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Abstract

Telomerase serves to maintain telomeric repeat sequences at the ends of chromosomes. However,
telomerase can also add telomeric repeat sequences at DNA double-strand breaks (DSBs), a
process called chromosome healing. Here, we employed a method of inducing DSBs near
telomeres to query the role of two proteins, PIF1 and NBS1, in chromosome healing in
mammalian cells. PIF1 was investigated because the PIF1 homolog in S. cerevisiae inhibits
chromosome healing, as shown by a 1000-fold increase in chromosome in PIF1-deficient cells.
NBS1 was investigated because the functional homolog of NBS1 in S. cerevisiae, Xrs2, is part of
the Mrel11/Rad50/Xrs2 complex that is required for chromosome healing due to its role in the
processing of DSBs and recruitment of telomerase. We found that disruption of mPifl had no
detectable effect on the frequency of chromosome healing at DSBs near telomeres in murine
embryonic stem cells. Moreover, the Nbs14B hypomorph, which is defective in the processing of
DSBs, also had no detectable effect on the frequency of chromosome healing, DNA degradation,
or gross chromosome rearrangements (GCRs) that result from telomeric DSBs. Although we
cannot rule out small changes in chromosome healing using this system, it is clear from our results
that knockout of PIF1 or the Nbs14B hypomorph do not result in large differences in chromosome
healing in murine cells. These results represent the first genetic assessment of the role of these
proteins in chromosome healing in mammals, and suggest that murine cells have evolved
mechanisms to ensure the functional redundancy of Pifl or Nbs1 in the regulation of chromosome
healing.
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1. Introduction

Telomeres in mammalian cells are composed of a six base pair repeat sequence and
associated proteins that together form a cap that protects the ends of chromosomes [1]. The
telomeric repeat sequences are added by the enzyme telomerase to compensate for the loss
of DNA from the ends of chromosomes during cell division. Telomeres are maintained in
germ line cells and embryonic stem (ES) cells, which express telomerase, but shorten with
age in somatic cells due to insufficient expression of telomerase. Telomere shortening limits
the lifespan of somatic cells, because the eventual loss of telomere function results in
replicative cell senescence or apoptosis. Cells that lose the ability to senesce continue to
undergo telomere shortening, eventually resulting in extensive chromosome fusion. Thus,
for cancer cells to become immortal, they must regain the ability to maintain telomeres,
either through the reactivation of telomerase or the expression of an alternative pathway
involving recombination that is found in some cancer cells [2].

Studies in yeast have demonstrated that telomeres can be restored on the ends of broken
chromosomes through the de novo addition of telomeric repeat sequences by telomerase, a
process called chromosome healing [3]. Chromosome healing S. cerevisiae is inhibited by
Pif1, which has been proposed to be a mechanism that prevents chromosome healing from
interfering with double-strand break (DSB) repair [4]. Mutations in PIF1 can cause up to a
1000-fold increase in chromosome healing, as well as an increase in telomere length,
demonstrating that Pifl is a negative regulator of telomerase [5, 6]. The effect of Pifl on
telomere length is mediated by its interaction with catalytic subunit of telomerase, TERT
(ScEst2), since mutations in Est2 that affect Pifl binding also result in telomere elongation
[7]. Chromosome healing in S. cerevisiae requires the Mrel1/Rad50/Xrs2 (MRX) complex
[8], possibly due to a failure in processing of DSB or the role of the MRX complex in the
recruitment of telomerase to telomeres [8, 9]. The extensive resection of DSBs can also
inhibit chromosome healing, as demonstrated by the fact that chromosome healing is greatly
increased by deficiencies in Exol and Sgs1 [10, 11]. This effect is independent of Pif1,
because the combination of mutations in PIF1 with mutations in EXO1 and SGS1 increases
chromosome healing to 50% of the cells experiencing a DSB [10].

Chromosome healing also occurs in mammalian cells. Terminal deletions resulting from
chromosome healing in germ line cells are responsible for human genetic disease [12-14].
An in vitro assay using oligonucleotide primers based on a site of chromosome healing in
alpha thalassemia patients demonstrated that telomerase can perform de novo telomere
addition using only a single nucleotide of homology with the telomerase RNA [15, 16].
However, despite the fact that chromosome healing can occur in germline cells, it has not
been observed at random interstitial DSBs in immortal mammalian cell lines in culture [17—
19]. Moreover, the presence of telomerase did not affect the response to ionizing radiation in
murine embryo fibroblasts, suggesting that chromosome healing does not occur at most
DSBs [20]. Therefore, as in yeast, chromosome healing appears to be tightly regulated in
mammalian cells.

Although chromosome healing is a rare event at DSBs at most locations, it is a common
event in response to DSBs near telomeres in murine ES cells [21, 22]. DSBs induced with
the I-Scel endonuclease in the pPPT2-tel plasmid located adjacent a telomere resulted in
three types of events in approximately equal proportions: the loss of the plasmid,
chromosome healing, and sister chromatid fusion leading to chromosome instability [21-
23]. Sister chromatid fusions nearly always occurred in combination with degradation at the
DSB, often resulting in all of the plasmid DNA on one of the sister chromatids. Although
they could not be analyzed, it is likely that the cells experiencing complete loss of the
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plasmid also underwent sister chromatid fusions, but with degradation of the plasmids on
both sister chromatids. In contrast, chromosome healing nearly always occurred at the site of
the DSB. Chromosome healing therefore prevents degradation, sister chromatid fusion, and
chromosome instability, leading to the hypothesis that chromosome healing serves as an
important mechanism for preventing chromosome instability due to DSBs near telomeres
[21]. As in yeast, telomerase is involved in chromosome healing in murine ES cells,
although ES cell lines that have acquired the ability to maintain telomeres through a
telomerase-independent mechanism can also perform chromosome healing [21].

