 alleles did not have altered telomere length dynamics compared
to control cells. However, because an N-terminal epitope tag may affect the function of
Tel2 alleles, it may be helpful to reassess whether untagged alleles of Tel2 can affect
rates of telomere shortening in telomerase negative cell lines. Perturbing the function in
almost any of the abundant telomere binding proteins (TRF1, TRF2, hRapl1, Tin2, PTOP,
or Potl) results in rapid (visible in < 50 PD) and substantial (>30 bp/PD) changes in

telomere length. Consistent with the findings that endogenous hTel2 is not an abundant
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telomeric protein, Tel2's effects on telomere length are very modest. To better address
the role of Tel2 in telomere maintenance, it will be necessary to study the effect of hTel2
depletion on telomere maintenance. However, the depletion of hTel2 by RNA
interference suggests that it is essential for cell viability; thus, it will be necessary to
reduce levels of endogenous hTel2 to levels that are still compatible with cellular
viability to assess any possible functions on telomere length homeostasis.

Tel2 is essential in human cells

To assess the possible roles of Tel2, I depleted Tel2 by transfections of short
interfering RNA (siRNA) [244]. Two independent siRNA duplexes, Tel2.2 and Tel2.3,
resulted in a reduction of hTel2 levels to ~30% and ~10% of normal levels, respectively
(Fig. 2-13A, B). For some experiments, HeLa2 cells that overexpressed FLAG_Tel2 of
untagged hTel2 (HeLa2:FLAG_Tel2, HeLa2:hTel2) were used as a control in some
experiments. Although the exogenously introduced Tel2 constructs have the same coding
sequence as endogenous Tel2, the transfection of siRNA duplexes did not reduce
overexpressed Tel2 below normal levels in HeLa2:FLAG_Tel2 or HeLa2:Tel2 cells as
assessed by Western (Fig. 2-13B). For most analyses, HeLa2 cells were analyzed 48
hours after 2 siRNA transfections spaced by 24 hrs.

Most of the HeLa2 cells transfected with the Tel2.2 duplex (Tel2.2i) were
rounded and refractile or had lifted off of the plate by 72 hours after the 2nd transfection.
Consistent with their refractile appearance, HeLa2 cells were positive for TUNEL
labeling (for DNA fragmentation) between 12-60 hours after the 2nd transfection with
Tel2.2i (Fig. 2-13C, D). Apoptotic cells also have <2n DNA content. Indeed, Hela cells

transfected with the Tel2.3 siRNA (Tel2.3) had ~21% sub-G1 DNA content as assessed
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by FACS compared to ~8% for a GFP siRNA (GFPi) transfected control (Fig. 2-13C, D).
Importantly, this effect was almost fully rescued by the overexpression of either
FLAG_Tel2 or untagged Tel2. Finally, it is possible to score apoptotic cells
microscopically by the highly condensed nature of their chromatin (Fig. 2-14A). The
apoptotic nuclei can be easily distinguished from mitotic nuclei by co-staining with
aphospho-Histone H3 antibody that stains mitotic chromatin. In three independent
transfections of Tel2.3i, there was an average of ~3 fold more apoptotic nuclei compared
to GFPi control (18.6% compared to 6.4%). Furthermore, Tel2.3i transfected cells
incorporated a 1 hr pulse of BrdU less efficiently than GFPi control (33% compared to
48%).

The induction of apoptosis by two different duplexes targeting Tel2 and the
rescue of the apoptosis by Tel2 overexpression excluded the possibility that the cell death
was due to non-specific effects of the siRNA. Thus, I conclude that, like scTel2 and
ceTel2, hTel2 is essential for cellular viability. In agreement with my findings from
somatic human cells, mouse cells with targeted deletions of mTel2 are not viable (Takai

and de Lange, unpublished).
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Figure 2-13. Depletion of Tel2 by siRNA results in cell death.

(A) Western blot showing that HeLa2 cells have reduced amounts of hTel2 after transfection with Tel2.2 or
Tel2.3 siRNA duplexes. Western analysis performed with Tel2C. The star indicates a non-Tel2 band,
which can be used as loading reference. (B) The overexpression of hTel2 rescues the depletion of
endogenous Tel2 by siRNA. HeLa2 cells stably expressing pLPC hTel2, but not pLPC vector, continue to
express hTel2 after depletion by Tel2.3i. (top) Tel2C (bottom) y-tubulin loading control. The apparent
doublet in the endogenous Tel2 lanes is an artifact of gel separation. (C) Phase contrast and fluorescent
micrographs of TUNEL staining in HeLa2 cells 72 and 60 hrs after a 2™ transfection. TUNEL assay was
performed using. (D) Percentage of sub-G1 cells increases after transfection with Tel2.3i in HeLa2 cells
(with pLPC vector) but not HeLa2 cells expressing FLAG_Tel2 or hTel2. Bars represent the mean and SD
of three independent FACS analyses performed on 3 transfections performed in parallel. Samples were
processed 48 hrs after the 2™ transfection. (E) HeLa2 cells possess more apoptotic nuclei and fewer BrdU-
labeled nuclei after Tel2.3 transfection. Cells were scored for BrdU labeling 1 hr after a 10 xM BrdU
pulse. Cells were scored as apoptotic nuclei if they possessed condensed DAPI staining and did not stain
positively for phospho-Histone H3 (Cell Signaling). >400 nuclei were scored for each assay.
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Additional phenotypes of hTel2 depleted cells

The depletion of Tel2 by both Tel2.2i and Tel2.3i duplexes also resulted in a
modest enrichment of mitotic cells. The condensed chromatin of mitotic nuclei was
markedly distinct from that of apoptotic nuclei. Futhermore, mitotic cells, but not
apoptotic nuclei, stained strongly for Cyclin B and phospho-Histone H3 (Fig. 2-15A). 48
hrs after transfection with GFPi siRNA, there were 2-3 fold more mitotic cells in Tel2.3i
transfected cells compared to GPFi (3.1% compare to 1.1%, respectively) (Fig. 2-15B).
The mitotic arrest induced by hTel2 depletion was significantly less striking than the
arrest induced by the depletion of proteins directly required for the formation of the
mitotic spindle (e.g. TPX2, Aurora A kinase, and Plk1) [245-247]. The depletion of
these spindle components by siRNA results in a 10-fold increase in the number of mitotic
cells. Thus, it is unlikely that hTel2 is directly involved in mitotic spindle assembly.

Many of the accumulated mitotic cells had appeared to be arrested in early
metaphase; the metaphase chromosomes of these mitotic figures appeared less organized
than the mitotic figures of GFPi or mock controls (Fig. 2-15A, 2-16). The accumulation
of the abnormal metaphase cells was noted with both Tel2.2i and Tel2.3i (Fig. 2-15B, C).
Many of the cells that had accumulated in mitosis were abnormal and appeared to be
arrested in prometaphase with misaligned chromosomes. Mitotic cells were scored as
abnormal if they had chromatin that was dispersed away from the bulk chromatin (e.g.
lagging chromosomes or misaligned chromosomes) (Fig. 2-16B). Based on these criteria,
after Tel2 depletion with either Tel2.2i or Tel2.3i, I found that ~20% of the mitotic cells

were abnormal.
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Figure 2-14. Depletion of Tel2 by siRNA results in the accumulation of abnormal early mitotic cells.

(A) Depletion of Tel2 results in an accumulation of abnormal early mitotic figures. Scale bar ~50 pm.
HeLa2 cells were fixed and stained for Cyclin B (Santa Cruz; red) and DNA (DAPI, blue) after Tel2.3i
transfection. Arrows indicate cells with defects in metaphase chromosome condensation that have arrested
in early metaphase. Arrow heads indicate apoptotic nuclei which are compact DAPI staining nuclei that
lack strong Cyclin B staining. (B) Quantitation of the metaphase accumulation induced by Tel2.3i. (Top)
Percentage of mitotic cells cells as scored by Histone H3 (Cell Signaling) staining; >400 cells were scored
for each experiment. (Bottom) Percentage of abnormal metaphases in all mitotic cells; cells were scored as
abnormal when the chromatin was not organized on the metaphase plate or when masses of chromatin were
separated from the bulk of the chromatin; >100 metaphases were scored for each experiment. Bars
represent mean and SD from three experiments. (B) Time course of abnormal mitotic accumulation
induced by Tel2.2i. >200 mitotic cells were scored for each time point.
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In addition, staining for y or o-tubulin revealed that most of the aberrant mitotic
cells also had multiple (>3) centrosomes or defects in the assembly of the spindle around
the chromatin. The accumulation of abnormal metaphase cells in Tel2.2i and Tel2.3i
transfected cells is unlikely to be generated by off-target effects of the siRNA (e.g.
depletion of spindle components) as the phenotype was notable with non-overlapping
duplexes. However, recently it has been found that Dicer, a core component of the RNAI
machinery involved in the cleavage of ds RNA, is required for the formation of normal
heterochromatin. When Dicer is deleted in DT40 cells, the cells arrest in metaphase,
show premature sister chromatid dissociation (PCD), and undergo apoptosis [248]. In my
experiments, although the transfection of GFPi did not result in the gross accumulation of
abnormal mitotic cells and apoptosis, the GFP siRNA duplex may not be the best control
because it has no cognate mRNA and, thus, may be less detrimental to the RNAI
machinery than those that do have in vivo targets.

In future experiments, to address the possible contribution of inhibiting the RNAi
machinery to the potential Tel2 depletion phenotypes, it will be necessary to rescue the
mitotic abnormalities though the overexpression of exogenous hTel2. Alternatively,
mouse cells with a targeted deletion of mTel2 will help to discern the specific defects

associated with the loss of Tel2 function.
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Figure 2-15. Depletion of Tel2 by siRNA results in the accumulation of abnormal early metaphases.

(A) HelLa cells after GFPi control transfection. (Top) Typical mitotic nuclei stained with DAPI after GFPi
transfection. (Bortom) Cells were transfected and fixed in formaldehyde followed by staining for a-tubulin
(Sigma; green) and phospho-Histone H3 (red). (B) Abnormal mitoses from Tel2.2i and Tel2.3i depleted
cells. 48 hrs after 2 transfections of the indicated duplex, HeLa cells were fixed and stained for DAPI
(white), a-tubulin (green), y-tubulin (green), or phospho-Histone H3 (red) as labeled. Arrows indicate
defects in the mitotic spindle or cells with defects in the mitotic spindle (middle) or extra centrosomes

(bottom).
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Metaphase chromosome abnormalities

After Tel2 depletion, there was an accumulation of abnormal metaphase cells with
abnormal chromatin. To assess the appearance of the metaphase chromosomes more
precisely, I performed metaphase spreads on cells that had been depleted for hTel2. 48
hours after transfection with Tel2 siRNA duplexes, metaphase spreads were harvested
from colcemid arrested HeLa2 cells. After Tel2 depletion, an induction of chromosome
end fusions was not detected; telomeres in Tel2 depleted cells also appeared to be intact
when analyzed by telomere FISH (Fig. 2-16B). However, many spreads from hTel2-
depleted cells had metaphase chromosomes with aberrantly condensed chromosomes. In
contrast to GFPi or mock transfected HeLa2 cells, these chromosomes appeared very
curly, though the chromatid arms were still relatively compact. After hTel2 depletion,
~15% of the metaphases spreads possessed abnormally condensed chromosomes (Fig. 2-
17B). Metaphases were scored as abnormal if more than 10 chromosomes on the spread
possessed > 3 turns/chromatid (Fig. 2-17B).

Sister chromatids were roughly symmetrical in their curling pattern (Fig. 2-17A).
This mirror symmetric uncoiling is consistent with previous descriptions of the higher-
order structuring of mitotic chromosomes. Extended incubations (>1 hr) in hypotonic
saline or the depletion of the linker Histone H1 have revealed that mitotic chromosomes
possess an underlying coiled structure [249, 250]. In these experiments, the chromosome
defects are not an artifact of sample preparation as GPFi control cells that were processed

in parallel did not show the same defects.
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Figure 2-16. Tel2 depletion causes defects in chromosome condensation.

(A) Metaphase spreads of Tel2 depleted cells reveal defects in chromosome condensation. HeLa2 cells
were transfected with Tel2.2i or Tel2.3i, enriched for metaphases with colcemid, and fixed in
methanol:acetic acid (3:1) for metaphase spreads 48 hrs after transfection. Tel2 depletion results in the
accumulation of metaphase chromosomes with defects in condensation. (Bottom left) Stable expression of
hTel2 rescues the metaphase abnormalities. (Insets) Magnification of individual chromosomes from each
spread. (B) Telomere PNA-FISH on Tel2.2 depleted spreads. There were no obvious telomere aberrations
in 10 metaphases each of Tel2.2i and Tel2.3i transfected cells.
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Figure 2-17. hTel2 expression rescues Tel2 depletion mediated defects in chromosome condensation.

(A) Metaphase chromosomes prepared by Cytospin also had defects in condensation after Tel2 depletion.
(Inset) Magnification of individual chromosomes. (B) Scoring of chromosome abnormalities caused by
Tel2.3 transfection. 200 metaphases were scored for each condition. Metaphases were scored as abnormal
if >10 chromosomes in each spread had 3 or more curls per chromatid. Metaphases were scored as PCD+
only if <10 chromosomes in each spread had completely separated sister chromatids.

In addition, I found that defects in chromosome compaction were also apparent

under non-spreading conditions when mitotic cells were fixed on coverslips (Fig. 2-15B).

As an additional control, after the preparation of metaphase chromosomes by Cytospin,

Tel2 depleted, but not GFPi transfect cells, still showed similar defects in chromosome

coiling (Fig. 2-17A). Finally, the overexpression of hTel2 in HeLa2 cells rescued the

metaphase chromosome abnormalities caused by Tel2.3i transfection back to levels of the

83



GFPi transfection control (Fig. 2-17B). Because Tel2.3i transfection did not induce
premature centromere dissociation (PCD) in the same set of experiments, it is unlikely
that the metaphase abnormalities are secondary to defects in the formation of
heterochromatin caused by an inhibition of Dicer. However, it is possible that the
depletion of Tel2 causes a synthetic phenotype with additional unrecognized defects in
HeLa cells. Thus, it will be important to confirm the possible role of Tel2 in
chromosome condensation in a separate cell line or in knockout mouse fibroblasts.
Overexpression of hTel2 overrides DNA damage checkpoints

In C. elegans, both rad-5 and clk-2 mutants are defective in DNA damage
dependent cell cycle arrest and apoptosis. Because hTel2 is essential for viability, we
assessed the DNA damage checkpoint responses of IMR90 cells overexpressing hTel2.
We irradiated vector control or hTel2 overexpressing IMR90 with increasing doses of
ionizing radiation (1, 2, 6 Gy) and allowed them to recover for 16 hrs in the presence of
colcemid. As expected, increasing doses of irradiation inhibited the accumulation of
mitotic figures for both control and hTel2 overexpressing cells (Fig. 2-18A). However,
we found that cells overexpressing hTel2, but not truncated version of N-terminally
tagged Tel2, consistently possessed more mitotic figures than control cells (Fig. 2-18A).
After exposure to IR, mammalian cells experience two distinct G2 "checkpoints": a
transient (<2 hrs), ATM-dependent, dose-independent mitotic arrest and a more

prolonged (12-72 hrs), ATM independent, dose dependent G2 accumulation [251].
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Figure 2-18. Overexpresion of Tel2 impairs IR-induced arrest prior to mitosis.

(A) Tel2 overexpression results in the accumulation of. IMR90 cells were irradiated as indicated and
transferred to colcemid for 16 hr. Cells were then fixed and stained for phospho Histone H3 to identify
mitotic cells. Bars represent the mean and SD from 3 experiments with >400 cells. As a control, caffeine
was added at 15 mM, 1 hr prior to IR to abrogate the "G2/M checkpoint" (B) IMR90 cells expressing
various alleles of Tel2 were irradiated with 6 Gy and harvested for FACS at 12, 24, and 32 hrs. Data are
plotted as the percentage of cells with 4N DNA vs. total cells. (C) Cells were incubated in 15 mM
caffeinine for 1 hr, irradiated at indicated dose, and harvested for metaphases after 4 hrs. Breaks were
scored in 5 metaphases.

Thus, it was possible that the accumulation of mitotic cells 16 hr after IR could
reflect an abrogation of either of the two checkpoints. However, hTel2 overexpression
appeared to suppress the accumulation of mitotic cells in a IR-dose dependent fashion;
the disparity between control and Tel2 expressing cells was most evident at 2 and 6 Gy of
IR (Fig. 2-18A).

To confirm that hTel2 overexpressing cells were defective in G2 accumulation
rather than mitotic arrest after IR, I analyzed IMRO90 cells expressing different alleles of

hTel2 by FACS after IR. At three sequential time points (12, 24, and 32 hr) after 6 Gy
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of IR, Myc_Tel2 overexpressing cells accumulated fewer cells in G2 than vector control
or cells expressing any of the truncated alleles of Tel2 (Fig. 2-18C). The pathways that
are responsible for the accumulation of cells in G2 after IR are unclear. However, cells
that have defects in S-phase checkpoints (i.e, undergo radio-resistant DNA synthesis)--
including ATM, Nbsl, and BRCA1 deficient cell lines--have a prolonged accumulation
of cells in G2 [251].

Rad-5/clk-2 but not other DNA damage mutants of C. elegans (husl, mrt-2/radl)
mutants show a loss of S-phase DNA damage checkpoints. If hTel2 were also involved
in maintaining S-phase checkpoints, then, like other S-phase checkpoint deficient-cell
types, its depletion could conceivable cause a similar accumulation of G2 cells.
Conversely, its overexpression could inappropriately result in the suppression of this G2
checkpoin. Because the accumulation of cells in G2 is so poorly defined, the possible
relationships with the S-phase DNA damage checkpoint are highly speculative. In future
experiments, it will be helpful to determine the effects of hTel2 overexpression on better
defined DNA damage checkpoints (G1, S phase, and G2/M mitotic). Furthermore, it may
be informative to determine whether hTel2 overexpression affects viability after IR or S-
phase stressors (HU, aphidicolin). Preliminary experiments suggest that hTel2
expression does not increase the repair of cells after IR as cells overexpressing hTel2

possess similar levels of breaks as vector control cells at two different doses of IR.

CONCLUSION

hTel2 is not an abundant component of mammalian telomeres
In somatic human cells, we find that endogenous hTel2 is not enriched at

telomeres by IF, does not precipitate telomeric DNA in ChIP assays, does not interact
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with telomere binding proteins, and does not affect telomere length maintenance when
overexpressed. Furthermore, hTel2 does not bind telomeric DNA (Parsons and de Lange,
unpublished). We conclude that hTel2 is not an abundant component of telomeres. Like
hTel2, Ku70/80, DNA-PK, and the WRN helicase do not localize to telomeres in
telomerase positive cells by IF. However, these proteins, which are not abundant or
exclusive components of mammalian telomeres, have been shown to affect telomere
function. As described in detail in the introduction, the absence or mutation of the NHEJ
joining factors results in both telomere length and capping defects. In Terc-/- mice, the
Werner helicase is required for optimal telomere maintenance [252]. The subtle effects
of Ku on telomere capping could be explained by the vigorous ability of the Ku
heterodimer to bind DNA ends, including telomeric DNA ends, in vitro, thus targeting it
to telomeres [206]. In contrast to Ku, hTel2 has no affinity for telomeric DNA in vitro.
In addition, the effects of WRN or Ku on telomeres could be mediated by their
interactions with telomere binding proteins, thereby targeting the proteins to telomeric
DNA. However, in contrast to WRN and Ku, hTel2 does not detectable interact with
known telomere binding proteins.
hTel2 overexpression induces telomere elongation

Although hTel2 does not appear to associate with telomeres, I found that the
overexpression of untagged hTel2 resulted in slow telomere elongation in HTC75 and
SK-HEP-1 cells. In addition, its overexpression may slow telomere shortening in
HeLal.2.11 cells, which possess very long, but unstable telomeres. Curiously, the
expression of an N-terminal epitope tag may impair hTel2's ability to mediate telomere

elongation. However, these results are preliminary, and need to be confirmed. It is
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plausible that Tel2 mediate telomere lengthening exerts its effects through promoting
telomerase rather than inhibiting telomere shortening. This is based on the observation
that the expression of Myc tagged Tel2 alleles do not affect shortening rates in primary
IMR90 cells. However, because N-terminal epitope tagging protein might have
interfered with its function, these experiments should be repeated. Consistent with a
requirement for telomerase in hTel2-mediated elongation, the overexpression of hTel2 in
U2-0OS cells did not grossly affect telomere length. In future studies, it may be
informative to assess whether the depletion of hTel2 by shRNA results in telomere
shortening. Because hTel2 is probably essential, a partial knock-down of Tel2 may be
informative about its role in telomere length. HTC75 fibrosarcoma may be useful for
these studies, as RNA interference appears to happen less efficiently in this cell type.

It is not clear how hTel2 might promote telomere elongation. ScTel2 affects the
telomeric chromatin as assessed by the loss of TPE. It is possible that hTel2 affects the
telomeric chromatin of human cells to promote elongation. Alternatively, overexpression
of Tel2 could promote the stability and activity of telomerase. Intriguingly, hTel2 co-
localizes with PML-NBs and also a fraction of Cajal bodies. Cajal bodies are known to
be involved in hTERC stability and processing. To test the possible effects relationship
between hTel2 and Cajal bodies, it may be useful to visualize PML-NBs and Cajal bodies
after hTel2 depletion. If the structure of Cajal bodies is perturbed after hTel depletion, it
may be interesting to investigate possible relationships between Tel2 and hTERC.

A role for Tel2 in mitotic progression?
The depletion of Tel2 in HeLa2 cells results in cell death, and the targeted

deletion of mTel2 in mouse cells results in the induction of senescence (Takai and de
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Lange, unpublished). The telomeres of HeLa2 cells after Tel2 depletion are intact (Fig.
2-17A), so it becomes clear that Tel2 has an essential function(s) away from the telomere.
What are those is essential functions? Clues about hTel2's function may come from the
phenotypes of hTel2 depleted HeLa2 cells. In addition to apoptotic cells, the depletion of
hTel2 by siRNA in HeLa2 cells resulted in a mild mitotic arrest. The mitotic arrest
induced by hTel2 depletion is much less prounounced than the mitotic arrest induced by
the depletion of either mitotic kinases or spindle components (e.g. Plkl or TPX2).
However, perhaps consistent with a role in mitosis, Tel2 localizes to centrosomes in both
human and mouse cells. Many proteins involved in mitotic progression and spindle
assembly are localized to centrosomes. The localization of other mitotic kinases —Plk
family, CyclinB-Cdk1l, and Aurora family —exhibits dynamic changes between
centrosomes, kinetochores, and the spindle (reviewed in [253]) as cells progress from G2
through mitosis. I did not note a dynamic pattern of Tel2 localization through cell cycle
progression. Furthermore, the majority of Tel2 was localized to the nucleus suggesting
significant extra-centrosomal roles.

Thus, the significance of Tel2's localization to centrosomes should be confirmed
and dissected more carefully either by monitoring the localization of a GFP-Tel2 fusion
protein in real time or observing the localization of the protein in synchronized cells. In
addition, the availability of Tel2-/- fibroblasts should be able to confirm the specifity of
Tel2's localization to centrosomes. Although it is unlikely that hTel2 is directly involved
in mitotic progression, the accumulation of aberrant mitotic cells and centrosomal
localization of Tel2 may hint at an indirect function in regulating the G2 to M transition.

A role for Tel2 in chromosome condensation?

89



We find that metaphase spreads from hTel2 depleted cells have a coiled and
contorted appearance. The process of chromosome condensation from G2 to M is a
complex and involves several protein complexes and is likely to be coordinated by
mitotic kinases. Condensin and topoisomerase II play are known to be essential for the
higher-order structuring of chromosomes from G2 to M [254, 255]. Their deletion or
inhibition results in severe defects in chromosome structure. Under hypotonic spreading
conditions, the compact structure of mitotic chromosome is completely dispersed by the
depletion of either topoisomerase II or condensin I [254, 255]. Curiously, the depletion
of a second, vertebrate-specific condensin complex (condensin II) resulted in coiled
chromosome aberrations that appear very similar to the defects resulting from Tel2
depletion [256]. However, despite phenotypic similarities between Tel2 and Condensin
I depletion, the localization of Tel2 and the condensins are distinct. Importantly,
condensins localize to mitotic chromosomes while Tel2 does not. It would be worthwhile
testing whether there a direct interaction between hTel2 and any component of the
condensin proteins. IP of Myc_Tel2 did not detect an interaction between Myc_Tel2 and
the cohesin subunits SMC1 or SMC3 (Fig. 2-4C).

