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Mammalian DNA2 helicase/nuclease cleaves
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Efficient and faithful replication of telomeric DNA is
critical for maintaining genome integrity. The G-quadruplex
(G4) structure arising in the repetitive TTAGGG sequence
is thought to stall replication forks, impairing efficient
telomere replication and leading to telomere instabilities.
However, pathways modulating telomeric G4 are poorly
understood, and it is unclear whether defects in these
pathways contribute to genome instabilities in vivo.
Here, we report that mammalian DNA2 helicase/nuclease
recognizes and cleaves telomeric G4 in vitro. Consistent
with DNA2’s role in removing G4, DNA2 deficiency in
mouse cells leads to telomere replication defects, elevating
the levels of fragile telomeres (FTs) and sister telomere
associations (STAs). Such telomere defects are enhanced
by stabilizers of G4. Moreover, DNA2 deficiency induces
telomere DNA damage and chromosome segregation
errors, resulting in tetraploidy and aneuploidy. Con-
sequently, DNA2-deficient mice develop aneuploidy-
associated cancers containing dysfunctional telomeres.
Collectively, our genetic, cytological, and biochemical
results suggest that mammalian DNA2 reduces replication
stress at telomeres, thereby preserving genome stability
and suppressing cancer development, and that this
may involve, at least in part, nucleolytic processing of
telomeric G4.
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Introduction

Telomeres are specialized DNA-protein structures that pro-
tect chromosome ends from inappropriate degradation and
fusion (Blackburn et al, 2006; O’Sullivan & Karlseder, 2010).
Maintaining the integrity of telomeres is essential for genome
stability and prevention of cancer development (Artandi et al,
2000; Davoli and de Lange, 2012; Gunes and Rudolph, 2013).
Mammalian telomeres consist of hundreds to thousands
copies of tandem TTAGGG repeats and terminate in short
3/-TTAGGG single-stranded overhangs (Blackburn et al,
2006). Telomerase maintains the length of telomeres and
counteracts telomere shortening during each cell division
(Blackburn et al, 2006). Telomeres also rely on proteins
binding to telomeric DNA to provide the protective
functions (de Lange, 2005; Palm and de Lange, 2008). A
protein complex known as shelterin, consisting of TRFI,
TRF2, POT1, TPP1, TIN2 and RAPI1, binds to telomeric
DNA. These proteins regulate telomere length homoeostasis
and prevent inappropriate activation of DNA damage
response and repair (de Lange, 2005; Palm and de Lange,
2008).

Telomere maintenance requires efficient and faithful repli-
cation of telomeric DNA, which is fundamental for prevent-
ing rapid loss of telomeres. However, in mammalian cells,
replication of telomeric DNA sequences is problematic and
replication forks stall frequently within the telomere repeats
(Martinez et al, 2009; Sfeir et al, 2009). Stalled forks, if not
restarted promptly, may collapse and prematurely terminate
telomere replication, resulting in rapid telomere loss.
Therefore, the conventional replication machinery needs
assistance from other factors to successfully duplicate
telomere repeats. Several studies suggest that efficient
replication of telomere DNA is promoted in a variety of
ways. For example, TRF1 has been suggested to recruit the
BLM helicase to telomeres (Martinez et al, 2009; Sfeir et al,
2009), probably to resolve late-replicating intermediate
structures and decatenated DNA structures at telomeres
(Barefield and Karlseder, 2012). TRF2 and Apollo, working
together with topoisomerase Ila, may relieve topological
stress during telomere replication (Ye et al, 2010). The WRN
helicase likely unwinds the G-quadruplex (G4) structure,
promoting lagging strand telomere synthesis (Crabbe et al,
2004). The Ctcl/Stn1/Tenl complex is required for efficient
replication of lagging strand telomeres, perhaps by facilitating
efficient DNA priming (Nakaoka et al, 2012; Gu et al, 2012;
Huang et al, 2012; Stewart et al, 2012). The RECQL4 helicase
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unwinds telomeric D-loop structures with the help of
shelterin proteins (Ghosh et al, 2012). Rqghl, the
Schizosaccharomyces pombe RecQ ortholog, is thought to
have a deleterious role on stalled telomere forks that is
regulated by sumoylation (Rog et al, 2009). Sumoylation of
Rghl helicase controls the fate of dysfunctional telomeres
(Rog et al, 2009). Another helicase, RTEL1, disassembles
T-loops and also counteracts the effect of ligands that
stabilize G4 structures (Vannier et al, 2012). The tumour
suppressor BRCA2 acts as the loader of RAD51 recombinase
at telomeres during the S and G2 phases and facilitates
telomere replication, although the mechanism remains to
be defined (Badie et al, 2010). The requirement for diverse
ways to promote efficient telomere replication perhaps lies
within the unique nature of telomeres, including the highly
repetitive and G-rich sequences that may form special
structures, as well as abundant DNA-binding proteins
which may constitute barriers to the replication fork
(Gilson and Geli, 2007).

There is growing acceptance, although the evidence is not
yet definitive, that telomeric T2AG3 repeats, as well as
internal G-rich sequences containing runs of Gs, form G4
structures in vivo (Paeschke et al, 2005; Paeschke et al, 2011;
Smith et al, 2011; Biffi et al, 2013). First, structure-specific
antibodies or proteins recognizing G4 have detected G4
in vivo at ciliate telomeric T4G4 repeats as well as at
human telomeres (Schaffitzel et al, 2001; Paeschke et al,
2005; Paeschke et al, 2008; Biffi et al, 2013). G4 structures
form in a cell cycle-specific manner and are increased in S
phase in human cells (Biffi et al, 2013). In ciliates G4
structure formation requires chaperones such as TEBP-o
and -B (Paeschke et al, 2008; Juranek and Paeschke, 2012).
These chaperones must be removed for resolution of the G4
DNA. A number of functions, such as transcriptional
activation, stimulation of recombination in meiosis,
chromatin formation, and rudimentary telomere capping,
have been proposed for G4 structures (for review see
Bochman et al, 2012). Second, ligands that stabilize G4
structures lead to telomere dysfunction. These molecules
appear to inhibit telomere DNA replication, suggesting G4
DNA is also pathological (Tauchi et al, 2006; Rizzo et al,
2009). Consistent with this, previous biochemical studies
demonstrated that G4 in DNA templates could inhibit DNA
polymerase activity in vitro (Weitzmann et al, 1996; Han
et al, 1999). Third, in addition to the proteins described
above, numerous additional helicases have been shown to
unwind G4 DNA, and several nucleases have been shown to
bind, unwind, and cleave G4 (Liu and Gilbert, 1994; Ghosal
and Muniyappa, 2005; Masuda-Sasa et al, 2008). In most
cases, the in vivo roles of G4 at telomeres have not been
determined. The mechanistic pathways for modulating
putative telomeric G4 are particularly poorly defined. The
key questions include: how do nucleases/helicases resolve
telomeric G4, is G4 unwinding the only way to resolve G4, are
these nucleases/helicases redundant or complementary, how
do they interplay with shelterins and other telomere-
associated proteins to maintain telomere stability? More
importantly, it is still unclear whether defects in these
G4-modulating pathways contribute to telomere and
genome instabilities in vivo.

