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ABSTRACT

G-quadruplexes represent unique roadblocks to DNA
replication, which tends to stall at these secondary
structures. Although G-quadruplexes can be found
throughout the genome, telomeres, due to their
G-richness, are particularly predisposed to form-
ing these structures and thus represent difficult-to-
replicate regions. Here, we demonstrate that exonu-
clease 1 (EXO1) plays a key role in the resolution of,
and replication through, telomeric G-quadruplexes.
When replication forks encounter G-quadruplexes,
EXO1 resects the nascent DNA proximal to these
structures to facilitate fork progression and faith-
ful replication. In the absence of EXO1, forks accu-
mulate at stabilized G-quadruplexes and ultimately
collapse. These collapsed forks are preferentially re-
paired via error-prone end joining as depletion of
EXO1 diverts repair away from error-free homology-
dependent repair. Such aberrant repair leads to in-
creased genomic instability, which is exacerbated at
chromosome termini in the form of dysfunction and
telomere loss.

INTRODUCTION

Mammalian telomeres are comprised of a unique
DNA:protein architecture, which protectively caps the
ends of chromosomes (1-3). The DNA portion of a
human telomere consists of ~2-12 kb of a six-nucleotide
(TTAGGG) repeat. The extreme terminus of the telomere
ends with a 3’ G-rich, single-stranded overhang that loops
back into the double-stranded telomere to form a t-loop
(4). The protein portion of a telomere is provided by a
six-protein complex known as Shelterin that binds to the
bulk of the telomere (5). Shelterin provides at least two
critical activities to telomere maintenance: (i) it facilitates

telomere looping and (ii) it masks the ends of telomeres
from the DNA repair machinery (1). Importantly, this
proper sheltering of chromosome ends is essential to
protect them from undue erosion and fusion events, which
would otherwise contribute to genomic instability and
cellular death.

Integral to faithful telomere maintenance is the error-free
replication of telomeric DNA. Telomere replication is in-
herently difficult due to (i) the repetitive nature of the telom-
eric DNA sequence; (ii) the secondary structures it is ca-
pable of forming; and (iii) the heterochromatic nature of
this genomic region (6,7). Because of these features, telom-
eres are formally defined as ‘fragile sites’—genomic loca-
tions that have an intrinsic tendency to induce replication
fork stalling and fork collapse (8,9). One of the most po-
tentially pathological features of a telomere is the frequent
presence of G-quadruplexes (G4s), which act as a roadblock
to telomere replication (7). Classical G4s consist of four
tracts of guanine trios bonded together in a square-planar
orientation (10). However, G4s can also arise wherever four
sets of three guanine bases or more are separated by several
base pairs of any sequence (11). These quadruplexes have
been proposed to form in both an inter- and intrastranded
manner as well as in both parallel and antiparallel forma-
tions. Computational estimates for the number of sequences
capable of forming a G4 in the genome vary, but most agree
that there are likely hundreds of thousands of such puta-
tive sequences with at least 10,000 existing at any given time
in any given cell (12,13). Due to the triplicated run of gua-
nines in the telomere tandem repeat (TTAGGG), telomeric
DNA has a high propensity to form these structures. While
positive, regulatory roles have been proposed for these ar-
rangements (14,15), G4s are unequivocally impediments to
the replication machinery. Consistent with this belief, so-
matic copy-number alteration breakpoints are enriched at
sequences with the potential to form G4s (16). A parsi-
monious interpretation of these data is that it is likely that
replication forks stall when they encounter these secondary
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structures, which leads to improper replication and repair
resulting in copy-number alterations. A corollary of this in-
terpretation is that the proper resolution and replication of
these regions is likely essential for telomere integrity and ge-
nomic stability.

To overcome their inherent replication difficulties, telom-
eres rely heavily on a number of specialized proteins, specifi-
cally helicases and nucleases, to combat fork stalling and to
resolve secondary structures (17,18). Arguably, two of the
most important helicases for faithful telomere replication
are Werner (WRN) and regulator of telomere elongation
1 (RTELI). WRN is essential for faithful lagging-strand
replication at the telomere and for prevention of telomere
loss (19). In contrast, the RTELI helicase is allowed tran-
sient entry at the t-loop site to both unwind it and per-
mit access of the replication machinery (20). In the absence
of RTELI, rapid telomere attrition is observed due to the
loss of the t-loop, presumably after replication fork collapse
(21). In a complementary fashion, nucleases such as ex-
onuclease 1 (EXOI), C-terminal interacting protein (C?/P),
DNA exonuclease 2 (DNA2) and meiotic recombination de-
fective 11 (MREII) have been proposed to have multiple
roles in telomeric replication ranging from overhang forma-
tion (22) to rescue, restart and reversal of stalled forks (18).

EXOl1 is 5 — 3’ exonuclease whose canonical roles are
in DNA mismatch repair and resection at the sites of DNA
double-stranded breaks (DSBs) in the preliminary stages of
homology-dependent repair (HDR) (23). EXO1 possesses
both an exonuclease domain and a structure-specific en-
donuclease domain, which are indispensable for its func-
tions (23). EXO1 has a well-documented role in processing
telomere ends to form the 3’ overhang necessary for t-loop
generation (24). In addition, EXOT1 has also been implicated
in roles in replication dynamics, especially at difficult-to-
replicate-through secondary structures. To this end, EXO1
has been suggested to participate in replication fork re-
versal, HDR-mediated rescue and nascent strand process-
ing of stalled forks (25,26). For these functions, EXO1
is thought to be at least partially redundant with DNA2
(27,28). Relevantly, nucleolytic processing by DNA2 has
also been implicated in G4 resolution and cleavage in vitro
(29,30).