Because the depletion of Tel2 results in a weaker defect in chromosome
organization than has been previously noted for proteins directly involved in the process,
it is unlikely that Tel2 is an essential component of these protein complexes. Recently, it
has become clear that chromosome condensation and mitotic progression are intimately
linked processes. The disruption of one process results in defects in the other; for
example, the depletion of condensin causes the aberrant localization of the INCENP

complex and vice versa [255, 257]. Thus, it is possible that the defects in chromosome

90



condensation and the aberrant mitotic spindles are related phenomenon. Unfortunately,
this gives us no insight on the primary defect caused by Tel2 depletion.
A role for hTel2 in DNA damage checkpoints?

Rad-5/clk-2 has a role in recognizing and/or repairing DNA damage. The mutants
are unique in their requirement for the recognition of damage induced by HU. The
chromosome instability evident in tel2A/Tel2 diploid yeast cells would also be consistent
with a role for Tel2p in DNA damage signaling. Our finding that overexpressing hTel2
inhibits the accumulation of cells in G2 after DNA damage suggests that hTel2 may have
a checkpoint regulatory functions in mammalian cells. The G2 accumulation checkpoint
is not well defined, so it is speculative to draw conclusions about more specific roles of
hTel2 in other DNA damage checkpoints. It would be best to assess the function of Tel2
in loss-of-function experiments. However, because Tel2 is essential, these questions may
be difficult to assess. Further analysis of the effects of hTel2 overexpression on G1, S
and G2-M DNA damage checkpoints may yield some insights into the role of the

mammalian Tel2 in DNA damage recognition and repair.
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INDUCED HOMOLOGOUS RECOMBINATION AT
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INTRODUCTION

Homologous Recombination (HR) and the repair of double strand breaks

Compared to single strand DNA lesions, double strand breaks (DSBs) are
particularly troubling for a genome because there is a greater potential for the loss of
genetic information. DSBs can arise as a result of a variety of stresses including
irradiation, genotoxic agents, or replication fork collapse. Eukaryotes have two distinct
pathways for the repair of these lesions. Of non-homologous end joining (NHEJ) and
HR, the latter is the preferred repair pathway because it relies on a homologous template
to ensure the accuracy of repair.

Groundbreaking principles in the process of HR were first proposed by Robin
Holliday in 1964 to explain the features of allelic segregration in meiotic recombination
[258]. He speculated that single stranded DNA from one chromosome could anneal to a
homologous chromosome by displacing the corresponding strand and form a four-
stranded heteroduplex structure, now called a Holliday Junction (HJ). Holliday’s original
proposal has provided a framework for numerous models to explain the mechanisms of
DSB repair [259]. Although mechanistic details of different DSB repair models differ,
several processes are necessary for all of the models. These include the formation and
stabilization of a single stranded DNA molecule, the invasion of the single stranded DNA
into homologous DNA to form heteroduplex DNA, and the ultimate resolution of the
heteroduplex structure, often a HJ. Importantly, many of the proteins essential for HR
are known to have biochemical functions that correspond to these fundamental processes.
I will introduce some of the important factors in HR and their potential roles in telomere
maintenance.

Conserved Members of the Rad52 Epistasis Group—Rad51, Rad52, and Rad54
In S. cerevisiae, genetic studies have identified a large group of genes that are

required for efficient DSB repair by HR. One member, RADS1, is a small (~38 kDa)
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protein that can form long nucleoprotein filament together with single-stranded DNA
[260, 261]. Homologs of RADS1 can be found in all organisms including prokaryotes
(RecA) and archaea (RadA) and have been shown to promote the invasion and strand
exchange if single standed DNA into homologous duplex DNA [262, 263]. ATP binding
by conserved Walker boxes is required for the heteroduplex promoting activity.

In §. cerevisiae, rad52 mutants are hypersensitive to IR and have severe defects in
DSB mediated HR (reviewed in [264]). Consistent with an important role in HR, RAD52
was shown to interact with RADS51 to promote strand invasion [265, 266]. However,
these functions are either not conserved or redundant with other HR proteins in most
vertebrates as chicken and mouse cells that lack Rad52 show very modest (<2 fold)
defects in HR and no sensitivity to IR [267, 268].

Another molecule that promotes the formation and stability of heteroduplex DNA
is Rad54. In addition to interacting with RADS51, RAD54 and its homolog Rdh54
(Rad54B in humans) are DNA dependent ATPases with helicase motifs [269, 270]. In
both S. cerevisiae and mouse cells, deletion of Rad54 confers sensitivity to IR.
Furthermore, Rad54-/- mouse cells deficient for Rad54 have defects in DSB repair [271,
272}.

Some components of the Rad52 epistasis group appear to have roles in telomere
maintenance. In chicken DT40 cells deficient in Rad51, telomeric overhangs appear to
be >1.5 fold longer [213]. Also, Rad54-/- mouse cells appear to have slightly shorter
telomeres and moderate defects in telomere capping [187]. Chicken cells deficient for
Rad54 may show slight telomere elongation [213]. Thus, although the mechanisms are
unclear, it appears that Rad54 may have a role in telomere maintenance in vertebrates.
Additional mediators of HR—BRCA1, BRCA2, and the RadS51 paralogs

Not all factors important for HR in vertebrates are conserved in S. cerevisiae.
Mutations in BRCA2 impair HR, predispose cells to genomic instability, and promote the

development breast and/or ovarian cancers [273-275]. BRCAZ2 is a large (~384 kDa)
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protein that interacts with Rad51 through central and C-terminal BRC motifs and single
stranded DNA through C-terminal OB folds [276, 277]. BRCAI1, a ~208 kDa protein
encoded by a distinct breast cancer susceptibility gene, is also required for efficient HR in
mammalian cells [278, 279]. BRCAI may itself bind DNA and also interacts with a
number of proteins that are known to bind and modify DNA including BARDI1, the
Mrell complex, and BRCA2. The exact mechanism through which BRCA2 and BRCA1
promote HR is not known. Neither BRCA1 nor BRCA2 have been implicated in
telomere maintenance in mammalian cells.

Two paralogs of Rad51 were cloned by complementation of radiosensitive rodent
cell lines, XRCC2 and XRCC3 [280]. An additional three paralogs of Rad51—RADS51B,
RADS51C, and RAD51D —were cloned by virtue of their homology to Rad51/RecA [280-
284]. Although S. cerevisiae does possess two additional Rad51-homologs, Rad55 and
Rad57, it is unclear whether they are functional homologs of any of the vertebrates
Rad51-like genes [285]. Biochemical studies indicate that the Rad51 paralogs form at
least two subcomplexes—one containing RAD51B, C, D, and XRCC2 (BCDX2) and one
containing Rad51C and XRCC3 (CX3) [286, 287]. Both BCDX2 and CX3
subcomplexes bind ssDNA in vitro and may promote homologous pairing [287-289].

Hamster cell lines deficient for RADS51C (CL-V4B, irs3), XRCC2 (irsl), or
XRCC3 (irs1SF) are hypersensitive to IR [280, 281]. Cell lines deficient for RAD51C or
XRCC3 showed additional defects in HR as assessed by transposon integration, reduced
SCE, and abnormal repair products [290-293]. Human cells deficient for XRCC3 are
sensitive to cisplatin, impaired in the formation of Rad51 foci, and show decreased levels
of HR as assessed by SCE and gene targeting [294]. DT40 cells deleted for any of the
Rad51 orthologs and Xrcc2-/- deficient hamster cells all showed hypersensitivity to DNA
damage, impaired HR, and impaired Rad51 foci formation {295, 296].

Moreover, recent results have demonstrated not only that Rad51C promoted the

cleavage of model HJ in vitro but also that extracts from cells deficient for RAD51C or
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XRCC3 were severely impaired for HJ resolution [297]. Collectively, these data suggest
that the Rad51C and, in particular, the CX3 subcomplex are closely associated with HJ
resolution activity in mammalian cells. Importantly, Rad51D-/- mouse fibroblasts had
shorter telomeres and showed a modest increase in the number of telomere fusions (~2
fold). Rad51D may be unique amongst Rad51-like genes in its role in telomere
maintainenance, as it was the only ortholog found to associate with telomeric chromatin
by IF and ChIP [298].
The RecQ helicases —complex roles in HR

The RecQ helicases are evolutionarily conserved helicases that are critical for the
maintenance of genome stability. Humans have 5 RecQ helicase homologs; strikingly,
three of these helicases—WRN, BLM, or RECQ4 —are mutated in human diseases,
Werner’s syndrome, Bloom’s syndrome, and Rothmund-Thomson syndrome,
respectively. These diseases have similar symptoms that include cancer predisposition
and premature ageing. The RecQ helicases may be involved in the suppression or
resolution of certain types of HR. Strong evidence for this role comes from the
observation that the lethal phenotype of an sgsi, srs2 (a non RecQ helicase) double
mutant can be rescued by the concomitant deletion of rad51 [299]. This function appears
to be conserved for the WRN helicase in mammalian cells [300]. Furthermore, these
findings are also consistent with the ability of RecQ helicases to promote branch
migration and unwinding of HJs in vitro [301, 302]. Recent studies have demonstrated
that the RecQ helicases suppresses crossovers during DSB repair by HR [303, 304].

Many of the RecQ helicases appear to play roles in telomere maintenance. The
G-rich repeat strand of telomeres in most organisms have the ability to form
intramolecular G-G base-paired quadruplex DNA, or G-quartets. RecQ helicases are
unique amongst nucleases in ther ability to unwind G quartets; thus, the recruitment of
the helicases could be important to the unwinding of these structures, especially during S-

phase to promote efficient replication [305]. Consistent with a role for these helicases in
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telomere maintenance, TRF2 was found to bind both the WRN and BLM helicases and
stimulate their helicase activity [306]. Futhermore, mice deficient for both the WRN
helicase and hTERC showed more dramatic telomere dysfunction and accelerated ageing
phenotypes when compared with either single mutant [252]. Finally, the RecQ helicases
appear to play an important role in telomere maintenance in the absence of telomerase for
both human ALT cells and S. cerevisiae survivors, a subject which will be dicussed in
more detail in the upcoming sections.

The modulation of HR by other DNA repair pathways

In addition to the RecQ helicase family, DNA repair proteins that are not directly
involved in catalyzing HR affect the process. For example, the endonuclease
ERCC1/XPF (Rad10/Radl in S. cerevisiae) is unique among the nucleotide excision
repair (NER) factors in its ability to regulate homologous recombination [307]. Studies
indicate that the endonuclease may promote the removal of non-homologous sequences
or inter-strand crosslinks (ICLs) to promote HR [308, 309]. In addition, recent studies
have expanded the role of the ERCC1/XPF in HR and suggested that it may promote HR
of identical sequences in the absence of ICLs or non-homologous tails and inhibit the
recombination of imperfectly matched heteroduplexes [310, 311]. As described
previously, the ERCC1/XPF endonuclease complex is recruited to telomeres by TRF2
and may prevent the inappropriate recombination of telomeric sequences and formation
of telomeric double minutes [131].

Mismatch repair (MMR) proteins also inhibit the HR of slightly divergent
sequences (homeologous recombination) [310]. MutS family members (Msh2, Msh3, and
Msh6) and MutL family members (Mih1, Pms1) may inhibit homeologous recombination
by recognizing mismatches in heteroduplex DNA and promoting its rejection through
unwinding by the Sgsl helicase [310, 312, 313]. The mismatch repair proteins have not

been shown to have a role in normal telomere maintenance.
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A final DNA repair pathway known to modulate HR is the other major DSB
repair pathway, NHEJ. In mammalian cells, NHEJ competes with HR to repair DSBs
[314, 315]. This could occur if the binding of Ku or DNA-PKcs to DSBs prevented the
nucleolytic resection of the DSB into ss DNA, a step which is thought to be required for
repair by HR. The role of NHEJ factors in telomere maintenance is discussed in detail in
Chapter 1.

HR in telomere shortening—Telomere Rapid Deletion (TRD)

Although there had been considerable circumstantial evidence for the
involvement of HR in telomere function, some of the earliest direct evidence of a role for
recombination in normal telomere maintenance came from the work of Art Lustig and
colleagues in budding yeast. S. cerevisiae normally maintain their telomeres at ~350 bp
in length. However, the expression of rapl’ alleles, in which there is a deletion of ~150
residues at the C-terminus, results in telomeres elongating by as much as 4 kb. This
elongation is due to the inability of the rapl’ alleles to recruit the negative length
regulators Rifl and Rif2 to the telomere. The elongated telomeres generated in rapl’
expressing cells are unstable and frequently delete themselves to shorter lengths in a
process later called telomere rapid deletion (TRD) [316, 317]. The analysis of the
deletion products by Southern blot indicated that TRD stochastically deleted the
telomeres to near wild-type lengths without the apparent accumulation of products of
intermediate lengths. Genes located adjacent to long telomeres may be transcriptionally
silenced; the longer the telomere, the more likely it is that a gene will be silenced. Based
on the phenomenon of TPE, Li and Lustig developed a colony color assay to monitor the
repression of the ADE?2 gene and, indirectly, the rate of TRD [317]. They found that the

rate of TRD was ~1 event/100 cell divisions in haploid yeast.
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Figure 3-1. A Model for Telomere Rapid Deletion (TRD) in S. cerevisiae.

The expression of raplt alleles in S. cerevisiae results in telomere elongation. These overelongated
telomeres can be mated into wild-type yeast. The longer telomeres are stochastically resized to normal
telomere length in a process called telomere rapid deletion (TRD). The rate of TRD can be monitored
through experiments using an ADE2 marked telomere [317]. Using this marked telomeres, Lustig and
colleagues found that TRD was promoted by Mrell, Rad50, and Rad52. Ku70/80, Hprl, and Sir3
inhibited TRD. It has been proposed that TRD occurs through an intrachromatid recombination event.
However, it is not known whether a circle of telomeric DNA is generated as a result of this process.

Using the silencing assay, it was found that the deletion of rad52 resulted in a
three-fold decrease in the efficiency of TRD [317]. The loss of hprl promotes the
intrachromatid recombination of long or G+C rich repeat sequences in a manner that is

dependent on transcription through the region [318, 319]. Consistent with a role for HR
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in promoting TRD, hprl mutants had a ten-fold increase in the rate of TRD. The
promotion of TRD by hpr! is upstream to rad52-dependent HR, as an hprlrad52 double
mutant cell still showed a two-fold suppression of TRD. Another conclusion of this
study was that the sir3 protein, involved in telomeric silencing, also increased the rate of
TRD and decreased the precision of its deletion products causing the accumulation of
telomeres of intermediate deletion lengths. Sir3p is recruited to telomeres by the Ku
heterodimer. Consistent with their interaction, it was found that the deletion of Ku also
increased the rate of TRD while decreasing the precision of its deleted products [197].
More recently, Mrell and Rad50, but not Xrs2, seem to be required for efficient TRD
[320].

As overelongated telomeres were being shortened by TRD, it was not possible to
detect reciprocally elongated telomeres by Southern {316, 317]. Furthermore, TRD is
strongly stimulated by the hprl mutant, which is implicated in promoting intrachromatid
deletions. These two pieces of evidence suggested that the TRD occurred through an
intrachromatid rather than interchromatid mechanism. To address the mechanism of
TRD more directly, Lustig and colleagues marked an elongated telomere with Haelll
restriction sites and found that the sites were not transferred to other telomeres making
intertelomeric exchanges unlikely [320]. Based on these genetic and molecular assays,
Lustig and colleagues conclude that TRD in yeast occur through end-initiated
intrachromatid homologous recombination events.

HR in telomere elongation: survivor pathways in S. cerevisiae

In addition to contributing to rapid deletion events, homologous recombination
has been implicated in telomere elongation in S. cerevisiae. Most yeast that are mutated
in the est pathway (tlcIA, estlA, est2A, est3A, cdcl3-2) shorten telomeres until they
senescence after 40-60 generations [224, 321]. However, in the absence of sufficient
telomerase activity, some percentage of yeast cells can maintain their telomeres through

one of two survivor pathways [322]. Both survivor pathways absolutely require Rad52
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and result in the amplification of repeats to protect the chromosome ends. However the
two pathways have are significantly different. The Type I pathways also requires Rad51,
Rad54, Rad55, and Rad57 and result in the amplification of subtelomeric Y’ repeats.
Furthermore, the Type I pathway is unstable and often converts to the Typell survivor
pathway upon extended culturing. Type II survivors require the MRX complex, Rad59,
and the RecQ helicase Sgs1. Type II survivors amplify just telomeric repeats in order to
maintain their chromosome ends. The genetic or epigenetic changes that determine the
frequency and type of survivor pathway are not understood.

Additional insight into possible mechanisms of recombination mediated telomere
elongation comes from Kluyveromyces lactis. These budding yeast can also elongate
their telomeres without telomerase in a Rad52 dependent manner [323]. A minority of
the K. lactis survivors possessed telomeres that had restriction patterns consistent with
replication from small circles of telomeric DNA. Transforming K. lactis with small
circles of telomeric DNA increases the efficiency of this type of alternate telomere
maintenance {324]. Rolling circle telomere replication appears to be another possible
result of homologous recombination at telomeres. Mismatch repair appears to inhibit the
ability of survivors to arise from senescent cells lacking telomerase. The loss or mutation
of Msh2 in either both S. cerevisiae and K. lactis enhances the growth of telomerase null
strains [325]. As mismatch repair was not previously known to have a role in telomere
maintenance, the mechanism through which MMR inhibits the survivor pathways is
unclear.

A possible role for HR in telomere maintenance without telomerase

Athough most human tumors have reactivated telomerase, some portion of them
may maintain telomeres by alternative means, collectively referred to as alternative
lengthening of telomeres (ALT). By definition, ALT cells are capable of maintaining the
lengths of their telomeres without detectable telomerase activity. However, because a

clear mechanism for ALT has yet to be defined, it is likely that there is more than one
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non-telomerase mechanism for telomere maintenance. ALT cells are characterized by
very heterogeneous telomeres; while the mean TRF length is ~20 kb, the length can range
from 3 kb to over 50 kb [326]. The heterogeneity of telomere lengths occurs individual
cells, as FISH on ALT cells reveal that some chromosome ends have no detectable signal
while other cells ends have very long telomeres [327].

In addition to telomere heterogeneity, ALT cells are also characterized by the
presence of a unique nuclear body, the ALT associated PML bodies (APBs). PML
nuclear bodies (PNBs) are subnuclear structures that have been implicated in a number of
cellular processes including the regulation of transcription, apoptosis, and senescence
[239, 240]. A minority of exponentially cycling ALT cells (up to 20%) display the
APBs, which appear to be enriched in G2 [328-330]. APBs are a unique subpopulation
of PML bodies in ALT cells that contain many proteins that normal PNBs do not. In
addition to the expected PNB proteins, APBs also contain telomeric DNA, telomere
binding proteins (TRF1, TRF2, hRapl, hPotl, the Mrell complex), recombination
proteins (RADS51, RADS52), RecQ helicases (BLM and WRN), and DNA damage

response proteins (RPA, 9-1-1 complex, and y-H2AX) [118, 141, 328, 330-333]. The

repression of ALT through somatic cell hybrids results in a loss of the APBs [334].
These observations have led to the hypothesis that APBs are the sites of telomeric DNA
synthesis in immortal, telomerase negative cells.

Another notable feature of some ALT lines is the presence of extra-chromosomal
telomeric repeats (ECTR). ECTR have been detected in a number of ALT lines. These
ECTR repeats are thought to be relatively small (<3 kb) and linear [335, 336]. ATM
deficient fibroblasts and EBV-transformed B lymphoblasts, which are not ALT cells, also
seem to possess to possess ECTR [169, 337, 338]. Repetitive sequences, including
telomeric sequences, have been found as extra-chromosomal circles in some cell lines
[338, 339]. Interestingly, the treatment of these cells with carcinogens induced the

accumulation of these extra-chromosomal circular DNAs [338]. Thus, it is unclear
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whether ECTR have a functional role in the ALT mechanism or whether they are a more
general marker of genomic instability in ALT cells.

The pathways that are altered to allow cells to undergo ALT cells have not been
identified. Some studies suggest that ALT is caused by a recessive mutation, as somatic
cell hybrids between ALT cells and some normal cells results in a repression of ALT
[334]. However, in a different study, hybrids between a distinct set of ALT and non-ALT
cell types did not disrupt ALT activity [340]. The diverse responses of different ALT
cells to somatic cell hybrids suggests that there might be multiple pathways through
which ALT can be activated. Interestingly, there is evidence that the inactivation of the
p53 pathway is an important event for ALT progression. ALT is found frequently in
tumors or fibroblasts from Li-Fraumeni patients who are heterozygous for p53. In
addition, the reexpression of various p53 alleles arrests the growth of ALT cells, but not
telomerase positive cell lines [341]. Finally, ALT activation seems to happen more
readily in tissues of mesenchymal origin (e.g. fibroblasts); the reason for this preference
is unknown [326].

Cytogenetic studies on the composition of telomeres in one ALT cell line,
GMS847, have implicated recombination as a possible mechanism of telomere elongation
in ALT cells. The study by Reddel and colleagues found that a tagged telomeric
sequence was transferred to other chromosomes in GM847 (ALT immortalized) but not
HT1080 (telomerase immortalized) cells [342]. In another study, it was found using a
sister chromatid specific FISH protocol (CO-FISH) that ALT cells possessed much
higher levels of post-replicative telomere exchange events when compared with other
telomerase positive cells [343]. There are a number of specific mechanisms that could
allow for telomeric sequence transfer to occur. These include inter-telomeric replication,
rolling circle replication from a extrachromosomal telomeric template, or intertelomeric

recombination. In addition, the studies have not fully excluded the possibility that NHEJ
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of linear tracts of telomeric DNA could contribute to telomere elongation in ALT
telomere maintenance.
T-loops: a structural solution to the end of the chromosome

Another intriguing connection between telomeres and HR is the proposed
structure of the t-loop (description in Chapter 1). Although the t-loop structure may
prevent the recognition and NHEJ processing of telomeres as DNA breaks, the t-loop is
no panacea to potential problems posed by telomeres. The t-loop structure resembles a
Holliday Junction, a repair intermediate used by HR. Single-strand binding protein from
E. coli can be loaded near the base of t-loop in vitro [134] suggesting that primarily one
strand (likely the G-rich strand) has been displaced in a small D-loop. However, it is
possible that a small degree of branch migration can occur near the base of the t-loop
allowing for the formation of a short, but genuine HJ. The protection of the t-loop
structure from cleavage and resolution by HJ resolvases is likely to be an important
feature of telomere metabolism.
Exploring possible roles of TRF2 in HR at telomeres

Although several processes have indicated that HR can function at the telomere,
there is no explanation for how this process might be regulated. TRF2 has been shown to
be essential for the protection of telomeres from NHEJ, possibly through the formation of
t-loops. To extend our understanding of the roles of TRF2 in regulating telomere
metabolism, we have studied an allele of TRF2 that lacks its basic amino-terminus, called
TRF2AB. Unlike the acidic N terminus of TRF1, the first 45 AA of TRF?2 are enriched in
arginines. The domain is not predicted to form an obvious secondary structure and lacks
significant homology to any known protein domains. While all vertebrates appear to
have a homolog of TRF2, the basic N-terminus appears to be conserved only amongst
mammals. For example, chicken TRF2 has only a short (~23 AA) extension at its N-

terminus, which is not enriched in basic residues [344]. The TRF2 homologs of zebrafish
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and Xenopus appear to lack an N-terminal extension [345] (Ishikawa F., personal
communication).

TRF2 and TRF2AB proteins behave similarly, in vitro. For example, TRF2AB
still binds telomeric DNA in vitro [100]. TRF2AB has a modestly higher (~2-fold)
affinity for telomeric DNA than full length TRF2 (van Breugel and de Lange,
unpublished). Furthermore, although both TRF2 and TRF2AB form oligomers, a greater
proportion of TRF2AB appears to reside in higher order oligomers (probably octamers)
than TRF2 (Steensel and Griffith, unpublished; van Breugel and de Lange, unpublished).
Thus, the slightly higher affinity for telomeric DNA may be related to the altered
oligomeric state of TRF2AB. In addition, as indicated by the EM visualization of model
telomeric substrates, TRF2AB was still capable of generating t-loops in vitro, albeit at a
slightly lower efficiency (~2-3 fold) than full length TRF2 (Steensel, de Lange, and
Griffith, unpublished data). In addition, the size of the t-loops formed by TRF2AB were
similar to those formed by TRF2. TRF2AB can still interact with hRap1, XPF/ERCCl1,
and the Mrell complex by IP [118, 121, 131]. Consistent with the ability of the protein
to bind telomeric DNA and recruit its known interacting proteins in vitro, TRF2AB still
localizes to telomeres and does not induce telomere end-to-end fusions [124]. Curiously,
despite its ability to prevent NHEJ at telomeres, TRF2AB expression results in the rapid
induction of senescence in HT1080 cells [124]. In this study, using the TRF2AB allele,
we find that TRF2 has an essential function in preventing HR at mammalian telomeres

and use it to explore the roles of HR in mammalian telomere metabolism.