The DNA2 nuclease/helicase is a prime candidate for
promoting replication through telomeres, perhaps by resol-
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ving telomeric G4 structure. DNA2 was initially identified and
has, until recently, been most thoroughly studied in yeast
(Budd and Campbell, 1995). It is an essential factor for
Okazaki fragment processing in DNA replication (Budd and
Campbell, 1997). DNA2 is thought to act only at a subset of
difficult-to-replicate genomic regions, by cleaving the
5" RNA/DNA primer within long RPA-bound single-stranded
DNA (ssDNA) flaps, removing a portion of the flap (Bae et al,
2001). The resulting short flap structure is then cleaved by
FEN1 nuclease to generate a DNA end suitable for ligation,
which functions at the majority of Okazaki fragments that
have short flaps and do not require DNA2 pre-processing
(Zheng and Shen, 2011). In addition to its nuclease activity,
DNA2 possesses a 5’ to 3’ helicase activity that can unwind
DNA duplex and facilitate the production of the 5 flap
structure (Budd and Campbell, 1995; Bae et al, 2002; Kao
et al, 2004). Interestingly, yeast DNA2 is also required for
stable mitochondrial DNA maintenance (Budd et al, 2006).
More recently, yeast DNA2 was shown to function in the DNA
double-strand break (DSB) repair pathway (Zhu et al, 2008;
Cejka et al, 2010; Niu et al, 2010; Nimonkar et al, 2011). Yeast
DNA2 and RecQ helicase Sgs1 form a complex that processes
5 DNA ends to generate 3’ ssDNA overhangs, which initiate
the homologous recombination repair (Zhu et al, 2008; Cejka
et al, 2010; Niu et al, 2010; Nimonkar et al, 2011). DNA2 is
also a component of the S phase checkpoint (Kumar and
Burgers, 2013; Lee et al, 2013). Most relevant to our studies,
yeast DNA2 localizes preferentially to telomeres and does so
in a cell cycle-specific manner (Choe et al, 2002). Strikingly,
in G1 and G2 phase of the cell cycle DNA2 is found at
telomeres, whereas during S phase DNA2 leaves telomeres
and is found throughout the replicating DNA (Choe et al,
2002). Most important, genetic studies revealed directly
that DNA2 is required for both telomerase-dependent
and telomerase-independent (recombinational) telomere
elongation in both  Saccharomyces cerevisiae and
Schizosaccharomyces pombe (Choe et al, 2002; Tomita et al,
2004). In addition to playing a role in telomere replication,
yeast DNA2 also participates in resection of telomeres to
produce the ubiquitous 3’ G-rich overhangs (Bonetti et al,
2009). Yeast and human DNA2 were found to bind to both
inter-molecular and intra-molecular yeast, ciliate, or human
telomeric G4 structures within ssDNA and to cleave DNA
adjacent to these G4 structures. In the presence of the
cognate RPA, DNA2 also cleaves within the G4 structure
(Masuda-Sasa et al, 2008). In addition, both yeast and
human DNA2 were found to unwind intermolecular
G4 structures (Masuda-Sasa et al, 2008).

While the biochemical properties of mammalian DNA2 are
similar to those of yeast DNA2 (Masuda-Sasa et al, 2006;
Masuda-Sasa et al, 2008), the extent to which the biological
functions of DNA2 are conserved in mammalian cells
remains to be clarified. We and others previously showed
that mammalian DNA2 is predominantly detected in the
mitochondrion (Zheng et al, 2008; Duxin et al, 2009) and
lacks classic nuclear localization signals. We showed that
DNA2 plays a role in long-patch base excision repair (Zheng
et al, 2008), and we recently demonstrated that three human
progressive myopathies are linked to mutations in DNA2 that
inactivate DNA2 helicase and nuclease activities and cause
mitochondrial DNA instability (Ronchi et al, 2013). Although
only a small fraction of human DNA2 is detected in the
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nucleus by immunofluorescence (IF; Duxin et al, 2009),
mammalian DNA2 is apparently present in the nucleus at
levels equivalent to other replication proteins, as evidenced
by extensive analysis of co-immunoprecipitation between
DNA2 and multiple replication proteins: pol 6, PCNA,
Andl, Mcml0 and RPA (Duxin et al, 2012; Peng et al,
2012). Cells lacking DNA2 show induction of the S phase
checkpoint, numerous internuclear chromosome bridges, and
increased aneuploidy, indicative of defects in DNA replication
(Karanja et al, 2012; Peng et al, 2012). The role of DNA2 in
chromosomal DSB resection is also conserved in humans
(Nimonkar et al, 2011; Karanja et al, 2012; Peng et al, 2012).
Interestingly, human DNA2 is overexpressed in human
cancer cells, where it reduces replication stress and
supports hyper-DNA replication (Peng et al, 2012).
However, besides its role in repairing replication-linked
chromosomal DSBs, the precise mechanistic roles of
mammalian DNA2 in maintaining genome stability during S
phase remain poorly understood. In particular, if and how
mammalian DNA2 is involved in telomeric DNA replication
has not yet been investigated.