In this study, we show that EXO1-knockout human cells
are hypersensitive to G4-stabilizing agents. Additionally, we
demonstrate that telomere defects are elevated in the ab-
sence of EXO1 and are exacerbated by combining this ab-
sence with a G4 stabilizer. Mechanistically, we find that
replication forks are more likely to colocalize with G4s
in the absence of EXOI1, consistent with increased fork
stalling. Moreover, less resection takes place proximal to the
G4s in these mutants compared to the parental cells. In toto,
we demonstrate that resection by EXOL is required for both
faithful replication through G4s and the HDR-mediated
rescue of stalled forks at these structures. Specifically, we
propose that EXO1 plays an important role in the process-
ing of replication forks that have stalled at G4s. Thus, the
enrichment or stabilization of telomeric G4s and/or the re-
moval of EXO1 result in deleterious effects on telomere in-
tegrity and impede cellular survival. Since EXO1 is often
under- or overexpressed in cancer cells, these observations
may have clinical significance.
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MATERIALS AND METHODS
Cell lines

Human HeLa cells were obtained from ATCC and cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with L-glutamine, penicillin—streptomycin and 10%
fetal bovine serum. Cells were maintained at 37°C in a hu-
midified incubator with 5% CO,. U-2 OS, ARPE-19 and
HCT116 cells were similarly obtained from ATCC and cul-
tured as described for the HeLa cells with the exception that
McCoy’s medium, DMEM-F12 and McCoy’s medium, re-
spectively, were utilized. EXOI was functionally inactivated
in these cell lines using the CRISPR /Cas9 system. Briefly,
a single-guide RNA (sgRNA) targeting the second coding
exon of EXOI was delivered in tandem with a Cas9 expres-
sion cassette (hSpCas9-2A-GFP/px459). Candidate mono-
clonal populations were screened and tentatively identified
by polymerase chain reaction and then verified to contain
EXOI frameshift mutations via Sanger sequencing. These
candidate clones were confirmed to lack EXO1 expression
by western blot analysis and one confirmed clone from
each background was stably complemented with an £XO/
cDNA expressed from a pcDNA3.1 plasmid obtained from
Addgene.

Proximity ligation assay

Cells were plated on chamber slides and fixed with 4%
paraformaldehyde for 10 min at room temperature. Sam-
ples were then permeabilized with 0.5% NP-40 for 10 min
at room temperature and blocked with blocking solution
(0.5% bovine serum albumin and 0.2% fish gelatin). The
proximity ligation assays (PLAs) were subsequently car-
ried out according to the manufacturer’s guidelines for the
Duolink anti-Mouse MINUS and Rabbit PLUS red kit
(Sigma) with the exception of an additional 20 min of am-
plification. Images were acquired with a Leica DM LB2 and
processed with the FIJI software.

G-overhang assays

Genomic DNA was purified, and the negative control sam-
ples were pre-digested with bacterial Exol. Subsequently,
all of the samples were digested with Rsal and Hinfl restric-
tion enzymes. The samples were then subjected to gel elec-
trophoresis for 2 h at 35 V. Following electrophoresis, the
gels were dried with a Bio-Rad Model 583 gel dryer for 3 h.
Dried gels were hybridized with a 3>P-end-labeled oligonu-
cleotide probe (CCCTAA), overnight. Following hybridiza-
tion and washing, the gels were exposed to a Phospholm-
ager screen and scanned using a Typhoon FLA 9500 imager.
After native imaging, the gels were denatured, neutralized,
re-probed and imaged in the denatured condition. Images
were analyzed and quantified with F1JI software.

Telomere combing

Actively dividing cells were labeled with 25 pwM iodo-
deoxyuridine (IdU) for 1 h followed by a 2-h period with-
out IdU; this regimen was repeated four times. Cells were
then embedded into low melting point agarose plugs and
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digested with proteinase K for 48 h and subsequently di-
gested with the restriction enzymes Hinfl and Rsal for
24 h at 37°C. DNA was then combed onto vinylsilane-
coated coverslips using the Genomic Vision™ combing sys-
tem. Combed coverslips were then incubated in a 60°C
chamber for 2 h. Combed DNA was subsequently fixed
and denatured to allow for antibody/probe binding. IdU
was detected with a primary antibody (BD, BD347580)
and an AFS555-conjugated secondary antibody (Invitro-
gen, A21127). Telomeres were identified with an AF488-
conjugated PNA probe (C3TA,); (PNA Bio, F1004). Slides
were mounted and cured overnight prior to imaging with
a Zeiss total internal reflection fluorescence (TIRF) micro-
scope, processed with Image J/FIJI and quantitated in a
blinded fashion.

Single molecule analysis of resection tracks

Actively dividing cells were labeled with CldU for 24 h.
Cells were then harvested and embedded in low melting
point agarose plugs and digested with proteinase K for
48 h at 37°C. Plugs were then melted and the DNA was
combed onto coverslips as described earlier for telomere
combing. Combed DNA was fixed and processed in the
native state, to allow for the detection of ssDNA and
G4s. CldU was detected with a primary antibody (Abcam,
ab6326) and AF555-conjugated secondary antibody (Invit-
rogen, A21434). G4s were detected with a primary anti-
body (Millipore, MABE1126 and MABE917) and AF488-
conjugated secondary antibody (Invitrogen, A11001). Im-
ages were acquired with a Zeiss TIRF microscope and pro-
cessed with Image J/F1JI software. ssDNA fibers were im-
aged, scored and measured in a double-blind manner. Rela-
tive resection was measured in pixels and then normalized.

G4 combing

Actively diving cells were labeled with EAU for 30 min.
Cells were harvested, prepped and combed as described
for single molecule analysis of resection tracks (SMART).
After fixation, EAU was detected using a Click-iT™ re-
action as described with AF488 (31). G4s were de-
tected with a primary antibody (Millipore, MABE1126)
and an AF555-conjugated secondary antibody (Invitrogen,
A21127). DNA fibers were processed with a Zeiss TIRF
microscope and the images were then analyzed with Image
J/FUI software and scored in a blinded fashion.