RESULTS

TRF2AB associates with telomeric chromatin
To confirm that the expression of TRF2AB did not diminish the presence of
known proteins on telomeric chromatin, telomeric chromatin immunoprecipitation (ChIP)

was performed on HeLal.2.11 and HTC75 with or without expression of TRF2AB.
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Figure 3-2. ChIP of telomeric proteins in cells expressing TRF2AB.

(A) ChIP on Helal.2.11 cells infected with pLPC or pLPC-TRF2AB using the indicated antibodies.
Duplicate blots were hybridized with a TTAGGG repeats or an Alu repeat probe. (B) HTC75 clones S24
and S13 were induced (+) to express FLAG_TRF2AB for 5 days and were processed alongside uninduced
celis (-). Duplicate blots were hybridized with a TTAGGG repeats or an Alu repeat probe. (C)
Quantification of the data in A and B representing per cent TTAGGG repeat DNA recovered in each ChIP.
Averaged duplicate signals obtained with total DNA samples from the lysate were used as baseline value
for the quantification. TRF2 antibody 508 was derived against the basic domain and only recognizes
endogenous TRF2.

HeLal.2.11 cells expressing TRF2AB still retained TRF1, TRF2, hRapl, and Mrell on
telomeres after TRF2AB expression (Fig. 3-2A). Quantitation of the ChIP revealed that
comparable amounts of telomeric DNA were precipitated in vector control and TRF2AB

expressing HeLal.2.11 cells (Fig. 3-2C). Two doxycyline-inducible HTC75 lines (S24
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and S13), which express TRF2AB in a doxycycline inducible manner, were induced to
express TRF2AB for 5 days. After the induction of FLAG_TRF2AB, HTC75 also
retained TRF1, TRF2, hRapl, and Mrell on telomeres (Fig. 3-2B, C). In contrast to
TRF2AB, the expression of TRF2ABAM results in a two-fold reduction of TRF2 and a
six-fold reduction in hRapl [85]. Furthermore, unlike the dominant-negative
TRF2ABAM allele, the expression of TRF2AB did not result in the rapid induction of

telomere end-to-end fusions mediated by NHEJ.

TRF2AB and TRF2ABAM induce senescence and telomere dysfunction

Because TRF2AB seemed capable of binding telomeric and preventing fusions, it
was unexpected that its expression resulted in the induction of senescence in HTC75 cell
[124]. We expressed TRF2AB in primary IMR90 fibroblasts and found that it inhibited
the proliferation of these cells (Fig. 3-3A). The extended culturing (> 14 days) of cells
infected with TRF2AB or TRF2ABAM will result in the outgrowth of cells that do not
express the exogenous allele. Despite the presence of some non-expressors in the
population, after WI-38 fibroblasts were selected for the expression of TRF2AB for 10
days, many of the cells were large and flat. There was a ~3 fold increase in the

proportion of cells that stained positively for senescence-associated (SA) B-galactosidase

(24% in TRF2AB vs. 7% for control) (Fig. 3-3B). Consistent with the induction of
senescence, TRF2AB expressing IMR90 cells had elevated levels of p53, p21, and p16 as
well as hypophosphorylated Rb and decreased cyclin A {346], all markers consistent with
senescent cell. The expression of TRF2AB inhibited the growth of a number of
additional cell lines including BJ/hTERT, HeLa2, and HeLal.2.11 cells (Fig. 3-3A). In
all cell types, the growth arrest was more complete in TRF2ZABAM expressing cells
compared to TRF2AB expressing cells. This may be consistent with the observation that
TRF2AB but not TRF2ABAM is still proficient for preventing telomere end-to-end
fusions [124, 128].
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Figure 3-3. Growth arrest, senescence, and TIF induction by TRF2AB.

(A) Growth curve cells expressing TRF2ABAM, TRF2AB, or vector control cells. (B) TRF2AB induced
senescent morphology and SA-B-gal expression. 3x10* WI38 cells infected with the indicated retrovirus
were plated in chamber slides on day 8 of selection. After 2 days, cells were fixed and stained for B-gal
activity. (C) TRF2AB induces large 53BP1 foci that co-localize with TRF1. BJ/hTERT expressing the
indicated virus were fixed 1 day after infection (no selection) and stained for DNA (DAPI; blue), 53BP1
(gift from T. Halazonetis; green) and TRF1 (370; red). The enlarged images show 53BP1 foci at telomeres
from these nuclei (TIFs). (D) Quantitation of DNA damage foci induced by the expression of TRF2AB.
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The cytologic colocalization of telomeres labeled by TRF1 with sites of DNA
damage is described as a telomere dysfunction induced focus (TIF) and has been
established as a marker for uncapped telomeres [125]. IF for S3BP1 in BJ/hTERT cells
harvested after expressing TRF2AB revealed the presence of DNA damage foci in 72%
of the cells (~5 foci/cell) compared to 32% of vector control cells (~2 foci/cell) (Fig. 3-
3D). Of the cells that possessed DNA damage foci, most (>60%) had foci that
colocalized with telomeres marked with TRF1. Of cells that possessed 53BP1 foci,
TRF2AB expressing cells possessed an average of 1.8 TIFs/cell while vector control cells
possessed ~0.16 TIFs/cell. The presence of TIFs in TRF2AB-expressing cells suggested
that the TRF2AB allele induced growth arrest could be due to telomere dysfunction.

The expression of TRF2ABAM or the conditional deletion of TRF2 in mouse
fibroblasts results in a marked induction of DNA damage foci that colocalize with
telomeres [125](Celli and de Lange, unpublished). TRF2ABAM-induced foci are
abundant (>10 TIFs/cell) and relatively small (usually <1 gm). In contrast, TRF2AB-
induced foci were notably larger (usually >1 xm) and less frequent than those caused by
TRF2ABAM expression (Fig. 3-3C, D). The morphology of TRF2AB-induced foci are
more reminiscent of the “senescent foci” described in cells undergoing passage induced
senescence than the TIFs described in TRF2ABAM expressing cells [347, 348]. The
differences in the appearance and frequency of TIFs would be consistent with distinct
mechanisms of action for the TRF2AB and TR2ABAM alleles. Because of its proficiency
in inhibiting telomere end-to-end fusions and distinct TIF morphology, I surmised that
the telomere dysfunction and senescence induction induced by TRF2AB was a

fundamentally distinct process.
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Figure 3-4. TRF2AB results in the loss of duplex telomeric DNA in human and mouse cells.

(A) Denaturing gel electrophoresis comparison of C and G strand length after expression of TRF2AB.
IMR90 fibroblast were harvested on day 5 of selection. Genomic DNA was digested with Mbol and Alul
and quantitated prior to loading. Equal loading was not confirmed due to the alkaline condition of the
electrophoresis. Two alkaline gels were run in parallel, neutralized, blotted onto a Nylon membrane and
hybridized with end-labeled (CCCTAA)4 and (TTAGGG)4 repeat oligos. The molecular weight marker
were prepared by digesting a TTAGGG repeat bearing 2.6 kb pTHS5 plasmid with HindIII and self ligation
of the cut plasmid. (B) Telomere blots of human cells after TRF2AB expression. HeLa, BJ/hTERT, and
IMR90 cells were harvested on day 4 after selection. Genomic DNA was digested with Mbol and Alul and
quantitated prior to loading. Equal loading was confirmed by EtBr staining. Blots were hybridized with a
TTAGGG repeat probe (Styll) and exposed on phosphor screens. The telomere smear, excluding the
wells, was quantified using Imagequant software. The number below each lane indicates the telomere
signal relative to a vector control infection that was done in parallel. The loss of telomere signal from each
of these cell lines was similar in multiple independent infections. (C) CHEF gel telomere blots from mouse
cells after TRF2AB expression. The indicated wild-type mouse cells were harvested 5 days after infection.
Genomic DNA from 1.5 x 10° cells was prepared in plugs, digested with HindIll, and separated by CHEF
gel. Blots were controlled for loading and quantitated as described in Fig. 3-5. (Arrow) Many short arm
telomere fragments migrate >150kb because they possess long subtelomeric arrays that are not digested by
HindIIl. Genomic DNAs digested with Mbol show similar losses of telomeric repeats despite the absence
of the strong short arm telomere band.

TRF2AB induces rapid telomere shortening — quantitative genomic telomere blots
To address the mechanism of senescence induction by TRF2AB, I examined the

telomeres of TRF2AB expressing cells by telomere Southern blots. TRF2AB induced a

rapid loss of telomeric DNA when compared to vector control. The loss of telomeric

DNA could be observed both as a shortening of telomere restriction fragment (TRF)
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length and also an obvious decrease in hybridization intensity. Telomere shortening was
noted in a variety of primary and transformed human cells types including IMR90, WI38,
BJ, BJ/hTERT, HTC75, HCT116, and HeLal.2.11 (Fig. 3-4B, Table 3-4).

The examination of the C-rich and G-rich telomeric strands separately using
denaturing gel electrophoresis indicated that both strands became shortened upon
exposure to TRF2AB (Fig. 3-4A). Median TRF decreased by at least ~16% (from 8.4 to
7.1 kb) after the expression of TRF2AB in IMR90 fibroblasts (Fig. 3-11F). However, this
is likely to be an underestimate of the actual amount of telomere sequence loss as TRFs
possess variable amounts (at least 0.5 kb) of non-telomeric repetitive sequence which are
not separated from the telomeric repeats after restriction digest [13, 349].

As an alternative means of measuring telomeric sequence loss, I performed
quantitative Southern blots on telomeric sequences with or without expression of the
TRF2AB allele. For all experiments, samples were first normalized by Hoechst
fluorometry prior to loading. Additionally, for most experiments, the amount of genomic
DNA was further normalized by first probing blots for a chromosome internal sequence
(Fig. 3-5A, B). Using quantitative Southern blots, I found that human cells expressing
TRF2AB consistently lost at least 15% and up to 30% of their telomeric repeat sequences
regardless of their starting telomere length. Although the telomere sequence loss was
very rapid and could be easily detected as early as 2 days after selection (4 days after
introduction of virus), most experiments were performed after 4-6 days of selection. I
also expressed TRF2AB in mouse cells and found that telomeric sequences were lost at
comparable rates (~30% in 4 days) despite the much longer telomeres of mouse cells
(Fig. 3-4C). The rate of telomeric sequence caused by TRF2AB (~1000-2000 bp/PD)
rate of loss is too high to be explained by the progressive erosion predicted by the end

replication problem that is estimated to erode telomeres at between 50-150 bp/PD.
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Figure 3-5. Quantitation of telomere blots after TRF2AB expression.

Human (A) or mouse (B) genomic DNA treated in parallel with vector or TRF2AB retroviruses was
digested with the indicated restriction enzymes and quantitated by Hoecsht flourometry prior to loading.
Blots were probed for the indicated loading control, exposed on Phophor screens, and quantitated in
Imagequant. The blots were then stripped, hybridized with a TTAGGG repeat probe (Sty11), and the
telomere smear was quantified in Imagequant. The loading control normalized signal was compared to
between parallel vector and TRF2AB samples.

TRF2AB alters telomere end structure — non-denaturing in-gel hybridization

The expression of TRF2ABAM or deletion of the TRF2 gene greatly reduces the
amount of single stranded G-strand overhang at telomeres ([124]; G. Celli and T. de
Lange, in preparation). To assess the affects of TRF2AB on single-standed DNA (ss
DNA) at telomeres, I performed non-denaturing in-gel hybrizations with oligonucleotide
probes specific for the G-rich or C-rich strands of telomeres. Under non-denaturing
conditions, a telomeric smear is detected only for the TelC probe consistent with the

presence of short (50-150 bp) G-rich overhangs thought to be present on all telomeres
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[350]. Subsequent to quantitation, the same gels are denatured in situ and rehybridized to
the probes. Thus, quantity of overhang is always normalized to amount of telomeric
DNA loaded in a particular sample lane. In IMR90 and BJ/hTERT fibroblasts,
expression of TRF2AB increased the amount of single stranded G-strand DNA at
telomeres (Fig. 3-6A). Three days after selection, TRF2AB-expressing BJ/hTERT cells
had 45% more ss G-rich telomeric DNA than vector control cells. IMR90 cells had
~25% and 70% more ss G strand telomere DNA without selection or 3 days after
selection, respectively. Cells selected for TRF2AB expression for >7 days appeared to
lose the excess single stranded DNA [346]. Thus, the aberrant ss DNA induced by
TRF2AB may be a transient intermediate. Consistent with previous observation, the
expression of TRF2ABAM resulted in a modest but consistent decrease in the amount of
ss overhang signal in my experiments. Most of the additional ss DNA at telomeres
induced by TRF2AB did not migrate in a pattern consistent with TRFs, but rather
smeared upwards and downwards from the expected signal. The signal from shorter
TRFs is likely to represent the ss G-overhangs of telomeres shortened by TRF2AB.
However, the upwards smearing signal is unlikely to represent longer telomeres as
standard electrophoresis conditions can only resolve linear fragments of DNA <25 kb.
Thus, the upwards-smearing signal may represent aberrant structures (e.g. G quartets,
strand invaded intermediates) formed by the additional ss DNA. These structures are
non-covalent because they are not detectable when gels are run under denaturing

conditions (Fig. 3-4A).
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Figure 3-6. TRF2AB induces increased single-stranded DNA at telomeres.

(A) In-gel hybridization of TRFs from cells expressing TRF2AB. BJ/hTERT and IMR90 fibroblasts were
harvested at the indicated time points after selection. Genomic DNA was digested with Mbol and Alul and
fractionated on a 0.8% agarose gel. Equal loading was confirmed by EtBr staining. The same gel was
probed under native (left) and denaturing (right) conditions with an end-labeled (CCCTAA)4 probe. The
overhang signal was normalized for loading and then compared to the vector control sample (set to 100%).
(B) The excess single standed DNA induced by TRF2AB is resistant to Exol. TRFs were treated with Exol
at 5 units/ug genomic DNA for lhr prior to digestion and fractionation. Overhang signal was normalized
for loading against the denatured gel (right) and then compared to the vector control sample without Exol
treatment, set to 100%. (C) Expression of TRF2AB induces ss C-rich DNA at telomeres. Native gels
performed as described in (A) except that gels were hybridized with an end-labeled (TTAGGG)4 probe.
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Normally, the ss G-overhangs of telomeres are sensitive to Exol, a 3’> 5’

exonuclease. In vector control cells, treatment of TRFs with Exol resulted in a 44%
decrease in the overhang signal. After the expression of TRF2AB, a fraction of the ss
DNA was digested by Exol, which suggested that some telomeres maintained a normal
end structure. However, the majority of the excess ss G-strand signal induced by
TRF2AB was resistant to Exol as the signal intensity only dropped from 138% to 116%
of vector control levels (Fig. 3-6B). Exol requires a free 3' terminus to degrade ssDNA;
thus, resistance to Exol suggests that the DNA could be extremely long, lack a free 3’
terminus, or form otherwise aberrant structures (e.g. G quartets).

Consistent with the possibility of altered telomere structure caused by TRF2AB, I
found that a TelG probe specific for C rich DNA hybridized with TRFs from TRF2AB-
expressing cells (Fig. 3-6C). Telomeres are not thought to possess ss C-rich telomeric
repeats. Thus, vector control TRFs did not hybridize with telomeric DNA in non-
denaturing conditions. However, after the expression of TRF2AB, ss C-rich DNA
became obvious (Fig. 3-6C). This TRF2AB induced ss C-rich DNA may share many of
the same features as the ss G-rich DNA as it also migrates at very high apparent MW
suggesting the presence of secondary structures. Thus, in addition to causing the loss of
duplex telomeric repeats, these non-denaturing in-gel analyses suggest that the normal
telomeric structure is also altered by the expression of TRF2AB.

TRF2AB induced deletions are stochastic telomere loss by FISH

To clarify the mechanism of TRF2AB-mediated telomere loss, I visualized the
telomeres by Fluorescent In Situ Hybridization (FISH) with a telomere peptide nucleic
acid (PNA) probe. Consistent with telomere blots, TRF2AB expression caused an overall
decrease in the strength of telomeric FISH signals (Fig. 3-7A, B). I was surprised to find
that telomere attrition did not affect all chromatids equally. While some telomeres
appeared relatively unaffected, others were very weak or lost completely. Under optimal

conditions, PNA-FISH can detect as little as 500-1000 bp of telomeric DNA on
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metaphase spreads ([351] and P. Lansdorp, personal communication). The strikingly
asymmetric pattern of loss in many of the metaphase chromosomes indicated that
TRF2AB-mediated telomere loss was likely to occur during or after S-phase. Though
less frequent, I also visualized deletions in which both sister telomeres appeared to be
affected suggesting either a loss prior to DNA replication or duplicate deletion events
after metaphase. Thus, we do not exclude that possibility that a minority of telomere
deletions occur prior to S-phase.

Scoring metaphases from several independent infections of mouse fibroblasts, I
found that TRF2AB expression resulted in a ~10 fold increase in the number of
chromatids lacking detectable telomere signals (Table 3-1). I found that TRF2AB
induced telomere loss at similar rates in BJ and BJ/hTERT cells (Fig. 3-7B, Table 3-1).
Curiously, even in the control spreads, there was a low proportion of chromatids that
lacked telomeric signal. Although it is possible that these signal free ends could be an
artifact of sample preparation, these baseline loss events were noted in several
independent experiments and have also been previously reported to occur in both mouse
and human cells.

In NIH/3T3 cells, after two days of TRF2AB expression, 8.5% of telomeres had
been lost completely while most other telomeres had also decreased in length notable as
an overall decrease hybridization intensity. While a more precise quantification of
telomere loss on metaphase spreads requires the use of the Quantitative-FISH (Q-FISH)
[352], I estimate that the rate of loss visualized by FISH is roughly consistent with the
21% decrease in telomere hybridization intensity that I observed through quantitative

genomic blots after four days of selection.
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Figure 3-7. TRF2AB induces stochastic telomere loss telomere associations.

(A) Telomere FISH on metaphase spreads from NIH/3T3 cells expressing TRF2AB or vector control
retrovirus. NIH/3T3 cells were harvested for metaphase spreads one day after infection (no selection).
Metaphases were stained with DAPI (red) and a telomere specific FISH probe, FITC-(CCCTAA), (green).
The enlarged images below the metaphases show individual chromosomes from control and TRF2AB
expressing slides. (B) Telomere FISH on spreads from BJ/hTERT cells. BJ/hTERT cells were harvested
for metaphases five days after selection. Arrows point to signal free ends; the occasional signal free end
can be noted in vector control cells (left). (C) Telomere associations (TAs) induced by TRF2AB. (Top)
TAs are distinct from fusions. Neither the DAPI nor PNA-FISH staining are continuous between the
telomeres linked by TAs, something which would be expected from fusions. Additional examples of TAs
between two chromosomes (middle) or multiple chromosomes (bottom) are shown.

117



Table 3-1. Quantification of TRF2AB-induced telomeric signal loss.

Cell line Retrovirus Chromosomes/ Signal freeends Telomere

Ends scored associations
(10 metaphases)

NIH/3T3 vector 784/3136 28 (0.9%) 12

NIH/3T3 TRF2AB 706/2824 240 (8.5%) 28

B4-SV40LT vector 722/2888 18 (0.6%) 6

B4-SV40LT TRF2AB 833/3332 133 (4.0%) 38

MC5 vector 1004/4016 22 (0.5%) 12

MC5 TRF2AB 898/3592 197 (5.5%) 46

BJ/hTERT vector 444/1776 10 (0.6%) ND

BJ/hTERT TRF2AB 448/1792 83 (4.6%) ND

BJ vector 392/1568 22 (1.4%) ND

BJ TRF2AB 416/1664 96 (5.8%) ND

The indicated cells lines were infected with vector or TRF2AB retrovirus and harvested after one day for
mouse cells and two days for human cells. Metaphase spreads were hybridized with a telomere PNA probe
and examined for telomeric signal loss as shown in Fig. 3-7A and B. Metaphase spreads from mouse cells
were also scored for telomere associations (TAs). A TA event was scored when two or more PNA-FISH
signals from separate chromosomes were continuous or almost continuous while the DAPI staining of the
separate chromatid arms remained distinct; thus, TAs were only scored between separate chromosomes.

TRF2AB induces telomere associations (T As)

In addition to telomeric signal loss, the expression of TRF2AB also increased the
number of telomeric associations (TAs). Like telomere end-to-end fusions, TAs
appeared as continuous or nearly continuous PNA-FISH staining between two or more
different chromosomes. However, unlike fusion, TAs do not show continuous DAPI
staining. By definition, continuous telomere FISH staining between more than two
telomeres must represent at least one TA because it cannot be due to an end-to-end fusion
between two ends. Furthermore, because the spatial proximity between FISH signals on
adjacent sister chromatids (especially on the short p arms that are situated next to the
centromeric heterochromatin) made it difficult to discern the continuity of DAPI staining,
only TAs between separates chromosomes were scored in our analyses. Thus, the

number of TAs presented in Table 3-1 are likely to be a conservative estimate of the
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frequency of occurrence. Even so, after the expression of TRF2AB, there was a ~three-
fold increase (30 total in vector compared to 112 in TRF2AB) in the total number of TAs
in metaphases from three separate infections. In contrast to telomere fusions, TAs do not
possess continuous DAPI staining and condensed chromatin between the adjacent PNA-
FISH signals (Fig. 3-7C). TAs often involved more than two telomeres (Fig. 3-7C)
making it even more unlikely that associations were covalent end fusions. Finally, as
previously described, the expression of TRF2AB did not result in the accumulation of
larger MW TRFs on denaturing gels, representing fused telomeres, a process which
occurs after the expression of TRF2ABAM [130]. I conclude that in addition to causing
stochastic telomere deletions, TRF2AB also induces non-covalent associations between
different telomeres.
TRF2AB preferentially deletes the parental C-strand telomeres

Metaphase spreads harvested within 2 days after the expression of TRF2AB
suggested that telomere loss preferentially affected one of the two sister telomeres (Fig.
3-8A). TRF2AB mediated deletions were frequent and often resulted in the loss of two
signals from the same chromosome. When 1 sister telomere was lost from a single
chromosome, the telomere situated diagonally on the opposite side of the centromere was
also lost or very weak (Fig. 3-9A). This configuration of anti-parallel signal loss
happened very infrequently in control metaphases. Because all telomeres terminate with
G-rich 3' overhangs, barring any sister chromatid exchange events, anti-parallel sister
telomeres possess the same parental sequence after DNA replication. Thus, it is likely
that the anti-parallel configuration of telomere loss caused by TRF2AB would be
consistent with a preferential loss of the products of either the leading or lagging strand

telomeres [353].

119



vector TRF24B

A Lagging strand telomere: meccesees

Lagging strand CCCTAA probe e

DNA synthesis /

[] - = - =¥

“i,’%‘\‘\r [ ) I - (A i AR e e i e 3' Degradation
Incorporation W o U of substituted
of Brdu ‘»t‘m’,/ [CCCTAAIn 5' DNA with
il e e g UV + Exolll - - - - -
3 [CCCTAAJn (CCCTAA]n s
Leading strand
DNA synthesis ) )
GG prote e

\
Leading strand telomere: Seeeeoee
[CCCTAAJn

vector

Figure 3-8. TRF2AB preferentially induces the loss of leading strand telomeres.

(A) CO-FISH schematic. Cells are grown in the presence of BrdU and BrdC for one S-phase. These
nucleotide analogs are incorporated only into the newly replicated strand. After preparation of metphase
spreads, DNA is treated with UV light which nicks DNA preferentially at sites of halogenated pyrimidine
incorporation. After treatment of the slides with Exolll, the newly synthesized DNA strand is lost and only
parental telomeric sequences remain. (B) Lagging strand telomeres are relatively preserved in TRF2AB
expressing metaphases. Metaphase spreads were prepared from NIH/3T3 cells 48 hours after introduction
of TRF2AB and ~20 hours after BrdU/C labeling. The spreads were subjected to CO-FISH and stained
with DAPI (red) and a G-rich specific FISH probe FITC-(CCCTAA); (green). (C) Leading strand
telomeres are preferentially deleted after TRF2AB expression. After metaphases were treated with the CO-
FISH protocol, they were stained with DAPI (blue) and a lagging strand specific FISH probe TAMRA -
(TTAGGG); (red).
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The specificity of this anti-parallel configuration for identifying telomeres with
the same parental strand could be misleading if TRF2AB also induce a higher frequency
of sister chromatid exchange. However, I found that levels of SCE were comparable
between vector control and TRF2AB expressing cells (12.3 vs. 13.3 SCEs/metaphase,
respectively). It is possible to determine the parental sequence of a particular sister
telomere by degrading the newly synthesized strand using a protocol developed by
Goodwin and colleagues called Chromosome Orientation FISH, CO-FISH (Fig. 3-8A)
[354]. To minimize the number of cell divisions that occurred after the expression of
TRF2AB, I performed CO-FISH on metaphases from NIH/3T3 cells 48 hours after the
introduction of TRF2AB in order to determine whether deletions happened preferentially
on leading or lagging strand telomeres.