In this study, we establish a knockout mouse model for the
DNA2 gene and analyse the impact of DNA2 deficiency in
both cells and mice. Homozygous DNA2 knockout is em-
bryonic lethal, indicating that DNA2 is an essential gene. To
determine if mammalian DNA2, like yeast DNA2, is impor-
tant in telomere DNA metabolism, using cells derived from
heterozygous DNA2 mice, we demonstrate that DNA2 defi-
ciency results in fragile telomeres (FTs), an indication of
telomere replication defect. We reveal that a subpopulation
of mouse nuclear DNA2 is localized to telomeres and that
DNA2 interacts with telomeric proteins TRF1 and TRF2,
suggesting a potential role in telomere maintenance. We
then purified DNA2 and have found that DNA2 nuclease
cleaves intra-strand G4 formed by telomeric T2AG3 repeats.
Our results suggest that DNA2 may utilize its nuclease
activity to remove template G4 structures that may hinder
fork progression at telomeric regions. Consistent with the
biochemical results, small molecules stabilizing G4 elevates
telomere replication stress in DNA2-deficient cells. Taken
together, our data demonstrate that mammalian DNA2 alle-
viates telomere replication stress and maintains genome
stability, perhaps through resolution of G4 structures.

Results

Mammalian DNA2 is localized at telomeres

To determine if DNA2 played a role in maintaining telomere
integrity, we sought to determine if DNA2 was associated
with telomeres by conducting chromatin immunoprecipita-
tion (ChIP) assays and IF-FISH assays on primary mouse
embryo fibroblast (MEF) cells. ChIP results indicated that
DNA2 was enriched at telomeres (telomere probe) by
~10-fold compared with the internal regions of the nuclear
genome (Alu probe) (Figure 1A and B). Furthermore, knock-
down of mouse DNA2 in MEF cells abolished precipitation of
telomere DNA by the anti-DNA2 antibody (Figure 1C-E),
suggesting specific association of DNA2 with telomeres.
IF-FISH confirmed that DNA2 was localized at telomeres
(Figure 1F and Supplementary Figure S1). Not surprisingly,
DNA2 also showed non-telomeric localization, in keeping
with evidence that it has additional nuclear functions

©2013 European Molecular Biology Organization

DNA2 nuclease promotes telomere DNA replication
W Lin et a/

in maintaining genome integrity. Next, we performed
co-immunoprecipitation to determine if DNA2 interacted
with shelterin proteins such as TRF1 and TRF2 (de Lange,
2005). TRF1 and TRF2 were pulled down with DNA2 by the
antibody against mouse DNA2 (Figure 2A and B), and DNA2
was also pulled down with TRF1 or TRF2 by the antibody
against mouse TRF1 or TRF2 (Figure 2C). To further validate
these observations, we then co-expressed Flag-tagged mouse
DNA2 and Myc-tagged mouse TRF1 or TRF2. We pulled-
down Flag-DNA2 with the anti-Flag and found that Myc-TRF1
and TRF2 were co-immunoprecipitated with Flag-DNA2 only
from cells overexpressing Flag-DNA2 (Figure 2D and E).
Consistent with these results, we observed that DNA2 nuclear
foci co-localized with TRF1 or TRF2 in MEFs cells
(Figure 2F). Taken together, these results suggested that
mammalian DNA2 localized to telomeres and was in a
complex with TRF1 and TRF2.

DNAZ2 -+ /— MEF cells display elevated FTs, STAs,
and other telomeric abnormalities
The fact that mammalian DNA2 localized to telomeres sug-
gests that DNA2 may play a role in maintaining telomere
integrity. To investigate the functions of DNA2 at telomeres,
we knocked out DNA2 in the mouse genome using a gene
targeting approach (Figure 3A) as previously described
(Zheng et al, 2007b). The genotype of DNA2-knockout mice
was confirmed by both Southern blotting and PCR (Figure 3B
and C). No live homozygous DNA2-knockout mice were
obtained, and all homozygous DNA2-knockout embryos
died before the E7.5 stage, suggesting that DNA2 is essential
for embryonic development. Heterozygous DNA2-knockout
mice were viable. To determine if DNA2 haploinsufficiency
caused telomere instabilities, we derived MEF cells from
embryos of the heterozygous DNA2-knockout (DNA2 +/—)
mice (E13.5). The haploinsufficiency for DNA2 expression in
the DNA2 + / — MEF cells was confirmed by semi-quantita-
tive RT-PCR and by western blot (Figure 3D and E).
Compared with WT MEF cells, DNA2 +/— MEF cells
showed a significant increase in FTs (Figure 4A and B),
which have been identified as hallmarks of telomere replica-
tion defects (Chan et al, 2009; Sfeir et al, 2009). The number
of FTs observed in DNA2 +/— MEFs was similar to that
observed in WT cells that were treated with aphidicolin,
which inhibits DNA polymerases and causes replication
stress (Figure 4B), suggesting that DNA2 is required for
efficient telomere replication. Moreover, FTs were further
increased in the DNA2 + /— MEFs when they were treated
with aphidicolin (Figure 4B). In addition, we observed <1%
of chromosome breaks in both WT and DNA2+/— MEF
cells under normal culture conditions (Supplementary Figure
S2). Although the aphidicolin treatment induced chromo-
some breaks in both WT and DNA2 + / — MEF cells, greater
increases were observed in the DNA2+/— MEF cells
(Supplementary Figure S2). In addition, we found that the
primary DNA2 + /— MEF cells had a nucleotide incorpora-
tion rate similar to WT cells (Supplementary Figure S3).
These results suggested that DNA2 might either be redundant
with another function, as in yeast, or may not be a primary
factor for DNA replication under normal physiology, but may
play a critical role in counteracting DNA replication stress
caused by telomeric DNA sequences or by genotoxic insults.
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Figure 1 DNA2 localizes to telomeres (A) ChIP assays on MEF cells. DNA was precipitated by a polyclonal antibody against mouse DNA2 and
then analysed by dot blotting using a **P-labelled probe corresponding to telomere sequence (telomere probe) or the Alu sequence (Alu probe).
(B) The ChIP and input signals were quantified using the Image J program. The ChIP signal was normalized with the corresponding input
signal and amount of ChIP DNA relative to the total amount of input was calculated. The values are the average * s.d of three independent
assays. (C-E) ChIP assays on MEF cells with or without knockdown of mouse DNA2. (C) Representative image of dot blotting analysis of the
input or ChIP DNA hybridized to a **P-labelled probe corresponding to telomeres or Alu sequence. (D) Quantification of the ChIP DNA, which
was normalized with the corresponding input DNA. The values are the average + s.d of three independent assays. (E) The input or ChIP DNA
was analysed by real-time PCR. The single copy gene 36B4 was used to determine DNA2 binding to non-telomeric DNA region. The values are
the average + s.d of three independent assays. (F) Representative IF-FISH images showing DNA2 is localized to telomeres in MEFs. The image
of extended depth field of eight Z-stacking images (0.275 uM thickness per slice) was shown. Individual Z-stacking images were shown in
Supplementary Figure S1. White arrows indicate DNA2 (red) co-localization with telomere DNA (green). Bottom panel shows enlarged images
from the boxes areas. Source data for this figure is available on the online supplementary information page.
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We next employed chromosome-orientation FISH
(CO-FISH) to determine if FTs caused by DNA2 deficiency
occurred at telomeres replicated by leading- or lagging-strand
synthesis. We found that FTs were increased on both leading
and lagging strands in DNA2+ /— MEF cells (Figure 4C
and D). We also showed that sister telomere associations
(STAs), indicated by overlapping green and red FISH signals
from sister telomeres, were more frequent in DNA2+ /—
MEEF cells than in the WT cells (Figure 4C and E). In addition,
the number of signal free ends (SFEs), representing telomere
loss, was increased on chromosome ends at both the leading
and lagging strands in DNA2 + / — MEF cells (Figure 4C and
F). We also found that telomere sister-chromatid exchange
(T-SCE) frequently occurred in DNA2 + / — MEF cells, while
T-SCE was nearly undetectable in the WT cells (Figure 4C and