Telomere restriction fragment analysis

Genomic DNA was collected, digested with the restric-
tion enzymes Hinfl and Rsal, and separated via gel elec-
trophoresis overnight at 35 V for ~16 h. Gels were then
depurinated with 0.25 M HCI treatment and subsequently
denatured and neutralized. The DNA was then transferred
to a nucleotide-optimized membrane overnight by capillary
transfer for ~18 h. DNA was then cross-linked to the mem-
brane via ultraviolet (UV) light exposure and hybridized
with a 3?P-end-labeled oligonucleotide probe (CCCTAA),
overnight at 55°C. Membranes were exposed to phospho-
imaging screens for a minimum of 24 h and imaged with

a Typhoon FLA 9500 imager. Images were then analyzed
with FIJI software.

Telomere dysfunction-induced foci assay

Cells were cultured on chamber slides and fixed with 4%
paraformaldehyde at the time of harvest at ~70% conflu-
ency. Cells were subsequently permeabilized with 0.5% NP-
40 and blocked with 0.2% fish gelatin and 0.5% bovine
serum albumin in phosphate buffered saline (PBS). Pri-
mary antibodies to gamma-H2AX (Bethyl, A300-081) and
telomere recognition factor 2 (TRF2; Santa Cruz, sc-
271710) were used to detect DNA damage and telomeres,
respectively. Primary antibodies were incubated with slides
overnight at 4°C and secondary antibodies (Invitrogen,
A21127 and A11008) were incubated for 45 min at room
temperature. Cells were counterstained with diamidino-
phenylindole (DAPI) and imaged on a Nikon TiE decon-
volution microscope in z-stacks. Z-stack depth was taken
with recommended optimization. Images were analyzed
with MATLAB and processed with the FIJI software. Colo-
calization events were quantified as a minimum of 10%
gamma-H2AX individual foci overlap with an individual
TREF?2 foci.

Immunofluorescence

Cells were cultured on chamber slides and fixed with 4%
paraformaldehyde when harvested. Cells were permeabi-
lized and blocked as described earlier for TIFs. The primary
antibodies used included gamma-H2AX (Bethyl, A300-
081), pRPA32 (Bethyl, A300-245) and 53BP1 (Abcam,
ab175933). Secondary antibodies conjugated to an appro-
priate fluorophore were used to detect the proteins of in-
terest (Invitrogen, A21127, A11001, A11008 and A31572).
Cells were counterstained with DAPI to determine the nu-
clear localization of the protein of interest. Images were ac-
quired with a Zeiss TIRF microscope in a blinded fashion
and analyzed with FIJI software.

Immunoblotting

Cells were collected and lysed in radioimmunoprecipitation
assay (RIPA) buffer plus protease inhibitors. Lysates were
incubated in RIPA for 15 min at 4°C and centrifuged at
4°C for 15 min. Protein concentrations were assessed using
a Bradford protein assay. Samples were then resuspended
in 4x lithium dodecyl sulfate sample buffer and denatured
using heat. Protein samples were electrophoresed on 4-20%
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
gels and transferred to nitrocellulose membranes in trans-
fer buffer (20% methanol, 11% glycine and 3.4% Tris) at 100
V. Membranes were blocked with 5% milk in Tris-buffered
saline-0.1% Tween (TBST) at room temperature for 45
min. The membranes were then incubated overnight in 5%
milk in TBST at 4°C with an EXO1 (Thermo Fisher, 266)
or actin (Novus, NB600-503) antibody. Membranes were
subsequently washed in TBST and exposed to horseradish
peroxidase-conjugated secondary antibodies in 5% milk in
TBST at room temperature for 1-2 h. Membranes were sub-
sequently developed and enhanced using a commercial en-
hanced chemiluminescent kit.



Telomere fluorescent ir situ hybridization

Cells were pre-treated with colcemid at 10 mg/ml for 3 h
prior to collection. Cells were then fixed with methanol and
acetic acid at a ratio of 3:1, dropped over a wet slide at a 45°
angle and then washed and dried overnight in a fume hood
at room temperature. Metaphase-containing slides were
then rehydrated with PBS, fixed with 4% paraformaldehyde,
dehydrated in a cold ethanol series and heat denatured to
allow for hybridization of a Cy3-conjugated PNA telomere
probe (C3TA;); (PNA Bio, F1002). Slides were then washed
and counterstained with DAPI and dehydrated in a cold
ethanol series. Images were acquired by a Zeiss TIRF micro-
scope and analyzed with FIJI software. Images were scored
in a blind fashion.

Chromosome orientation fluorescent in situ hybridization

Cells were grown in 7.5 mM BrdU and 2.5 mM BrdC for 14
h prior to treatment with colcemid at 10 mg/ml for 3 h prior
to collection. The cells were then fixed, dropped over a wet
slide at a 45° angle and then washed and dried overnight
as described for telomere fluorescent in sifu hybridization
(T-FISH). Metaphase cell-containing slides were then re-
hydrated in PBS, stained with Hoechst 33258 and exposed
to 365 nm UV light. Slides were then digested with Ex-
olll, washed in PBS and dehydrated in a cold ethanol se-
ries. Slides were then individually hybridized with a G- or
C-strand-specific PNA probe conjugated to either Cy3 or
AF488 (PNA Bio, F1008 and F1002). The slides were then
washed, counterstained with DAPI and dehydrated in a
cold ethanol series. Images were acquired on a Zeiss TIRF
microscope and analyzed with FIJI software. Images were
scored in a blind manner.

MTS assay

Actively dividing cells were plated in triplicate in 96-well
plates. On the following day, cells were treated with a des-
ignated drug. After an appropriate time period, plates were
incubated with CellTiter 96 Aqueous reagent for 3 h to as-
sess viability. Optical densities were then acquired and nor-
malized to untreated control samples for each cell line.

Cancer expression assessment

Fragments per kilobase of transcript per million mapped
reads (FPKM) expression values across 17 cancer subtypes
were obtained from the TCGA (The Cancer Genome At-
las) dataset. Data were obtained through The Human Pro-
tein Atlas website using a custom web scraping R script
(https://github.umn.edu/linx1048/exo1). FPKM expression
distributions were plotted from these data using a ‘ggplot2’
R package (Figure 7).