Using a probe specific for the parental G strand, I found that lagging strand
telomeres were not lost in TRF2AB expressing cells (Fig. 3-9B). The number of G-strand
signals remained relatively constant (2.1 in the vector control and 1.93 after TRF2AB
expression (n=700 chromosomes)). Although there was a slight increase in the number
of G-strand signals per chromosome, this increase was slight (<0.2 additional
signals/chromosome) and may be a consequence of the overall diminution of telomere
signal strength after TRF2AB expression (i.e. lowered ratio of signal to noise). In
contrast, a probe specific for the parental C strand showed a striking loss after expression
of TRF2AB (Fig. 3-9B). In contrast to vector control, CO-FISH treated metaphases from
TRF2AB infected cells possessed fewer than half the expected number of the leading
strand telomere signals per chromosome, from ~0.74 after compared to 2.2 in the vector
control (n=650 chromosomes) (Table 3-2). This high rate of loss argues that most of the
asymmetric signal free ends visible after TRF2AB expression were due to loss of the

leading strand replication product.
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A Number of chromosomes with anti-parallel signal loss
NIH/3T3  B4-SV40LT MC5 BJ/hTERT BJ

vector 1(0.1%)  3(0.4%)  1(0.1%)  1(0.2%)  2(0.4%)
TRF2AB 40 (5.6%) 38 (4.6%) 32 (3.6%) 21(0.4%) 19 (4.6%)

B Probe/ retrovirus chromosomes/ Total Telomeres per
telomere ends scored signals chromosome
TelC vector 731/2924 1512 2.07
lagging
TelC TRF248 711/2844 1591 224
lagging
TelG vector 697/2788 1347 1.93
leading
TelG TRF248 651/2604 482 0.74
leading

3T3
vector

Figure 3-9. TRF2AB preferentially induces the loss of leading strand telomeres.

(A) Quantitation of frequency of chromosomes with loss of anti-parallel signals. Metaphase spreads from
Table 3-1 were scored for chromosomes that possessed absent or weaker signals on anti-parallel arms. (B)
Quantitation of CO-FISH staining demonstrated that leading strand telomere are lost more frequently than
lagging strand telomeres. (C) Dual CO-FISH confirms that leading strand telomeres are preferentially
deleted by TRD after dB expression. After metaphases were treated with UV and Exolll only the parental
DNA remains intact. They were then stained simultaneously with a TAMRA-(TTAGGG), leading strand
telomere probe (red), and a FITC-(CCCTAA), lagging strand FISH probe (green), and DAPI (blue).
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It was possible that the two telomere probes (TelC-FITC, TelG-TAMRA)
hybridized with different efficiencies on particular metaphase spreads. Thus, if the TelG
probe specific for leading strand telomeres were less efficient overall, it might result in an
apparent loss of leading strand telomeres. To address this possibility, in a separate set of
infections, I visualized both leading and lagging strand telomeres on the same metaphase
spread. Control metaphases possessed strong leading and lagging (red and green,
respectively) strand signals on adjacent sister telomeres (Fig. 3-9C). However, TRF2AB
metaphases fewer leading strand telomeres than expected. This dual CO-FISH served as
additional evidence for the leading strand specificity of the telomere deletion mediated by
TRF2AB.

XRCC3 is required for TRF2AB-induced deletions

TRF2AB mediated deletions were rapid, stochastic, and post-replicative. These
characteristics could be consistent with deletion events mediated by HR at telomeres. To
test this, I introduced TRF2AB into cell lines impaired in HR and determined whether the
deletion of telomeric sequences still occurred as through quantitative genomic blots. 1
chose to perform the genetic epistasis analysis of TRF2AB-mediated telomere sequence
loss by quantitative Southern blots because it has several advantages over FISH analysis.
First, sample sizes are much larger (e.g. 1.5 x 10° cells per lane for mouse blots) in
quantitative blots than in FISH. In addition, many cell types (e.g. HCT116 and HTC75)
have very short telomeres that are refractory to analysis by FISH due to their short length.

I tested HCT116 (colon carcinoma) cells in which both alleles of XRCC3 have
been eliminated by targeted deletion for their ability to undergo TRF2AB-mediated
telomere deletions [294]. Genomic DNAs digested with EcoRI/Xbal were first probed
with a chromosome internal locus (Histonel.3) to normalize for loading and then

reprobed with a telomeric probe (Fig. 3-5A).
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Figure 3-10. XRCC3 is required for TRF2AB-induced telomere loss.

(A) XRCC3 is required for TRF2AB mediated TRD. HCT116 cells, HCT116 (cells) with targeted
deletions of both XRCC3 alleles (XRCC3-/-), and XRCC3 deficient cells stably transfected with exogenous
c¢DNA (XRCC3-/- + X3 cDNA) were infected with TRF2AB or a vector control and were harvested on day
5 after selection for DNA and protein from the same population. Genomic DNA was digested with EcoRI
and Xbal, and probed for a chromosome internal locus (Histone 1.3), stripped, and reprobed for telomeric
repeats (Styl1). All subsequent calculations were made using the loading control normalized telomere
signal. The number below each lane indicates the telomere signal relative to a vector control infection that
was done in parallel. Asterisks represent intersitial telomeric bands that are not affected by TRF2AB
expression. Gray bars represent the bulk telomeric repeats. (B) Western blots for XRCC3, TRF2, and g-
tubulin. XRCC3 (arrow) migrates just below a non-specific band. TRF2AB is expressed at similar levels
in all three cell types. (C) Graph summarizing requirement of XRCC3 for TRD. The graph plots the mean
loss of telomeric sequence (xSD) induced by TRF2AB from 5 independent genomic preps (3 separate

infections).

Five genomic preps from 3 independent infections experiments were used for the
quantification of the effect of XRCC3 status of TRF2AB-induced deletions. Although
the XRCC3-/- cells expressed the same level of TRF2AB as the control cells (Fig. 3-
10B), they did not show telomere deletions after TRF2AB expression (Fig. 3-10A, C).

HCT116 cells are deficient in Mlhl and may contain other mutations. Telomere
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deletions were restored to wild-type levels by the expression of XRCC3 from a stably
introduced cDNA (Fig. 3-10A, C) excluding the possibility that the rescue of TRF2AB
mediated deletions was due to another defect in the HCT116-derived cell line. These
results are consistent with a requirement for the CX3-associated Holliday junction
resolvase in cleaving and resolving t-loops. However, we cannot exclude that possibility
that XRCC3 is also involved in early steps of HJ formation.

Nbsl is required for TRF2AB induced deletions

The Mrell complex, which includes Mrell, Rad50, and Nbsl, has diverse
functions in the DNA repair, some of these activities may promote HR [355]. I assessed
the requirement of Nbsl for the action of TRF2AB in primary human Nbs deficient
fibroblasts. Primary Nbs1 fibroblasts from patients with Nijmegen breakage syndrome
do not express detectable levels of the Nbs! protein (Fig. 3-11G) and also have a defect
in the nuclear localization of Mrell and Rad50 [356]. The expression of TRF2AB in
these cells did not result in the appreciable loss of telomeric repeats as assessed by both
telomere hybridization intensity (Fig. 3-11D) and change in median TRF length (Fig. 3-
11F).

The specificity of Nbsl in the abrogation of TRF2AB-mediated deletion was
confirmed in SV40 transformed Nbsl1 fibroblasts (NBS1-LB1) derived from a separate
patient [357]. Like primary Nbs cells, NBS1-LB1 cells were impaired for TRF2AB-
mediated telomere shortening (Fig. 3-11A, C). As a control, HTC75 cells, which express
functional Nbs1 and have telomeres comparable length, deleted ~25% of their telomeric
repeats after TRF2AB expression. Retroviral expression of either wildtype Nbsl or
signaling deficient mutant of Nbsl (S343A; [358]) restored the ability of TRF2AB to

degrade telomeres to levels approximating those of HTC75 cells (Fig. 3-11A, C).
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Figure 3-11. Nbsl is required for TRF2AB-induced telomere loss.

(A) Nbs1-LBI1 cells were rescued for Nbsl expression with a wild-type Nbs1 (Nbsl_wt) retrovirus or a
phosphorylation deficient Nbsl1 (Nbs_S343A) retrovirus. HTC75 fibrosarcoma, Nbs1-LB1 cells, and its
derivatives were infected with TRF2AB or a vector control and were harvested on day 5 as described in
Fig. 3-10. Genomic DNA was digested with Mbol and Alul and probed for telomeric repeats (Styl1). In
Nbs1-LB1 cell derivatives (+vector, +Nbsl_wt, +Nbs1_S343A), TRF2AB was introduced with using a
separate selectable marker (hygromycin). (B) Western blots for Nbsl, TRF2, and g-tubulin. TRF2AB is
expressed at similar levels in all five cell types. (C) Graph summarizing requirement of Nbs1 for TRD.
The graph plots the mean loss of telomeric sequence (+SD) induced by TRF2AB telomeric repeats from =4
independent genomic preps (=4 independent infections). (D) Nbsl fibroblasts (Coriell; GM07166B) were
infected with TRF2*® or a vector control and harvested on day 6 after selection to prepare DNA and
protein. Genomic DNA was digested with Mbol and Alul and 3ug was fractionated and blotted for
telomeric signals (D). The same blot was stripped and probed to confirm equal loading using a non-
specific genomic probe (E). The blots were quantitated and normalized as described previously (Fig. 3-5).
The numbers below the lane represent the change in signal intensity after normalization relative to the
vector control. (F) The median TRF for both samples were calculated from ImageQuant. (G) Absence of
Nbs! protein in Nbs1 fibroblasts and expression of TRF2*® was confirmed by immunoblot. Note that a
band corresponding a C-terminal truncation product (p80) is absent from human Nbs1 fibroblasts.
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Mouse cells that express a hypomorphic allele of Nbs1 (p80, Nbs1°*“?) still
delete their telomeres after TRF2AB expression (Fig. 3-12A). Additionally, mouse cells
that express a hypomorphic allele of Rad50 (Rad50%") also efficiently undergo TRF2AB
mediated deletions (Table 3-2). Unlike primary human NBS fibroblasts, both Nbs14**®
cells and Rad50% cells are competent for the localization of the Mrell complex to the
nucleus [359, 360]. While Nbsl is required to prevent TRF2AB mediated telomere
deletion, the ability of hypomorphic alleles of Nbsl and Rad50 to support TRF2AB
telomere deletions suggests that the loss of the Mrell complex from the nucleus is
necessary for a rescue of TRF2AB-mediated deletions. This possibility should be further

tested using mouse and human cells deficient for Mrel1 or Rad50.
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Figure 3-12. Telomeres from Nbs***® MEFs still undergo TRF2AB-mediated shortening.

(A) CHEF gel telomere blot of Nbs*®*® cells. The indicated MEF type was selected for TRF2AB
expression for 5 days and harvested from DNA and protein. Blots were quantitated for telomeric repeats as
described in Fig. 3-5. The loss of telomeric repeats compared to vector control samples prepared in parallel
is indicated below each sample. (B) Western blot of lysates prepared from Nbs**“® and control MEFS.
Nbs®®28 MEFs express a C-terminal trunction of Nbs1 (p80).
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Factors that do not abrogate TRF2AB induced deletions

Because of its interaction with TRF2 and known function in modifying TRF2, I
tested whether the ATM kinase was required for TRF2AB mediated-deletions. I
expressed vector and TRF2AB retroviruses into two ATM deficient primary human cell
lines. After 8 days of selection, both lines of ATM-deficient fibroblasts still lost
telomeric repeats.
Although telomeric sequence loss appeared to be slightly more efficient (~two-fold) in
IMR90 fibroblasts that were processed in parallel, the quantity of telomere loss in the
ATM deficient cells was comparable to the levels of telomeric sequence loss that
occurred in other cell types including HeLal.2.11, HCT116, and HTC75 (Fig. 3-4, 3-10,
3-11). Thus, I conclude that ATM is not require for TRF2AB mediated deletions.

Table 3-2. Human mutations that do not abrogate TRF2*"-induced telomere signal loss

Telomere Days in
Cell line Gene defect signal loss selection Source
IMR90 - 34% 8 ATCC
AG02496 ATM 16% 8 ATCC
AG04405 ATM 17% 8 ATCC
AGO03141 WRN 19% 7 Coriell
AG06300C WRN + 7 Coriell
AGO05013 RecQLA4 + 7 Coriell
HCT15 Mshé 17% 6 ATCC
HCT116 Mihl 18% 6 [361]
HCT116+chr 3 Mihl1 rescue 13% 6 [361]
RS-SCID Artemis + 7 [362]
SCID Rag?2 + 7 [362]
BJ/hTERT - 34%, 43%* 5 Clontech
BJ/hTERT +vanillin 29%, 24%* 5 Clontech
HeLal.2.11 -- 19%* 5 -
HeLal.2.11 +vanillin 27%* 5 -

Cell lines were infected with TRF2%8 and a vector control in parallel and the percentage telomeric signal
loss in TRF2%® infected cells compared to the vector control cells was determined as described in the
Experimental Procedures. All samples were normalized by Hoechst fluorometry prior to loading. Cells
were treated with the DNA-PK inhibitor vanillin at 30 uM. ‘+’ indicates samples that were not quantitated
but showed clear telomere shortening and signal loss. ‘*’ indicates samples that were not normalized for a
chromosome internal control band prior to quantitation.
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Because the Werner (WRN) helicase associates with TRF2 and regulates HR, I
expressed TRF2AB in fibroblasts deficient for the WRN helicase (AG03141).
Quantitative telomere blots indicated that these cells still responded to TRF2AB
expression by deleting telomeric sequences. One additional WRN deficient line
(AG06300C) and one cell lines deficient for the RecQ-like helicase 4 (RecQL4,
AGO05013), also showed clear telomere shortening and loss after TRF2AB expression
(Table 3-2). I conclude that WRN and RecQLA4 are not required for efficient TRF2AB
mediated deletion. Additional experiments with other RecQ deficient cell lines including
BLM helicase deficient and WRN/BLM doubly deficient mouse cell lines will be
required to assess more completely possible contributions of the RecQ helicases to HR
mediated telomere deletions.

ERCC1/XPF modulates the efficiency of HR in S. cerevisiae and mammals.
Because I suspected that HR was involved in the TRF2AB-mediated telomere deletions, I
tested the effect of the endonuclease on the process. In ERCCI1 deficient MEFs,
expression of TRF2AB was still capable of catalyzing telomere deletions as assessed by
quantitative telomere blots. Thus, ERCC1 does not appear to be essential for TRF2AB-
mediated deletion in mammalian cells. Human cell lines with hypomorphic mutations in
XPF may be useful in determining whether this TRF2-associated endonuclease has more
subtle contributions in modulating HR mediated deletions at mammalian telomeres. In
addition, it may be worthwhile examining whether ERCC1 deficient cells possess a

defect in HR of telomeres even without the expression of the TRF2AB allele.
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Table 3-2. Mouse mutations that do not abrogate TRF2® induced telomere signal loss

Telomere Days in

Cell line Gene defect slgnal loss selection Source
88-17:3T3 - 43% 5 [360]
25-2:3T3 NbsAB/aB 63% 5 [360]
25-2:SV40LT NbsA®48 59% 5 [360]
824-5 Rad50%8 19%*, 29%* 4,7 [359]
Immort MEFs -- 30% 4,7 [363]
Immort MEFs ERCCl1 18% 5 [363]
Immort MEFs -- 14% 4 {364]
Immort MEFs DNA-PKcs 10% 4 (364}
Immort MEFs - 19% 4 [365]
Immort MEFs Ku86 23% 4 (365]
RH3:EI1A - 44% 5 [366]
RH4:E1A MSH2 50% 5 [366]
MC5:3T3 -- 19% 5 [367]
MC2:3T3 MLH1 18% 5 [367]
B4:SV40LT - 43% 5 [368]
B4:SV40LT MSH2 49% 5 (Edelmann, unpublished)
B4:SV40LT MLH1i 13% 5 [368]

Cell lines were infected with TRF2"® and a vector control in parallel and the percentage telomeric signal
loss in TRF2%® infected cells compared to the vector control cells was determined as described in the
Experimental Procedures. ‘+’ indicates samples that were not quantitated but showed patent telomere
shortening and signal loss. ‘*’ indicates samples that were not normalized for a chromosome internal
control band prior to quantitation. MEFs were immortalized by introduction of SV40LT, spontaneous
immortalization, or due to their p53-/- genotype.

Mismatch repair inhibits the recombination of mismatched sequences. To test for
a possible effect of MMR on TRF2AB-mediated HR, I introduced TRF2AB into both
mouse and human cell lines deficient for components of MMR. In two independently
targeted lines of mouse cells deficient for Msh2, TRF2AB deleted telomeres at similar
efficiencies in the mutant and matched control fibroblasts [366, 369] (Table 3-3).
Furthermore, the absence of Mlhl in either mouse or human cells (HCT116) did not

abrogate TRF2AB mediated deletions compared control cells. The deletion of MMR
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does not significant alter rates of TRD in budding yeast. Similarly, the impairment of
MMR in human cells did not strongly affect TRF2AB mediated telomere deletions.

The dual functions of NHEJ factors in telomere maintenance and DSB break
repair suggested that it might also affect possible HR events at telomeres. To assess the
possible contributions of NHEJ, I expressed TRF2AB in mouse and human cells lacking
various components on the NHEJ joining machinery. I found that Ku86-/-p53-/- and
DNA-PKcs-/- MEFs deleted telomeres at rates comparable to wild-type mouse fibroblasts
(Table 3-3). Vanillin specifically inhibits the activity of DNA-PKcs but not other PIKK
kinases [370]. After the chemical inhibition of DNA-PKcs through vanillin, cells
underwent TRF2AB-mediated telomere deletions at levels comparable to untreated
control cells. DNA-PKcs deficient MEFs or the cells treated with wortmannin, a less-
specific inhibitor of DNA-PKcs, show substantially decreased efficiencies of retroviral
integration and undergo apoptosis presumably due unrepaired abortive retroviral
integration events [371, 372]. Consistent with these findings, both BJ/hTERT and
HeLal.2.11 cells treated with vanillin were much less efficiently infected and many
HeLal.2.11 cells died by apoptosis during the infection process. These observations
suggest that DNA-PK was at least partially inhibited by vanillin in these experiments.
Furthermore, human cells deficient for the NHEJ nuclease Artemis also responded to
TRF2AB similar to control Rag2 deficient fibroblasts that were infected in parallel.
Neither the mutant mouse fibroblast nor human cell lines inhibited for NHEJ
demonstrated significant differences in the efficiency of TRF2AB-mediated telomere
deletions.

TRF2AB induces t-loop sized circular DNAs

Mammalian telomeres occur in a t-loop conformation. The inappropriate

resolution of t-loops through homologous recombination could explain the deletions

caused by TRF2AB. If the expression of TRF2AB resulted in the inappropriate deletion
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of t-loops, then the expected products of such a process should be a shortened telomere
and a circular telomeric DNA whose size corresponded the original size of the t-loop.

It is possible to detect circular DNA through neutral-neutral 2D gel
electrophoresis. 2D gels were developed Brewer and Fangman to analyze the replication
intermediates of plasmids that contained autonomously replicating sequences (ARS)
{373]. In the first dimenstion, using low voltages and agarose concentrations, DNA
fragments are separated according to their MW. In the second dimension, DNA
molecules are fractionated in the presence of ethidium bromide (0.3 pg/ml) at high
voltage in high percentages of agarose to emphasize the shape of DNA molecules. The
second dimension serves to separate molecules according to their shape; the more highly
structured a molecule is, the more it is retarded in its mobility in the second dimension.
More recently, the technique has been modified to allow for the detection of different
types of DNA structures (i.e. linear, circular, supercoiled, ss DNA) [374].

I used this modified version of neutral-neutral 2D gel electrophoresis to analyze
the telomeres of cells expressing TRF2AB or a vector control. The 2D telomere blots of
HeLal.2.11 cells expressing TRF2AB had two prominent features when compared with
control cells. As expected based on 1D genomic blots, the telomere of TRF2AB
expressing cells were shortened compared to control cells (Fig. 3-13). In addition,
TRF2AB expression generated a new arc of telomeric DNA whose migration was
consistent with that of relaxed, double-stranded circles (Fig. 3-13). Expression of
TRF2AB also induced the formation of this novel arc in IMR90 (Fig. 3-18) and mouse
cells (Fig. 3-16). These telomeric circles were not strongly induced by overexpression of
TRF1 (Fig. 3-14A) or TRF2ABAM (Fig. 3-14D), confirming their specificity for the
TRF2AB allele. The structure of the telomeric molecules comprising the new arc was

confirmed by their co-migration with ligase circularized AHindIIl DNA fragments when

the samples were loaded just adjacent to one another on the same gel (Fig. 3-14).
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Figure 3-13. TRF2AB induces an arc consistent with relaxed telomeric circles detectable by 2D gels.

(A) Schematic of the expected migration patterns of circular ds DNA, linear ds DNA, and linear ss DNA.
Molecules are separated by size (1D) and then shape (2D) in the indicated directions [375]. (B) 2D gel
analysis of TRF2AB expressing cells. BJ/hTERT (right) cells were infected with the indicated viruses and
harvested at day 5 of selection. Genomic DNA was isolated and digested with Mbol and Alul. After
Hoechst quantitation, equal amounts of the digested DNA (10-15 pug) was separated by 2D gel analysis.
Blots were transferred to Nylon and probed for telomeric repeats (Styll probe). The MW marker is
labeled along the 1D axis. Arrows indicate the telomeric circles induced by TRF2AB. Also note the the
shortened TRFs in the linear ds DNA arc. (Inset) Long exposure of BJI/hTERT cells demonstrating the
presence of low levels of circles in vector control cells. (C) HeLal.2.11 cells were analyzed by 2D gel as
described in (B).
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Figure 3-14. TRF2AB-induced arc comigrates with circular marker.

Circularized MW markers comigrate precisely with TRF2AB-induced telomeric circles on 2D gels.
BJ/hTERT cells were infected with TRF1 or TRF2AB viruses and prepared as described in Fig. 3-13. The
digested genomic DNA was loaded just adjacent to T4 DNA ligase circularized AHindIII marker (500 ng).
The blots were probed for the A/HindIII fragments (B), stripped, and reprobed for telomere repeats (A).
Images were merged in Photoshop (C) to confirm the co-migration of the predicted circular molecules.
Arrowheads indicate the position of the ligase circularized MW marker. The 23 and 4.4 kb NMHindIIl
fragments do not circularize because their ends are not complementary (Cos and HindIII). (D) BJ/hTERT
cells expressing TRF2ABAM do not induce telomeric circles. BJ/hTERT cells were infected with
TRF2ABAM and harvested after 5 days of selection.

134


file:///lHind/S/

A Kug6+/+ p53-/- Kus6™/- p53-/-

b
| —— ¢ -,
vector s vector :

TRF24B

vector o vector

TRF24B " TRF20B

Figure 3-15. TRF2AB-induced relaxed telomeric circles are detected in mouse cells.

MEFs of the indicated genotypes were infected with TRF2AB or vector control retroviruses and harvested 4
days after selection. Genomic DNA from 1.5 x 10° cells was digested in plugs with Mbol and Alul, and
separated by CHEF gel in the 1* dimension and by standard 2D gel conditions in the 2™ dimension. DNAs
were loaded adjacent to partially circularized A-HindIII fragments cast in agarose gels resulting in co-
migration of the fragments in the 2™ dimesion. The blots were probed for the A-HindIII fragments (B),
stripped, and reprobed for telomere repeats (A). Arrows in the top panels point to circular telomeric DNA,
which migrates with the circularized A-HindIII fragments.

Many different structures can possess greatly retarded mobilities in the presence
of ethidium bromide in hight concentrations of agarose. Although unlikely, it was
possible that the TRF2AB-induced telomeric arc could be due to DNA replication or
recombination intermediates that had migration profiles similar to circular molecules.
mobility in the second dimension. For example, it could be conceived that TRF2AB

could somehow stabilize the t-loop structure.
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Figure 3-16. TRF2AB-induced circular telomeric DNAs do not contain subtelomeric DNA.
(A) The schematic diagrams the position of the pTH2A probe that is present at ~10% of human telomeres.
The indicated DNA was digested with EcoRI and Bg/II and probed with pTH2A (C), stripped, and reprobed
with a Sty11 (B). Relaxed circles are only visible when telomeric circles are used as the probe.

To test this, I probed Bg/Il and EcoRI digested DNA with a subtelomeric repeat

element present which was previously found to be present at approximately 10% of

human chromosome ends (pTH2A) [349]. If the TRF2AB were telomeric circles, then

they should be comprised solely of telomeric DNA. In contrast, if the TRF2AB structures
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represented replication intermediates of stabilized t-loops, then the arc would still be

recognized by the pTH2A probe.