In the current study we have investigated whether pathways that influence chromosome
healing in yeast also influence chromosome healing in mammalian cells. These studies
involve the analysis of the frequency of chromosome healing at DSBs near telomeres in
murine ES cells that are homozygous for knockout of PIF1 or that contain a hypomorphic
mutation in Nbs1. ES cell lines homozygous for a disrupted mPif1 allele were analyzed to
determine whether mammalian PIF1, which like S. cerevisiae Pifl binds to TERT [24, 25],
is also involved in the regulation of chromosome healing. The ES cell lines homozygous for
the Nbs14B hypomorphic gene (Nbs14B/AB) were investigated because Nbsl is the
functional homolog of S. cerevisiae Xrs2, and also forms a complex with Mrel1 and Rad50
(MRX), which is involved in the processing of DSBs [26]. The Nbs12B hypomorph lacks
the FHA domain that is involved in recruitment of DNA repair proteins to DSBs [26, 27].
Although cells homozygous for the Nbs12B hypomorph activate phosphorylation of Atm
and p53 in response to DSBs, Atm function is compromised, as demonstrated by an
increased sensitivity to DSBs, failure to phosphorylate Chk2, and lack of a S phase or G2
arrest in response to DSBs [28-30]. The ES cell lines lacking Pifl or containing the Nbsl
hypomorph also contain the pPPT2-tel plasmid located adjacent to a telomere. As we have
shown previously, the pPPT2-tel plasmid enables one to monitor the consequences of DSBs
located near telomeres. The pPPT2-tel plasmid contains both selectable marker genes and an
I-Scel endonuclease recognition site for selectively introducing DSBs. Following the
introduction of DSBs with I-Scel endonuclease, the ES cell lines were analyzed for the
frequency of large deletions, GCRs, and chromosome healing.

2. Materials and methods
2.1 Plasmids

The pPPT2-tel plasmid used for generation of the ES cell clone 10P and 10P mice [31]
contains a Puromycin resistance (Puro") gene with a Herpes simplex virus thymidine kinase
(HSV-tk) promoter for positive selection with puromycin, an HSV-tk gene preceded by a
murine 3-phosphoglycerate kinase (PGK) gene promoter for negative selection in
ganciclovir, and 0.8 kbp of telomeric repeat-containing DNA for seeding the formation of
new telomeres following chromosomal integration.

2.1 Establishment of ES cell lines and transgenic mice containing telomeric plasmid DNA

The method for establishment and characterization of murine ES cell clones containing
telomeric plasmids has been described previously [22, 23]. The ES cell clone 10P was
generated by transfection of ES cells with the linearized pPPT2-tel plasmid containing
telomeric repeat sequences on one end, and selection of clones containing the stably-
integrated plasmid with puromycin. The puromycin-resistant ES cell clones were then
screened by Southern blot analysis for clones in which a single copy of the plasmid had
become the new telomere on a chromosome, as indicated by the large size of the band
containing the telomeric repeat sequences. The telomeric integration site was then confirmed
by fluorescent in situ hybridization, sequencing of the rescued plasmid sequences and
adjacent cellular DNA, and Southern blot analysis following digestion with BAL31 nuclease
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[31]. The location of the newly seeded telomere was determined by sequence analysis of
host DNA to be 1.4 Mbp from the original end of chromosome 11 (Genbank Accession No.
EF503725). The 10P transgenic murine strain was established from the 10P ES cell clone in
conjunction with the UCSF Transgenic Core Facility as described previously [32]. Briefly,
ES cells were injected into blastocysts from C57BL/6J mice, and the resulting chimeric mice
were bred with C57BL/6J mice to generate the 10P murine strain containing the telomeric
plasmid DNA. PCR, using primers specific for the HSV-tk gene, and Southern blot analysis,
using a pNTPA probe, was used to analyze tail DNA to identify mice that contained the
telomeric plasmid sequences, as described previously for analysis of ES cell lines [22].

2.3 Isolation of PIF1 knockout and NBS1 hypomorphic ES cell lines containing pPPT2-tel

The Pifl knockout and NBS14B/AB ES cell lines employed in this study were created by
crossing the 10P mouse with mouse strains containing either the Pif1 knockout or NBS14B
hypomorphic alleles. The methods for generation and characterization of the Pifl knockout
[24] and Nbs14B hypomorphic mice [28] have been described previously. The approach
used to generate these ES cells lines involved first identifying male mice that were
heterozygous for the Pif1 knockout or NBS14B hypomorphic alleles, and also heterozygous
for the pPPT2-tel plasmid. These male mice were then crossed with female mice that were
heterozygous for the Pif1 knockout or Nbs12B hypomorphic allele. Three days post coitus,
the female mice were sacrificed, the blastocysts isolated, and the ES cell lines were
established and genotyped by polymerase chain reaction (PCR). Genotype analysis was then
performed (Figure S1), using PCR primers for the wild type PIF1 gene, the PIF1 knockout
gene, and the pPPT2-tel plasmid. Using this protocol, we identified four wild type 10P ES
cell lines, 10PWT-FA, 10PWT-CP, 10PWT-FB, and 10PWT-BA, and two 10P ES cell lines
that were homozygous for the Pifl knockout allele, PIF-2H and PIF-9A. The control and
Pifl knockout ES cell lines were not all isolated from the same litter. However, the genetic
background of the ES cell lines is genetically homogeneous, since the 10P mice had been
back-crossed 6 times with C57BL/6J mice, and the Pifl knockout mice had been back-
crossed 8 times with C57BL/6J mice [24]. A similar approach was used to identify two 10P
cell clones that were homozygous for the Nbs14B hypomorphism (Nbs12B/AB) NBS-7C and
NBS-8H (data not shown).