Survival data for 17 cancer subtypes were also obtained
from The Human Protein Atlas website (original source:
TCGA). A custom web scraping R script (see above) was
used to obtain the following data for each sample: ‘liv-
ing years’, ‘FPKM’ and ‘Dead’ status, and the recom-
mended FPKM expression cutoff values for ‘high’ versus
‘low’ expression. Kaplan—Meier survival curves were gener-
ated using the ‘survival’, ‘survminer’ and ‘dplyr’ R pack-
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ages. The four cancer subtypes showing significant asso-
ciation after multiple test correction (false discovery rate
<0.05, Benjamini—-Hochberg) are shown in Figure 7.

Statistics

Statistical analyses were carried out using the Prism soft-
ware. Asterisks represent the degree of significance deter-
mined by the stated statistical test: *, ** *** and **** de-
note <0.05, <0.01, <0.001 and <0.0001, respectively. Error
bars indicate the standard deviation unless otherwise noted.

RESULTS
Generation of viable £XOI-null human cells

To study the function of EXOI1 at telomeres and G4s,
EXOI-null cell lines were generated in multiple human cell
line backgrounds. To achieve this scientific end, a clustered
regularly interspaced short palindromic repeats/CRISPR-
associated 9 (CRISPR/Cas9) approach was utilized (32).
sgRNAs were designed to target the second coding exon of
the EXOI gene (Supplementary Figure S1A) and frameshift
mutations were successfully introduced and confirmed by
Sanger sequencing. Two independent EXOI-null clones
were isolated in HeLa (where the gene is triploid; Figure
1A), ARPE-19, U-2 OS (where the gene is also triploid)
and HCT116 (Supplementary Figure S1B-D, respectively)
backgrounds and confirmed by western blot. These cell
lines represent hTERT (human telomerase)-positive can-
cerous (HeLa and HCT116), and ALT (alternative length-
ening of telomeres)-positive cancerous (U-2 OS) and non-
cancerous (ARPE-19) genetic backgrounds. Additionally,
select clones from these different backgrounds were sta-
bly complemented with an EXO1-expressing cDNA to re-
store nuclease expression (Figure 1A; Supplementary Fig-
ure SIB-D). These complemented EXO/-mutant lines were
used to analyze functional rescue of observed phenotypes in
subsequent experiments. Of note, the EXO/-null HeLa cells,
which were utilized most frequently, had no notable growth
defect (Supplementary Figure S1E). Altogether, these data
indicate that EXO! is non-essential in human cells and that
its absence does not, on its own, significantly limit prolifer-
ation.

EXOI-null human cells have telomeric defects

EXOI1 plays a role in 3’ overhang generation at telomeric
ends in the mouse (24) and in yeast (28). To see whether this
phenotype could be extended to human cells, we carried out
a conventional non-denaturing, in-gel hybridization analy-
sis [i.e. a G-overhang analysis (33)]. Genomic DNA was pre-
pared from the indicated cell lines and digested to comple-
tion with frequent-cutting restriction enzymes that will not
cleave the telomeric TTAGGG sequence. The samples were
then pre-treated either without (—Exol) or with (+Exol)
purified bacterial Exol (a 3’ — 5 exonuclease) as a con-
trol to demonstrate that the ssDNA that hybridized in this
assay corresponded to a G-overhang. Following gel elec-
trophoresis under native conditions, the samples were hy-
bridized with a telomere-specific probe and the signal quan-
titated. Finally, the gel was denatured and rehybridized with
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Figure 1. Generation and characterization of telomere defects in EXO/-null HeLa cells. (A) Western blot confirmation of EXO1 expression in the parental
wild-type (WT) HeLa cells, as well as two EXOI-null clones (#1 and #2) and EXO1~/~/=EXOl ‘an EXOI-null clone complemented with an EXOI cDNA.
Actin was used as a loading control. (B) DNA damage assessment at telomeres with a TIF analysis. TRF2 was used as a telomere marker and gamma-
H2AX as a marker of DNA damage. Scale bar = 10 wm. (C) Quantification of the TIF analysis from (B). A paired 7-test was used to evaluate statistical
significance; n = 150 from three independent experiments. (D) Representative images of T-FISH analyses of EXOI-HeLa cell lines. Chromosomes were
DAPI stained (blue) and telomeres imaged with a PNA probe (red). Abnormalities are marked with white arrowheads. (E) Quantification of T-FISH from
(D). Sister chromatid fusions, chromosome:chromosome fusions and signal-free ends were scored. A one-way ANOVA analysis followed by Tukey’s post-
hoc test was used to determine statistical significance; n = 6000 from three independent experiments. (F) Telomere restriction fragment (TRF) assessment
of telomere length in HeLa E£XO/-null cell lines.



a telomere-specific probe. The ratio of the native to dena-
tured telomeric signal constitutes an arbitrary measurement
for G-overhangs (33). G-overhangs were shortened signifi-
cantly in both EXOI-null cell lines (Supplementary Figure
S2A and B). Thus, the loss of EXO1 in human somatic cells
manifests itself in demonstrable telomere defects, although
these deficits are not reflected in the overall cellular fitness
(Supplementary Figure S1E).

