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Nuclease-helicase DNA2 is amultifunctional genome caretaker that is essential for
cell proliferation in a range of organisms, from yeast to human'™. Bi-allelic DNA2
mutations that reduce DNA2 concentrations cause a spectrum of primordial dwarfism
disorders, including Seckel and Rothmund-Thomson-related syndromes’”’.

By contrast, cancer cells frequently express high concentrations of DNA2 (refs. 8-11).
The mechanismthat precludes cell proliferation in the absence of DNA2 and the
molecular aetiology of DNA2-linked diseases remain elusive. Here we used yeast and
human cells to demonstrate that DNA2 suppresses homologous recombination-
restarted replication and checkpoint activation at stalled DNA replication forks.
Loss of this control mechanism upon degradation of DNA2 in human cells causes
recombination-dependent DNA synthesis and build-up of RPA-bound single-stranded
DNAinthe G2 phase of the cell cycle. Consequently, DNA2 deprivation triggers the
DNA damage checkpoint and invariably leads to ATR-p21-dependent cell-cycle exit
before mitosis. These findings explain why DNA2is essential for cell proliferation and
reveal that replication fork processing to restrict recombination is indispensable for
avoiding cellular senescence. Stochastic entry into senescence stifles the proliferative
potential of cells following the expression of a Seckel syndrome patient-derived DNA2

hypomorph or partial degradation of DNA2, providing a conceptual framework to
explain global growth failure in DNA2-linked primordial dwarfism disorders.

DNAZ2isimplicated in DNA repair and replication’. A prevailing model
posits thatarole in Okazakifragment processing during lagging-strand
replication renders DNA2 essential for cell proliferation®®. This is
consistent with the ability of DNA2 to cleave 5’-flaps bound by the
single-stranded DNA (ssDNA)-binding protein RPA, which makes
them refractory to the Okazaki fragment processing nuclease FEN1
(ref. 14). Thus, RPA-bound flaps might accumulate in the absence of
DNA2,leading to DNA damage checkpoint activation', and explain the
lethal G2/M checkpoint arrest that occurs in yeast upon loss of DNA2
(ref. 16). However, whether toxic Okazaki fragment-linked flaps exist in
Dna2-defective yeast cells remains uncertain, and evidence for an Oka-
zaki fragment processing role for human DNA2 has not been found'*".

Analternative hypothesis'® suggests that afunctionin mediating the
recovery of stalled DNA replication forks (RFs)*"°?2 may explain the
essential requirement for DNA2. Human DNA2 degrades nascent DNA
atstalled RFs, which correlates with replication restart' or pathologi-
calhyperresectionif fork protection factors, such as FANCD2 (ref. 23),
BRCAZ2 (ref. 24) and BOD1L?, are compromised. By contrast, depletion
of DNA2 in yeast and human cells results in increased RF reversal, in
which the nascent leading and lagging strands dissociate and anneal
to each other to generate a four-way DNA intermediate known as a
chicken-foot structure*'**, This indicates a conserved mechanism
whereby the controlled processing of stalled RFs by DNA2 counteracts

RF reversal and promotes fork reactivation. Persistent chicken-foot
structures can give rise to homologous recombination-restarted rep-
lication (HoRReR), which provides a pathway to recover stalled RFs at
which conventional replication cannot be reactivated”*. HoRReR uses
the DNA end at the small toe of a chicken-foot structure as a substrate
for RADS51-dependent strand invasion into the parental template, in
whichadisplacementloop (D-loop) is formed*. Within the D-loop, the
invading 3’-end reinitiates templated DNA synthesis while displacing
the non-complementary strand as ssDNA?. D-loops can give rise to
substantial DNA synthesis tracts, thereby contributing to replication
completion. However, D-loop DNA synthesis is error-prone and unsta-
ble, which canlead to template switching, ectopic recombination and
genomic instability®. Whether HoRReR is elevated when DNA2 func-
tioniscompromised, and whether thisis related to toxic DNA damage
checkpoint activation in DNA2-mutated cells, remains unknown.
Here we demonstrate that the actions of Dna2 suppress HoRReR at
asite-specific replication barrier in fission yeast. In human cells, we
found that DNA2 deprivation results in recombination-dependent
DNA synthesis at persistent replication intermediates, anaccumulation
of RPA-bound ssDNA in G2, sustained activation of the DNA damage
response and, invariably, ATR-dependent withdrawal from the cell
cycle before mitosis. These results answer the long-standing question
of why DNA2is indispensable for eukaryotic cell proliferation and have
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important implications for the use of DNA2 inhibitors as anti-cancer
agents, as well as providing a molecular model for DNA2-linked pri-
mordial dwarfism.