2.4 Isolation of ES cell lines from transgenic/knockout mice

The method for isolation of ES cell lines from mice was performed as described previously
[31, 33]. Briefly, blastocysts were collected by flushing out the uterine horns of 3.5-day
postcoitum mice with M2 media (Sigma). The blastocysts were then transferred individually
into 10-mm tissue culture wells containing a layer of PMEF feeder cells (Specialty Media)
in ES media, and were cultured at 37°C in a 5% v/v CO, humidified incubator for
approximately 10 days. The inner-cell-mass-derived outgrowths were treated with trypsin
and transferred into new tissue culture wells containing PMEF feeder cells. After 4 days in
culture, the ES-cell-like clumps were selected, expanded, and frozen for future use. The ES
cell lines were then screened for pPPT2-tel using primers specific for the HSV-tk gene [22],
wild type and knockout murine Pif1 alleles [24], and murine wild type Nbs1 and Nbs14B
hypomorpic alleles [28]. ES cells (or mice) that were homozygous for the telomeric pPPT2-
tel integration were not detected; the formation of the new telomere in ES cell clone 10P
generated a 1.4 Mbp terminal deletion with the loss of approximately 20 genes, likely
resulting in inviability (G.E.R., B.E.S., unpublished).

2.5 Analysis of PIF1 expression by rt-PCR

The analysis of gene expression by real time quantitative PCR (rt-PCR) was performed
using total RNA prepared using a Midi purification kit (Invitrogen, Carlsbad CA). Samples
were treated with DNA-free kit (Ambion, Austin TX) to remove traces of genomic DNA

DNA Repair (Amst). Author manuscript; available in PMC 2012 November 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Reynolds et al.

Page 5

contamination. Preparation of cDNA from these RNA samples was performed as described
previously [34] with the following modifications: reactions were incubated for 40 min at 48
°C, using 7.5 mM MgCly, 1 mM dNTPs, 5 uM hexamers (Random Primers, Invitrogen), and
2.5 U/ul of M-MLYV reverse transcriptase (Invitrogen, Carlsbad CA). To control for genomic
DNA contamination, a mock cDNA preparation of each sample was prepared in a parallel
reaction without the presence of the reverse transcriptase. Rt-PCR was performed in
triplicate by the UCSF Cancer Center Genome Analysis core facility using an ABI 7700
Prism real-time thermocycler (PE Biosystems, Foster City, CA) as described previously
[32]. The primers employed for PIF1 were 5-TGACACTAAGAGGTCTGGACAGG-3' and
5-TGCTAGAAGGCATCTCCAATG-3', and the probe for PIF1 was 5-6FAM-
CGGAGCGCATAAGTCACAGAAAATCG-IABLFQ-3'. The level of gene expression was
determined relative to expression of the L19 gene, using primers 5'-
CCAAGAAGATTGACCGCCATA-3 and 5'-GTCAGCCAGGAGCTTCTTGC-3', and the
probe 5-FAM-CATCCTCATGGAGCACATCCACAAGC-IABLFQ-3".

2.6 Transfection with I-Scel and selection for loss of the HSV-tk gene

Expression of I-Scel endonuclease was achieved by transient transfection with the pCBASce
plasmid. pCBASce contains the I-Scel gene with a chicken B-actin promoter, and has been
shown previously to provide a high efficiency of cutting at 1-Scel sites in mammalian cells
[35]. Thirty micrograms of pCBASce was electroporated into 5 x 108 cells. The next day,
the cells were plated at 2 x 10° cells per 100 mm tissue culture dish, and after culturing for 6
days to allow turnover of existing HSV-tk [36, 37], selection was performed using medium
containing either 2 uM ganciclovir alone, or a combination of 2 uM ganciclovir and 2 pug/ml
puromycin. Selection with ganciclovir alone was used for analysis of the frequency of the
different types of events, while selection with both ganciclovir and puromycin was used for
sequence analysis of recombination junctions. Selection with puromycin was used to insure
that the puro’ gene was retained, making it easier to locate the recombination junction.
Individual colonies were then selected for analysis after approximately 2 weeks.

2.7 Southern blot analysis

Genomic DNA was purified by high-salt extraction. Cell pellets were washed and
resuspended in STE (0.02 M Tris HCI, 0.01 M EDTA, 0.1 M NaCl, pH 8.5). Sodium
dodecyl sulfate (Sigma) was then added to a final concentration of 0.5% w/v and the lysed
cells were heated at 60°C for 10 minutes. RNAse A (Sigma) was added to a final
concentration of 50 pg/ml and the lysed cells incubated at 37°C for 4 hours, followed by the
addition of Proteinase K (Sigma) to a final concentration of 32 pg/ml and incubation
overnight at 37°C. 5M NaCl was then added to a final concentration of 1.4 M, and the
samples chilled on ice for 30 minutes. The lysis solution was then centrifuged at 3,000 g,
and the clear DNA solution removed using a wide-bore pipet. The DNA was precipitated
with 0.7 volumes of isopropanol, and removed by capture with a sterile micropipet tip. The
precipitated DNA was then added to a 1.5 ml Eppendorf tube containing 70% v/v ethanol
and pelleted at maximum speed with an Eppendorf 5415 centrifuge. After pouring off the
ethanol solution, the DNA pellet was dried and resuspended in TE buffer (0.1 M NaCl, 0.01
M TrisHCI, pH 7.5).

Digestion of DNA with restriction enzymes and BAL31 nuclease was performed following
the manufacturer’s recommendations (New England Biolabs). Standard agarose gel
electrophoresis was performed as described previously [23]. PFGE was performed using 1%
wi/v agarose in 0.5 x TBE (0.045M Tris-borate, 0.001M EDTA), at 150V, 10°C, and pulsed
at 2 to 5 second intervals for PFGE. Southern blot analysis involved depurination of DNA
by treatment with 0.25 M HCI for 20 minutes, denaturation in 0.5 M NaOH/1.5 M NacCl for
30 minutes, neutralization in 1 M Tris/1.5 M NaCl pH 7.5 for 30 minutes, and transfer onto
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a charged nylon Hybond-N+ membrane (Amersham) in 10 x SSC (1.5 M NaCl/0.15 M Na
Citrate, pH 7.0) using a vacuum transfer apparatus (Pharmacia). Prehybridization for 30
minutes and hybridization overnight were performed at 65°C in roller bottles in
hybridization buffer (0.25 M Na phosphate buffer, pH 7.2, 1 mM EDTA, and 7% w/v SDS.
Probes were labeled with [«32P] dCTP (New England Nuclear) using a High Prime labeling
kit (Roche). Filters were rinsed once briefly, and then washed twice for 30 minutes at 65°C
in washing solution I (20 mM Na phosphate buffer, pH 7.2, ImM EDTA, 5% w/v SDS), and
once at 65°C in washing solution 11 (20 mM Na phosphate buffer, pH 7.2, ImM EDTA, 1%
SDS w/v). The probe consisted of the plasmid pNTPA, which contains the same sequences
as the integrated pNPT-tel plasmid, except that it does not contain telomeric repeat
sequences.