EXOI1 has also been implicated in a bevy of replica-
tion dynamics including HDR-mediated rescue of stalled
forks (25,26) that are relevant for replication fork progres-
sion through a telomere. Thus, we posited that the re-
moval of EXO1 may have deleterious effects on overall
telomere integrity in human somatic cells. To determine
whether EXOI-null cells have elevated levels of telomere
damage, a TIF analysis was performed. Colocalization of
gamma-H2AX, a marker for DNA damage, with TRF2,
a Shelterin complex subunit that binds the telomeric se-
quence (1), was quantified (Figure 1B and C). In the EXO!-
deficient HeLa cells, DNA damage at telomeres was sig-
nificantly, but not dramatically, elevated compared to their
WT counterparts. To expand on this, we assessed for telom-
ere abnormalities by T-FISH (Supplementary Figure S3A).
Specifically, EXOI-deficient HeLa cells displayed at least a
2-fold increase in telomere aberrations including signal-free
chromosome ends and sister chromatid fusions and a mod-
est elevation in telomere fragility (Figure 1D and E; Supple-
mentary Figure S3D). Importantly, in every instance, the
re-expression of EXOI protein in the null cell lines sup-
pressed these phenotypes (Figure 1D and E; Supplementary
Figure S3D). To evaluate whether this increase in telom-
eric aberrations and damage had a negative effect on total
telomere length, we performed TRF analyses. EXO/-null
cells possessed significantly shorter telomeres than passage-
matched WT cells (Figure 1F). ARPE-19 and HCT116 cell
lines lacking EXO1 also exhibited this telomere shortening
profile (Supplementary Figure S3B and C) demonstrating
the generality of this defect. (Note that the extremely long
telomeres in U-2 OS cells preclude their characterization
by a traditional TRF analysis.) In conclusion, EXO/-null
human cells exhibit spontaneous telomere defects including
shortening and increased instability, although, again, these
deficits are not reflected in the overall cellular fitness (Sup-
plementary Figure S1E).

EXOI-null cells are sensitive to G4 stabilizers

To determine whether the telomeric defects observed in un-
treated EXOI nuclease-deficient cells could be enhanced,
the HeLa EXO/I-null, complemented and WT cell lines were
treated with the G4 stabilizer, pyridostatin (Supplemen-
tary Figure S4A), and toxicity assays were carried out. The
EXOI-deficient HeLa cells were quite sensitive to increasing
doses of pyridostatin, whereas the WT and complemented
cell lines displayed only slight sensitivities at high dosages
(Supplementary Figure S4B). To confirm that this sensitiv-
ity was not exclusive to HeLa cells, we performed toxicity
analyses in the three additional £XO/-null human cell lines:
ARPE-19, U-2 OS and HCT116. In these backgrounds, to
varying degrees, an EXOI deficiency equated to significant
pyridostatin sensitivity, at least at high doses (Supplemen-
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tary Figure S4C-E). To verify that this sensitivity was not
due to unique non-specific effects of pyridostatin, we re-
peated the toxicity analyses with the small molecule, CX-
5461 (Supplementary Figure S4A). CX-5461 also selectively
stabilizes G4 structures and has been validated as a po-
tential therapeutic for certain DNA repair-deficient cancers
(34). Mirroring the effects of pyridostatin, EXOI-deficient
HeLa cells were hypersensitive to CX-5461 treatment (Sup-
plementary Figure S4F). These data demonstrated that an
EXO1 deficiency leads to a sensitivity toward G4-stabilizing
compounds in both cancerous and non-cancerous back-
grounds.

EXOL1 deficiency leads to telomere replication defects under
G4-stabilizing conditions

To determine the source of G4 stabilizer hypersensitivity in
the absence of EXO1, we explored the possibility of a repli-
cation impairment in the mutant cells. Telomeres represent
a large genomic region that is highly enriched in G4s and
thus a suitable region to explore the replication dynamics of
these structures. Thus, to specifically gauge EXO1’s role in
telomere replication, we performed telomere-specific DNA
combing using modifications of an existing protocol (35).
Cells were pulsed with IdU, genomic DNA was collected, a
telomere enrichment was performed by restriction enzyme
digestion removal of non-telomeric sequences, individual
DNA fibers were combed and both telomeres and IdU
incorporation were quantitated. This procedure yielded a
high percentage of telomere-containing DNA fibers (Sup-
plementary Figure S5A). Telomere fibers were then ana-
lyzed for replication tracts that coincided with the beginning
of the telomere sequence, were partially replicated through
the telomere or were completely replicated to the end of the
telomere (left to right, respectively, Figure 2A). In unchal-
lenged conditions, there was no significant difference be-
tween the mutant and EXOI-proficient cells (Figure 2B).
However, after treatment with pyridostatin, telomere repli-
cation defects increased preferentially in the EXO/I-null cells
(Figure 2C). Specifically, replication tracts that ended at
the beginning of the telomere, presumably in the subtelom-
ere region, increased 2-fold in the EXO/-null mutants com-
pared to the parental cells. Additionally, forks that had
only partially replicated through the telomere were also in-
creased. As a result, faithful, complete replication of telom-
eres was decreased in the absence of EXO1 (Figure 2C).
Again, restoration of EXO1 expression in the mutant cell
lines complemented all of these phenotypes. Importantly,
there was no overall change in the frequency of unreplicated
versus attempted replication events in any genetic back-
ground (Supplementary Figure S5B and C) demonstrating
that the differences were not simply due to more or less
replication in the mutant cell lines.

To corroborate that replication fork progression into
telomeres after G4 stabilization was specifically due to fork
arrest at individual G4 structures, we performed a novel
G4-specific DNA combing using a technique that we de-
veloped based on modifications of an existing protocol (36).
As a control, native and denatured DNA fibers were stained
with a G4-specific antibody (1H6) and puncta were ob-
served only in the native, but not denatured, state indicat-
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ing that the antibody was in fact detecting G4 secondary
structures (Supplementary Figure S5D) (37). To detect G4
structures in combed DNA fibers, we utilized this G4 an-
tibody and click-it chemistry and probed for replication
tracts stalled at G4s (Figure 2D). Under G4-stabilized con-
ditions, a small, but significant, increase in replication forks
stalled at these structures in the absence of EXO1 was ob-
served (Figure 2E). The above results indicate that replica-
tion through telomeric G4s is impaired under these condi-
tions in EXOI-null cells.

Finally, to address whether the increase in replication
forks accumulating at G4 structures in £XOI-null cells was
possibly due to dysregulation in G4 processing factors such
as RTELL, we carried out PLAs using antibodies directed
against G4s, RTEL1 [a known G4-interacting protein (21)]
and EXO1. An interaction between RTEL1 and G4s was

readily observed in the parental cell line and, importantly,
the frequency of this interaction did not increase in the
EXOI-null cells (Supplementary Figure S6A and B). More-
over, an interaction between RTEL1 and EXOI1 proteins
was observed in the parental HeLa cell line and completely
abolished in the EXOI~/~ cell line. These experiments sug-
gest that EXOL1 is, like RTELI, a legitimate G4-interacting
(and likely processing) factor. Moreover, and more impor-
tantly, they suggest that there is not a defect in RTEL1 he-
licase processing of G4s in the EXOI-null cells.