The subtelomeric probe did not reveal any non-linear arcs (Fig. 3-16C); however,
reprobing the same blot with telomere repeats (Fig. 3-16C) revealed the presence of the
telomeric circles. Based on the absence of subtelomeric repeats in the circles, I conclude
that TRF2AB induces the formation of structures that are composed solely of terminal
telomeric repeats. Because it is likely that other DNA structures like t-loops or
replication forks would possess subtelomeric DNA, it is likely that the TRF2AB-induced
arc represents relaxed ds circles relaxed ds telomeric circles.

As measured by EM, the size of t-loops correlates with telomere length for
mammalian cells. Specifically, HeLal.2.11 cells that have telomeres between 15-40 kb
in length possess a range of t-loop sizes, the longest of which are 25 kb in length [134].
As an additional correlation between the telomeric circles and t-loops, I found that the
size distribution of telomeric circles induced by TRF2AB correlated with this expected
size range of t-loops for each particular cell type. For example, TRF2AB induced
telomeric circles in HeLal.2.11 (mean TRF ~23 kb) cells that ranged from about 3kb to
over 20kb. In contrast, IMR9O0 cells that possess shorter telomeres (~6-10 kb telomeres)
generated circles from ~3-9 kb (Fig. 3-17). Thus, the generation of circular telomeric
repeats requires the telomere either already be present in a t-loop configuration or that it
proceed through a t-loop intermediate prior to HJ resolution. Therefore, the rapid deletion
events associated with the formation of telomeric circles, including those induced by the
expression of TRF2AB, will hereafter described as t-loop HR. More general events

involving homologous recombination at telomeres will be described as telomere HR.
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Figure 3-17. Comparison of telomeric circles in primary IMR90 and Nbsl fibroblasts.

IMR90 or Nbs|1 fibroblasts (Coriell, GM07166B) were infected with the indicated virus. Eight ug of Mbol
and Alul digested genomic DNA was separated on 2D gels. (A) 2D analysis of IMR90 cells. TRF2AB
induces shortening of the TRF range. The arrowhead highlights the shift in the TRF length range when
compared to an immobile interstitial repeat labeled with the asterisk. Arrow points to telomeric circles
induced by TRF2AB. (B) 2D analysis of primary Nbs1 cells. TRF2AB does not induce shortening of the
TRF range. The TRF length range does not shift appreciably when compared to an immobile interstitial
repeat labeled with the asterisk. TRF2AB does not strongly induce the formation of telomeric circles.

Primary Nbs1 cells possess higher levels of background telomeric circles than IMR90 cells.
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Due to the limitations of the resolution in the 2D gels, circular products derived
from very short telomeres (<2 kb) could not be detected as a separated circle arcs. This
limitation prohibited the analysis of circular products in cell lines with short TTAGGG
repeat regions (e.g., HTC75, HCT116, and NBS1-LB1). Larger t-loops have the
potential for a higher degree of branch migration prior to cleavage. More extensive
branch migration would allow for more hybridizing sequences to interrupt potential nicks
in the relaxed circular structure (Fig. 3-20); thus, it might enhance the preservation of
nicked circular structures during DNA preparations. Alternatively, large tracts of
telomeric DNA could be maintained episomally or even replicated while smaller circles
might lack the ability to recruit binding factors essential to their preservation.

Extended exposures of 2D gels of IMR90, BJ/hTERT, HeLal.2.11 genomic DNA
revealed the presence of low amounts of telomeric circles even in vector control or
uninfected cells (Fig. 3-13, 3-17). The presence of the arc in unperturbed BJ/hTERT
fibroblasts indicates that circular telomeric DNA are not strictly a result of TRF2AB
expression but may also be generated in small amounts by normal telomere metabolism.
This finding is consistent with the occurrence of occasional signal free ends in metaphase
spreads of control cells (Fig. 3-7).

Although unperturbed primary IMR90 and BJ fibroblasts had very low amounts
of telomeric circles in 2D gel analysis, in most analyses these arcs were not detectable
without extended exposures of the 2D blots. However, I found that primary Nbsl
fibroblasts expressing vector control possessed a more readily detectable arc of circular
telomeric DNA (Fig. 3-17B). Importantly, consistent with the rescue we observed by
quantitative Southern analyses, the expression of TRF2AB did not result in an induction
of the telomeric circles or a shortening of TRFs when compared to the vector control.

Thus, although the effects of TRF2AB-mediated t-loop HR require Nbsl, in the absence
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of Nbsl, cells still seem capable of mediating some level of TRF2AB- independent t-loop
HR. However, the role of Nbs1 in modulating t-loop HR appears to be more complex.
Preliminary analysis of telomeres with non-denaturing 2D in-gel hybridization

The expression of TRF2AB resulted in the accumulation of excess single stranded
DNA at the telomere (Fig. 3-6). Much of the excess ss DNA induced by TRF2AB was
retarded in its mobility in 1D gels run in the presence of ethidium bromide suggesting
that the ss DNA might possess non-linear structures. To test this possibility, I performed
non-denaturing 2D in-gel hybridization on DNA prepared in parallel from vector control
and TRF2AB expressing BJ/hTERT cells.

Consistent with my previous 1D in-gel analyses, DNA from TRF2AB-expressing
cells was notable for its excess ss telomeric DNA in both strands, but especially marked
in the G strand. The additional ss signal did not co-migrate with the arc of circular
telomeric DNA, which was visible only after the gels had been denatured. From the 2D
in-gel analysis, I conclude that the TRF2AB-induced ss DNA is not present as long
stretches of ss DNA within the telomeric circles. However, this does not exclude the
possibility that there are short stretches of single stranded DNA on the telomeric circles.

Surprisingly, in both vector control and TRF2AB expressing cells, there were two
discernable populations of molecules possessing ss G-rich DNA. The weaker of these
two populations migrated just off of the arc of double stranded linear DNA. Curiously,
the expression of TRF2AB resulted in an induction of this second population of ss G-rich
telomeric DNAs. It is unclear what the second, non-linear population of molecules
represents and whether the molecules have significance in telomere maintenance. The
analysis of telomeres by 2D in-gel hybridization is still very preliminary and requires

further analysis before any conclusions can be drawn.

140



vector TRF2AB

[ 34 ;
A “
4 p

c T, -l
g 4 4
©
N
RS
S
> TelC probe TelC probe
£ 23 94 66 44 232014 23 94 6.6 4.4 23 2014
E 1 1 } ) [} 1 ] ] ) LI |
2 .
£
0]
2
©
=z

TelG probe TelG probe

) & 3 \

c
Qo
©
N
°© ‘ .
Qo
>
<= TelC probe TelC probe
q) 23 94 66 44 232014 23 94 66 4.4 232014
(o)) | [ | ] [N | ) L} ) [} [ |
©
2
S
[0
(]

TelG probe TelG probe

Figure 3-18. TRF2AB induces ss DNA that does not comigrate with telomeric circles in native 2D in-
gel hybridizations.

(A) DNA from BJ/hTERT cells was prepared as described in Fig. 3-13. Equal loading was confirmed by
EtBr staining. Gels were dried at 45°C for 2 hrs. The same gel were first probed under native (A) and
denaturing (B) conditions with an end-labeled (CCCTAA)4 or (TTAGGG)4 probe as indicated. Closed
arrowhead indicates the expected position of TRFs that possess short overhangs. Open arrowhead indicates
an unknown nucleic acid structure that possesses ss G-rich DNA and does not migrate as linear ds DNA;
this structure is induced by the expression of TRF2AB. Arrow indicates the 2D telomeric circles detectable
in denaturing but not non-denaturing conditions.
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Figure 3-19. Telomeric circles can be visualized after UV cross-linking in the presence of psoralen.

Nuclei were prepared from uninfected BJ/hTERT (A) cells or subsequent to a 48 hr infection with the
indicated adenovirus (@400 MOI total) (B). Nuclei were treated with UV (365 nm) with or without
psoralen according to condition previously described for t-loop preparation [134]. DNA was prepared and
separated by 2D gel as previously described. 2D gels were depurinated for 30 min in 0.5 N HCI prior to a
standard Southern protocol. Hybridizations and washes were performed at 55°C.

Preliminary attempts at analysis of t-loop structure by 2D gels

Because circular telomeric DNAs were readily detected on 2D gels, it might also
be possible to detect t-loops using this analysis. To address this, I performed 2D gel
analyses on genomic DNA, which had been UV-crosslinked in the presence of psoralen,
prior to preparation. These conditions have previously been shown to enhance the
detection of t-loops by EM, as the structures would normally be lost due to branch
migration during standard genomic preparations. The psoralen crosslinking caused the
telomeric DNA to be much more difficult to detect by telomere Southern blot. In order to

improve the sensitivity, psoralen crosslinked DNA was depurinated in 0.5 N HCI for 30
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minutes (rather than 0.25 N for 30 min). In addition, blots were hybridized and washed

at 55°C (rather than 65°C).

Using these modified conditions for 2D gel analysis, I was able to detect an arc of
products that migrated like relaxed circles. Importantly, this arc was detected only in the
presence of psoralen (Fig. 3-19). It is important to note that the overall signal strength of
telomere blots after UV irradiation (with or without psoralen) are much lower (at least 10
fold) than normal telomere blots. Thus, the psoralen-induced circular arc only constituted
a very small proportion (<1%) of the overall telomeric signal. Furthermore, the strength
of this arc did not change with the expression of TRF2ABAM as might be expected based
on the predicted requirements for t-loop formation (Fig. 3-19B). It has been shown that
TRF1 promotes the recruitment of TRF2 to telomeres via an interaction with Tin2 [142,
162). Thus, because it was possible that TRF1 promoted the recruitment of some TRF2
even in the absence of its Myb domain, I infected cells with both TRF2ABAM and
TRF1AM and found that the psoralen-induced circular structures also persisted under
these conditions. Additional experiments will be required determine whether 2D gels are
a valid methodology for analysis of t-loops. It will be especially important to examine
the psoralen-dependent arc by EM to order to confirm the migration of t-loop structures

in the arc.
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Figure 3-20. Depletion of Ku86 does not induce telomeric circles.

(A) Western blot of lysates from HeLal.2.11 after Ku86 siRNA. Cells were twice with 24 hr intervals with
the indicated siRNA and lysates were harvested 48 hrs after the 2nd transfection. (B) HeLal.2.11 cells
treated with control luciferase siRNA (B) and Ku86 siRNAs (C) have similar levels of telomeric circles.

Inhibition of Ku86 does not induce telomeric circles

Ku deficient mouse cells have been reported to have shorter telomeres. In
addition, it was found that human somatic cells heterozygous for Ku had higher
frequencies of signal free ends on metaphase spreads [210]. Although TRF2AB mediated
deletions were not affected by the absence of Ku86, it is possible that Ku has a TRF2-
independent role in modulating HR at telomeres. I tested whether the loss of NHEJ alone
would be sufficient to induce HR mediated telomere deletions in HeLal.2.11 cells. The
depletion of Ku86 by siRNA did not result in an obvious loss of telomeric repeats or the
strong induction of circular telomeric DNAs (Fig. 3-20). By necessity, these experiments

were transient. It is possible that the longer periods of Ku86 depletion are necessary to
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effect changes in t-loop HR. In addition, it is possible that the Ku86 does exert an effect
on t-loop HR or telomeric recombination that is missed due to a relative insensitivity of
1D and 2D genomic blotting assays. The latter concern could be addressed by analyzing
Ku inhibited cells with other markers for t-loop HR, like the occurrence of signal free
ends. More careful studies will be required to delineate subtle changes in the rate or
efficiency of t-loop HR in the absence of NHEJ.
DNA damage may induce telomere deletions through t-loop HR

The loss of telomeric repeats has been reported to be an early step in DNA
damage induced apoptosis though these results are disputed [376-378]. Furthermore, it is
thought that the accumulation of oxidative damage at telomeres contributes significantly
to telomere shortening [379]. To begin to assess a possible role for telomere HR in DNA
damage induced telomere shortening, HeLal.2.11 were harvested for genomic DNA 8 hr
after treatments with either UV (120 J/m?) or campothecin (10 uM).

Both of these treatments resulted in the accumulation of apoptotic cells. When
TREFs in these cells were analyzed by 2D gel, there was an obvious induction of telomeric
circles. Currently, it is not clear whether the telomeric circles are the result of DNA
damage to telomeres or whether telomere cleavage through t-loop HR is a general
outcome during the induction of apotosis. The induction of apoptosis without inducing
DNA damage and vice versa should be able to distinguish between these possibilities. It
will be interesting to dissect the possible relationships between t-loop HR and both DNA

damage at telomeres and apoptosis.
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Figure 3-21. DNA damaging agents induce t-loop HR.

HeLa.1.2.11 cells were harvested for genomic DNA 8 hr after the indicated treatments. Both DNA
damaging agents resulted in an induction of telomeric circles.
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Telomeric circles in ALT cells

As described in the introduction, HR has been implicated in human telomere
maintenance in the absence of telomerase, or ALT [342, 343, 380]. The low amounts of
telomeric circles in telomerase positive cell lines suggests that HR at telomeres is
normally tightly regulated. I predicted that if telomere maintenance by ALT involved an
activation of telomeric HR, then telomeric circles should be more abundant in ALT cells.
Genomic DNA was prepared from six different ALT cell lines (VA13/2RA, Saos-2,
SUSM-1, U2-0S, and MeT-4A). These ALT lines had diverse tissue origins and
pathways of transformation [326]). Using 2D gels, I found that five out of six lines
possessed a strong arc of telomeric circles (Fig. 3-22). GM847 cells had a circle arc of
more moderate intensity, one that was comparable to HeLLal.2.11 cells. The circular
telomeric DNA in the five ALT cell lines appeared significantly more abundant than in
telomerase positive cells and were comparable to the levels of telomeric circles caused by
the expression of TRF2AB. Furthermore, in four of the ALT cell types, an additional arc,
which migrated like supercoiled circular DNA, was also detected.

Because of the possible link between ALT and t-loop HR, I examined the levels
of telomeric proteins in different ALT cells. All cells appeared to have comparable levels
of TRF2, hRapl, Ku70, and Ku86 in comparison to non-ALT cells. However, the Met-
4A cell lines appears to have (~4 fold) elevated levels of TRF2, notable with two distinct
antibodies against TRF2. This finding was independently confirmed in a separate
experiment (Wu and de Lange, unpublished). The signifcance of the increased level of

TRF2 in these cells is not known.

147



1D
,relaxed circle Saos-2 S P, GM847
supercoiled s

RN

2D

»

o !
U-20S VA13
/ /

| | |
, MeT-4A W SUSM-

\‘

Figure 3-22. ALT cell lines have increased amounts of circular telomeric DNA.

Genomic DNA was prepared from 6 ALT lines, digested with Mbol and Alul, and 10ug was separated for
2D analysis. Five out of six lines (not GM847) had patently elevated levels of circular telomeric DNA
(black arrow) when compared to non-ALT cell lines. Four out of six lines (Saos-2, U-2 OS, MeT-4A, and
SUSM-1) possessed an additional arc of supercoiled circular telomeric DNA (gray arrow).

148



~
v ~
b {n A L o ’
@ 5 T 450
¢ K S ¢ 8§35 <
T T T 0 < 9 g >
el Nt Ny g o i e Yy-tubulin

|y WY e WD v = -+ hRap1 (765)

. == TRF2-ull length (647)

{

TRF2-basic (508)
Wy Y N Ny e e e wen?  KU70 (C-19)
Y VY g vy e et~ ~t vy Ku70 (M-19)

—— Ay oy et s K86 (C-20)

Ku86 (Ab-2)

Figure 3-23. Telomere protein expression in ALT cells.

Lysates from the indicated cell types were probed with the indicated antibody. Asterisk represents a
transfer artifact. The only notable difference was the increased (~3-4 fold) level of TRF2 in MeT-4A cells.
This was noted for two separate antibodies against TRF2 (508 and 647). ALT cell lysates (Laemmli
buffer) were a gift from Josh Silverman.

DISCUSSION

The telomeres of mouse and human structures are coated by TRF2 and maintained
in t-loops, both of which are thought to sequester chromosomes ends and protect them
from non-homologous end joining and DNA damage signaling. The expression of a
mutant allele of TRF2 that lacks its basic N-terminus results in the induction of telomere
dysfunction that is distinct from the telomere capping caused by TRF2 inhibition and
characterized by the catastrophic deletion of telomeric sequences, which was
accompanied by DNA damage foci and cellular senescence. Genetically, the process is
dependent on XRCC3, a component of the proposed CX3 HJ resolvase, and Nbsl, a
member of the Mrell complex; both factors have been implicated in HR. CO-FISH

analysis revealed that TRF2AB-induced deletion events can occur after DNA replication
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and preferentially affected leading strand telomeres. Finally, using 2D gels, the products
of TRF2AB mediated t-loop HR are detected as relaxed telomeric circles. Based on these
molecular and genetic clues, we have demonstrated that homologous recombination (HR)
mediated deletion of telomeres, called t-loop HR, happens at mammalian telomeres. The
detection of small amounts of telomeric circles in unperturbed cells suggests that t-loop
HR occurs in normal cells and may explain the strong stochastic element of telomere
shortening and cellular senescence. In addition, I find that many ALT cell lines, which
are thought to maintain their telomeres through recombination, have elevated levels of
telomeric circles.
A role for Rad51 paralogs at the telomere

The data in this chapter show that XRCC3 is required for efficient TRF2AB
mediated telomere deletions. We propose that TRF2 prevents the RADS1C-XRCC3
associated HJ resolvase activity from resolving t-loops (Fig. 3-24). This model would be
consistent with the recent finding that XRCC3 plays a role in the completion of HR repair
events initiated by factors including Rad54 and Rad51B [381]. However, studies have
also implicated XRCC3 in early events in HR, like Rad51 loading. Thus, we cannot
exclude the possibility that XRCC3 acts early to promote the formation of Holliday
junctions at telomeres. ChIP analyses indicate that Rad51C is not present in significant
amounts at human telomeres [298]. We suspect that telomeres must have a mechanism to
prevent the association of the putative CX3 resolvase to protect t-loop from resolution.

Previous studies have demonstrated that two other Rad52 epistasis group proteins,
Rad54 and Rad51D, have protective roles at telomeres. Specifically, mouse cells
deficient for Rad51D or Rad54 have modestly shorter telomeres and a slightly increased
frequency of telomere end-to-end fusions. These data suggest that factors involved in HR
may have a positive role in normal telomere maintenance. For example, HR factors may
be required to repair DNA interstrand crosslinks, which would otherwise result in

replication fork collapse in S-phase. Thus, it is possible that actions of the CX3 complex

150



can be specifically coordinated to promote the repair of damaged telomere but not the
resolution of t-loop junctions. In future studies, it will be useful to determine how other
factors that have been implicated in general HR (Rad51, Rad51B, Rad51C, Rad51D,
XRCC2, BRCAL, and BRCA?Y) affect t-loop HR.

Complex roles for the Mrel1l-complexity in telomere HR

Mrell and Rad50 are required for efficient TRD in S. cerevisiae. Although
budding yeast possess a functional ortholog of Nbsl in Xrs2, it does not appear to be
required for TRD. In contrast, in mammalian cells, Nbs1 is required for efficient t-loop
HR. The defect in efficient TRF2AB mediated telomere deletion could be secondary to
the loss of nuclear localization of Mrell and Rad50 in Nbs1 cells. Indeed, I have found
that hypomorphic alleles of Rad50 and Nbs1 (Rad50%° and Nbs1°**®) and an S-phase
checkpoint deficient Nbsl (S343A) are all competent for TRF2AB mediated telomere
deletion. For all of the hypomorphic alleles, the Mrell complex is still capable of
localizing to the nucleus [356, 359, 360]. Thus, it is likely that the Mrell complex rather
than Nbsl per se is required for t-loop HR. Mouse A-TLD cells and human Mrell
deficient cells, like Nbs fibroblasts, have severely compromised levels of the Mrell
complex, which localizes to the cytoplasm [382, 383]. Using these cells, it should be
possible to tested confirm the requirement of the Mrel1 complex in t-loop HR.

The diverse functions of the Mrell complex make it difficult to propose its
precise role in promoting t-loop HR. One possibility is that the complex promotes the
formation of a true HJ from a t-loop after TRF2AB (Fig. 3-24). Curiously, I observe that
Nbs1 deficient primary fibroblasts have increased amounts of telomeric circles. It is
possible that one of the functions of TRF2-bound, telomeric Mrel1 complex is to inhibit
t-loop recombination events. It might do so by promoting the repair of damaged
telomeric DNA while excluding factors involved in HR. However, upon expression of
TRF2AB and the loss of HR inhibition, the Mrell complex would take on the

pathological role of promoting t-loop HR.
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Figure 3-24. Model for t-loop HR.

Model for t-loop HR. Mammalian telomeres are thought to be protected from NHEJ by the TRF2 mediated
formation of t-loops. Branch migration at the strand invasion site of the telomere terminus results in the
formation of a Holliday junction. Two steps lead to t-loop deletion. Cleavage of the C-strand at two
positions by a HJ resolvase (green arrow heads). This process is proposed to require XRCC3. The second
step involves nicking of the D loop by an unknown nuclease (open arrow head). The products are a
shortened telomere and a relaxed telomeric circle. The shortened telomere might activate a DNA damage
response and induce senescence. The basic domain of TRF2 is proposed to suppress t-loop HR either by
inhibiting branch migration and/or strand cleavage.
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Preferential deletion of parent C strand telomeres

My data showed that TRF2AB mediated deletions occur preferentially on the
telomeres containing the parental C. As replication origins are not thought to fire within
the telomere, the parental C strand gives rise to the leading strand replication product.
Already, there have been strand specific differences observed in post-replicative telomere
fusions caused by TRF2 inhibition or by NHEJ pathway deficiency [132]. For post-
replicative telomere fusions, it is also leading strand telomeres that appear to be more
susceptible to fusion. Telomere uncapping as assayed by TIF formation also appears to
preferentially affect one of two sister telomeres [125].

The asymmetry between sister telomeres must ultimately derive from either the
different parental DNA (C vs. G strand) sequence or the manner in which a sister
telomere is synthesized (leading vs. lagging). A transient, preferential loading of single
stranded repeat binding factors like Potl and associated proteins on the nascent parental
G strand could protect it during and after DNA replication. Alternatively, lagging strand
DNA synthesis is known to recruit proteins like PCNA and mismatch repair complexes
[384]. Any of these proteins could also contribute to the preferential protection of the
lagging strand from deletions.

Furthermore, leading strand replication is predicted to generate a blunt ended
product. It is possible that leading strand telomeres could form true HJs rather than t-
loops after the expression of TRF2AB. These true HJ would be preferentially resolved by
the CX3 resolvase. Finally, it is possible that TRF2AB is asymmetrically distributed on
leading and lagging strand replication products resulting in the preferential impairment of
one sister. Expressing TRF2AB in the presence of mutant or null alleles of the
asymmetrically distributed proteins (e.g. Pot1AOB, MMR null lines) may help to

distinguish between the different mechanisms of sister asymmetry. Determining which
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factors contribute to sister telomere asymmetry is an interesting problem to explore in
future studies.
Changes in telomere end structure by TRF2AB

The expression of TRF2AB resulted in an increased amount of ss G- and C-rich
DNA at telomeres. Although the precise structure of this excess ss DNA is not known, it
is clear that it does not exhibit the standard sensitivity to Exol as canonical G-rich
overhangs. Furthermore, the high apparent molecular weight of much of the ss DNA
suggests that it forms secondary structures that retard it mobility. This secondary
structure is not caused by fusions or an increase in telomere length, as these higher MW
TRFs are not visible under denaturing gel conditions. It is possible that these extra ss
DNA represent hybridizations between ss G- and C- rich telomeres of different
telomeres. This might also explain the marked increase in the number of telomere
associations that are noted by FISH analyses. The role of TRF2AB in causing the excess
ss DNA at telomeres is not clear. The resection of DSBs to generate 3’ overhangs is
common step in the repair of DSBs and some of TRF2AB-mediated ssDNA could be a
result of this process. Furthermore, TRF2AB could cause telomeres to be more
susceptible to nucleases and/or transcription. These possibilities are explored more
thoroughly in the discussion.
Possible roles of the basic domain of TRF2

The inhibition of TRF2 by dominant negative TRF2ABAM or by its conditional
deletion in mouse cells does not result in t-loop HR ((Smogorzewska et al., 2002); G.
Celli and TdL, in preparation). Similarly, telomere end-to-end fusions are not observed
upon the expression of TRF2AB making it a unique dissociation of function mutant. It is
likely that the expression of the TRF2ABAM allele of TRF2 disrupts the formation of t-
loops, a necessary first step in t-loop HR. This is consistent with the fact that that both
TRF2 and TRF2AB are competent for t-loop formation in vitro while TRF2ABAM is not

(Stansel and Griffiths, unpublished). Furthermore, we have found that the Mrell
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complex is required for efficient t-loop recombination. While TRF2AB still efficiently
targets the Mrell complex to telomeric DNA, the inhibition of TRF2 may result in
relatively less accumulation of the Mre1l1l complex to telomeres.