2.8 Cloning and sequence analysis of the sites of chromosome healing and fusion

Analysis of sites of chromosome healing was performed using PCR with one primer
complementary to the Puro’ gene (5'-GTGGGCTTGTACTCGGTCAT-3') and one primer
complementary to the telomeric repeat sequences (5’
AACCCTAACCCTAACCCTAACC-3'). PCR was performed as described previously [22]
using an initial incubation for 2 min at 95°C, followed by 40 cycles of 95°C for 30 sec, 62°C
for 30 sec, and 72°C for 30 sec, followed by one cycle of 95°C for 30 sec, 62°C for 30 sec,
and 72°C for 2 min. Following their purification using a Qiaex Il kit (Qiagen, Valencia,
CA), the PCR products were sequenced directly by Molecular Cloning Laboratories (South
San Francisco, CA), using the primer complementary to the Puro' gene.

The cloning of the inverted repeats resulting from sister chromatid fusion was achieved by
plasmid rescue. Plasmid rescue was performed by first digesting the DNA with Xbal,
followed by the circularization and concentration of the DNA as described previously [23].
The DNA was then used to transform STBL2 chemically competent bacteria (Gibco), and
the circularized plasmid and adjacent cellular DNA was selected using ampicillin. The
rescued sequences were then mapped using restriction enzymes and sequenced from various
primers specific for plasmid and puromycin resistance gene sequences.

2.9 Statistical analysis

3. Results

Table 2 illustrates the number of events (healing, fusion, or loss) observed for each clone
isolated from wild-type cells, or cells harboring a homozygous PIF1 deletion or Nbs1
hypomorphism. Within and between each genotype, the likelihood that the frequency of
each respective event differed from each other was assessed using ANOVA (Fisher’s exact
test, two-sided) using the software program Instat 3 (contained within Prism 5.0,
www.graphpad.com). In cases where a significant difference was predicted by Fisher’s exact
test, a free software program called G-power 3 was used to calculate the alpha value of the
comparison given the sample size and proportional effect observed (see Table 2 legend)
(insert reference: Erdfelder, E., Faul, F., & Buchner, A. (1996). GPFOWER: A general power
analysis program. Behavior Research Methods, Instruments, & Computers, 28, 1-11)
(Program can be downloaded from
http://www.psycho.uni-duesseldorf.de/abteilungen/aap/gpower3/). A similar analysis was
conducted for the data in Table 3; no statistical difference was observed in the incidence of
events observed between PIF1+/+ and PIF1—/— clones.

3.1 The generation of murine ES cell lines containing the telomeric pPPT2-tel plasmid

The murine ES cell lines used in this study all contain the pPPT2-tel plasmid located at the
telomere on the long arm of chromosome 11. The pPPT2-tel plasmid is used to monitor the
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consequences of DSBs near telomeres [21], and contains a gene whose expression confers
puromycin resistance (Puro'), an HSV-tk gene for negative selection with ganciclovir, and a
recognition site for the I-Scel endonuclease used for the introduction of DSBs. The murine
ES cells used in these studies were generated by crossing the 10P mouse with mice that were
heterozygous for a PIF1 deletion [24] or a NBS14B hypomorphic mutation [28]. PCR was
then used to identify ES cell lines that were wild type, homozygous for a PIF1 deletion
(Figure S1), or homozygous for the NBS14B hypomorphic mutation (see Materials and
Methods).

Similar to results reported during the initial generation and characterization of mice
homozygous for the PIF1 deletion [24], real-time quantitative PCR demonstrated no
detectable PIF1 transcripts in PIF1 knockout ES cell lines (Table 1). Our RNA analysis also
showed that PIF1 is expressed at very low levels in wild type murine ES cells, as has been
previously reported for both murine ES cells and a variety of human tissues [24, 25]. The
level of expression of PIF1 in our wild type cell lines is 0.02 to 0.04% of the level of
expression of the highly expressed mitochondrial ribosomal protein L19, while expression
of PIF1 is 0.01% to 0.03% of the level of expression of L19 in the cell lines heterozygous
for the PIF1 knockout. This low level of Pifl expression in murine ES cells is also reflected
in the low level of protein that is detected by western blot analysis using PIF1-specific
antibodies [24].

3.2 Method of monitoring the consequences of DSBs near telomeres in murine ES cells

The generation of DSBs near the telomere in the ES cell lines was accomplished by transient
transfection with the pCBASce expression vector containing the I-Scel gene. Following
transfection, the cells were replated the following day in medium containing ganciclovir to
select for ganciclovir-resistant (Gan") subclones that had lost the HSV-tk gene. After 10
days, individual colonies were picked, expanded in culture, and the genomic DNA isolated.
Southern blot analysis following digestion of genomic DNA with the Xbal restriction
enzyme demonstrated that the Gan' subclones fall into four categories (Figure 1). In the first
category, some subclones lost the original 3.0 and 4.5 kbp bands and instead show a band at
the top of the gel at the limit of resolution. As shown previously, nearly all of these
subclones have undergone chromosome healing, which involves the addition of telomeric
repeat sequences at or very near the I-Scel site [21, 22]. As in these earlier studies,
chromosome healing was confirmed by PCR, using one primer complementary to the
plasmid sequences proximal to the 1-Scel site, and one primer complementary to the
telomeric repeat sequences (data not shown). In the second category, some subclones lost
the original bands and gained a new band (or bands) that varied in size in the different
subclones. These subclones underwent telomere loss and gross chromosome rearrangements
(GCRs) within the integrated plasmid sequences. The rescue of the rearranged plasmid
sequences from five murine ES cell subclones containing 1-Scel-induced GCRs showed that
all five subclones contained inverted repeats [21, 23], which result from sister chromatid
fusions as demonstrated previously [23, 38]. In the third category, some subclones show no
change in the 3.0 and 4.3 kbp bands found in the parental 10P cell lines. These subclones
underwent either point mutations or silencing of the HSV-tk gene due to the telomere
position effect, as described previously [31, 32]. Finally, some subclones exhibited no
plasmid-specific bands, and thus underwent a complete loss of the telomeric plasmid
sequences likely due to degradation. We have shown previously that degradation occurs
prior to most sister chromatid fusions, with deletions of up to 25 kbp that eliminate the
plasmid sequences on one of the sister chromatids [21]. Therefore, the only difference
between the subclones with rearranged plasmids and those that have completely lost the
plasmid sequences is likely to be the extent of degradation at the DSB prior to the formation
of GCRs.
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3.3 The consequences of DSBs near telomeres in wild type murine ES cells