VOL 32 | NO 10 | 2013

G), suggesting that homologous recombination was also
elevated in DNA2-deficient cells.

DNA2 nuclease cleaves G4 within DNA bubble

or flap structures

The observation that mammalian DNA2 deficiency increased
the number of FTs under both normal growth and replication
stress conditions suggests that mammalian DNA2 is required
to reduce replication stresses and promote efficient telomere
replication. One major obstacle when replicating telomere
repeats is the potential formation of G4 structures at the
TTAGGG template strand. When a G4 structure forms in the
telomeric DNA template and is not resolved, it will impede
the progression of the fork (Bochman et al, 2012). Helicases
such as BLM and RTEL1 have been implicated in inhibiting
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Figure 2 DNA2 interacts with telomeric proteins TRF1 and TRF2. Co-IP of endogenous DNA2 with TRF1 (A) and TRF2 (B) in MEF cells.
GADPH was used as the internal control. (C) Co-IP was performed using TRF1 or TRF2 antibody in MEF cells. GADPH was used as the internal
control. Flag-DNA2 and Myc-TRF1 (D) or Flag-DNA2 and Myc-TRF2 (E) were transiently co-expressed in 293T cells. Co-IP was performed using
anti-FLAG antibody. The pulled-down Flag-DNA2 and Myc-TRF1 (D) or Flag-DNA2 and Myc-TRF2 (E) were analysed on Western blots using an
antibody against Flag tag or Myc tag, respectively. GADPH was used as the internal control. (F) Co-localization of DNA2 with TRF1 or TRF2 in
primary MEF cells with or without knockdown of TRF1 or TRF2. The bottom panel under the images of the control MEF cells is the enlarged
view of the white boxed area of the image. Source data for this figure is available on the online supplementary information page.

the formation of telomeric G4 and suppressing FTs (Sfeir et al,
2009; Vannier et al, 2012). As DNA2 is a nuclease/helicase
with binding, unwinding, and cleavage activity on both
inter- or intra-molecular G4 (Masuda-Sasa et al, 2008), and
G4 is readily formed by the TTAGGG repeats in vitro and
antibodies specific for G4 react with human telomeres in vivo
(Biffi et al, 2013), we proposed that mammalian DNA2 may
play a role in promoting telomere replication by suppressing
or reversing G4 formation in telomeres. To test our
hypothesis, we purified full-length recombinant human
DNA2 (Figure 5A) and assayed the ability of DNAZ2 to resolve
telomeric G4 in model DNA substrates. Three model
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substrates designed to mimic G4 structures formed at differ-
ent scenarios during replication were constructed. One sub-
strate contained a G4 motif in a bubble (termed bubble
substrate), mimicking a G4 in a template that would poten-
tially block fork progression (Figure 5B). The second sub-
strate contained a G4 motif in a single-stranded 5’ flap
(termed flap substrate) (Figure 5B). The ssDNA flap structure
could arise in different DNA repair pathways including long-
patch base excision repair, the nucleotide excision repair,
non-homologous end joining, or homologous recombination
(Zheng et al, 2011). The un-repaired DNA flap, nicks, or gaps
would collapse replication forks (Xu et al, 2011). The third
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Figure 3 Establishment of DNA2-knockout mice. (A) Scheme for construction of the gene targeting vector for deletion the exons 4-7 of the
mouse DNA2 genes. (B) Southern blot analysis to screen DNA2 heterozygous-knockout (DNA2 + / — ) ES clones. Genomic DNA was digested
by Xhol. The DNA2 allele was analysed by Southern blot analysis. The WT allele (lanes 1-3, 5) gave a band of 8.2 kb, while the DNA2 + / —
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corresponding to the neomycin gene and the 3’ primer corresponding to the sequence within intron 7 of DNA2. Only PCR on genomic DNA with
the DNA2 mutant allele could produce a DNA fragment of 300 bp (lane 4). The targeting vector was used as a positive control (lane 5).
Confirmation of haploinsufficiency of DNA2 4+ / — MEF cells (E13.5, PO) by RT-PCR (D) and western blot (E). Source data for this figure is

available on the online supplementary information page.

substrate contained a gap on the strand opposite to the one
containing a G4 structure (gap substrate) (Figure 5B),
mimicking the G4 formed within the fork between two
Okazaki fragments. Remarkably, DNA2 cleaved the G4 in
the bubble substrate, producing DNA bands of about 30 nt
(Figure 5C), indicating a role for the endonucleolytic activity
of DNA2. Interestingly, the size of the products corresponded
to cleavages at the junction between ssDNA and the runs of
3Gs in the G4 structure as well as inside the G4 structure,
probably in the most 5" loop (Figure 5C). However, we did not
detect obvious cleavage of regular bubble DNA substrates by
human DNA2 (Supplementary Figure S4A). This is consistent
with previous report that yeast DNA2 does not cleave bubble
substrates (Kao et al, 2004). In addition, DNA2 actively
cleaved the G4 containing flap, also with major cleavage
sites located both immediately to 5 and inside the G4
structure (Figure 5D). This cleavage pattern was distinct
from the cleavage of regular 5’ flap DNA substrates by
DNA2 (Supplementary Figure S4B). These findings suggested
that DNA2 could specifically recognize and cleave G4 DNA
structures within DNA bubbles or flaps. However, DNA2 did
not cleave the gapped G4 substrate that lacks ssDNA adjacent
to the G4 (Supplementary Figure S5). This may be important,
because cleavage of G4 within a replication fork would
generate DSBs, which would lead to unwanted repair or
recombination.