The TRF2AB is a separation of function mutant of the TRF2 gene. While it is
competent for the inhibition of NHEJ, it appears to have lost its ability to inhibit HR.
The occurrence of baseline levels of t-loop HR in the absence of TRF2AB expression
indicate that the TRF2AB allele has lost regulation over a process that normally occurs in
mammalian cells. Based on ChIP analysis of HTC75 lines, TRF2AB effectively
displaces endogenous TRF2 from telomeres (Fig. 3-2B).

Precisely how the basic domain of TRF2 inhibits t-loop HR is unclear. The
simplest explanation is that basic domain recruits factor(s) that inhibit HR. Intriguingly,
Rad51D, BLM, and WRN localize to telomeres and are all known to regulate HR. It
would be interesting to determine whether any of these proteins interact specifically with
the basic domain of TRF2. However, based on phenotypes of Rad51D deficient MEFs
and BLM or WRN deficient human cells, it appears that the null phenotypes of neither
Rad51D nor BLM are similar to the expression of TRF2AB. Therefore, even if these
factors were involved in t-loop HR, they would need to act in concert with each other or
with additional factors. It is also possible that the basic domain interacts with a novel
factor that negatively regulates HR at telomeres. Previous yeast-2-hybrid assays and
large scale IPs of TRF2 did not yield candidate molecules that were known to regulate
HR. However, this does not rule out lower abundance or transient interactions between
TRF2 and novel factors involved in inhibiting t-loop HR. To address the possible role of
the basic domain, it may be helpful to overexpress the basic domain and target it to the
nucleus. It is possible that the nucleoplasmic localization of the basic domain could
titrate necessary factors from the telomere and recapitulate the phenotypes of TRF2AB.

A possible contribution of t-loop HR for general studies of HR
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The biochemical assays of HR have been very informative but still yield limited
insight to the complexity of HR in vivo. Genetic analyses of HR in mammalian has been
possible by following the long term outcomes of I-Scel induced double stranded breaks in
known marker genes [385]. The I-Scel induced double strand break system has also been
very informative but can only assess the long-term products of the process. As HR at
telomeres may have some of the same properties and requirements as HR at other
genomic loci, t-loop HR may provide a third, complementary approach for the study of
HR. The use of t-loop HR in more general settings would require a precisely controlled
induction of t-loop HR in concert with an improved ability to quantitate the circular
products of t-loop recombination. Insight in the control of HR at mammalian telomeres
will be important for the understanding of telomere dynamics and may also reveal
mechanisms by which t-loop or general HR can be manipulated.

An explanation for the stochastic nature of cellular senescence

TRF2AB expression in primary cells causes the rapid induction of cellular
senescence. TRF2AB induced cellular senescence in the absence of telomere end-to-end
fusions is likely to be caused by the stochastic deletion of one or more telomeres to a
length that is ultimately too short to be functionally capped. The TIFs visible in TRF2AB
expressing cells would be the consequence of these critically shortened telomeres. In
vivo, cells appear to senesce with a few large DNA damage foci some of which may
represent uncapped telomeres. TRF2AB models the stochastic shortening of genuine
senescence better than TRF2ABAM, which uncaps all telomeres, regardless of length.
Thus, the stochastic telomere shortening and associated senescence triggered by TRF2AB
may be a better model for telomere-induced senescence.

The earliest models of telomere attrition predicted that the end replication
problem would lead to progressive attrition of all telomere ends. However, experiments
with primary fibroblasts clearly indicate that entry into senescence is not a synchronized

event. When individual cells are taken from a clonal colony of fibroblasts, those
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individual cells go on to form new colonies of dramatically different size. While some
subcloned cells divide a similar number of times when compaired to their siblings in the
original clone, many subclonal population entered senescence within a few divisions; in
many cases, subcloned cells were unable to divide at all (Smith and Whitney, 1980).

To explain these stochastic features of senescence, models speculated that both
slow, progressive telomere shortening combined with rapid, stochastic shortening events
must work in concert to limit cellular lifespan in primary human cells [17]. These
predictions have been validated by the assessment of length in an individual telomere
(XpYp) using a recently developed protocol called STELA (Baird et al., 2003). Using
STELA, Baird and colleagues have documented the abrupt appearance of very short
telomeres whose length differs dramatically from the bulk telomeres that undergo
progressive shortening.

We have found that unperturbed human cell lines (e.g., BJ/hTERT and IMR90)
possess a low, but detectable amount of telomeric circles by 2D gel analysis. The size
range of these telomeric circles is consistent with the abrupt shortening events monitored
by STELA (Fig. 1-1). Depending on its frequency, t-loop HR could be the major cause
of cellular senescence.

Additional sources of telomeric circles

There are almost certainly other factors that could contribute to stochastic
telomere shortening. Oxidative damage at the telomere, especially at guanine residues,
could be processed to ss DNA gaps. The gap, if unrepaired, might result in a truncated
telomere after replication. Also, the possible formation of G-quartet like structures in the
G rich DNA could result in a rapid truncation of a telomere during S-phase if it is not
properly unwound by helicases prior to replication for progression. My preliminary
results indicate that the levels of telomeric circles may also be elevated after cells are

treated with DNA damaging. It will be very interesting to understand how specific types
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of DNA damage at the telomere and t-loop HR interact with each other and how these
processes coalesce to affect telomere length and protection.

I have detected telomeric circles at low levels in unperturbed cells. These circles
may represent aberrant attempts at repairing telomeric damage. Previous studies have
demonstrated that the treatment of cells with DNA damaging agents resulted in an
increase in the amount of small polydispersed circular DNAs; these so-called spcDNAs
included telomeric DNA (338, 339]. Unlike any other sequences in the genome, a DSB
within a direct repeat sequence can use homology from its own sequence downstream
rather than a homologous template on a separate chromosome. The result of this aberrant
repair reaction is the persistence of the DSB and the generation of circular DNAs of the
repeated sequence.

Manipulating t-loop HR: Implications for cellular senescence

In this study, I have been able to delineate two of the factors involved in
catalyzing t-loop HR, Nbs1 and XRCC3. If it were possible to abrogate t-loop HR, then
the progressive shortening of telomeres should be the only factor contributing to telomere
attrition. Cells without t-loop HR would be predicted to have a greatly extended
proliferative capacity and would also be expected to senesce more or less synchronously.
Using a combination of 2D gel analyses and STELA to monitor stochastic shortening
events, it should be possible to explore the contribution of t-loop HR to celiular
senescence. XRCC3 does not appear to be essential for some somatic cells; thus, it may
be possible to stably deplete XRCC3 through short hairpin RNA interference in primary
cells. Cells depleted for XRCC3 and vector control cells could be monitored in parallel
to study the possible contributions of t-loop HR to telomere shortening. Studies designed
to monitor the rates of t-loop HR would require the analysis of cells using both 2D gels
and STELA. As described earlier, in concert with other HR factors (Rad54, Rad51D),
XRCC3 may be required the repair of damaged telomeres. If this is the case, then it may

not be possible to extend cellular lifespan by inhibiting HR at telomeres. Doing so might
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eliminate shortening by t-loop HR, but it would ultimately result in the rapid shortening
of telomeres due to unrepaired DNA damage.
Telomeric circles in ALT cells

HR has been proposed to mediate telomere elongation in telomerase negative
ALT cells. Consistent with this possibility, we find that most ALT cell lines have
elevated levels of telomeric circles. These telomeric circles may partly explain the
detection of extrachromosomal telomeric DNA in ALT cells (Ford et al., 2001; Tokutake
et al., 1998). In K. lactis, a minority of cells that survive the loss of telomerase may
maintain their telomeres using telomeric circles as templates for rolling circle replication
[324]. It is possible that the telomeric circles may contribute to a similar process in ALT
cells. For telomeric circles to contribute to multiple rounds of rolling circle replication,
the telomeric circles would need to be covalently ligated. The participation of such
circles in replication could result in the supercoiling of the covalently closed circles.
Consistent with this possibility, we find that most of the ALT cell lines possess another
strong arc of supercoiled telomeric DNA. This supercoiled arc is just detectable in
HeLal.2.11 but not other cell lines, even after the expression of TRF2AB, suggesting that
their may be differences between the way that t-loop HR is deregulated after TRF2AB
expression in comparison with ALT cells.

The increased amounts of telomeric circles may not directly contribute to
telomere maintenance but, instead, may be an unavoidable consequence of relaxed
restrictions on HR at telomeres in the ALT cells. Previous studies have suggested that
deletion events may be common at the telomeres in ALT cells. For example, an ALT cell
line with tagged telomeres showed stochastic telomere deletions [386]. In addition,
compared with spreads from telomerase positive cells, metaphase spreads from ALT cell
lines have a higher frequency of signal free chromosome ends [334]. Even if telomeric
circles do not contribute directly to ALT telomere maintenance, 2D gel analysis could

still serve as an additional marker for the presence of ALT telomere maintenance.
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The similarities between ALT and TRF2AB mediated t-loop HR suggest that
defects in the same pathway may be involved in both processes. It would be interesting
to explore whether ALT cell lines possessed mutations in the TRF2 pathways. My
preliminary studies suggest that there are no gross defects in the expression of TRF2,
hRap1, or Ku70/86 in many ALT cell lines (GM847, Sa0S-2, SUSM-1, VA13, and MeT-
4A). However, I did find that MeT-4A cells possessed elevated levels (~4-fold) TRF2
protein compared to all of the telomerase positive cells (Fig. 2-23). This elevation
represents a genuine elevation of protein level as it was detected with two separate
antibodies against TRF2 and has subsequently been reproduced in independent cell
lysates. However, the significance of this elevation is not known. The sequence of the
basic domain of TRF2 is wild-type in all ALT cell lines tested (Wu and de Lange,
unpublished). In future studies, we will clone and sequence the full length TRF2 from
each of the mutant cell lines to test for possible mutations in other regions of the protein.
This effort may be especially interesting in MeT-4a cells because of a notable
abnormality in TRF2 expression levels.

In addition, we have sequenced through full-length hRap1 in the ALT cell lines.
All sequences were normal except for the VA-13/2RA cell line. This cell line possesses a
single nucleotide polymorphism in its third exon which results in a K324E missense
mutation. However, this AA polymorphism is also present in the WI-38 cell line from
which VA-13 cells were derived. As WI-38 cells are not ALT cells, it is not clear
whether it is relevant for the ALT phenotype. This possibility that this polymorphism
predisposes cells to ALT type telomere mechanisms is currently being tested. We will
continue in our analysis of the TRF2 pathway in ALT cells as any mutations in these cell
types would be helpful in understanding the regulation of t-loop HR in vivo.

Telomerase may counteract catastrophic telomere deletions
The ability of telomerase to add TTAGGG repeats to chromosome ends

counteracts the progressive erosion of telomeres caused by the end replication problem.
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Thus, it made sense that telomerase need only be expressed at high levels in proliferative
tissues like stem cells. However, the simple idea that telomerase counteracts only slow
telomere attrition has recently been met with some confounding factors. Importantly,
telomerase expression markedly improves the growth of ALT cells and primary
fibroblasts even when its expression did not result in telomere elongation [387, 388]. It
has also been noted that primary fibroblasts express low amounts of telomerase. The
inhibition of telomerase with a dominant negative telomerase or RNA interference results
in a restricted lifespan [37]. Because this inhibition of telomerase did not appear to
change the rate of telomere shortening, it had seemed that telomerase has an important

role in maintaining a ‘capped’ telomere structure.

Because we observe that t-loop recombination occurs in unperturbed primary
cells, we suggest that telomerase functions to counteract not only the end replication
problem but also t-loop deletion events. While t-loop HR stochastically renders
individual telomeres virtually undetectable by standard telomere blotting, the majority of
the other telomeres would maintain their normal size. Consequently, it would appear as
if the mean telomere length and shortening rate had not been affected. We propose that
in at least some of these experiments, telomerase is required for cell proliferation through

its reconstitution of telomeres deleted by t-loop HR.
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CHAPTER 4:
DISCUSSION
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Preamble

Arguably the most important function of telomeres in any organism is to prevent
the chromosome end from being processed as a standard double strand break. In the late
1930’s, H.J. Miiller became aware of this critical function of telomeres when he observed
that terminal deletions and inversions are never recovered in the offspring of irradiated
Drosophila embryos {389]. Around the same time, Barbara McClintock described how
broken chromosomes, in contrast to natural chromosome ends, form dicentric
chromosomes that go through cycles of breakage and fusion during repeated rounds of
cell division [69, 70]. Since the original deduction that telomeres were important,
specialized structures of chromosomes, many molecular details of their protection have
been described. Most eukaryotes possess a special enzyme, telomerase, that adds defined
repeat sequences to the ends of the chromosome. Although one highly touted function of
telomerase is to circumvent the end-replication problem, this function is actually not
essential as many cell types that effectively lack telomerase (e.g. primary somatic cells,
ALT cells) still have functional telomeres. Thus, perhaps even more important than its
function in maintaining telomere length, telomerase adds specific telomeric repeats that
function as the binding sites for sequence-specific DNA binding proteins that in turn
interact with additional proteins to form the functional telomeric complex. The
functional telomeric complex not only ensures that the ends of chromosomes are
protected from standard DNA damage processes but also functions to regulate its own
length. Some of the protective functions of the telomere are intrinsic to the telomere
binding proteins themselves while other protective functions depend on interaction with
and modulation of existing DNA damage response factors.

In a general sense, this thesis explores how DNA damage response pathways
interact with mammalian telomeres. In Chapter 2, I characterize the human homolog of

Tel2, a gene that affects telomere length and telomeric silencing in S. cerevisiae and the
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response to DNA damage in C. elegans. In Chapter 3, I use a dissociation-of-function
mutant of TRF2, TRF2AB, to understand how HR affects telomere metabolism. In this
discussion, I will briefly review the findings of each chapter and speculate more generally

about the possible contributions of Tel2 and HR to telomere metabolism.

Possible roles of Tel2 in mammalian cells

Summary of Tel2 phenotypes

I have found that endogenous human Tel2 (hTel2) localized predominantly to the
nuclei of human cells where it possessed a granular staining pattern. Surprisingly, hTel2
also localized to the centrosome. This centrosomal localization of hTel2 was confirmed
using several different antibodies and was also found to be true for mouse homolog of
Tel2. The granular nuclear staining pattern of hTel2 showed some foci of enrichment.
These foci colocalized with PML nuclear bodies including some Cajal bodies, but not
telomeres in primary cells and telomerase positive cell lines. In ALT cells, Tel2 localized
with some telomeres in the ALT associated PML-NBs. Tel2 did not interact with any
known telomeric proteins by IP. In addition, a ChIP with antibodies against Tel2 did not
demonstrate a strong enrichment of telomeric DNA. However, the overexpression of
hTel2 resulted in a modest (~10-20 bp/PD) telomere elongation in both HTC75 and SK-
HEP-1 cells. Curiously, the expression of an N-terminal epitope tagged hTel2 may impair
Tel2's telomere elongating effects. In addition to a moderate effect on telomere length,
hTel2 overexpression resulted in the suppression of the accumulation of cells in G2
following IR. The depletion of Tel2 by two distinct siRNAs resulted in cell death by
apoptosis. Furthermore, Tel2 depletion resulted in a modest accumulation of aberrant
mitotic cells that arrested with multipolar spindles and disorganized chromatin. Finally,
metaphase chromosomes from cells hTel2 depleted cells appeared to be defective in

condensation and were curly in their appearance.
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Figure 4-1. Possible functions in S-phase for hTel2.
DNA damage that occurs during S-phase activates defined signaling pathways that halt S-phase
progression. In addition to these known pathways, mammalian cells are thought to monitor additional
unknown cues that halt cell cycle progression in the absence of complete replication. Many functions of
hTel2 may be related to functions in S phase. hTel2 elongates telomeres, a process that happens late in S-
phase for yeast and throughout S-phase in human cells. In addition, the depletion of hTel2 results in a
modest enrichment of mitotic cells with aberrantly compacted chromosomes. A defect in chromosome
compaction at the end of S-phase or a premature onset of mitosis in the absence of hTel2 could explain
these defects.
A speculative model for a conserved function of Tel2 in monitoring chromatin

The possible involvement of Tel2 in the diverse processes including telomere
length maintenance, chromosome compaction, mitotic progression, and IR dependent G2
accumulation make it difficult to ascribe a single function to Tel2. It is tempting to
speculate that Tel2 is involved in the poorly defined replication checkpoint that governs
progression from G2 to M. Unknown upstream sensors of DNA structure are thought to
inhibit progression into mitosis until the completion of S-phase. This inhibition could
occur through known signaling pathways (Myt1/Weel kinase and Cdc25 phosphatase) or
it may act directly at the level of inhibiting Cyclin B-Cdk1 kinase activity until cells are

ready to progress into mitosis. Plkl has been shown to promote the Cdc25 phosphatase

and inhibit the Myt/Weel kinase ultimately resulting in a positive feedback loop
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reinforcing CyclinB-Cdk1 activity. However, the upstream regulation of Plk1 is not well
understood. DNA damage can inhibit Cdk1 activation through the activation of the DNA
damage kinases ATM, ATR, and Chk1, which in turn inhibit Cdc25 and Plk1. However,
ATR and ATM null mouse cells still do not progress into mitosis when S phase is slowed
by HU or aphidicolin [390]. Thus, unlike S. cerevisiae, other sensors are likely to be
involved in monitoring DNA structure and replication through S-phase.

Drawing from our observations and the phenotypes of tel2/rad-5/clk-2 mutants in
other systems, I speculate that Tel2 is involved in monitoring chromatin during S-phase
for replication forks or incompletely condensed chromatin in order to promote their repair
and to inhibit progression to G2/M until S phase is complete. Consistent with other
hypomorphic alleles of Tel2, one might expect to observe the spontaneous accumulation
of DNA damage (rad-5), chromosome loss (tel2), and defects in cell cycle arrest (rad-
5/clk-2). A role for Tel2 in monitoring S-phase might also explain the hypersentitivity of
Tel2 depleted fibroblasts to hydroxyurea [237]. In a more severe absence of Tel2, cells
would attempt to enter mitosis prematurely despite incomplete DNA replication or DNA
condensation. The mitotic arrest that results after hTel2 depletion would result from a
spindle-checkpoint dependent arrest of aberrant mitoses. The apoptosis caused by Tel2
depletion would be a result of the failed mitoses or gross defects in chromosome
segregation. In this model, the possible localization of Tel2 to centrosomes might be
related to its regulation of mitotic kinases, especially CyclinB-Cdk1 and Plk1, both of
which appear to be activated on centrosomes first [391].

In S. cerevisiae, the replication of yeast telomeres has been shown to happen late
in S-phase. Tel2 mutants may be especially compromised in the protection of these late
firing origins thus impairing the complete replication of telomeres. A role for Tel2 in
telomere replication would be consistent with the observation that Tel2 associates with
telomeric chromatin during S-phase (Runge K., personal communication). The extension

of telomeres by telomerase is also thought to happen late in S-phase and, thus, may also
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be affected by premature entry into mitosis [200]. Finally, chromatin condensation
through the recruitment of the Sir proteins at telomeres, a process which is necessary for
TPE, might also be inhibited by the premature entry into mitosis.

Mammalian telomeres fire asynchronously in S-phase, so any effects of Tel2
mutation on telomere maintenance in mammalians would be less apparent but could still
be exerted at the level of telomere replication [392, 393]. My preliminary suggests that
Tel2 mediated telomere elongation is dependent on telomerase. Additional studies in
primary and ALT cells will be necessary to confirm the telomerase dependence of Tel2
telomere elongation. Determining the effects of hTel2 depletion on telomere length are
absolutely necessary to confirm its proposed role as a positive regulator of telomere
length. If the depletion results in the expected telomere shortening, it will be interesting
to determine whether Tel2 affects the stability of telomerase or the access of telomerase
to telomeric chromatin.

If Tel2 is important for regulating S-phase progression, it is possible that its
overexpression could improve the cell's ability to progress through S-phase even after
DNA damage. Perhaps consistent with this model, I found that the overexpression could
promote progression to G2 after DNA damage. Importantly, according to this model, the
depletion of Tel2 should compromise S-phase DNA damage checkpoints. This
prediction will be tested in mouse cells with a conditional allele of Tel2.

Recently, mouse Tel2 has been found to be an essential gene (Takai and de
Lange, unpublished). Although Tel2 is essential at the cellular level, cells that have a
conditional allele of Tel2 have been generated. In a p53 deficient setting, the loss of
mTel2 resulted in cell cycle arrest. The cells senescence, but did not undergo apoptosis.
The difference between the response of MEFs and HeLa cells could be due to the absence
of p53 in the MEFs; alternatively, the depletion of hTel2 in HelLa could work
synergistically with unknown defects in HeLa2 cells to induce apoptosis. Importantly,

the expression of exogenous mTel2 rescued the defects of the presumed Tel2 MEFs,
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indicating that the defect in cell proliferation were specifically due to the loss of Tel2p.
Finally, consistent with a decreased BrdU incorporation after Tel2 depletion (Fig. 2-13E),
Tel2 null MEFs had reduced levels of cells in S-phase as assessed by FACS for bith DNA
content and BrdU incorporation. These conditionally targeted fibroblasts should be a
powerful tool for understanding the essential functions of the gene. Because the gene is
essential, it may also be informative to study the phenotypes of mice heterozygous for
Tel2. For example, Tel2 may be haploinsufficient for the maintenance of telomere
length, so telomere length blots of cells from heterozygous mice may be informative.
Furthermore, as C. elegans that possess the clk-2 mutation have an extended lifespan, it
may be interesting to monitor the development and lifespan of Tel2 heterozygous mice.
Although it is more satisfying to attribute a conserved function for the many
known homologs of Tel2/Rad-5/Clk-2, it is also possible that the proteins have been
implicated in diverse processes because they have evolved to have different roles. The
lack of obviously conserved domains with known function may support this more
conservative interpretation of the results. As more information comes from other model
systems and Tel2 null mouse cells, we should be better equipped to understand the
essential role of Tel2 in mammalian cells and its possible role in DNA damage

checkpoints and telomere function.

TRF2 protects chromosome ends from HR

Summary of telomere deprotection by TRF2AB

TRF2 protects telomeres from being recognized as DNA damage and being
processed by NHEJ. Although these functions of TRF2 were first described using a
dominant negative allele, TRF2ABAM, they have subsequently been confirmed with
knockout MEFs (Celli and de Lange, unpublished). In the course of my studies with an
allele of TRF2 that lacks its basic amino terminus, I have found that TRF2 also protects

telomeres from HR. The expression of TRF2AB caused rapid telomere shortening that
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was visible by FISH and Southern blots. Cell lines deficient for proteins previously
implicated in HR, XRCC3 and Nbsl, were resistant to TRF2AB mediated telomere
deletion. Furthermore, I used 2D gels to detect relaxed telomeric circles as the deletion
products of TRF2AB mediated telomere HR. I found that low levels of telomeric circles
were detectable in normal cells suggesting that telomere HR could contribute to
stochastic telomere shortening even in the absence of TRF2AB expression. Finally, most
ALT cells, which have proposed to maintain their telomeres by HR, have higher levels of
telomeric circles than non-ALT cells. Collectively, these studies demonstrate that TRF2
protects telomere from deletion by HR and suggests that telomere HR has an important
role in telomere maintenance.
Inhibition of telomere HR - an explanation for Ku’s diverse roles at telomeres?

NHEJ factors including Ku, XRCC4, and DNA-PK inhibit HR in mammalian
cells [315]. Furthermore, yKu inhibits TRD in S. cerevisiae. However, my studies did
not implicate NHEJ in TRF2AB mediated t-loop HR. Based on quantitative telomere
blots, the extent of TRF2AB mediated telomere HR events were similar in Ku86 in
mouse cells, DNA-PK null mouse cells, or Artemis deficient human cells. The inhibition
of DNA-PK catalytic activity with vanillin also did not affect TRF2AB mediated
deletions. It is possible that NHEJ and TRF2 function in separate pathways to protect
telomeres from HR. Thus, some of the cells that I analyzed for TRF2AB epistasis, like
Ku deficient MEFs, may have already experienced telomere HR events and reached a
shorter telomere length equilibrium. To address this possibility, it would be necessary to
inhibit NHEJ and induce TRF2AB telomere HR simultaneously. Such experiments may
be possible by depleting the Ku heterodimer through RNA interference concomitant with
the induction of TRF2AB. It is possible that more careful analyses like these will reveal
any subtle effects that NHEJ factors have on t-loop HR.