The results from the four independent wild type ES cell lines, 10PWT-FA, 10PWT-CP,
10PWT-FB, 10PWT-BA, demonstrated that the percentage of cells with chromosome
healing at DSBs near a telomere was similar in all four wild type cell lines, accounting for
29 to 38% of the rearrangements detected by Southern blot analysis (Table 2). The
remaining events involved either detectable GCRs or the complete loss of the plasmid
sequences. Unlike chromosome healing, which was not significantly different in the four ES
cell lines, the percentage of cells with GCRs and complete loss of the plasmid sequences
was somewhat variable, with the CP cell line demonstrating significantly fewer GCRs than
the other three wild type ES cell lines (Table 2). As discussed above, this variability in the
percentage of cells with GCRs or loss of the plasmid is likely to reflect differences in the
extent of degradation, because GCRs are commonly associated with extensive degradation.
Consistent with this conclusion, the combined levels of complete plasmid loss and GCRs did
not differ significantly for the four wild type ES cell lines (Table 2). Power value analysis
confirmed that sample sizes within and between all groups exceeded the minimum required
to determine statistical significance. In summary, the extent of degradation at DSBs near
telomeres did not affect the efficiency of chromosome healing, which did not differ
significantly in the four wild type ES cell lines.

3.4 The effect of Pifl absence on chromosome healing and GCRs

The analysis of two independently isolated Pif1 knockout ES cell clones, PIF-2H and
PIF-9A, revealed that the percentage of cells with chromosome healing at DSBs near a
telomere did not differ significantly from wild type ES cell lines (Table 2). Although this
method cannot rule out small changes in the percentage of cells demonstrating chromosome
healing, it is clear that PIF1 deficiency in mammalian cells does not have a dramatic effect
on chromosome healing, as it does in S. cerevisiae [5, 6]. Mammalian PIF1 binds to TERT,
however Pifl knockout mice appear normal and do not display abnormal telomere integrity
or length [24, 25]. This functional redundancy or potential dispensability of Pifl function in
mice is consistent with our observation that Pifl deficiency does not promote the de novo
addition of telomeric repeat sequences at DSBs near telomeres. However, this result does
not rule out the possibility that Pifl may be involved in the inhibition of chromosome
healing at DSBs at interstitial sites, where chromosome healing rarely occurs.

The percentage of cells demonstrating GCRs was significantly lower in the Pifl knockout
ES cell lines than in three wild type ES cell lines (FA, FB and BA), but did not differ
significantly from the fourth wild type ES cell line (CP) (Table 2). In addition, there was no
significant difference between Pifl knockout clones and wild-type clones when plasmid loss
and GCRs were combined together (Table 2). Therefore, the low level of GCRs in the Pifl
knockout ES cell lines may not be significant.

3.5 The effect of the Nbs14B hypomorph on chromosome healing and GCRs

Studies in S. cerevisiae demonstrated that the MRX complex is required for chromosome
healing [8], while a deficiency in the resection of DSBs and the activation of the Mec1-
mediated cell cycle checkpoint promotes chromosome healing [10, 11]. We investigated the
importance of the MRN complex in mammalian DSB processing near telomeres on
chromosome healing using murine ES cell lines homozygous for the Nbs14B hypomorphic
mutation. Nbs14B/4B cells are sensitive to ionizing radiation [28], consistent with the role of
the MRN complex in the processing of DSBs [39] and in regulating the activity of Atm in
response to DSBs [40]. Two independently isolated Nbs14B/4B ES cell clones, NBS-7C and
NBS-8H, exhibited no significant difference compared with wild-type cells in their ability
perform chromosome healing as a result of DSBs near telomeres, whether comparing total
events within each genotype or each clone considered separately (Table 2). Therefore,
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although we cannot rule out small changes in the percentage of cells demonstrating
chromosome healing, a deficiency in the MRX complex in mammalian cells does not
prevent chromosome healing as it does in S. cerevisiae [8].

As observed with chromosome healing, Nbs148/4B also had no significant effect on the
frequency of large deletions and GCRs as a result of 1-Scel-induced DSBs near telomeres
when compared with WT clones (Table 2). Our earlier studies demonstrated that the GCRs
resulting from DSBs near telomeres primarily involve large inverted repeats resulting from
sister chromatid fusions. To confirm whether the GCRs in the Gan' subclones of the
Nbs14B/4B ES cell lines consisted of sister chromatid fusions, the rearranged pPPT2-tel
plasmid sequences were rescued from two of the subclones, NBS-7C-P3 and NBS-7C-P7
that were selected with ganciclovir and puromycin following the induction of DSBs.
Selection with puromycin was included to insure that the Puro' gene was conserved in at
least one of the plasmids involved in the formation of the inverted repeat. Consistent with
our earlier results [21, 23], the rescued plasmid sequences from both NBS-7C-P3 and
NBS-7C-P7 contained inverted repeats (data not shown). The rescued plasmid from
subclone NBS-7C-P3 contained a nearly perfect inverted repeat that occurred within 100 bp
of the I-Scel site. The rescued plasmid from subclone NBS-7C-P7 also contained an
inverted repeat, one end of which occurred within 14 bp of the I-Scel site, while the other
end was located 1.2 kbp from the Puro™ polyA sequence. Thus, one sister chromatid
underwent very little degradation, while the other sister chromatid underwent 1.2 kbp of
degradation prior to fusion. The analysis of the rescued plasmid sequences demonstrates
that, as in wild-type murine ES cells, sister chromatid fusions are the most common type of
GCR resulting from DSBs near telomeres in NBS14B/AB ES cell lines.