DNA2suppresses HORReR

The RTSIreplication barrier in the fission yeast Schizosaccharomyces
pombe provides an opportunity to observe HoRReR at stalled RFs**%"%,
Using a reporter strain harbouring direct repeat ade6™ heteroalleles
near R7S1,HoRReR can be measured by quantifying ade’ recombinants
arising by template switching?® (Extended Data Fig. 1a). Given that
dna2'is essential?, we measured HoRReR in cells harbouring Dna2
variant R1132Q (Extended Data Fig. 1b), which is equivalent to the
well-characterized ATPase/helicase-defective®® Dna2 hypomorph
R1253Q (dna2-2) in Saccharomyces cerevisiae. The frequency of ade*
recombinantsincreased by an order of magnitude in dna2-2 cells com-
pared with dna2’ cells (Extended Data Fig. 1c). Plasmid-based expres-
sion of wild-type Dna2 reduced direct repeat recombination in dna2*
and dna2-2 cells (Extended Data Fig. 1d).

Across organisms, recombination-dependent DNA synthesis requires
DNA polymerase-6 (Pol5) subunit POLD3 (Cdc27 and Pol32 in fission
and budding yeast, respectively)®3*. S. pombe cells harbouring the
truncated cdc27-D1 version® of the essential cdc27* gene are strongly
defective for break-induced replication®*, amechanism* to recover bro-
ken RFs by recombination-dependent DNA synthesis. We determined
that HoRReR-mediated DNA synthesis (where Pold synthesizes the
Watson and Crick strands)® at RTSIwas markedly reduced in cdc27-D1
cells (Extended Data Fig. 2). The expression of Cdc27-D1 (Extended
Data Fig. 3a) largely abolished the formation of ade’ recombinants at
RTSI (Extended Data Fig. 3b). Combining dna2-2 with cdc27-D1 sup-
pressed the dramatic increase in RTSI-dependent ade’ recombinants
associated with Dna2 dysfunction, confirming that HoORReR underpins
excessive ade’ recombinants in Dna2-defective cells (Extended Data
Fig. 3b). Moreover, although dna2-2 and cdc27-D1 are each associated
with chronic checkpoint activation leading to cell elongation compared
withthewild type, the introduction of the dna2-2allele into the cdc27-D1
background did not result in a further increase in cell length beyond
the baseline provided by cdc27-D1 cells (Extended DataFig. 3¢). Finally,
cdc27-DIrestored the diminished cell viability of dna2-2 cells (Extended
Data Fig. 3d). Similar results were obtained for interactions between
Dna2 and Pfhl, a helicase required for efficient D-loop progression®.
Thus, pfhl-mt*, encoding a nuclear-excluded version® of Pfhl, sup-
pressed excessive recombination at RT7S1, checkpoint activation and
poor viability in dna2-2 cells (Extended Data Fig. 3a-d).

Taken together, these findings provide direct evidence that DNA2
restricts recombination and D-loop DNA synthesis at stalled RFs, and
that this function of DNA2is required to avoid checkpoint-mediated
cell-cycle arrest.