As described in the introduction, the inactivation of Ku in a variety of organisms

results in disparate effects on telomere length and function. In S. pombe, S. cerevisiae,
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mouse, and human cells, the inactivation of the Ku heterodimer is associated with
telomere shortening. In contrast, in Arabidopsis, the loss of Ku70 results in a telomerase
dependent telomere elongation and loss of length regulation. In S. cerevisiae,
Arabidopsis, and human cells, the loss of Ku is also associated with an increase in the
length of single-stranded G overhang at telomeres. A loss of control over telomere HR
mediated deletions could provide a unifying explanation for at least some of the diverse
telomere phenotypes resulting from the loss of Ku. If the Ku heterodimer were normally
required to inhibit intra-telomeric HR events, then the telomere shortening in yeast and
mammalian cells lacking Ku could be explained by increased rates of telomere HR
mediated deletions. In Arabidopsis, the loss of Ku might also result in increased rates of
inter-telomeric recombination as evidenced by a loss of telomere length homogeneity.
However, in contrast to yeast and mammalian cells, in Arabidopsis, telomerase appears to
compensate for the increased rates of telomere loss by overelongating the telomeres.
Consistent with this interpretation, the dual loss of telomerase in conjunction with Ku in
Arabidopsis or S. pombe results in exaggerated telomere shortening and the rapid onset of
senescence. Thus, it is possible that one of the primary functions of Ku at the telomere of
many organisms is to prevent telomere HR events.

A role for other telomere binding proteins in telomere HR?

In this thesis, I have studied the process of telomere HR using a mutant allele of
TRF2, TRF2AB. In future studies, exploring the role of other known telomere binding
proteins in telomere HR may give us a better understanding of both telomere HR and
TRF2’s role in regulating the process. In particular, hRapl and hPotl may be worthwhile
candidates to investigate. Studies with hRapl may be informative because it is a direct
binding partner of TRF2. Furthermore, length studies using various mutant alleles of
hRapl indicate that it can affect the length heterogeneity of telomeres. Specifically,
expression of a mutant allele of hRapl lacking the BRCT domain hRap1ABr results in

telomere elongation and a homogenization of the size range of telomeres. It is possible
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that the BRCT domain of hRap1 positively regulates t-loop recombination events at the
telomere. The expression of hRaplABr would decrease normal levels of t-loop HR
resulting in telomere elongation and more length homogeneity. Although the hRapl
interaction domain is intact in TRF2AB, the absence of the basic domain may have more
subtle effects on their interaction.

Currently, hPotl is the only ss DNA binding protein of mammalian telomeres. As
discussed in the introduction of Chapter 3, ss DNA plays an essential role in promoting
HR. Thus, hPotl may be important for regulating the formation of heteroduplex DNA
within telomeric tracts. The loss of Potl in S. pombe results in the complete loss of
telomeric and telomere associated sequences. It is important to note that currently there
is no evidence that the deletion of S. pombe telomeres is related to HR. Furthermore, in
human cells, interfering with the activity of hPotl with a mutant lacking the ss DNA
binding domain or depletion of hPotl through RNA interference results in telomere
elongation rather than telomere shortening. Thus, it seems unlikely that a straightforward
loss of hPotl function would result in telomere HR. However, the role of hPotl in
telomere HR may be analogous to that of TRF2. Interfering with TRF2 function results
in NHEJ and telomere fusions; likewise, a more subtle perturbation of hPotl may reveal
possible roles in telomere HR. I have also observed that the expression of TRF2 results
in an increased amount of ss DNA at telomeres. It may be interesting to know whether
the increased ss DNA at telomeres affects the manner in which hPotl is regulated at
telomeres. A more careful analysis of other telomeric proteins, especially hRap1l and
hPot1, may help to uncover TRF2’s specific role in modulating telomere HR and yield a

more general understanding of how the process is regulated at mammalian telomeres.
A role for TRF2 in chromatin at telomeres?

The telomeres of S. cerevisiae are maintained in a transcriptionally silenced,
“closed” chromatin configuration state. Rapl is involved in recruiting Sir3 and Sir4 to

telomeres and other silent loci to establish transcriptional silencing [91, 394]. In addition,
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Ku recruits and/or activates Sir4 to promote silencing of the telomere [395]. The deletion
of either Sir3 or Ku alters TRD in S. cerevisiae both increasing its frequency and
decreasing the precision of the deletion events. The inhibition of transcription by the
chromatin at yeast telomeres may also be related to the suppression of telomere HR. In
particular, the hpri1A mutant that shows a 10-fold increase in the rate of TRD is also
known to promote intrachromatid recombination between repeats in a transcription
dependent manner [318]. Thus, at the very least, the state of chromatin at the telomere
can modulate the rate of TRD. Other studies have suggested that chromatin state can be a
critical factor in preventing HR. In particular, studies in S. cerevisiae show that the Ty
repeat element exhibits low levels of recombination due to its maintenance in a closed,
nuclease-insensitive chromatin, a configuration that can be propagated to flanking DNA
sequences [396].

In mammalian cells, there is increasing evidence that telomeres are
heterochromatic or compacted in a “closed” chromatin state. In one study, it was found
that expression of a luciferase gene incorporated next to a newly formed telomere was
repressed 10 fold compared to randomly integrated chromosomal loci [397]. In mouse
cells, telomeric DNA appears to be associated with di- and tri-methylated H3-Lys9 [398].
Furthermore, mice deficient for factors known to be involved in the establishment of
heterochromatin including SUV39 DN and triple Rb knockout mice have defects in
telomere length maintenance [398, 399].

The simplest explanation for the actions of the TRF2AB would be that the protein
fails to recruit factor(s) that directly inhibit HR. However, a strict increase in telomere
HR may not explain the increased frequency of telomere associations and the increased
amount of single stranded DNA at telomeres. I suggest that increased telomere HR could
be a consequence of a more general alteration of telomeric chromatin. For example, the
basic domain of TRF2 could be involved in recruiting factors that maintain telomeres in a

“closed” chromatin configuration. If TRF2 were required for maintaining compact,
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nuclease-insensitive telomeric chromatin, then the expression of TRF2AB would result in
an opening of telomeric chromatin making it both more susceptible to inappropriate
transcription, nuclease activity, and HR. Aberrant transcription or nuclease activity at
telomeres could explain the excess single-stranded DNA at TRF2AB expressing
telomeres. Non-covalent interaction between the ss DNA of different telomeres would
explain the telomere association visualized by FISH. If the telomeric chromatin is
“opened” by the expression of TRF2AB, it should be possible to detect differences in the
sensitivity of the telomeres to DNAse I and micrococcal nuclease. It has previously been
observed that RNA transcripts corresponding to telomeric repeats are detectable in
human cells (de Lange, unpublished data). It may be worthwhile to determine whether
these RNA transcripts become more abundant after the expression of TRF2AB.

A role for telomeric circles in telomere maintenance?

Telomeric circles are not limited to mammalian cells. Previously, it was found
that Xenopus embryos possessed telomeric circles early in their development {375]. In
addition, the mitochondria of some Candida species use 750 bp direct repeat sequences
as telomeric sequences. Circular telomeric DNA that corresponded to multimers of 750
bp were visualized by EM [400]. As the linear mitochondria of Candida are not though
to be extended by a telomerase enzyme, it is possible that telomere circles provide a
means of telomere elongation in those mitochondria. The recombination of telomeric
circles into linear chromosome ends would result in the elongation of shorter

chromosome ends.

173



t-loop

t-loop HR l

7\

i s 3

5

Telomeric circle

Telomeric circle template
(sealed by ligation)

DSB repair by HR Rolling circle
with crossover replication

me

Figure 4-2. Possible contributions of telomeric circles in ALT telomere lengthening.

(A) T-loop HR events are predicted to generate relaxed circles of telomeric DNA. (B) The telomeric
circles may be used in ALT cell telomere maintenance. (leff) Circles could be incorporated into some
telomeres through HR directed DSB repair of a shortened telomere. This model does not result in an
increase in the total amount of telomeric DNA. (right) Alternatively, after ligation of nicked telomeric
circles, they could become substrates for rolling circle replication.

However, the recombination of circular telomeric DNAs onto short ALT
telomeres would not result in a net increase in the amount of telomeric DNA in the cell.

It is possible that telomeres could actually be replicated during S-phase. Even the
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occasional replication of telomeric circles would allow for a potentially limitless source
of telomeric DNA for incorporation into DNA ends.

As an alternative model, telomeric circles could be used as templates for rolling
circle replication. Rolling circle replication of telomeres with telomeric circles would
result in the formation of telomeric DNA that is not semi-conservative (i.e. both strands
are newly synthesized in one S-phase). It may be possible to distinguish DNA that
results from non-conservative replication through a modification of CO-FISH techniques.
It will be an interesting challenge to determine whether telomeric circles are important to
the telomere maintenance of ALT cells. It may also be interesting to determine whether
the injection of telomeric circles into normal cells undergoing telomere crisis may
promote the cell's ability to activate non-telomerase (ALT) mechanisms of telomere
maintenance.

Possible applications of telomere HR

If telomere HR is a primary factor in driving cellular senescence, then the
modulation of t-loop HR may have clinical applications. Because t-loop HR appears to
be regulated by a very short domain in TRF2, it may be possible to screen for small
molecules that modulate these functions of TRF2. The modulation of t-loop HR may be
more practical than attempting to alter the in vivo activity of telomerase whose regulation
appears to be largely controlled at the level of protein expression. By inhibiting t-loop
HR, it may be possible to delay the onset of cellular senescence. Such a strategy would
be expected to be beneficial for patients who suffer from diseases that result from excess
telomere shortening or an inability to counteract telomere shortening. The depletion of
stem cells in conditions like Werner’s syndrome and dyskeratosis congenita are thought
to be secondary to accelerated telomere shortening. Cells that possessed an extended
proliferative capacity due to the inhibition of t-loop HR would still possess an intrinsic

limit to their replicative potential. Therefore, the hypothetical inhibition of t-loop HR
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would have therapeutic advantages over the ectopic expression of telomerase because it
would not be expected to promote tumorigenesis.

Furthermore, the short-term enhancement of telomere HR through small
molecules may have roles in advancing telomerase-based cancer therapy. Telomerase
inhibition results in the rapid induction of senescence in vitro [401]. The rapid onset of
telomerase inhibition may be explained by t-loop HR mediated stochastic deletion events.
The existence of this pathway in vivo makes the inhibition of telomerase a more
attractive therapeutic option in treating cancer. Furthermore, it may be possible to
promote t-loop HR with small molecules that mimic the action of the TRF2AB allele.
The coordinated inhibition of telomerase with a promotion of t-loop HR might make the
inhibition of telomerase an especially effective treatment regimen. A promotion of t-loop
HR might be expected to result in a transient promotion of ALT survivor cells, but these
survivors would be expected to lose their ability to maintain their telomeres through
telomere HR upon withdrawal of the t-loop HR promoting agent. Although any clinical
applications of t-loop HR are highly speculative and would require significant develop,
the potential promise of treating human disease demands continued investigations of this

pathway in mammalian cells.
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CHAPTER 5:

MATERIALS AND METHODS

177



Cell culture

WI-38 (ATCC), IMR90 (ATCC), AG06300 (WRN-) (Coriell), AG03141 (WRN-)
(Coriell), AG05013 (RTS-) (Coriell), AG04405A (ATM-) (ATCC), and AG02496
(ATM-) (ATCC) were grown in DMEM with 100U of penicillin and 0.1 mg of
streptomycin, 2 mM L-glutamine, 0.1 mM non-essential amino acids (Gibco), 1 mM
sodium pyruvate (Sigma) and 15%FBS. RS-SCID/P80 (Artemis-) [362] and RS-
SCID/P83 (Rag2-) [362] were grown in RPMI with supplements and 15%FBS. U-2 OS
(ATCC) and Saos-2 (ATCC) were grown in McCoy's 5a medium with supplements and
10% or 15% FBS, respectively. GM847, VA13, HTC75, HeLal.2.11, NBS1-LB1 [357],
Phoenix amphotropic, Phoenix ecotropic packaging cells were grown in DMEM with
supplements and 10%FBS. BIJ/hTERT (Clontech) were grown according to the
manufacturer’s specifications. NIH/3T3, Rad50%° (824-5) [359], Nbs*®® and littermates
(54-4, 88-17, 25-1, 25-2) [360], ERCC17" and littermate [363], DNA-PKcs™ [364], and
Ku86™p53™ and Ku86"*p53™ [365] were grown in DMEM with supplements and 10%
FBS (or 15% heat inactivated FBS and 50 M 2-mercaptoethanol for primary MEFs).

Cells were passaged by pre-rinsing and 5-10 min incubation with Trypsin-EDTA
(Gibco, 0.25%) and seeding at fixed densities indicated in the text. Cells were counted
with a Coulter Counter Z1 Particle counter. Population doublings were determined by
the following formula: PD = original PD + [In (# cells at passage/# cells seeded) / In(2)]

implemented in Excel and graphed in Graph Prism.
Plasmids and retroviral gene delivery

Tagged and untagged alleles of Tel2 were cloned by PCR from a full-length
c¢DNA clone as (RZPD ID: DKFZp434A073) into the pLPC vector. Either pLPC_puro
or pWZL_hygro were used to deliver untagged alleles of TRF2. Primary MEFs were
transformed with pBabe_neoSV40largeTAg (gift from Greg Hannon) at early passage.

Retroviral gene delivery was performed as described [11] except that cells were infected
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3 times at 12 hr intervals. Briefly, Phoenix packaging cells (293T derived cell lines)
were transfected with 15 pg of the relevant plasmid DNA (see below for 293T
transfection details). The media was refreshed 12 hrs later. 36 hours after the
transfection, the media, now containing viral particles, was filtered through a 0.5 um
filter and combined with 5-10% FBS, 5-10% fresh media, and polybrene to 4 pg/ml.
This mixture was placed on target cells and repeated twice at 12 hr intervals. The ATM
and Nbs primary fibroblasts were infected 3 times at 24 hr intervals. Most retrovirally
infected cells were selected in the appropriate drugs (puromycin 2ug/ml, hygromycin
90ug/ml, or G418 600ug/ml) for 4-5 days until uninfected control cells were completed
selected. HCT116 and HCT116 derivative cell lines were selected in 120ug/ml
hygromycin; ERCC1+/+ and ERCC1-/- cells were selected in 3ug/ml puromycin.
Infection of NIH/3T3 cells proved to be very efficient (>90% expression after 3 rounds).
Thus, for better preservation of telomere signals, FISH and CO-FISH was performed on
NIH/3T3 cells immediately after a 24 hr recovery from 2, 12-hour infections without

selection.

In vitro transcription / translation

In vitro transciption and translation were performed using the Promega TNT
coupled reticulocyte system TnT sytem according to the manufacturer's
recommendations. Briefly, the following reagents are mixed and incubated for 1hr: 12.5
ul reticulocyte lysate, 1 ul TNT buffer, 0.5 ul polymerase (T7 or T3), 0.5 ul amino acids
— methionine, 2 ul S*-labeled methionine, 0.5 ul RNasin, 5.5 ul H,0, 2.5 pul of 0.2 ug/ul

DNA. 3 ul of sample was loading with with 2xLaemmli buffer on SDS-PAGE. The gel

was incubated with Amplify (Amersham) for 15 min, transferred to Whatmann paper,

dried on a gel dryer at 80°C for 30 min, and exposed to film.
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Table 5-1. Antibodies used in Chapter 2.

'ﬁ L ‘ty

| Antigen - | Type -
TRF1 - 371 TRF1 - FL Rb, poly Hu IF 1:3000
protein WB 1:2000
ChIP: 25 pl crude
TRF2 — 647 TRF2 - FL Rb, poly Hu, M IF, WB 1:2000
protein ChIP: 25 ul crude
Upstate TRF2 M, mono Hu IF 1:500 Upstate
aTRF2 peptide WB 1:1000
hRapl 765 hRap1 Rb, poly Hu, M IF, WB 1:3000
ChlIP: 25 ul crude
Tin2 - 864 Tin2 Rb, poly Hu IF, WB 1:2000
Mrell - 874 Mrell Rb, poly Hu IF, WB 1:1000
ChIP: 25 ul crude
Hp95 #16/9 Human Rb, poly Hu WB 1:20,000 John Petrini
Nbs/p95
9E10 Myc M, mono - IF, WB 1:1000 Oncogene
M2 FLAG M, mono - IF, WB 1:10,000 Sigma
ChIP: 5ug
GTUSS8 y tubulin M, mono Hu, M IF, WB 1:20,000 Sigma
GNS1 cyclin B M, mono | Hu IF 1:200 Santa Cruz
BRCA-1, Ab-1 BRCAI M, mono | Hu IF 1:400 Oncogene (OP-92)
a phospho — phospho M, mono Hu IF 1:400 Cell Signaling 6G3
Histone H3 peptide
PML (PG-M3) AA 37-51 M, mono | Hu IF 1:200 Cell Signaling 6G3
Coilin - C28020 | Coilin, p80 | M, mono | Hu IF 1:1000 Becton Dickinson
Centrin Centrin Rb, poly Hu IF 1:1000 J. Salisburg
CREST autoimmune | Hu, poly Hu IF 1:2 Tarun Kapoor
CENP-F autoimmune | Hu, poly Hu IF 1:5000 E. Tan
Tel2A C term pep Rb, poly Hu IF 1:100
Tel2B C term pep Rb, poly Hu IF, WB 1:100
Tel2C FL protein Rb, poly Hu IF, WB 1:1000

Rb, rabbit; Hu, human; IF - immunofluorscence; WB - Western blot
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Table 5-2. Antibodies used in Chapter 3.

] TYPe

Dilution *~ | §

’ ileacﬁvity & Source -
TRF1 - 371 TRFI1 - FL. Rb, poly Hu IF, WB 1:3000
protein ChIP: 25 ul crude
TRF2 - 647 TRF2 - FL Rb, poly Hu, M IF, WB 1:2000
protein ChIP: 25 pul crude
TREF2 - 508 N term Rb, poly Hu, M WB 1:500
(basic domain) peptide ChIP: 25 ul crude
hRapl - 765 hRap1 Rb, poly Hu, M IF, WB 1:3000
ChIP: 25 ul crude
Mrell - 874 Mrell Rb, poly Hu IF, WB 1:1000
ChIP: 25 ul crude
Hp95 #16/9 Nbs/p95 Rb, poly Hu WB 1:20,000 John Petrini
93/5 Nbs (p95) Mouse p95 | Rb, poly M WB 1:10,000 John Petrini
Ku70 (C-19) C term Goat, poly | Hu,M WB 1:1000 Santa Cruz
peptide
Ku70 (M-19) C term Goat, poly | Hu, M WB 1:1000 Santa Cruz
peptide
Ku86 (C-20) C term Goat, poly | Hu, M WB 1:1000 Santa Cruz
peptide
Ku86 (Ab-2) B cell M, mono Hu,M WB 1:250 NeoMarkers
nuclei
9E10 Myc M, mono -- IF, WB 1:1000 Oncogene
M2 FLAG M, mono | -- IF, WB 1:10,000 Sigma
ChIP: 5ug
53BP1 53BP1 M, mono Hu IF 1:10 Thanos Hazalonetis
a. phospho - phospho M, mono | Hu IF 1:400 Cell Signaling 6G3
Histone H3 peptide
XRCC3 peptide Rb, poly Hu WB 5 ug/ml Chemicon

Rb, rabbit; Hu, human; IF - immunofluorscence; WB - Western blot

Transfection of 293T cells

Twenty-four hours prior to transfection, 293T cells were plate at 4-5x10° cells per

10 cm plate so that cells are 40-50% confluent at the time of transfection. Up to 2 ml of a

DNA-calcium chloride mix (856 yul H,0, 124 ul 2 M CaCl,, 5-10 pg/ml DNA) was

mixed dropwise into an equal amount of 2 x HBS (50 mM HEPES pH 7.05, 10 mM KCl,

12 mM dextrose, 280 mM NaCl, 1.5 mM Na,PO,) while being vortexed. Immediately
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after mixing, 1 ml of the now precipitated DNA solution is added dropwise onto a 10 cm
plate. After 12-16 hrs, the media is refreshed. Cells were harvested ~24 hr later.
Immunoprecipitations

Relevant cells--one 10 cm plate of transfected 293T cells, one 10 cm plate of
HCT116 cells, or one 15 cm plates of infected IMR90 cells--were harvested by flushing
cells off the plate with cold PBS. 293T cells were pelleted by in cold PBS and lysed in
0.5 ml IP lysis buffer (50 mM Tris-HCI pH 7.4, 1% Triton X-100, 0.1% SDS, 150 mM
NaCl, 1 mM EDTA, 1 mM DTT, 1 mM PMSF, 1XProtease inhibitor mix [Roche]) and
gently resuspended with a pipette. The lysate was transferred to an Eppendorf tube,
vortexed for 3-5 sec and kept on ice for 5 min. Next, 25 ul pf 5 M NaCl was added to
each tube, raising the sodium concentration to 400 mM. HCT116 cells and IMR9O0 cells
were lysed in Buffer C 20 mM HEPES-KOH pH 7.9, 420 mM KCl, 25% [v/v] glycerol,
0.1 mM EDTA, 5 mM MgCl,, 1| mM DTT, 5 mM fresh PMSF, 0.2% [v/v] NP-40, and
1XProtease inhibitor cocktail [Roche]). After 10 min on ice, the samples were vortexed,
incubated on ice for an additional 5 min prior to the dropwise addition of 0.5 yul ice-old
H,O with mixing. Lysates were centrifuged at 14,000 rpm for 10 min at 4°C. The
resulting supernatant represent the input lysate. The Bradford assay was used to
determine protein concentration of the input lysate. Protein concentrations of input
lysates were normalized by the addition of the appropriate amount of lysis buffer or
Buffer C. A fraction of input was set aside for subsequent Western blots.

Indicated amounts of antibody were added to 0.5-1 ml of lysate. Samples were
nutated at 4°C for at least 5 hr (up to O/N). 60 ul of a Protein G sepharose slurry (50%
{v/v] Protein-G sepharose [Amersham] in PBS in 1 mg/ml BSA) was added to each tube
and samples were nutated at 4°C for 1 hr. (For generating Protein G sepharose slurry, 3-
4 ml of beads are placed into a Falcon tube, spun down down 1 K for 1 min at 4°C, and
washed with PBS twice. The beads were resuspended in 10 ml of 5% BSA in PBS and

keep on ice for 30 minutes, washed three times with PBS, and stored with an equal

182



volume of PBS containing 0.02% sodium azide at 4°C.) Then, the Protein-G beads were
pelleted at 4,000 rpm for 5 sec at 4°C and washed with 1 ml cold lysis buffer. The was
repeated 3 times and beads were pelleted. After removal of buffer, beads were suspended
in 45-60 ul 2X Laemmeli buffer is added to each pellet. Pellets and Laemmli buffer were
boiled for 10 min and stored at —20°C.,
Whole cell lysates and Western blots

For whole cell lysates, cell were trypsinized, washed with PBS, counted and
resuspended at 2x10* cells/ml, an equal volume of 4XLaemmli buffer (0.24 mM Tris-
HCI, 4% SDS, 20% glycerol, 10% beta-mercaptoethanol, 0.004% bromophenol blue) was
added. The viscous lysates were boiled for 10 min and DNA was sheared through a 28
gauge insulin syringe. For buffer C extracts, cells were trypsinized, washed once with
media, twice with ice-cold PBS, and incubated in Buffer C on ice for 30 min. After
centrifugation at 4°C for 10 min at 14,000 rpm, the supernatant was collected and the
Bradford assay was used to determine protein concentration. The extract was then
combined with Laemmli buffer and boiled for 10 min.