3.6 Comparison of sites of chromosome healing in wild type and PIF1 knockout cell lines

We demonstrated previously that chromosome healing near telomeres in mammalian cells
almost always occurs at the site of an I-Scel-induced DSB without degradation [21, 22]. In
yeast, chromosome healing usually occurs near telomeric repeat sequences [11, 41].
However, in yeast deficient in PIF1, telomere addition occurs at random locations following
more extensive degradation than wild type cells [5, 6]. To determine whether Pifl knockout
affects the extent of degradation prior to chromosome healing in mammalian cells, we
compared the sites of chromosome healing in the 1-Scel-induced Gan' subclones generated
from wild type and Pif1 knockout ES cell lines (Table 3). As in wild type cells, chromosome
healing in Pifl knockout ES cell lines occurred primarily at sites of micronomology at the I-
Scel-induced DSB with little or no degradation. The percentage of chromosome healing at
site A, the last nucleotide of the 4 nt overhang, or site B, the 5 nt immediately adjacent to the
4 nt overhang, were 54.5% and 32.7% for wild type ES cells, and 47.3% and 30.9% for Pifl
knockout ES cells, respectively. Statistical analysis (using Fisher’s exact test, see Methods)
revealed no significant difference in these frequencies between wild type and Pifl knockout
ES cells. In both cell types, there were a small number of Gan" subclones that underwent
chromosome healing at site C, involving 2 nt of homology in the 4 nt overhang, or that
involved point mutations during chromosome healing at the 1-Scel site. Only one of the 55
wild type Gan' subclones that were analyzed (10PWT-FA-13) underwent chromosome
healing at a site that was not located at the I-Scel-induced DSB, occurring after 25 bp of
degradation (Figure 2). Four of the 55 PIF1 knockout Gan' subclones that were analyzed
underwent chromosome healing at sites that were not located at the 1-Scel-induced DSB.
The extent of degradation in two of these PIF1 knockout subclones was 71 bp for subclone
PIF-2H-22, and 197 bp for subclone PIF-9D-26. A third subclone, PIF-9A-3, contained a
mixture of cells with two different sites of chromosome healing, one that involved the
degradation of 98 bp, and one that involved the degradation of 123 bp.
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Chromosome healing in this subclone therefore occurred on two separate occasions, both
following degradation of the DSB. In view of their close proximity, it is highly likely that
both chromosome-healing events originated from the same initial DSB, but how this event
may have occurred is unknown. Chromosome healing in a fourth 1-Scel-induced Gan'
subclone isolated from one PIF1 knockout ES cell clone, PIF-9D-41, contained a 65 bp
inverted fragment of chromosome 11 that was originally found 1275 bp proximal to the
pPPT2-tel plasmid (Figure 2). The recombination junction between the plasmid and
chromosome 11 sequences contained 3 bp of microhomology. This inverted repeat of the
end of chromosome 11 is typical of sister chromatid fusions observed as a result of DSBs
near telomeres, which can involve the degradation of one sister chromatid to a larger extent
than the other [21, 23].

The combined results of the DNA sequence analysis demonstrated that the frequency of
chromosome healing at sites other than the initial DSB was slightly greater in the Pifl
knockout ES cell lines (4 of 55) than in the wild type ES cell lines (1 of 55). However, this
difference was not significant (p=0.36, Fisher’s exact test), and the great majority of events
occurred at the I-Scel-site in both the wild type and Pifl knockout ES cell lines. In addition,
these results suggest that Pifl disruption did not affect the limited microhomology used by
telomerase to initiate de novo telomere addition [15, 16].

4. Discussion

The generation of DSBs with 1-Scel endonuclease enabled us to test, for the first time in
mammals, the importance of Pifl in the regulation of chromosome healing at DSBs near
telomeres. Although the sensitivity of our assay system does not allow us to rule out the
possibility of small differences in chromosome healing, it is clear from our studies that a
deficiency in PIF1 has minimal consequences for chromosome healing compared to S.
cerevisiae. Mammalian PIF1 binds to TERT [24, 25], however, the prevalence of
chromosome healing at DSBs near telomeres in murine ES cells demonstrates that Pifl does
not prevent de novo telomere addition at DSBs near telomeres. The absence of a detectable
increase in chromosome healing in murine ES cells deficient in Pifl may imply that the
regulation of chromosome healing is redundant in mammalian cells. This conclusion is
consistent with the lack of chromosome instability and sensitivity to ionizing radiation
observed in Pifl knockout mice, and the fact that telomere length remained unaltered
compared with wild-type mice [24]. Had Pifl dramatically affected chromosome healing in
murine cells, one would have predicated an increase in the level of chromosome instability
and sensitivity to ionizing radiation, because it would be predicted to interfere with DSB
repair and increase the frequency of terminal deletions.

In addition to redundancy, it is also possible that the regulation of chromosome healing may
be different at telomeric and interstitial DSBs. Although chromosome healing is a common
event near telomeres in murine ES cells, chromosome healing has not been observed at
interstitial DSBs in mammalian cells [17-19]. Chromosome healing therefore appears to be
suppressed at DSBs occurring at most locations, possibly to prevent it from interfering with
DSB repair, as has been proposed in yeast [4]. This difference in the frequency of
chromosome healing at telomeric and interstitial sites has led us to propose that chromosome
healing serves an important function to compensate for the sensitivity of subtelomeric
regions to DSBs [42—44]. This hypothesis is based on our demonstration that chromosome
healing prevents the extensive degradation and chromosome instability that commonly
results from DSBs near telomeres [42, 44]. The difference in chromosome healing at
telomeric and interstitial sites could also be a result of a difference in regulation of Pifl at
these locations. In yeast, the inhibition of chromosome healing by Pifl requires the
phosphorylation of Pifl by Mecl in response to DSBs [45]. This inactivation of PIF1 may
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be inhibited near telomeres in mammalian cells, because the telomeric protein TRF2 inhibits
the mammalian homolog of MEC1, ATM [46].