ATR blocks mitosis upon loss of DNA2

Although previous studies*®71** on human DNA2 using RNA
interference-mediated gene silencing or conditional knockoutin cancer
cell lines described DNA damage and rampant genomic instability in
the absence of DNA2, a clear view of the molecular events that under-
pin the strict requirement for DNA2 in proliferating cells has not yet
emerged. Here we have taken a rapid protein degradation approach
to study the role of DNA2 in non-transformed human cells. We intro-
duced coding sequences for a mini auxin-inducible degron (mAID)*
and a small-molecule-assisted shutoff (SMASh) tag* into human epi-
thelial RPE-1 cells to replace the stop codon at each genomic copy of
DNA2 (Extended Data Fig. 4a). Cells were additionally modified for
doxycycline-induced expression of Oryzasativa TIR1 (OsTIRI) to enable
controlled target protein degradation through mAID*2. The result-
ing double-degron-tagged DNA2 protein (DNA2Y) can be degraded

by adding doxycycline in combination with the auxin indole-3-acetic
acid (IAA) and/or asunaprevir (Asv) to activate SMASh-tag-mediated
protein degradation. Upon adding a doxycycline/IAA/Asv (DIA) drug
cocktail toRPE-10sTIRI DNA2 cells, DNA2%was no longer detectable
within 4 h (Fig. 1a).

The addition of DIA to RPE-1 OsTIRI DNA2% cells abolished colony
formationin aclonogenic cell survival assay (Fig. 1b) and blocked cell
proliferation (Fig. 1c). To validate that the observed growth defects
were causally linked to loss of DNA2, we complemented RPE-1 OsTIR1
DNA2 cells with wild-type DNA2 complementary DNA (cDNA), which
restored cell proliferation and colony formation after DNA2% degrada-
tion (Extended Data Fig. 4b,c).

Analysis by flow cytometry showed that RPE-1 OsTIRI DNA2% cells
undergo bulk DNA synthesis and traverse S phase after the addition of
DIA butaccumulate with a4N DNA content over a period of 24 h (Fig. 1d).
ATR inhibitor (ATRi) VE-821, but not ATM inhibitor (ATMi) KU55933,
alleviated the block to cell divisionin a dose-dependent manner, indi-
catingtheinvolvement of the apical checkpoint kinase ATR in the failure
of DIA-treated RPE-1 0sTIRI DNA2 cells to progress through mitosis
(Fig. 1e). By live-cellimaging, we observed that newborn daughter cells
with degraded DNA2* failed to undergo even one subsequent mitosis;
this invariable block to cell division could be suppressed by the addi-
tion of ATRi, allowing cells to progress through mitosis and form live
daughter cells (Fig. 1f and Extended Data Fig. 4d,e).

Thus, DNA2is dispensable for bulk DNA replication but essential to
avertanimmediate ATR-dependent halt to cell-cycle progressioninthe
space of asingle cell cycle in non-transformed human cells.

DNAZ2 averts RF persistence

To better understand the consequences of DNA replication without
DNA2, we quantified the genotoxic stress marker yH2AX (histone
H2AX S139 phosphorylation) in RPE-1 OsTIRI control cellsand DNA2
cells. The DIA treatment had no effect in G1 or S phase, but yH2AX
intensity increased significantly in late S/G2 phase in RPE-1 OsTIR1
DNA2% cells (Extended DataFig. 5a). Next, we degraded DNA2, allowed
RPE-10sTIRI DNA2%to transition through the S phase and quantified
yYH2AX foci2 h, 4 h and 8 h after cells had traversed the late S phase
(cells selected on the basis of EAU incorporation patterns; Methods)
(Fig. 2a).Inthe presence of DNA2, cells exhibited amoderate number
of YH2AX foci (median: 5) per cell at the 2-h time point. These foci
quickly diminished and had disappeared at the 8-h time point, in which
cells had progressed into the G1 phase of the next cell cycle. Upon
DNA2 degradation, the cells showed a marked increase in yH2AX foci
(median: 32) 2 h after the late S phase. Over time, yH2AX foci per
cell decreased, but DNA2-deprived cells still exhibited elevated foci
numbers (median: 13) 8 h after completing the S phase (Fig. 2b).
DNA2-deprived cells remained in the G2 phase of the cell cycle and
failed to undergo mitosis. Thus, although the loss of DNA2 does not
resultin obvious replication stress or DNA damage phenotypes during
the S phase, it causes an accumulation of DNA intermediates deco-
rated by yYH2AX in the late S/G2 phase of the cell cycle. This pheno-
type was highly penetrant across the asynchronous population of
DNA2-deprived cells (Extended Data Fig. 5b).