Resection occurs proximal to G4s as

repair /resolution process

part of the

EXOI1 is an exonuclease responsible for the 5 — 3’ re-
section of DNA as well as cleavage of 5-flap structures



(23). Thus, we explored the possibility that EXO1’s role
in G4 resolution was due to either resection of nascent
DNA at stalled/collapsed replication tracts or cleavage
of the quadruplex itself. To determine whether resection
takes place around G4 structures, we performed a mod-
ified SMART assay (38) under G4-stabilized conditions.
G4 structures were detected lying on the extremities of ss-
DNA tracts, indicative of resection taking place predomi-
nately on one side of the quadruplex (Figure 3A). To as-
sess whether EXO1-deficient cells are defective in resection
around these structures, we quantified the total percentage
of ssDNA fibers that contained a G4 structure under G4-
stabilized conditions. In the absence of EXO1, fewer ssDNA
fibers contained a G4 (Figure 3B). Although the difference
was modest, it was statistically significant. Further, we mea-
sured the length of the ssDNA tracts that contained G4s
and observed that the magnitude of resection flanking G4s
was negatively impacted by the absence of EXO1 (Figure
3C). We validated these findings with a second G4 antibody
(BG4) and achieved similar results (Supplementary Figure
SSE and F). Finally, to further confirm that in the absence of
EXOI1 there is a lack of resection globally, including at non-
telomeric G4s, we probed for the presence of phosphory-
lated replication protein A (p-RPA32)—RPA32 phospho-
rylated at serines 4 and 8 is a marker of DNA resection
(39)—during pyridostatin stabilization (Figure 3D). While
EXO1-proficient cells exhibited increased levels of p-RPA32
in response to pyridostatin treatment, EXO1-deficient cells
did not (Figure 3E). These data imply that resection around
stabilized G4s is part of normal resolution and repair. In
the absence of EXO1, resection is limited at these sites, pre-
sumably forcing the cell to engage in alternative pathway(s)
to repair the compromised replication forks stalled at these
secondary structures.

G4 stabilization results in increased non-homologous end
joining when EXO1 is absent

To determine the fate of prolonged fork stalling at G4s in
the absence of EXO1, we first assayed for the level of DNA
DSBs. Immunofluorescent staining of gamma-H2AX, a
marker for DSBs (40), revealed no difference in the lev-
els of DSBs in all backgrounds under untreated conditions
(Figure 4A and C), the increase in TIFs described earlier
(Figure 1B and C; Supplementary Figure S9A) notwith-
standing. However, in the presence of pyridostatin, DSBs
were significantly elevated in the EXOI-null, but not in
the WT or complemented cell lines (Figure 4A and C).
DNA DSBs can occur throughout the genome and are typi-
cally repaired by either error-free HDR or error-prone non-
homologous end joining (NHEJ). Importantly, extensive re-
section at sites of DSBs is recognized as a commitment step
to the HDR pathway (41). Thus, if resection is lacking or
diminished as is the case in the EXOI-null cells (Figure 3),
then error-prone NHEJ may be preferentially utilized. To
probe for this possibility, we assessed the levels of 53BP1, a
marker for the NHEJ pathway and a factor that is known
to impede resection (42). In unchallenged conditions, there
was no difference in 53BP1 foci between EXO1-proficient
and -deficient backgrounds (Figure 4B and D; Supplemen-
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tary Figure S9B). However, in the presence of pyridostatin
there was a striking increase in the levels of 53BP1 foci in
EXOI-null cells, whereas no change was observed in EXO1-
proficient cells (Figure 4B and D). Further, this increase
in 53BP1 was most pronounced in S-phase cells, implying
53BP1 deposition occurs in response to replicative stress
or fork collapse in the absence of EXO1 (Supplementary
Figure S7A and B). To assess the magnitude of the contri-
bution of NHEJ in G4-induced break repair, we inhibited
DNA-PK in EXO1-proficient and -deficient cells and as-
sessed the levels of gamma-H2AX. DNA DSB accumula-
tion was elevated 2-fold in the absence of functional NHEJ
and EXOI1 compared to EXO1 loss alone (Supplementary
Figure S8A and B). This increase in damage was not mir-
rored by DNA-PK_; inhibition in the presence of functional
EXO1 and NU7441 treatment alone had no effect on via-
bility across EXO1-proficient and -deficient cell lines (Sup-
plementary Figure S8C). Altogether, these data imply that
EXO1-mediated fork resection is critical for the rescue of
replication forks impeded by G4s. This fork rescue is pre-
sumably carried out by the HDR machinery. In the absence
of EXO1, we propose that reduced resection at G4s instead
leads to NHEJ-mediated repair of the collapsed forks.