The percentage of cells that exhibited GCRs in Pifl knockout ES cells was significantly
lower than three of four wild type ES cell lines. However, chromosome healing in the Pifl
knockout ES cell lines did not differ significantly from the chromosome healing in one wild
type ES cell line. Pifl does not therefore appear to have a significant influence on GCRs,
whether via an influence upon chromosome healing, DNA resection or degradation. Because
Pifl is also involved in the resection of chromosome ends following telomere loss in yeast
[47], the requirement for mammalian PIF1 may differ from yeast Pifl in both chromosome
healing and DNA resection.

An interesting observation made in the course of our studies is the presence of an inverted
repeat located between the 1-Scel-induced DSB and the site of telomere addition in subclone
PIF-9D-41 (Figure 2). This inverted repeat is similar to the rearrangements found in
subclones undergoing breakage/fusion/bridge (B/F/B) cycles, which we have shown
previously result from sister chromatid fusions [21, 23, 44]. Once initiated, B/F/B cycles can
continue for many generations until the chromosome acquires a new telomere, which
restores chromosome stability. Telomere acquisition most often occurs by translocation of
the end of another chromosome in both murine ES cells [23] and human tumor cell lines
[48]. Unlike DSBs near telomeres, chromosome healing is a relatively rare event during B/F/
B cycles, possibly because these breaks do not occur near telomeres. However, the presence
of an inverted repeat proximal to the site of chromosome healing in subclone PIF-9A-41
suggests that chromosome healing stabilized this chromosome after it had initiated B/F/B
cycles. The break site in subclone PIF-9A-41 would have occurred very near the site of
fusion, which is not unlikely, since previous data suggests that fused sister chromatids
usually break within 1 Mbp of the site of fusion [38]. Chromosome healing following
breakage of sister chromatids in subclone PIF-9A-41 therefore would have occurred at an
interstitial site far from a telomere. Whether the addition of a telomere at an interstitial site
in this particular instance was a result of Pif1 deficiency cannot be determined. Regardless,
the ability of chromosome healing to end B/F/B cycles has important implications for
limiting the chromosome instability resulting from telomere loss.

The percentage of cells that exhibited chromosome healing near telomeres in the Nbs14B/4B
ES cell lines did not differ significantly from wild type ES cell lines. Therefore, any
influence of the Nbs14 hybpmorph on chromosome healing, if any, must be relatively small.
The Nbs14B hypomorphic allele contains a deletion of exons 4 and 5 [28], which contain the
FHA domain that is critical for the processing of DSBs [26, 27]. The FHA region of Nbs1 is
required for tethering CtIP [26], which facilitates the transition from DSB sensing to
processing [49, 50]. The failure of the Nbs128 hypomorph to affect the frequency of
chromosome healing is somewhat surprising in view of the requirement of the MRX
complex for healing of a telomeric DSB induced during nocodazole arrest in S. cerevisiae
[8]. This role of the MRX complex in chromosome healing in S. cerevisiae was proposed to
be due to the requirement of processing of the DSB for recruitment of telomerase. However,
the processing of DSBs does not appear to be necessary for chromosome healing in murine
ES cells, because the Nbs148 hypomorph lacks the FHA domain required for recruitment of
CtlP, a critical protein involved in the processing of DSBs [26, 27].

Our results also suggest that Nbs1 is not required to generate the large deletions and GCRs
that occurred in response to DSBs near telomeres. Although small differences in large
deletions and GCRs cannot be ruled out, our results indicate that the Nbs14B hypomorph
does not have a dramatic effect on either repair or degradation at DSBs near telomeres. At
first glance, this finding would appear to conflict with the results demonstrating a
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requirement for Mrell and Nbsl in GCRs resulting from loss of telomere function. A study
by Attwooll et al. found that the Nbs14B hypomorph decreased the frequency of
chromosome fusions resulting from telomere shortening in Tert knockout cells [51]. In
addition, they found that an Mre11 hypomorph decreased the frequency of chromosome
fusions in Tert knockout cells [51]. Similarly, Deng et al. [52] found that knockdown of
CtlIP decreased the frequency chromosome fusions in Trf2-depleted cells that were also
deficient in both Tppl and 53BP1, and were therefore unable to fuse chromosomes by C-
NHEJ [53]. These results suggest that dysfunctional telomeres must be processed prior to
chromosome fusion by A-NHEJ. However, the processing of the ends of dysfunctional
telomeres and V(D)J recombination is likely to proceed via a different mechanism than the
processing of subtelomeric I-Scel-induced DSBs in our studies. Although a deficiency in
Mrell can inhibit the repair of I-Scel-induced DSBs by both C-NHEJ and A-NHEJ [54, 55],
knockdown of Nbs1 inhibited the repair of DSBs by C-NHEJ, but not A-NHEJ [55].
Moreover, the knockdown of CtIP did not limit the extent of degradation during repair of I-
Scel-induced DSBs in cells deficient in C-NHEJ, whereas knockdown of Mrel1 did limit
degradation [55]. Therefore, consistent with our results, the Nbs12B hypomorph would not
influence chromosome fusion in response to DSBs near telomeres if these DSBs were
repaired by A-NHEJ. Although the Nbs14B hypomorph inhibited the A-NHEJ of signal ends
during V(D)J recombination, this effect was proposed to be due to the inability to process
the hairpins at the DNA ends [56], which would not be a necessary step during the repair of
I-Scel-induced DSBs. The prevalence of repair of DSBs near telomeres by A-NHEJ would
be consistent with the increased frequency of large deletions and GCRs previously reported
as a result of DSBs near telomeres, when compared to other locations [42, 44], since A-
NHEJ is associated with large deletions and GCRs [57-59]. In summary, our results provide
compelling genetic evidence that multiple pathways have evolved in response to a telomere-
proximal DSB in mammals, and that neither Pif1 nor Nbs1 alone are solely responsible for
chromosome healing in this setting.
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A-NHEJ Alternative nonhomologous end joining
B/F/B Breakage/Fusion/Bridge