PARP1acts as asensor of unligated Okazaki fragments, and S-phase
poly(ADP-ribose) (PAR) is strongly elevated upon inhibition of the
canonical Okazakifragment processing nuclease FENI (refs. 43,44). To
address whether yH2AX fociin DNA2-deprived cells might be linked to
perturbed Okazaki fragment maturation>'*?, we analysed PAR concen-
trations in DIA-treated RPE-1 0sTIR1 DNA2% cells. The addition of DIA
did not increase PAR signals, nor did it synergize with FEN1 inhibitor
treatment to elevate PAR concentrations above those detected upon
theinhibition of FEN1 (Extended Data Fig. 6). Thisisinline with previous
reports of proficient Okazaki fragment processing in DNA2-depleted
human cells”.
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Fig.1|Degradation of humanDNA2resultsinimmediate ATR-dependent
cessation of cell proliferation. a, Top, schematic of DNA2% with mAID and
SMASh tags for controlled degradation. Bottom, western blot analysis of cell
lysates subjected to DNA2 immunoprecipitation showing loss of DNA2%in
RPE-10sTIRI DNA2% cells after DIA addition over a period of 4 h (representative
oftwoindependent experiments). KU8O, input control. b, Colony-forming
ability of RPE-10sT/RI (Ctrl) and RPE-10sTIRI DNA2% cells after plating 100 cells
inthe presence orabsence of DIA (n =3 independent experiments). Data are
presented asmean *s.d. and significance was determined by means of two-sided
t-test with Welch’s correction. ¢, Cell proliferationin the presence or absence
of DIA over 3 days; 3,500 cells were plated (n = 3independent experiments).

To test the possibility that DIA-induced YH2AX fociin RPE-1 OsTIRI
DNA2% cells relate to unresolved RFs*, we probed for FANCD2, which
binds stalled RFs, mediates RF protection and marks persistent replica-
tionintermediates through the G2 phase and into mitosis*. Untreated
RPE-10sTIR1 DNA2% cells showed a moderate number of FANCD2 foci
(median:7.5), whichresolved quickly over time as cells completed DNA
replicationand underwent mitosis. After DIA treatment, cells contained
more FANCD2 fociin G2 (median: 29), and many foci (median: 11) per-
sisted 8 h after cells traversed the late S phase (Fig. 2¢). Co-localization
analysis showed almost complete congruence of yH2AX and FANCD2
foci in RPE-1 OsTIRI DNA2% cells both in the presence and absence of
DIA (Fig. 2d).

Together, these dataindicate that the actions of DNA2 are dispensa-
ble for Okazakifragment processing but are strictly required to avoid
an accumulation of stalled replication intermediates in the late S/G2
phase of the cell cycle.

DNA2 prevents HoORReR-mediated RPA-ssDNA

To address whether persistent replicationintermediatesin DIA-treated
RPE-10sTIRI DNA2% cells undergo HoRReR, we first probed for RPA to
detect ssDNA. In the absence of DIA treatment, very few cells showed
any observable RPA signals in G2. By stark contrast, the DIA-treated
cells exhibited numerous RPA foci (median: 25) 2 h after the S phase.
Although the median number of RPA foci per cell subsequently
decreased, mirroring the trends we observed for yH2AX and FANCD2
foci, a subset of RPA foci grew into very bright, large RPA foci (with a
signalintensity ten times or more than that of the dimmest detectable
RPA foci; hereafter referred to as RPA bodies), which were observed
8 h after the S phase and beyond (Fig. 3a and Extended Data Fig. 7a).
Co-localization analysis showed a very strong overlap of RPA and
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Dataare presented as mean +s.d. and significance was determined by means
oftwo-sided t-test with Welch’s correction after normalization to untreated
RPE-10sTIRI (Ctrl) cells. d, Flow cytometric analysis of the indicated cell
lines following growth in DIA-containing medium for the indicated times
(representative of threeindependent experiments). a.u., arbitrary units. e, Cell
proliferation assay of 1,500 RPE-1 OsTIR1 DNA2% cells plated and treated with
DIAincombination with ATMiKU55933 or ATRi VE-821 (n =3 technical replicates).
Dataare presented asmean £ s.d.f, Live-cellimaging over 60 h of RPE-1 OsT/R1
DNA2%cells treated or not with DIA and ATRi (1 uM), asindicated. For each
condition, 8 individual cells that underwent mitosis (M1) within the first12 h
were monitored for subsequent mitoses (M2 and M3).