Next, we determined whether both the nuclease and
helicase activities of DNA2 played an important role in
G4 cleavage. The nuclease-deficient mutant, D294A (DA),
and the helicase-deficient DNA2 mutant, K671E (KE)
(Masuda-Sasa et al, 2006) were purified (Figure SA) and
used in the G4 cleavage assay. The DA but not the KE mutant
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completely abolished the ability of DNA2 to cleave the
telomeric G4 bubble and flap substrates (Figure 5C and D),
indicating that the unwinding activity of DNA2 is dispensable
and that the endonuclease activity of DNA2 is sufficient for
cleaving the G4 structures.

G4 stabilizing molecules significantly increase

FTs in DNA2+ /— MEF cells

Our results suggested that the DNA2 nuclease resolves
telomeric G4 structures in the bubble and in the 5’ flap by
cleaving G4. This is distinct from G4 unwinding mediated by
BLM and RTEL1. The repair of G4 in the telomere template
may be important in preventing replication fork stalling or
collapse. To support the role of DNA2 in removing G4
structures, we treated WT and DNA2 + /— MEF cells with
the small molecules TMPyP4 and telomestatin, which have
been shown to stabilize G4 structures and cause dysfunc-
tional telomeres (Rosu et al, 2003; Wu et al, 2008; Vannier
et al, 2012). There was a moderate increase in the number of
FTs in WT MEF cells treated with TMPyP4 or telomestatin
(Figure 6). In striking contrast, TMPyP4 or telomestatin
significantly increased the number of FTs in DNA2+/—
MEF cells (Figure 6). We noted that the numbers of
TMPyP4- or telomestatin-induced FTs in DNA2 + /— MEF
cells was similar to those of aphidicolin-induced FTs
(Figure 4B). However, unlike aphidicolin, TMPyP4 or telo-
mestatin did not lead to significant internal chromosome
breaks (Supplementary Figure S2), which is consistent with
the hypothesis that telomeric DNA sequences have a higher
potential to form G4 structures than non-telomeric DNA
sequence, given the large number of repeats (Gilson and
Geli, 2007; Bochman et al, 2012). Altogether, our results
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suggest that G4 formation does occur at telomeres and that
mammalian DNA2 plays an essential role in suppressing the
replication stress caused by G4 formation.

DNAZ2 deficiency results in telomere DNA damage

and chromosome segregation errors

An increase in FTs in DNA2 4+ / — MEF cells may result in the
accumulation of telomere DNA damage in the cells. In
agreement, y-H2AX foci at telomeres (telomere dysfunction
induced foci or TIF) were observed in 14.5% of DNA2 +/ —
MEFs, a drastic increase compared with WT (1.2%
TIF-positive cells) (Figure 7A and B). In addition, DNA2 + / —
MEF cells showed increased yH2AX foci at non-telomere
regions by two-fold (Figure 7A and B), suggesting that
DNA2 deficiency induced DNA damage in both telomeric
and non-telomeric regions. We also found a marked increase
in the number of anaphase chromosome bridges in DNA2 + / —
MEFs, compared with the WT control (20% versus 5%)
(Figure 7C and D). Meanwhile, more than 20% of
DNA2 + / — metaphase cells were near tetraploid, compared

©2013 European Molecular Biology Organization

with 10% in WTcells (Figure 7E and F). These results suggest
that DNA2 deficiency-induced DNA damage, both at telo-
meric and non-telomeric regions, may perturb chromosome
segregation and lead to aneuploidy and tetraploidy.

DNAZ deficiency causes dysfunctional telomeres
contributing to the development of aneuploidy-
associated cancer

Next, we investigated if dysfunctional telomeres induced by
DNA2 deficiency contributed to genomic instability and
cancer development in vivo. We found that 62% of
DNA2+/— mice (n=62) developed cancers including
lung adenocarcinoma (39%, P=0.004), heptoma (10%,
P=0.064), and lymphoma (12%, P=0.036), whereas only
12% of WT littermates (n=39) developed lung adenocarci-
noma and no cancers were observed in other organs
(Figure 8A and B). Furthermore, we employed quantitative
telomere FISH to evaluate telomere lengths in vivo. We found
that telomere lengths in normal DNA2 + / — lung cells were
considerably shorter than those in WT lung cells (Figure 9A
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is available on the online supplementary information page.

and B), suggesting that DNA2 deficiency resulted in telomere
dysfunction in vivo. Telomeres in lung cancer cells derived
from DNA2 + / — mice were significantly shorter than those
in lung cancer cells derived from WT mice and those in the
corresponding normal control cells (Figure 9A and B).
To investigate if cancer developed in the DNA2 + /— mice
was aneuploid, we employed dual-colour FISH to analyse the
numbers of chromosome 2 and chromosome 8 in tissue
sections of WT normal lungs or DNA2 + / — lung adenocar-
cinoma. The adenocarcinoma cells but not the normal lung
cells carried three or more copies of chromosome 2 and/or
chromosome 8 (Figure 9C), indicating that the lung adeno-
carcinoma was associated with aneuploidy. To validate the

The EMBO Journal VOL 32 | NO 10| 2013

aneuploid feature of tumours, we then isolated cells from the
WT normal lungs and a pool of lung adenocarcinomas and
then used FACS to determine their ploidy status. Consistent
with the FISH results, we found that the cells from adeno-
carcinoma were near-polyploid (Figure 9D). Taken together,
these data suggest a positive correlation among DNA2
deficiency-induced telomere dysfunction, genome instabil-
ities, and cancer development.