C-NHEJ Classical nonhomologus end joining
DSBs Double-strand breaks

ES Embryonic stem

Gan’ Ganciclovir-resistant

GCRs Gross chromosome rearrangements
HSV-tk Herpes simplex virus thymidine kinase
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PGK 3-phosphoglycerate kinase
PCR Polymerase chain reaction
rt-PCR Real time quantitative PCR
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HIGHLIGHTS

A deficiency in PIF1 had no affect on chromosome healing at DSBs near telomeres in
mouse ES cells, despite the fact that inactivation of PIF1 increases chromosome healing
by 1000-fold in yeast. The regulation of chromosome healing in mammalian cells is
therefore redundant or different from yeast.

Haploinsufficiency in NBS1 that affects the processing of DSBs had no affect on
chromosome healing in mouse ES cells, despite the fact that a deficiency in the
processing of DSBs stimulates chromosome healing in yeast. The factors influencing
chromosome healing in mammalian cells are different from those in yeast.
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Fig. 1.

Analysis of rearrangements resulting from a DSB near a telomere in wild type or Pifl
knockout ES cell lines. (A) The structure of the telomeric pPPT2-tel plasmid sequences and
the types of rearrangements resulting from I-Scel-induced DSBs in murine ES cell lines used
in this study. The pPPT2-tel plasmid in ES cell clone 10P seeded the formation of a new
telomere upon integration 1.4 Mbp from the end of chromosome 11. The telomere contains
an ampicillin-resistance gene and plasmid origin of replication (amp/ori), a puromycin-
resistance gene (Puro), an HSV-tk gene, an I-Scel endonuclease recognition site, and
telomeric repeat sequences (telomere). The locations of the Xbal restriction sites used for
Southern blot analysis are also shown. 1-Scel endonuclease-induced DSBs near the telomere
result in chromosome healing involving the addition of telomeric repeat sequences at the site
of the break (lower left), inverted repeats resulting from sister chromatid fusion (lower
right), or complete loss of the plasmid sequences (not shown). PCR using primers specific
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for the Puro’ gene and telomeric repeat sequences (arrows) and DNA sequence analysis are
used to confirm the presence of a new telomere at the I-Scel site. (B) Southern blot analysis
was performed on genomic DNA from I-Scel-induced Gan' subclones of the wild type
10PWT-CP and Pifl1 knockout PIF-2H ES cell lines. DNA was digested with Xbal and
hybridization was performed using the pNPTA plasmid as a probe (with no telomeric repeat
sequences). Molecular weight markers consisting of Lambda bacteriophage HindllI
fragments, as indicated. The unrearranged telomeric plasmid sequences in the parental wild
type 10PWT-CP (10P) and Pifl knockout PIF-2H (2H) ES cell lines produce two plasmid-
specific bands, a 3 kbp band containing the HSV-tk gene, and a 4.3 kbp band containing the
internal portion of the plasmid and adjacent cellular DNA (see Figure S1). In contrast, the I-
Scel-induced Gan' subclones demonstrated a large Xbal plasmid-specific band at the limit of
resolution (LOR) as a result of chromosome healing, variable-sized bands containing
inverted repeats, or no plasmid-specific bands due to complete loss of the plasmid
sequences. The hybridization of the murine Pgk gene promoter and polyA addition
sequences in the pNPTA plasmid probe to the endogenous murine Pgk gene results in a light
band of 4.4 kbp (pgk), while the plasmid sequences used to disrupt the Pifl gene result in
two bands of 8 and 10 kbp (KO).
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Fig. 2.

DNA sequence analysis of the sites of chromosome healing at the I-Scel-induced DSB in
wild type or Pifl knockout ES cell lines. The DNA sequences are shown for rare
chromosome healing events that did not occur at the site of the I-Scel-induced DSB.
Comparisons are shown between the site of chromosome healing in the various Gan'
subclones and the original sequence of the pPPT2-tel plasmid and telomeric repeat
sequences (Tel repeats). Homologous nucleotides (*), and mutations or microhomology at
the site of telomere addition (bold) are shown. The Pifl knockout subclone PIF-9A-3
contained a mixture of two different healing events that occurred near each other following
degradation of the DNA at the site of the DSB. The Pifl knockout subclone PIF-9D-41
contains an inverted repeat consisting of murine genomic DNA 1275 bp from the plasmid
integration site on chromosome 11, which is located between the pPPT2-tel plasmid
sequences and the newly added telomere. The size of the deletions or inversion, and the
amount of microhomology at the site of telomere addition or fusion is shown for each
subclone.
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Expression of PIF1 in wild type, heterozygous, and homozygous PIF1 knockout ES cell lines

Table 1

Cell Type % Exp*
PIF1+/+
10PWT-3A 0.04
10PWT-7C 0.02
PIFL+/—
PIF-2A 0.02
PIF-2D 0.03
PIF-3A 0.01
PIF1-/—
PIF-2H 0.00
PIF-3D 0.00
PIF-9A 0.00
PIF-9D 0.00

*
Relative to L19 expression
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Comparison of the location of de novo telomere addition at the 1-Scel-induced DSB in wild type and PIF

knockout ES cell lines.

Number of events (%)

Healing type

PIF1++ | PIF1-/—
Site A 30 (54.5) | 26 (47.3)
Site BO 18 (32.7) | 17(30.9)
Site C 2(3.6) 4(7.3)
Mutation™ 4(7.3) 5(9.1)
Deletion 1(1.8) 3(5.5)

*
Chromosome healing involving alterations in nucleotides at the I-Scel site.
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