FANCD2 fociin DNA2-deprived cells (Extended Data Fig. 7b). Next,
we induced mild replication stress* by aphidicolin (APH) treatment in
RPE-10sTIRI DNA2“ cells toincrease RF stalling. Co-treatment with DIA
and APH significantly induced RPA focus formation (Fig. 3b). Finally, we
treated RPE-10sTIRI DNA2% cells with DIA at varying time points before
thelate S phase and observed that the number of FANCD2 and RPA foci
persisting 8 h after the late S phase correlated with the proportion of
the S phase that cells had to traverse without DNA2. Even if DIA was
added only 2 hbefore the late S phase, cells exhibited accumulations
of RPA-ssDNA, and approximately 30% of cells failed to progress to the
next Gl phase (Extended DataFig. 8). Thus, DNA2is required through-
outthe Sphasetoavoidabuild-up of stalled replication intermediates
accumulating RPA-ssDNA, a trigger™ for ATR-dependent DNA damage
response signalling, in the G2 phase of the cell cycle.

HoRReR initiates at reversed RF intermediates®’. Two main fork
reversal pathways*® in human cells are defined by SNF2 translocases,
including SMARCALI1, HLTF and ZRANB3, and by the UvrD helicase FBH1.
Depletion of FBH1, but not SNF2 translocases, significantly reduced
RPA foci in DIA-treated RPE-1 OsTIRI DNA2% cells (Fig. 3c,d). A subset
of DNA2-deprived cells in which FBH1 depletion had apparently fully
suppressed persistent RPA-ssDNA accumulations was able to undergo
mitosis (Fig. 3d). HoRReR further depends on the strand exchange
activity of recombination factor RAD51. We found that RAD51 marked
most RPA fociin DNA2-deprived cells (Fig. 3e). To directly probe for
recombination-dependent DNA synthesis, we analysed DIA-treated
RPE-10sTIR1 DNA2% cells for EdU incorporationin G2. EdU incorpora-
tionwas detected atasmall number of discrete sites, which coincided
with DIA-induced RPA foci (Fig. 3f). Over time, the intensity of EAU foci
atRPA-ssDNA sites increased gradually, revealing prolonged G2 DNA
synthesis at unresolved replication intermediates in DNA2-deprived
cells. Suppressing RADS51 activity with inhibitor*’ BO2 significantly
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reduced the intensity of RPA and EdU fociin DIA-treated RPE-1 OsTIR1
DNA2“ cells (Fig. 3g). By analysing DNA2-deprived cellsin G2 for BrdU
incorporation under non-denaturing conditions, we found that RPA
foci contain nascent ssDNA. Nascent ssDNA marked by BrdU at RPA
fociwassignificantly reducedinthe presence of BO2 (Fig. 3g). Finally,
DNA synthesis at RPA foci in DNA2-deprived cells was strongly sup-
pressed by shortinterfering RNA (siRNA)-mediated depletion of Pol&
subunit POLD3 (Fig. 3h). These results are consistent with homologous
recombination-dependent DNA synthesis occurring in the context of

n= 54 56 65 51 51 52

amigrating D-loop with the spooled-out nascent ssDNA strand bound
by RPAinits wake.

Overall, the dataindicate a shift in RF recovery towards HoORReR when
DNA2-dependent fork processing and reactivation® are not available.