G4 stabilization exacerbates telomere aberrations in the ab-
sence of EXO1

Impaired telomere replication events can, in many cases,
lead to severe telomere dysfunction. Indeed, telomere fusion
events, telomere breaks, and telomere loss have all been as-
sociated with faulty telomere replication (7,43). Thus, cells
lacking EXO1 and challenged by a G4 stabilizer should ac-
crue even more genomic instability at their chromosome
ends than they normally possess (Figure 1). To rigorously
assess telomere integrity, we performed chromosome ori-
entation FISH (CO-FISH) analyses (44). In this protocol,
the G-rich and the C-rich telomere strand of a metaphase
chromosome are labeled with different colored probes such
that strand-specific differences can be assessed. In unchal-
lenged conditions, telomere dysfunction was elevated in the
nuclease-deficient background, specifically on the C-rich
template strand (‘Tel C’; Figure SA and B). After treat-
ment with pyridostatin, however, signal-free ends increased
significantly in the EXOI-deficient cells and preferentially
on the G-rich template strand (“Tel G’; Figure SA and B).
These data imply that EXO1’s already established role at a
telomere (G-overhang formation) may perhaps be distinct
from its roles in G4 resolution, as evidenced by the stranded
switch in telomere defects in the absence and presence of
the G4 stabilizer. Additionally, pyridostatin treatment in-
duced damage at telomeres as evidenced by TIFs in the ab-
sence of EXO1 (Supplementary Figure SI0A and B). These
data imply telomeres are indeed being lost to inappropriate
repair events. Importantly, however, in all cases, an EXO1
deficiency synergized with G4 stabilization to increase to-
tal telomere abnormalities (inclusive of signal-free ends,
telomere fusions, dysfunction and chromosome breaks) and
thus unequivocally demonstrated that the absence of EXO1
leads to G4 stabilizer-induced genomic instability (Figure
50).
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Figure 3. Resection occurs proximal to G4s as part of the repair/restart process. (A) Representative images of SMART combing for G4s. ssDNA is
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24 h of pyridostatin treatment. A paired -test was used to determine statistical significance; n = 250. (C) Measurement of G4-containing ssDNA fibers as a
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EXO1 expression as a marker for cancer prognosis

G4 stabilizers have recently been exploited as a potential
cancer therapeutic in several DNA damage repair-deficient
cancers (34). Here, we have established that an EXOI defi-
ciency leads to a hypersensitivity to G4 small molecule sta-
bilizers. Together, these data suggest that the expression of
EXO1 in a given cancer may serve as a marker to deter-
mine whether or not G4 stabilization would be an effica-
cious treatment option. In other words, if a patient’s can-

cer expresses high levels of EXOI, they likely possess a ro-
bust backup pathway to resolve G4s when helicases fail.
Alternatively, if a cancer expresses low levels of EXOI, it
lacks a backup pathway for G4 resolution and will likely
be sensitive to G4 stabilization. This treatment approach
is, of course, dependent on the deregulation of EXO1 ex-
pression in a cancer cell. Thus, to assess the EXO1 expres-
sion profile across a variety of tissue-specific cancers we uti-
lized existing TCGA datasets. EXO1 expression was vari-
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able in regard to an affected organ or tissue type being,
for example, extremely abundant in testis cancer and virtu-
ally undetectable in renal or prostate cancers (Figure 6A).
However, this diverse expression of EXO1 across cancer
subsets also suggested that its expression may be linked to
certain cancers’ progression. To determine whether EXO1
expression correlated with patient prognosis, we analyzed
17 different cancer types and grouped patients by either
high expression or low expression of EXO1. Among these
17 cancers, four types showed significant association be-
tween EXOI expression and outcome (false discovery rate
<0.05; after Benjamini-Hochberg multiple testing correc-
tion): melanoma, liver cancer, endometrial cancer and re-
nal cancer (Figure 6B-E). In all four cases, high EXO1 ex-
pression was associated with poor survival outcomes. In-
triguingly, renal cancer, where the average EXO1 expres-
sion across tumors is among the lowest cancer types (Figure

6A), also displayed the same marked association between
high EXOI1 expression levels and survival outcome (Fig-
ure 6E). Thus, G4 stabilization therapy coupled with EXO1
inhibition or endogenously low levels of EXO1 expression
presents a putative cancer treatment option for cancers with
diverse current standards of care. In toto, these data also
suggest that low EXO1 expression in these cancers confers
a survival advantage.

DISCUSSION

In this study, we document a bona fide role for EXO1 in
safeguarding DNA replication forks through G4-rich re-
gions. Specifically, we have demonstrated that telomeres,
which are particularly G4-rich regions, are hypersensitive to
G4-stabilizing compounds in the absence of EXO1. With-
out EXO1, elevated levels of replication fork stalling within
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the telomere occur in G4-stabilized conditions and this
ultimately results in increased telomeric fusions and loss.
Mechanistically, we also demonstrate that the replication
forks stalled at G4 structures have decreased levels of re-
section proximal to these sites without EXOI1. As a conse-
quence, these forks are not properly restarted and they have
the propensity to collapse, where the resulting DNA DSBs
are repaired via error-prone NHEJ rather than the more
error-free (but EXO1-dependent) HDR pathway. Thus, an
EXO1 deficiency coupled with G4 stabilization leads to in-
creased DSBs at G4-enriched sites and this, in turn, leads
to elevated levels of genomic instability due to error-prone
NHEJ-mediated repair (Figure 7).

Replicating through G4 structures becomes especially
difficult under G4-stabilized conditions as these structures
become harder to dismantle. It is generally accepted that he-
licases typically unwind G4s and that their failure to do so
can lead to replication fork stalling (45). Intuitively, under
G4-stabilizing conditions, helicases will likely have a higher
propensity to fail to unwind at G4s, giving rise to the need
for a parallel or backup mechanism to resolve the struc-

ture and restart replication. Intriguing, this hypothesis sug-
gests that there may be natural conditions (i.e. in the ab-
sence of G4-stabilizing compounds), where G4s may be sta-
bilized and/or resistant to helicase activity. What these con-
ditions may be and/or whether there is a specialized sub-
set of G4s that require a parallel/backup pathway are is-
sues that warrant further investigations. Interestingly, how-
ever, in the absence of EXOI1, there is not an increase in
the helicase RTEL1 associated with the G4s (Supplemen-
tary Figure S6), suggesting perhaps that RTEL1 may be
limiting for G4 resolution. Importantly, EXO1-mediated re-
section around these impediments is a critical step for the
repair and rescue process when G4s fail to be unwound.
EXO1 resection occurs in a 5 — 3’ direction. Thus, EXO1-
mediated resection at a stalled fork would presumably tar-
get nascent lagging-strand DNA as part of the fork recov-
ery process and it would, perforce, leave the template G-rich
strand single-stranded (Figure 7, left panel). Indeed, in as-
sessing tracts of ssDNA in the genome, we observed that
a large number contained a G4 structure, indicating that
resection had exposed the G-rich template strand (Figure



3B). Further, we showed that these G4s lie on the ends of ss-
DNA tracts, consistent with resection being unidirectional
on one side of the structure rather than on both sides, as is
the case at DNA DSBs. Finally, our data corroborate a re-
cent study (36) showing that resection can take place around
these structures when breaks occur proximal to them, indi-
cating that this is part of a general repair process and not
necessarily telomere-specific.