Protein samples were separated by SDS-PAGE and blotted onto nitrocellulose
membranes. Membranes were blocked in 10% non-fat powdered milk in PBST (0.5%
Tween-20 in PBS) for 30 min at RT and incubated with primary antibodies in 1% milk in
PBST at 4°C O/N. Membranes were washed three times in PBST, incubated with
secondary antibody in 1% milk in PBST for 30 min at RT, washed three times with
PBST, and once with H,O. ECL (Amersham) was applied to membranes, which were
exposed to film.
siRNA transfections

The following sequences were used as siRNAs:

Tel2.2 - 5' G.G.A.G.G.A.GU.U.UG.CCUCGG.CCAT.AT 3'
Tel2.3 -5' C.U.C.C.G.U.G.G.C.C.G.G.C.CACU.U.CAT.AT 3
Ku86.1 - 5' U.C.C.U.C A.A.G.U.C.G.GC.GU.GGCUJATAT 3
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Ku86.2 - 5' A.GU.CA.G.CUG.GAUAUUAUAAJCTAT 3
Ku86.3 - 5'G.A.C.U.UG.C.G.G.CAAUACAUGUAT.AT 3'
Ku86.4 - 5' U.C.C.U.C.G.A.U.UU.CAGAGA.UUAAGTAT 3
GFP and luciferase siRNA sequences were previously published [Novina, 2002

#2692] [Elbashir, 2001 #2290]. All siRNAs were obtained from Dharmacon. HelLa2
were transfected using OligofectamineTM (Invitrogen). Briefly, 2.0x10° of HeLa2 or
1.0x10°> of U20S cells per well of a 6-well plate were plated 18-24 hr prior to

transfection. Transfections were done twice with a 24 hr interval. Cells were processed
12-60 hr after the second transfection as indicated. As a control, cells were mock treated

or treated with GFP or luciferase siRNAs.
Fluorescence activated cell sorting (FACS) analysis

Cells were collected from a 10 cm plate by trypsinization, spun down at 1000
rpm, washed in 5 ml PBS, spun down again, and resuspended in 100 yl of PBS. Two ml
of ice cold 70% ethanol was added dropwise while vortexing. Cells were stored at 4°C.
Prior to FACS, cells were spun down and resuspended in propidium iodide mix (500 pl
PBS, 100 ug Rnase, 25 ug propidium iodide). After a 30 min incubation, cells were
analyzed on a Becton Dickinson FACS-Scan II.
Immunofluorescence

Cells were plated on dishes with coverslips. Cells were rinsed with PBS, fixed
with 2% paraformaldehyde in PBS for 10 min at room temperature, washed twice (5 min)
with PBS, and permeabilized with 0.5% NP-40 or 0.5% Triton X-100 in PBS for 10 min
at room temperature and washed three times with PBS. Cells were blocked with PBG
(0.2% (w/v) cold water fish gelatin (Sigma), 0.5% (w/v) BSA (Sigma) in PBS) for at least
30 minutes at RT. Cells were stored in 0.5xPBG with 0.02% sodium azide at 4°C.
Coverslips were placed on parafilm in a foil-covered tray next to wet paper towels to

keep the cells moist. Cells were incubated with primary antibody diluted in PBG O/N at
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4°C (see Table 5-1), washed three times with PBG at RT, incubated with secondary
antibody diluted 1:250 in PBG for 30-40 min at RT, and washed three times with PBG at
RT. 4,6-diamidino-2-phenylindole (DAPI) was added to the last wash at 0.1 pg/ml.
Coverslips were rinsed twice with PBS and sealed onto glass slides with embedding
media (1 mg/ml p-phenylene diamine (Sigma) in 50% glycerol in 1xPBS).

For methanol fixation, cells were rinsed in PBS and then plunged into methanol (-

20°C) and fixed for 5 min at -20°C. Cells were washed three times with PBS and

blocked with PBG for 30 min. Cells were immediately processed for IF, no additional
permeabilization was necessary.

For Triton X-100 extraction, cells can be extracted prior to fixation with Triton X-
100 buffer or cytoskeleton extraction (CSK) buffer. For Triton X-100 extraction, cells
were rinsed with PBS and extracted with Triton X-100 extraction buffer (0.5% Triton X-
100, 20 mM HEPES-KOH pH 7.9, 50 mM NaCl, 3 mM MgCl,, and 300 mM sucrose) at
4°C for 5 min. Cells were then rinsed twice with PBS and fixed with 3%
paraformaldehyde/ 2% sucrose for 10 min at RT, washed twice with PBS, and again
permeabilized in Triton X-100 buffer for 10 min at RT, washed twice with PBS.

For CSK extraction, cells were were rinsed with PBS and first incubated in
cytoskeleton buffer [10 mM piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES; pH 6.8),
100 mM NacCl, 300 mM sucrose, 3 mM MgCl2, 1 mM EGTA, 0.5% Triton X-100] for
5 min on ice followed by an incubation in cytoskeleton stripping buffer (10 mM Tris-HCl
[pH 7.4], 10 mM NaCl, 3 mM MgCi2, 1% ([v/v] Tween 40,0.5% ([v/v] sodium
deoxycholate) for 5 min on ice. Cells were washed 3 times in cold PBS, fixed in %
paraformaldehyde/ 2% sucrose for 10 min at RT, and permeabilized with 0.5% Triton X-
100 solution for 10 min at RT. Subsequent incubation were complete with the standard
IF protocol. Images were captured using an Axioplan2 Zeiss microscope with a
Hamamatsu CCD digital camera using OpenLab software. Images were merged in

OpenLab and processed with Adobe Photoshop.
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Senescence associated (SA) p-galactosidase assay

This procedure was adapted from [402]. Cells were plated on coverslips or in 2

well chamber glass slide (LabTek) at a density of 3x104 cells per chamber or coverslip.

On the second day after plating, the cells were washed with PBS, fixed for 5 min in 2%
formaldehyde/0.2% glutaraldehyde (v/v) in PBS, washed in PBS, and stained with X-gal
at 1 mg/ml in SA buffer (150 mM NaCl, 2 mM MgCl,, 5 mM K,Fe(CN),, and 40 mM
NaP, at pH 6.0) for 12 hr at 37°C.

Chromatin Immunoprecipitation (ChIP)

ChIP was performed as previously described [85]. Cells from 2 15 cm plates
were harvested, washed with PBS, fixed in 1% formaldehyde in PBS for 60 min at RT,
washed in PBS, and lysed in 1% SDS, 50 mM Tris-HCI, pH 8.0, 10 mM EDTA at a
density of 1x107 cells/ml. Lysates were sonicated to obtain chromatin fragments <1 kb,
and centrifuged for 10 min at 4 °C. Two-hundred ul of lysate was diluted with 1.2 ml
0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCI, pH 8.0, and
150 mM NaCl was supplemented with antibody (typically 25 ul crude serum or 5 ul
9E10), mutated overnight at 4 °C, supplemented with 30 ul protein G Sepharose beads
(Amersham; blocked with 30 ug bovine serum albumin (BSA) and 5 ug sheared
Escherichia coli DNA), and incubated for 30 min at 4 °C. IP pellets were washed with
0.1% SDS, 1% Triton X-100, 2 mM EDTA, pH 8.0, 20 mM Tris-HCl, pH 8.0, containing
150 mM NacCl in the first wash and 500 mM NaCl in the second wash. Further washes
were with 0.25 M LiCl, 1% NP-40, 1% Na-deoxycholate, 1 mM EDTA, pH 8.0, 10 mM
Tris-HCI, pH 8.0, and with 10 mM Tris-HCIl, pH 8.0, 1 mM EDTA. Chromatin was
eluted from the beads with 500 ul 1% SDS, 0.1 M Na2CO3. After addition of 20 ul of
5 M NaCl, crosslinks were reversed for 4 h at 65 °C. Samples were supplemented with
20 pl of 1 M Tris-HCI, pH 6.5, 10 ul of 0.5 M EDTA, and 20 ug DNase free RNase A,
and incubated at 37 °C for 30 min. Samples were then digested with 40 ug proteinase K

for 60 min at 37 °C, phenol extracted, and the DNA was precipitated overnight at -20 °C
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with 1 ml ethanol. The precipitate was dissolved in 100 ul water, denatured at 95 °C for

5 min, and dot blotted onto Hybond membranes in 2xSSC (80% was loaded for the

detection of telomeric sequences, and 10% for Alu sequences). Membranes were treated
with 1.5 M NaCl, 0.5 N NaOH for 10 min, and with 1 M NaCl, 0.5 M Tris-HCI, pH 7.0,
for 10 min. Hybridization with a 800-bp Klenow-labelled TTAGGG probe or an Alu

probe was performed as described below. Membranes were washed four times in 2xSSC

and exposed overnight to Phosphorlmager screen. The quantification of the percent
precipitated DNA was done with the ImageQuant software. All lysates were normalized
for cell number. For the total telomeric DNA samples, two 50-u1 aliquots (corresponding
to one-quarter and one-eighth of the amount of lysate used in the IPs) were processed
along with the rest of the samples at the step of reversing the crosslinks. The average of
the telomeric signal in two total fractions was taken for the reference value (total DNA),
and the percentage of each immunoprecipitation sample was calculated based on the
signal relative to the corresponding total DNA signal. Therefore, the calculated ChIP
yield takes into account changes in telomere length.
Genomic DNA extraction

Genomic DNA was prepared as described previously [11]. Approximately 10’ cells
were harvested by trypsinization, washed with cold PBS, and collected by centrifugation
at 1000xg for 5 min. Cells were suspended in 1 ml of Tris/NaCVEDTA (TNE, 10 mM
Tris-HCI pH 7.4, 100 mM NaCl, 10 mM EDTA), lysed by squirting into 1 ml of TNES
(TNE + 1% SDS) containing 0.1 mg/ml proteinase K (added fresh), and incubated at
37°C O/N. Phenol extraction with 2 ml of phenol/chloroform/isoamyl-alcohol (50:49:1)
was performed in a 15 ml phase-lock tube (Eppendorf) by gently mixing for 5 min
followed by centrifugation at 3,500xg for 5 min. DNA was collected from the water
phase by precipitation with 2 ml iso-propanol after addition of 200 ul1 3 M sodium acetate
pH 5.2 at room temperature. The DNA was collected and dissolved in 300 xl TE (10 mM
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Tris-HCI1 pH 7.4, 1 mM EDTA) containing DNase-free, heat-inactivated RNase A (1
mg/ml) for 2 hours at 37°C, followed by incubation for 1 hour after addition of 200 1 of
TNES containing 0.1 mg/ml proteinase K. The DNA was phenol extracted and
precipitated with iso-propanol as above using adjusted volumes and 2 ml phase-lock
tubes and dissolved in 100 ul TE and digested with the indicated enzymes.
Approximately ~20 ug of genomic DNA was digested in a final volume of 100 i, using
the appropriate restriction enzymes. 2 ul of each digested genomic DNA was quantitated
in 2 ml of Hoechst 33258 dye at 1 yg/ml in TNE. DNA samples were measured at least
twice to ensure accuracy of the measurements.

Pulsed-field gel electrophoresis sample preparation

MEFs were trypsinized washed once in PBS and resuspended in PBS at 3.0 x 10’

cells / ml and warmed to 50°C. The PBS-cell suspsension was then mixed with an equal

volume of 2% agarose in PBS to a final concentration of 1.5 x 107 cells / ml. The agarose

mixture was allowed to equilabrate at 50°C for 5 min, and 100 L of the mixture was
pipetted into a disposable plug-caster (Bio-Rad). The plugs were allowed to set at 4°C
for 15 min. Plugs were incubated in 1 ml per plug of Proteinase K digestion buffer (10

mM Tris pH 7.9, 250 mM EDTA pH 8.0, 0.2% sodium deoxycholate, 1% sodium lauryl

sarcosine, and 500 mg/ml fresh Proteinase K) at 50°C overnight. The plugs were washed

three times for 1 hr in 1 ml per plug of TE. PMSF (1 mM final from 100 mM freshly
made stock in methanol) was included in the final wash in TE. The plugs are now stable
at 4°C for several months. Prior to digestion, the plugs were washed again for 1 hr in TE
and 20 min in water. Next, the plug was equilibrated for 1 hr in 1ml per plug of the
appropriate restriction digest buffer for 1 hr. The plug was then was then changed into 1
mL pre plug of fresh restriction digest buffer with 120 units of the indicated enzyme and
10ug RNAse A for at least 12hrs. After digestion, plugs were washed in 1 ml pre plug of

TE for 30 min and equilibrated in 0.5xTBE for 20 min. The plugs were fractionated on a
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CHEF-DRII PFGE (Biorad) in a 1% agarose gel in 0.5xTBE at 6 V/cm for 20 hrs at

14°C. The gels were blotted to nylon membranes and probed first with a 550-bp mTRF2

probe prepared by PCR using the primers 2MF2 (5’-ACCGCTGGGTGCTCAAG-3’) and
2MB8 (5’-TTCTGGATAACAGGGTGGG-3"). To strip the blots, boiling 0.1%SDS in
water was poured over the blots and was allowed to cool to room temperature. Blots
were then probed for telomeric repeats as described below.

Telomere Southern blots

Between 2 to 4 ug of digested DNA and MW markers were loaded with 6x DNA
loading buffer (0.25% Orange G, 15% Ficoll [w/v] 400 (Pharmacia) in ddH,0) on a
20x20 cm 0.7% agarose gel in 0.5xTBE with ethidium bromide (gel-volume ~300 ml; 3
u1 of 10 mg/ml ethidium bromide stock). Load 4 ul Mw markers in lanes 1 and 24. The
gel was run for 1 hr at 30 V. The gel was then run the gel until the Orange G front
reached the bottom of the gel (e.g., O/N at 45V). A picture of the gel was taken to ensure
even loading. The run was continued until the 1.3 kb marker was near the bottom of the
gel. This takes ~800-900 Vehrs total. Another picture was taken with a ruler to mark the
location of the ladder. The gel was gently agitated in depurination solution (0.25 M HCI)
for 30 min, then in denaturation solution (1.5M NaCl; 0.5M NaOH) twice for 30 min, and
finally in neutralization solution (1M Tris 7.4, 1.5M NaCl) twice for 30 min. The gel
was blotted onto pre-wet Hybond Nylon filters in 20xSSC O/N. Filters were handled with
forceps and gloves at all times. The filter with DNA was wrapped with SaranWrap and
auto-crosslinked (DNA side up) in a Stratalinker (Promega). The filter was rinsed with
2xSSCm, water, and prehybridized for at least 45 min 1 hr at 65°C in a hybridization
oven (Hybaid) in Churh hybridization buffer (500 mM NaPO, pH 7.2, 2 mM EDTA pH

8.0, 70 mg/ml SDS, 10 mg/ml BSA).
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Measurement of reduction in telomeric repeat signal after TRF2AB expression

Cells were infected in with vector or TRF2AB retroviruses and processed in
parallel. Cells were harvested, genomic DNA isolated, digested with the indicated
restriction enzymes, and quantified in duplicate by Hoechst flourometry after digestion.
Equal amounts of DNA (2-4 ug) were fractionated and equal loading was confirmed by
EtBr staining. Blots were first probed for a loading control. For human DNA one of two
control probes were used--a 475 bp Histone H1.3 or a 23 kb genomic DNA fragment gel
isolated from Mbol + Alul digested genomic DNA that contains unknown repetitive
sequences lacking Mbol/Alul sites. The blots were exposed on Phophorlmager screens,
and the loading control signal was quantified using Imagequant. For mouse DNA, the
mTRF2 probe was used as described above and bands representing the mTRF2 gene were
used as loading control. The blots were then stripped by boiling in 0.1%SDS, rinsed in
2xSSC, hybridized with a TTAGGG repeat probe (pSP73.Sty11; [403]), and the telomere
signal was quantified in Imagequant. The telomeric signal was normalized to the loading
control for all lanes and the normalized values for vector and TRF2*? infected samples
were compared and expressed as % signal change in the TRF2*® samples.

Detection of ssDNA telomeric DNA (in-gel hybridization)

This assay was adapted from [350). Briefly, DNA samples prepared and gel-
fractionated as described above were dried on Whatman 3MM filter paper (at 50°C until
completely dry). Whatman paper was removed by soaking the gel in water. The gel was
prehybridized in Church mix (0.5 M Na2HPO4 pH 7.2, 1 mM EDTA, 7% SDS, 1%
BSA) for 30 min at 50°C and hybridized in Church mix o/n at 50°C with 4 ng
[CCCTAA}4 or [TTAGGG14 of a y-’P-ATP an end-labeled probe. The gel was washed

three times in 4xSSC for 30 min at room temperature, and once with 4xSSC, 0.1% SDS

at 55°C and exposed to a Phosphoimager screen. Subsequently the gel was denatured in
0.5 M NaOH, 1.5 M NaCl for 30 min, neutralized in 0.5 M Tris-HCl pH 7.5, 3 M NaCl
for 20 min, and hybridized to the same probe in Church mix O/N at 55°C. The gel was
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washed and exposed as above. Where indicated, the DNA was incubated with 50 units of
Exonucleasel (Amersham) in 10 mM Tris-HCI pH 8, 1 mM EDTA, 10 mM MgCl2, 20
mM KCl, 10 mM -mercaptoethanol for 6 hours at 37°C prior to restriction digestion.
After Exol digestion, DNA were phenol:chloroform extracted, precipitated, resuspended
and digested with the indicated enzymes.
Alkaline gel electrophoresis

This protocol was done as previously described [130]. Genomic DNA was digested
with Mbol/Alul and was fractionated on a native 0.7% agarose gel or adjusted to 10 mM

EDTA, mixed with 0.2 volumes of 6x alkaline loading buffer (0.3 M NaOH, 6 mM

EDTA, 18% Ficoll, 0.15% bromocresol green, 0.25% xylene cyanol FF), and run in
duplicate on a 0.5% alkaline agarose gel in 50 mM NaOH/1 mM EDTA (pH 8.0) for 27
hr at 50V at 4°C with two changes of running buffer. Half of the alkaline gel, as well as
the native gel, was subsequently treated with 0.25 N HCI, denatured, neutralized, blotted
in 20SSC onto a nylon membrane, and hybridized with the TTAGGG probe as described
above. To verify complete denaturation of the DNA, the other half of the gel was
neutralized for 45 min, soaked in 2_ SSC for 30 min at room temperature, dried for 30
min at room temperature on a gel drier, and hybridized with the same probe. A telomeric
DNA marker ladder was prepared by digesting a TTAGGG repeat bearing pTHS plasmid
with HindlIII and religation.
2D gel electrophoresis and genomic blotting

Neutral-neutral 2D gel electrophoresis was performed according to the protocols

established by Brewer and Fangman (http://fangman-brewer.genetics. washington.edu

/2Dgel.htiml) with the modifications described by Cohen and Lavi (1996). Genomic
DNA samples were digested O/N in 100ul. For non-transformed fibroblasts (IMR90,
hTERT-BJ1, BJ), about 1/3 of a genomic prep from 1-2x10’ cells are necessary for a gel.

The first dimension is a 0.4% agarose gel in 1xTBE (~140ml without ethidium bromide
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[EtBr]) poured in a Bio-Rad Wide Mini Sub Cell GT (15 x 11 cm tray) using a comb with
narrow, thin teeth (4mm x 1.2mm thick). Between 8-15ug of digested was loaded into
each well. Sample and in the adjacent lane 3ul ladder (~750ug). Gel was run for 24 hrs
at RT at 10-14V (<1V/cm). The buffer was refreshed after ~12hrs. The Orange G dye
should just be at the bottom of the gel after the run. The gel was stained with 0.3pg/ml
EtBr in 1xTBE for 20 min. The gel was examined on a long wave UV light box and
using a clean razor, sample lanes were quickly excised making certain the left edge was
straight, vertical, and close to the sample. About half of the DNA ladder lane was
included when the excision was made on the right side. The gel excised lanes were
manipulated with a plastic ruler to manipulate the slices helps greatly. The second
dimension was 1.1% agarose gel in 1xTBE with 0.3ug/ml EtBr (~340ml). The excised
lanes were placed in a 20x20cm gel support orthogonal to the first direction of
electrophoresis. The 20x20 gel box will hold up to 4 samples. The agarose was cooled
to 55°C and EtBr was added to 0.3ug/ml. The gel was poured around the 1D lanes until
they were just covered. The gel was run at RT ~150V (4-5V/cm) for 4hrs. To facilitate
subsequent manipulations, cut the gel in half horizontally. The gels were processed for

Southern blots as described previously.
Circularized A DNA ladder was generated by ligating HindIII digested A DNA
(NEB) at 5 ng/ul overnight at 16°C. The ligated DNA was ethanol precipitated in the

presence of glycogen and resuspended at 500 ng/ul. To generate the ladder probe,

HindIII cut A DNA was digested with BstEII and gel purified. Approximately 2 ug of the
digested A DNA was labeled with T4 PNK and y-*P-ATP. For 2D in-gel hybridizations,

gels were handled as described previously for G-overhang assays with the exception that

the gels required 3hrs at 44C under vacuum for complete drying.
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Methanol:Acetic Acid (3:1) metaphase spreads

Cells were grown to ~40% confluence in a 10-15 cm culture dish. Cells were
incubated for 30min — 2 hrs in the regular medium +0.1mg/ml demecolcin (colcemide;
Sigma). By harvesting time, the effects of the colcemide were obvious, there were many
more refractile cells and many cells with a spiky margin. Cells were harvested by
trypsinization and spun down in 15 ml conical tube (at 1000rpm). The supernatant was
removed, and cells were gently resuspended in 5 ml of 75 mM KCI (prewarmed to
37C°C). Cells were incubated at 37°C for 7 min. The tube was periodically inverted to
keep the cells suspended. If the cells started clumping during the incubation, a few drops
of fixative (3:1 methanol:glacial acetic acid, prepared fresh and kept on ice) were added
and clumps were gently resuspended. Cells were spun down at 1000rpm for 5 min. The
KClI was decanted gently and cells were resuspended fully in the remaining KCl (~250
u1) by tapping. 500 ul of fixative was added dropwise while the cells were gently being
shaken on a vortexer (<1000 rpm). Another 500 ul of fixative was added slowly.
Finally, tubes were filled to 15 ml with the fixative and stored at 4°C O/N or longer.
Cells can be stored at -20°C at this stage for months. Cells were spun down (1000rpm)
and refixed prior to spreading. Fixative was decanted and cells were resuspended cells in
the remaining fixative (~0.5 ml left) (may vary depending on cell number). A few slides
were soaked in in cold water. Wet paper towels were set on top of a heating block set to
70°C. Cells were dropped on the water-wetted slide and gently washed once with fresh
fixative dropped across the top of the slide. Slides were placed for a minute on the

humidified 70°C block. The slides were checked under a phase contrast microscope for
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spreading efficiency. The process was repeated at different dilutions if necessary. The
slides were stacked upright on a slide hodlerf and dried O/N in a fume hood.
Formaldehyde metphase chromosome spreads

Metaphase cells were enriched as described above. Cells were trypsinized and
counted. Cells were spun down at 1000 rpm for 5 min. RSB (10 mM Tris pH 7.4, 10
mM NaCl, 5 mM MgCl,) was added to a final conentration of 3-4 x10° cells/ml. Cells
were resuspended in RSB buffer by gentle tapping. Cells were incubated in RSB buffer
at 37°C for 10 min. Cells were immediately placed on ice. Cells were spun down in a
CytoSpin at 1000 rpm for 1 min. Cell area was demarked with a hydrophobic marking

pen and cells were fixed and processed for IF as described as above.

FISH and CO-FISH

FISH was performed using a FITC conjugated PNA probe specific for the G-strand
(FITC-5’-(CCCTAA);-3’) (Applied Biosystems) as previously described [352]. CO-
FISH was done as described previously [132]. Cells were grown in the presence of
BrdU:C (3:1, 10uM final) for 18 hrs with the inclusion of demecolcine (0.1 yg/ml) for
the final 2 hrs. Metaphases were harvested and prepared as previously described. Slides

were treated with 0.5 mg/ml RNase A (in PBS, DNase free) for 10 min at 37°C. Next,
slides were stained with 0.5 pug/ml Hoechst 33258 (Sigma) in 2xSSC for 15 min at RT.

Slides were then expose slides to 365-nm UV light (Stratalinker 1800 UV irradiator) for
30 min (equivalent to 5.4x10° J/m?). Digest the BrdU/BrdC-substituted DNA strands
with at least 500 ul of 3 U/ul of Exonuclease III (Promega) in buffer supplied by the
manufacturer (50 mM Tris-HCI, 5 mM MgClz, and 5 mM DTT, pH 8.0) at RT for 10

min. Slides were denatured in 70% formamide, 2xSSC at 70-80°C on a heat block.

Slides were dehydrated in an ice cold ethanol series--70%, 85%, 100%. Dried slides
were stored at RT. The regular protocol for FISH was then followed. For dual CO-FISH
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both Tam-TelG (1:2000) and FITC-TelC (1:1000) probes were added together to the
hybridization mix during the FISH protocol. CO-FISH was performed using either the
FITC-TelC probe or a TAMRA conjugated PNA probe specific for the C-strand
(TAMRA-5-(TTAGGG);-3’) (Applied Biosystems) except. For simultaneous
visualization of both strands, following the standard CO-FISH degradation, both the
FITC-TelC and TAMRA-TelG probes were added to the hybridization buffer to 0.5

pug/ml. The slides were then denatured at 80°C, hybridized at room temperature, and

processed as usual.

Sister chromatid exchange (SCE) detection by aBrdU

BrdU (Sigma) was added to 10 uM to rapidly cycling cells for 16 hrs (<1 cell
cyle). The pulse time may vary based on the cell cycle time of the cell being using. The
cells were chased with 50 uM thymidine for 20 hrs. Metaphases were enriched and
prepared through methanol:acetic acid fixation as described above. Spreads were
rehydrated in PBS and fixed with formaldehyde as described in the FISH protocol.
Following formaldehyde fixation, chromosome were denatured for 10 min at 80°C in
90% deionized formamide/10% 2xSSC (pH 7.2). The spreads were dehydrated through
an ice-cold Ethanol series. Slides were incubated for 1hr with FITC conjugated aBrdU

(Sigma). Slides were washed 3x5 min in PBG. DAPI was added to the second wash.
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