DNA2 loss elicits direct cell-cycle exit

Exogenous DNA damage shortly before mitosis can result in ATR-
dependent cell-cycle exit from antephase®**'. We reasoned that RAD51-
dependent RPA-ssDNA accumulation in DNA2-deprived cells might
similarly trigger cell-cycle exit from G2 in the absence of exogenous
DNA damage. To monitor ATR activation in RPE-1 OsTIRI DNA2% cells
uponDIA treatment, we scrutinized CHK1, atarget of ATR kinase activ-
ity. CHK1 phosphorylation was very prominent 12 h after the addition
of DIA, before CHK1 protein was gradually lost (Fig. 4a), a phenotype
previously observed® upon G2 cell-cycle exit following exogenous
DNA damage. CHK1 phosphorylation coincided with asignificantand
durable accumulation of p21 (Fig. 4a), which can trap cyclin Blin its
inactive form within the nucleus, ultimately leading to its degrada-
tion and making cell-cycle withdrawal and senescence irreversible*>.
Consistently, we observed aninduction of cyclin Bl translocation from
the cytoplasmto the nucleus in DIA-treated RPE-10sTIRI DNA2% cells
(Extended DataFig. 9a) before an ATR-dependent enlargement of cell
nuclei, ahallmark feature of cellular senescence®®** (Fig. 4b). Moreover,
DIA-treated RPE-1 OsTIR1 DNA2% cells stained for increasing concen-
trations of 3-galactosidase and showed an enlarged cell morphology
over a period of 14 days, confirming that DNA2-deprived cells exiting
the cell cycle from G2 enter a senescent state (Fig. 4c). Similar to ATR
inhibition, siRNA-mediated depletion of p21 alleviated senescence
and mitotic block experienced by DNA2-deprived cells (Extended Data
Fig. 9b,c). Notably, the cell-cycle exit override in DIA-treated RPE-1
OsTIRI DNA2% cells by p21 depletion was accompanied by the formation
of micronuclei, indicating that chromosomal replication is not faith-
fully completedinthe absence of DNA2 if cells are afforded unbridled
progression to mitosis (Extended Data Fig. 9d).

By probing DNA2-deprived cells with DIA-induced RPA foci for cyclin
B1, we observed that RPA focus formation in G2 correlated first with
cyclin Bl translocation from the cytoplasmto the nucleus, and then with
cyclinBllossin the majority of RPA-positive cells 24 h after DIA addition
(Fig. 4d). Only asmall proportion of cells (approximately 5% after 18 h
of DIA addition) showed DNA double-strand break-specific phospho-
rylation of RPA32 on S4 and S8 (pRPA)**, and this always coincided with
nuclear orabsent cyclin Bl (Extended DataFig. 9e). Thisindicates that
break-induced replication®, which mediates recombination-dependent
DNA synthesis after fork breakage in interphase or mitosis (known as
mitotic DNA synthesis)* is not significantly involved, further confirm-
ing that RAD51-POLD3-dependent RPA-ssDNA formation and com-
mitment to cell-cycle exit arise from stalled, unbroken, replication
intermediates along the HoRReR pathway.

The expression of wild-type DNA2, but not of nuclease-deficient
(D277A), helicase-deficient (K654E) and double-deficient (D277A/
K645E) versions®® of DNA2, suppressed DNA2-loss phenotypes in
DIA-treated RPE-10sTIR1 DNA2% cells (Extended Data Fig. 10), indicat-
ing that the coordinated action of the nuclease and helicase activities
isrequired for DNA2 to suppress HoRReR.

We conclude that DNA2-dependent fork processing is required
to suppress the accumulation of stalled replication intermediates,
HoRReR and cell-cycle exit, providing a new explanation for why DNA2
is essential for cell proliferation (Fig. 4e).