Discussion

Telomere DNA has been recognized as a difficult-to-replicate
region, and inefficient duplication of the TTAGGG repeats

©2013 European Molecular Biology Organization



OWT  EDNA2+/-
P=0.004
5 1 P=0.03

g 41
g P=0.004
£ 3
o
)
Q
D 2 A
©
[T

1 -

0

Untreated TMPyP4 T™MS

Figure 6 G4 stabilization molecules TMPyP4 and telomestatin
induce more FT in DNA2+/— cells than in WT cells. WT or
DNA2+/— MEF cells were left untreated or treated with
TMPyP4 (50 uM, 24 h) or telomestatin (1 uM, 24 h). Levels of FTs
in WT and DNA2 + /— MEEF cells were scored. Values are mean-
s+t s.e.m. from five independent assays. P-values were calculated
using the two-tailed Wilcoxon-Mann-Whitney U test.

results in rapid telomere shortening and telomere instabil-
ities. Telomeric G4 has been suggested to play roles in
impeding replication fork movement at telomeres (Gilson
and Geli, 2007; Sfeir et al, 2009; Bochman et al, 2012;
Vannier et al, 2012), though direct evidence for an
inhibitory role for G-rich sequences has to date only been
documented at internal sequences (Paeschke et al, 2011).
Helicase RTEL1 and the RecQ helicases such as BLM, WRN,
and RECQL4 have been proposed to reduce the formation of
telomeric G4 and suppress the FT phenotype (Gilson and
Geli, 2007; Sfeir et al, 2009; Ghosh et al, 2012; Vannier et al,
2012). However, the mechanisms underlying how these
different helicases act to resolve telomeric G4 are unclear.
In this study, we report a novel DNA2 nuclease-dependent
pathway that resolves telomeric G4 structures to promote
efficient telomere DNA replication. We have found that
mammalian DNA2 localizes at telomeres and interacts with
shelterin components TRF1 and TRF2. We have generated
both DNA2-deficient cells and mice, and found that
deficiency in DNA2 results in defective telomere replication,
leading to elevated FTs, telomeres loss, and telomere DNA
damage response. Using purified DNA2 protein, we
demonstrate that DNA2 nuclease cleaves G4 structure
formed within telomeric DNA sequences. The cleavage
relies on DNA2 nuclease activity and the DNA2 helicase
activity is not required. Consistently, DNA2-deficient MEFs
showed a significant increase of FTs after treatments with G4
stabilization molecules, suggesting that DNA2 nuclease
removes G4 structures to reduce replication stress at
telomeres and thereby preserve telomere integrity.
DNA2 +/— mice develop aneuploidy-associated cancer
with short telomeres. Together, these results suggest that
mammalian DNA2 promotes efficient telomere replication
and maintains telomere stability, which in turn contributes
to tumour suppression.
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The DNA2 nuclease-mediated cleavage of G4 structures
revealed in this and in our previous studies is distinct from
G4 unwinding. Mammalian DNA2 nuclease recognized and
cleaved telomeric G4 DNA in a helicase-independent manner
in vitro, as shown by using the helicase-dead DNA2 mutant
protein, resulting in the nucleolytic removal of telomeric G4
formed in template DNA as well as the G4 formed in 5’ flap
structures. The resulting DNA gap in the template could then
presumably be repaired by the conventional ssDNA repair
machinery. We propose that distinct pathways may exist to
allow mammalian cells to efficiently remove various G4
structures arising from the TTAGGG repeats. In addition, it
is plausible that under certain conditions, it may be difficult
for helicases such as BLM, WRN, or RTEL1 to unwind the G4
structure, and DNA2 nuclease, working with ssDNA repair
proteins, may cleave and repair the G4 structures to avoid
replication fork stalling. To our knowledge, this is the first
observation that telomeric G4 made up of telomeric repeats
can be cleaved within a pseudo-replication bubble or on a 5
flap, rather than simply within a ssDNA segment with both
free 5’ and 3’ ends and rather than unwinding by a helicase/
nuclease also required for stabilizing mammalian telomeres
in vivo. Our data therefore provide novel insights into the
molecular contribution of mammalian DNA2 to telomere
maintenance, and add a new dimension to the mechanisms
that cells can employ to deal with either telomeric or internal
G4 structures.

DNA2 mutations, including a frame-shift mutation that
disrupts the DNA2 gene, have been reported in cancer
patients (Lee et al, 2010). Our current studies provide a
positive correlation between these DNA2 mutations and
cancer development. Furthermore, we suggest DNA2 acts as
a tumour suppressor by maintaining the integrity of
telomeres and counteracting DNA replication stresses
induced by aphidicolin or other DNA damaging agents. FTs
induced by DNA2 deficiency may cause a telomere DNA
damage response, leading to telomere defects such as STAs
or telomere loss. The telomere defects in turn may result in
chromosome segregation errors and consequently tetraploidy
and/or aneuploidy, which is a hallmark of human cancers
(Weaver et al, 2007). Tetraploidy and aneuploidy have been
linked to varying forms of chromosome instabilities (Weaver
et al, 2007). Thus, telomere instabilities induced by DNA2
deficiency may directly or indirectly cause genome
instabilities. This is consistent with previous studies
showing that deficiency in telomeric protein Potl induces
telomere dysfunction and results in tetraploidy and cancer
(Wu et al, 2006; Davoli and de Lange, 2012). Meanwhile,
DNA2 likely maintains the stability of non-telomeric
sequences, and its deficiency impairs the cell’s capacity to
counteract DNA replication stresses and results in
accumulation of chromosome breaks, leading to
chromosome deletions, translocations, and aneuploidy.
Chromosome deletions and translocations have been
frequently observed in human cancer and suggested to play
a causal role in cancer development (Wang et al,
2005;Nussenzweig and Nussenzweig, 2010). In support of
the hypothesis that DNA2 serves as a tumour suppressor,
DNA2 + / — mice has higher frequencies of cancer, which is
viewed as a disease that arises from the accumulation of
genome instabilities. Notably, the function of DNA2 as a
tumour suppressor appears contradictory to a recent study