Indeed, our data imply that EXOI resection plays a dual
role in safeguarding these replication forks. First, EXO1 re-
section may facilitate restart, circumventing fork collapse
entirely, which in turn promotes genome stability (Figure
7, left panel). This function is best exemplified by EXOI1-
proficient cells, which do not display increased DNA dam-
age and prolonged fork stalling in response to G4 stabiliza-
tion. Second, if the replication fork does, e.g. after exten-
sive stalling, collapse, then EXO1-mediated resection can
act as a commitment step in HDR-mediated rescue (Fig-
ure 7, left panel). This interpretation is supported by the
increase in 53BP1 foci (indicative of NHEJ-mediated re-
pair) in EXO1-deficient cells after pyridostatin treatment,
which was not mirrored in EXO1-proficient cells (Figure 4B
and D). Thus, the absence of EXOI results in a proverbial
‘double whammy’ for cells: it precludes the proper repair of
stalled replication forks and it then funnels these same bro-
ken forks into an error-prone process (Figure 7, right panel).
Finally, it should be noted that previous work has indicated
that EXOI1 plays a role in fork reversal (25,46). Our data do
not exclude this possibility, which indeed may occur to some
extent as a necessary prerequisite to fork restart (Figure 7,
left panel). Moreover, other reports have identified the abil-
ity of another 5 — 3’ nuclease, DNAZ2, to clip out G4 struc-
tures from dsDNA (29). Our data do not directly support a
similar role for EXO1, but it remains to be seen whether or
not the endonuclease ability of EXO1 is capable of such a
function. Future in vitro studies and separation-of-function
mutations will be necessary to confirm or refute this possi-
bility although we note that DNA?2 loss-of-function human
cells are not viable (unpublished data) and thus the com-
plete loss-of-function EXO1 and DNA2 mutants are not
functionally equivalent.

Interestingly, EXO1-null cells displayed small, but signif-
icant, telomeric C-rich strand-specific defects as detected
by CO-FISH in unchallenged conditions (Figure 5B). We
speculate that this may be due to EXO1’s role in 3’ over-
hang generation. Thus, the leading C-rich template strand
is usually replicated to the end of the chromosome and
then the C-strand is resected by the combined action of the
nucleases Apollo and EXO1 (24). Because of this, loss of
EXO1 activity in the mouse is associated with shorter G-
overhangs (24). We have observed an identical phenotype in
our human HeLa (Supplementary Figure S2) and HCT116
(data not shown) EXO1-null cell lines. Thus, a parsimo-
nious interpretation of these results is that, in unperturbed
conditions, there is a higher incidence of aberrant events
(signal-free ends and aberrant chromosomes) caused by the
shorter G-overhangs on leading chromosome ends. While
certainly non-trivial, we would like to emphasize that the
G-rich strand defects under G4-stabilized conditions that
we have described here for EXO1-null human cells domi-
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nate the cellular phenotype. This activity constitutes a new
role for EXOL at the telomere.

Recently, G4s have emerged as a promising therapeu-
tic target for cancer treatment (47). It is well established
that DNA repair pathway dysregulation is a major driver
of cancer development and thus a possible therapeutic tar-
get as well (48). Proper resolution of G4s requires special-
ized replication and repair proteins that may be either mu-
tated and/or variably expressed in specific cancers. Thus,
stabilization of these structures for certain cancer profiles
is being exploited as a favorable treatment strategy (34).
EXOI1 is commonly mutated in cancers, but it remains un-
clear whether or not these mutations yield a non-functional
protein, result in gain-of-function or have no effect. Ad-
ditionally, EXO1 is frequently overexpressed in a variety
of cancer types (49). This upregulation of EXO1 may rep-
resent a cancer cell’s method of overcoming difficult G4s
when other pathways have become incapable of resolving
these impediments. It follows that a cancer cell that ex-
presses EXOL1 at high levels may be particularly resistant
to G4 stabilization as a form of therapy as it should be
able to initiate a robust backup response to G4 helicase fail-
ure. Interestingly, high expression of EXO1 in many cancer
backgrounds also correlates with poor prognosis in com-
parison to low EXO1 expression (Figure 6B—-E). These data
suggest two complementary avenues of therapeutic inter-
vention. Thus, in cancer patients expressing low levels of
EXOI1 (who already have a relatively better prognosis; Fig-
ure 6B), survival might be even more enhanced by includ-
ing treatments with G4-stabilizing compounds. In a recipro-
cal fashion, cancer patients expressing high levels of EXO1
(who currently have a relatively poor prognosis) might ben-
efit from small molecule inhibitors of EXO1 (potentially
in combination with G4-stabilizing compounds). Although,
to our knowledge, there are currently no approved EXO1
inhibitors available, our data would predict that such com-
pounds could be therapeutically useful.

The data we have presented here demonstrate that EXO1
contributes to telomeric G4 resolution, which is normally
a hurdle for the replication and repair machinery. When
a replication fork stalls at a G4, we postulate that EXO1
is recruited to that G4 (Supplementary Figure S6) and fa-
cilitates resection and ultimately repair or restart of the
fork to ensure proper completion of replication and sur-
vival (Figure 7, left panel). In contrast, the absence of EXO1
equates with a decreased ability to resolve, repair and repli-
cate through telomeric G4 structures leading to fork col-
lapse and NHEJ-mediated repair (Figure 7, right panel).
The aberrant NHEJ repair events, in turn, result in telomere
loss, genomic instability and death as the loss of telomeric
DNA can ultimately lead to apoptosis/senescence (50,51).
Finally, EXO1 expression profiles in cancer may make it
a favorable biomarker for the potential efficacy of small
molecule G4 stabilizers as a therapeutic treatment.
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