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Telomeres form special structures to 
shield chromosome ends from inappro-
priate DNA repair activities, therefore 
protecting genome stability. Telomeres 
are maintained by telomerase, telomere-
specific binding proteins termed shelter-
ins, as well as proteins involved in general 
DNA metabolism. The primary function 
of telomerase is to extend short telomeres, 
thereby revoking the proliferation bar-
rier caused by telomere attrition. The 
shelterin complex, comprising of TRF1, 
TRF2, POT1, TPP1, TIN2, RAP1, binds 
to telomere DNA and suppresses ATM/
ATR-mediated DNA damage response, 
thereby inhibiting DNA repair activities 
at telomeres. Aside from shelterin pro-
teins, numerous proteins involved in gen-
eral DNA repair/replication also associate 
with telomeres and play essential roles in 
maintaining telomere integrity. Although 
much has been learned about the func-
tions of telomerase and shelterins in telo-
mere maintenance, understanding of the 
roles of non-shelterin proteins has lagged.

We have recently identified mamma-
lian DNA2 as a new player in protect-
ing telomere integrity.1 Complete DNA2 
knockout in mice is embryonic lethal, 
suggesting that DNA2 is an essential 
gene. DNA2+/− mice are viable, but 
with high occurrence of lung adenocarci-
noma, lymphoma, and hepatoma. Mouse 
embryonic fibroblast (MEF) cells derived 
from DNA2+/− mice display a variety of 
genome instabilities, including chromo-
some bridges and aneuploidy. Notably, 
telomeres in both normal and tumor tis-
sues derived from DNA2+/− mice are sig-
nificantly shorter than wild-type controls. 
DNA2 deficiency also induces DNA dam-
age response at telomeres, suggesting that 
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DNA2 deficiency induces telomere dys-
function. Further in-depth analyses reveal 
that DNA2 deficiency impairs efficient 
replication of telomeric DNA, leading to 
accumulation of fragile telomeres, sister 
telomere associations and telomere loss. 
Collectively, our results demonstrate that 
mammalian DNA2 reduces replication 
stress at telomeres and is an important 
player in preserving genome stability and 
suppressing cancer development.

Due to the unique features of telo-
meres, telomeric DNA is difficult to repli-
cate. Conventional replication machinery 
needs additional assistance to completely 
replicate telomeres. One obstacle to 
fork progression is the formation of the 
G-quadruplex (G4) structure within 
TTAGGG repeats.2 G4 is a highly stable 
structure formed by guanine residues 
through Hoogsteen hydrogen bonding. 
Stable G4 structure is expected to block 
fork progression and stall replication. 
Stalled replication forks may collapse, 
leading to sudden loss of telomeres and 
telomere instability. Given that telomeric 
G4 needs to be resolved to allow efficient 
fork progression, the overarching question 
that arises is, “How are G4 structures at 
telomeres resolved?”

Apparently, resolving G4 requires 
enzymatic activities from helicases and/
or nucleases. To this end, helicases have 
been deeply studied. RecQ helicases such 
as BLM and WRN catalyze G4 unwind-
ing in vitro. Consistently, deficiency in 
BLM or WRN results in telomere repli-
cation defects.3,4 There has long been a 
presumption that G4 unwinding is the 
primary way of resolving G4. Now, using 
in vitro substrates that mimic G4 formed 
in telomeric sequences, we have found 

that purified mammalian DNA2 cleaves 
the intramolecular G4 structures formed 
in telomeric sequences.1 The G4 cleav-
age activity is nuclease-dependent and 
helicase-independent. In agreement with 
the in vitro data, DNA2-deficient MEFs 
show a significant increase of fragile telo-
meres when treated with G4 stabilizing 
molecules. Our observation suggests that 
multiple pathways may be employed by 
mammalian cells to efficiently remove G4 
arising at telomeres. While helicases like 
BLM and WRN may unwind G4, nucle-
ases like DNA2 can be active participants 
in G4 removal. Availability of multiple 
pathways may be important for removing 
G4 under certain conditions, for instance, 
when the accessibility of helicases to G4 is 
limited. It is perceivable that other nucle-
ases may help in removing telomeric G4 
as well.

The roles of mammalian DNA2 in 
telomere maintenance are just beginning 
to be explored. Several questions pertinent 
to this study need to be addressed. First, 
nucleases/helicases must work together 
with shelterin proteins to keep telo-
meres stable, and their enzymatic activi-
ties should be tightly regulated to avoid 
unwanted processing of telomeric DNA. 
DNA2 is no exception. In fact, DNA2 
interacts with TRF1/TRF2.1 It remains 
to be delineated whether the activity of 
DNA2 at telomeres is regulated by shel-
terin, and whether DNA2 exerts its telo-
mere-protective functions via the shelterin 
complex. Second, telomeres terminate 
with ss G-rich overhangs at the 3' ends 
(G-overhangs), and telomerase needs to 
bind to G-overhangs to extend telomeres. 
Given the considerablh long G-overhang 
lengths in human cells (> 100 nt),5 
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formation of G4 at G-overhangs is highly 
plausible. Such G4 formation will block 
telomerase binding and inhibit telomere 
elongation. It will be of interest to deter-
mine whether DNA2-mediated G4 cleav-
age also plays a role in assisting telomerase 
extension of telomeres. Finally, post-rep-
licative processing occurs at the ends of 
telomeres to generate G-overhangs. Given 
that telomere ends resemble DSB ends, 
it is possible that factors for processing 
DSB ends may also participate in resect-
ing telomere ends. At least two pathways 
involving DNA2 and Exo1 modulate DSB 
end resection.6,7 Interestingly, Exo1 resects 
telomere ends at the G

2
 phase after Apollo 

makes initial resection of the telomere 
ends at the leading strand.8 It will be of 
particular interest to learn whether DNA2 
resects telomere ends, and, if so, whether 
the two pathways operate independently 
of each other, or whether they normally 
operate in concert to process telomere 
ends.

References
1.	 Lin W, et al. EMBO J 2013; 32:1425-39; 

PMID:23604072; http://dx.doi.org/10.1038/
emboj.2013.88

2.	 Biffi G, et al. Nat Chem 2013; 5:182-6; 
PMID:23422559; http://dx.doi.org/10.1038/
nchem.1548

3.	 Crabbe L, et al. Science 2004; 306:1951-3; 
PMID:15591207; http://dx.doi.org/10.1126/sci-
ence.1103619

4.	 Du X, et al. Mol Cell Biol 2004; 24:8437-46; 
PMID:15367665; http://dx.doi.org/10.1128/
MCB.24.19.8437-8446.2004

5.	 Chai W, et al. Mol Cell 2006; 21:427-35; 
PMID:16455497; http://dx.doi.org/10.1016/j.mol-
cel.2005.12.004

6.	 Zhu Z, et al. Cell 2008; 134:981-94; PMID:18805091; 
http://dx.doi.org/10.1016/j.cell.2008.08.037

7.	 Nimonkar AV, et al. Genes Dev 2011; 25:350-62; 
PMID:21325134; http://dx.doi.org/10.1101/
gad.2003811

8.	 Wu P, et al. Cell 2012; 150:39-52; PMID:22748632; 
http://dx.doi.org/10.1016/j.cell.2012.05.026