The EMBO Journal VOL 32 | NO 10] 2013 1433



1434 The EMBO Journal

DNA2 nuclease promotes telomere DNA replication

W Lin et al
A y-H2AX TTAGGG Merged B s W TIF-positive O TIF-negative
45 P=0.034
= -
< 35_
2
8 304
2 P =0.007
£ 254 ———
2 20
2
\| %. 15'
. ~ 10
<
zZ
o 5
0_
WT DNA2+/—
D 25; P < 0.0001
£ 20 1
(0]
[=)]
£32
38 15
©
g 10 4
g
-
© T
5 4
1
0
WT DNA2+/—
E F 304
_ P =0.001
wT = . »  DNA2+- 25 1
n=40 n=73
’ Wy e
. 2< 20
- .. - '0 P .62
o - . » 2 e o 2_8
. .ﬁ‘. . !"O. £ 9 154
.‘. - LA r tg
. . X 5ol
o ¥ ey =3
»e « 3 - % 0 »
- @~ |
' 0
WT DNA2+/—

Figure 7 DNA2 deficiency results in TIF and induces polyploidy. (A) Representative image showing co-localization of y-H2AX foci (red) with
telomeres (green) in DNA2 4 / — MEF cells. White arrows indicate the y-H2AX foci at telomeres (yellow). (B) Percentage of y-H2AX-positive
cells in WT and DNA2 + / — MEFs. Cells with no less than five y-H2AX nuclear foci were scored as y-H2AX-positive cells. Cells containing >5
v-H2AX co-localization with telomeres are defined as TIF positive. Values are means + s.e.m. of five independent assays. Two-tailed t-test was
used for calculation of the P-value. Approximately 150 cells were analysed in each assay. (C) DNA2+ /— sMEF cells display anaphase
chromosome bridges. Anaphase cells were detected by immunostaining using a monoclonal antibody against phosphorylated histone 3
(green). DNA was stained with DAPI (blue). (D) Percentage of anaphase cells with a chromosome bridge. (E) Representative metaphase spread
of a diploid WT and a near-tetraploid DNA2 + / — MEF cells. n Indicates chromosome numbers in each image. (F) Percentage of near-tetraploid
cells in primary WT and DNA2 + /— MEF cells. Values are means +s.e.m. of three independent assays. In each assay, more than 100

metaphase nuclei were analysed.

showing that DNA2 was overexpressed in human cancers and
played an important role in supporting cancer progression
(Peng et al, 2012). We suggest that this phenomenon reflects
the distinct role of DNA2 in normal cells and cancer cells. In
normal cells, DNA2 reduces DNA replication stresses to
maintain telomere integrity and to suppress cancer
development. However, in cancer cells, oncogenesis induces
high replication stresses that cause cellular senescence and
apoptosis. In this case, DNA2 may work to reduce replication
stresses to promote cell survival. A DNA repair gene with

VOL 32 | NO 10 | 2013

opposite roles as both a tumour suppressor and oncogene is
not uncommon. Fenl was previously shown to both suppress
and support cancer development (Zheng et al, 2007b; Singh
et al, 2008; Zheng et al, 2012). Recent studies suggest that
RNFS8, an E3 ubiquitin ligase that is involved in telomere
DNA damage responses, can also both suppress and promote
cancers (Li et al, 2010; Peuscher and Jacobs, 2011). Further
studies may define the distinct roles of DNA2 as a tumour
suppressor in normal cells but as a cancer promoter in the
cancer-initiating cells.

©2013 European Molecular Biology Organization
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mean +s.e.m. of the relative fluorescence intensity was calculated. (C) Dual-colour FISH on tissue section of the normal lung or lung
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Materials and methods

Generation of heterozygous mice for DNA2 knockout

To construct knockout vector for the mouse DNA2 allele, two DNA
fragments corresponding to the mouse DNA2 gene were inserted
into the poly-linker A and B, respectively, on the gene targeting
vector, PKO scrambler NTK (Invitrogen, Carlsbad, CA). One DNA
fragment (5’ arm) covered DNA sequences from intron 1 to intron 3
of the mouse DNA2 gene, and the other DNA fragment (3’ arm)
corresponded to DNA sequences from intron 7 to intron 12
of the mouse DNA2 gene. The knockout vector encoding was
electroporated into embryonic stem cells of the 129S1 genetic
background. Recombination between the knockout vector and the
WT DNA?Z2 allele resulted in a mutant DNA2 allele, which deletes the
exons 4-7 and disrupts the mouse DNA2 gene. DNA2 + / — ES cells
were selected by neomycin marker and confirmed with Southern
blotting analysis using the probes 1 and 2. Male chimeric mice
generated via FFAA ES cells (neo ™) were crossed with female wt
mice (129S1 genetic background) to transmit the mutation through
the germline to produce heterozygous mice on 129S1 genetic back-
ground. The neomycin selection marker, which is flanked with LoxP
sequences, was removed by cross the F1 DNA2 + / — mice with the
transgenic mice expressing Cre-recombinase (12951 genetic back-
ground), generating DNA2 + / — mice free of the neomycin gene.

Expression and purification of recombinant human and
mouse DNAZ2 proteins

To express Flag-tagged human DNA2, the DNA fragment encoding
full-length human or mouse DNA2 was amplified by PCR and
inserted into the p3xflag CMV7.1 plasmid (Sigma). The expression
vector, named as pCMV7-hDNA2 or mDNA2, was confirmed by
sequencing. D294A and K671E for hDNA2 were produced by site-
directed mutagenesis. The expression vectors were transfected into
the 293T cells using Lipofectamine 2000 (Invitrogen). Recombinant
WT and mutant DNA2 proteins were purified by a published affinity
chromatograph protocol (Kim et al, 2006). In brief, whole cell
lysates were incubated with the agarose beads conjugated with
flag antibody (Sigma) for at least 6 h in cold room. After extensively
washing with a buffer containing 50 mM Tris-Cl (pH 7.5) and 500 mM
NaCl, the bound proteins were eluted with Flag peptide. The purity of
DNA2 proteins was analysed by 4-15% gradient SDS-polyacrlamide
electrophoresis (SDS-PAGE) and Coomassie brilliant blue staining.

siRNA knockdown

siRNA oligos against mouse DNA2, TRF1, TRF2, or control siRNA
oligos were purchased from Bioland. siRNA oligos were transfected
into mouse MEF cells using the RNAimax transfection reagent
(Invitrogen) according to the instruction from Invitrogen.

CHIP assay

ChIP was performed as previously described (Loayza and De Lange,
2003). Briefly, primary MEF cells were fixed in 1% formaldehyde in
PBS for 30min at room temperature. The cells were lysed and
sonicated. The sonicated lysates were pre-cleared with protein G
agarose beads and incubated with the rabbit polyclonal antibody
against the Flag tag (Sigma), actin (Santa Cruz) (non-specific
control), or mouse DNA2 antibody (customized made by
Genscript Corp, Piscataway, NJ). The specificity of the mouse
DNA2 antibody was tested by purified recombinant mouse DNA2
and the mouse nuclear extracts from WT and DNA2 knockdown
MEF cells (Supplementary Figure S6). The precipitates were dis-
solved in 10 pl water and dot-blotted onto Hybond N + membranes.
The membranes were hybridized with the *2P-labelled telomere-
specific probe (TTAGGG); and the *?P-labelled Alu probe.

Co-immunoprecipitation assays

A non-specific mouse antibody or a mouse monoclonal antibody
against the Flag tag (Sigma) was conjugated to protein A agarose
beads. The beads were incubated with nuclear extracts at 4°C
overnight and washed with PBS buffer containing 0.2% Tween-
20. The precipitated proteins were analysed with Western blot. The
polyclonal antibody against TRF1 or TRF2 is a generous gift from Dr
de Lange. The monoclonal antibody against TRF1 or TRF2 is from
Santa Cruz Biotechnologies. The monoclonal antibody against the
Myc-tag or GADPH is from GeneTex.
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IF microscopy

To stain the foci of DNA2/TRF1 or DNA2/TRF2 in MEF, cells were
fixed with methanol at — 20°C for 30 min and treated with ice cold
acetone for 15s. The cells were then incubated with a rabbit
polyclonal antibody against DNA2 and a mouse monoclonal anti-
body again TRF1 or TRF2 (Santa Cruz) following the protocol as
previously described (Zheng et al, 2007a). Nuclei were stained with
DAPI. The slide was examined under a fluorescence microscope
(AX70, Olympus).

FISH and CO-FISH

FISH and CO-FISH on telomeres were performed as described
previously (Bailey et al, 2001). For FISH, cells were treated with
colcemid, collected by trypsinization, swollen in 0.075M KCI at
37°C for 15min, and fixed in a freshly prepared 3:1 mix of
methanol:glacial acetic acid. Slides containing metaphase spreads
were then denatured and hybridized to peptide nucleic acid (PNA)
probe Alexa488-O0-(TTAGGG); in order to visualize telomeres. For
CO-FISH, cells were cultured in the presence of 10 uM BrdU and
BrdC (3:1) for one population doubling before colcemid treatment.
Slides containing metaphase spreads were incubated with Hoechst
33258 for 15 min, exposed to UV light for 30 min, treated with ExolII
(Promega) for 10min at room temperature, and then sequentially
hybridized to PNA Alexa488-0O0-(TTAGGG); and Cy3-00-
(CCCTAA); probes at the room temperature for 2h. Slides were
then washed and dehydrated in ethanol series. DNA was
counterstained with DAPI, and images were taken under Zeiss
Axiolmager M2 epifluorescence microscope. To determine the
ploidy status of cells in normal and cancer tissues, dual-colour
FISH for chromosomes 2 and 8 was conducted with FISH probes
that corresponded to the mouse chromosomes 2qAl and 8qAl.
Slides were analysed with a BioView Imaging system (BioView,
UK).

Immunofluorescence-FISH

IF-FISH was performed as described previously (Huang et al, 2012).
Briefly, cells were grown in chamber slides and fixed either in 100 %
methanol at —20°C (for DNA2 staining) or 4% paraformaldehyde
at room temperature, permeabilized with 0.15% Triton X-100 (for
v-H2AX), blocked with 1% BSA at 37°C for 1h in humidified
chamber, incubated with anti-DNA2 or anti-y-H2AX for 1h at
37°C, washed with PBS three times, and then incubated with
Dylight 549-conjugated secondary antibody (ThermoFisher) at
37°C for 1h. Following DNA2 or y-H2AX staining, the slides were
refixed with 4% paraformaldehyde for 10 min, and hybridized to
Alexa488-conjugated TTAGGG PNA telomere probe. The slides were
denatured for 5min at 90°C, incubated overnight at the room
temperature, and washed with 70% formamide in 10 mM Tris (pH
7.5) for 15 min twice, followed by three times of wash in 0.1 M Tris
(pH 7.5)/0.15M NaCl/0.08 % Tween-20 for 5min each. Slides were
then dehydrated in ethanol series, DNA was counterstained with
DAPI, and Z-stack images were taken at a 0.275-uM thickness per
slice under Zeiss Axiolmager M2 epifluorescence microscope.

G4 model substrates and G4 cleavage assay

To make the G4 bubble substrate, the G4-B oligo was labelled with
32p at the 5 end and annealed to the G4-B-T oligo at 1:1 ratio. To
make the G4 flap substrate, the G4-F oligo was labelled with 2P at
the 5’ end and annealed to the G4-F-T oligo and G4-F-T-B at 1:2:1
ratio. To make the G4 gap substrate, the G4-B oligo was labelled
with **P at the 5’ end and annealed to the G4-G-C1 and the G4-G-C2
oligos at 1:2:2 ratio. The oligo sequences were specified in
Supplementary Table S1. The G4 bubble, flap, and gap substrates
were annealed according to a previously described protocol that
allow the formation of G4 structure (Vallur and Maizels, 2010). The
formation of G4, which migrates faster than corresponding non-G4
bubble, flap, or gap, was confirmed by non-denaturing PAGE
(Supplementary Figure S7). The substrates were then gel purified
from non-denaturing PAGE and resuspended in a Tris-HCI buffer
(pH 7.5) containing 10mM EDTA and 10mM KCl. To assay the
nuclease activity, 100 fmol (Figure 5C) or 15 fmol (Figure 5D) WT or
mutant DNA2 proteins was incubated with DNA substrates in the
reaction buffer containing 50mM Hepes-KOH (pH 7.5), 5mM
MgCl,, 2mM DTT, and 0.1 mg/ml BSA at 37°C for a time period
as specified. The DNA substrates and products were analysed with a
15% denaturing PAGE.
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Histopathology and statistical analysis

Tissues were fixed in 10% formalin and tissue sections stained with
hematoxylin and eosin (H&E). Slides were analysed in a double-
blind fashion. The two-tails Fisher exact analysis was used to
analyse if a disease phenotype was statistically significant. All
protocols that involved animals were approved by the Research
Animal Care Committee of City of Hope in compliance with the
Public Health Service Policy of the United States.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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