Stochastic cell-cycle exit with low DNA2

Casereportsindicate low concentrations of wild-type DNA2 in DNA2-
linked microcephalic primordial dwarfism, Seckel syndrome and
Rothmund-Thomson-related syndrome, and senescent cells have been
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Fig.3|RAD51-POLD3-dependent RPA-ssDNA at persistentreplication
intermediatesin DNA2-deprived cells. a, Experimental set-up and
representative images of G2 RPA foci and large RPA bodies (white arrowheads)
intheindicated numbers (n) of RPE-10sTIRI DNA2% cells from two independent
experiments.b, Asdescribedina, but APH (0.4 pM) was added with DIA and
removed upon EdU addition. RPA fociin the indicated number (n) of cells from
twoindependent experiments. ¢, Western blots for siRNA-treated RPE-1 OsTIR1
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experimentsshowing the detection of RPAand RAD51across 65 DIA-treated
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G2DNA synthesisin DIA-treated RPE-10sTIRI DNA2% cells. Representative of
twoindependent experiments with foci (n) analysed over30 (2hand4 h) or37(8 h)
cells.Representative image 8 h after the addition of EdU. g, As described inf,
with EdU or BrdU (non-denaturing conditions) and RAD51i B02 (6.25 uM) added
att=0h.Foci(n) analysed over 50 (RPA) or 21 (4 h EdU) cells (representative of
threeindependentexperiments),and 26 (4 hBrdU - RADS1i) or 25 (BrdU + RADS51i)
cells (representative of two independent experiments). h, Western blot analysis
of siRNA-treated (48 h) RPE-10sTIRI DNA2% cells. POLD3-depleted cells treated,
asdescribedinf.RPA and EdU foci (n) analysed, as described ing, over 20 (siNT)
and 23 (siPOLD3) cells (representative of three independent experiments).
Significance was determined by two-sided Mann-Whitney U-test or two-sided
t-test with Welch’s correction (d). Bars, median. Scale bars, 10 pm.NT, non-
targeting.
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Fig.4|Loss of DNA2 triggers ATR-p21-dependent cell-cycle exit from G2.
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treated RPE-10sTIR1 (Ctrl) and RPE-10sTIR1 DNA2% cells. KUS8O, loading
control. b, Nuclearareafor theindicated number (n) of RPE-1 OsT/RI (Ctrl) and
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quartiles are marked. ATRi, 1 uM VE-821. Two-sided Mann-Whitney U-test was
applied. ¢, Representative images and B-galactosidase activity measurements
fortheindicated number (n) of RPE-1 OsTIRI DNA2% cells treated with DIA or
palbociclib (5 pM) for the indicated times over two independent experiments.
The medianand quartiles are marked, and one-way analysis of variance was

observed among cultured patient fibroblasts®*”’. Tomodel the effect of
reduced DNA2 concentrations, we treated RPE-1 0sTIRI DNA2% cells
with doxycycline and titrated IAA to gradually induce the mAID deg-
radation tag (Extended Data Fig. 11a). At low IAA concentrations, cell
proliferation was largely unaffected, and nuclei showed no enlarge-
ment. High IAA concentrations blocked proliferation, and cells showed
enlarged nuclei, indicating cell-cycle exit, as expected from the com-
plete loss of DNA2. Intermediate IAA concentrations allowed RPE-1
OsTIRI DNA2 cells to proliferate, although at areduced rate (Fig. 5a).
Attheseintermediate IAA concentrations, cells segregated into two dis-
tinct populations with either normal or enlarged nuclear size (Fig. 5b).
Thus, the propensity of individual cells to exit the cell cycle grows as
DNA2 concentrations decrease.

Next, we examined the fate of individual RPE-1 0sTIRI DNA2" cells
with intermediate concentrations of DNA2 by analysing the RPA and
YH2AX foci 8 h after completion of the late S phase. As expected, the
cellseither persisted in G2 or had progressed through mitosis and into
the next G1 phase (Fig. 5¢,d). Lower IAA doses led to fewer RPA and
YH2AX foci, and an increasing subset of cells avoided the RPA-ssDNA
accumulation in G2 altogether, allowing cells to divide without overt
DNA damage (Fig. 5d). Consistently, we did not detect elevated levels
of micronucleifor cells treated withintermediate IAA doses (Extended
DataFig. 11b). A stochastic cell-cycle exit phenotype was recapitulated
upon expression of the Seckel syndrome patient-derived variant® DNA2
T655A, withamutationinthe helicase domainin DNA2-deprived cells
(Fig. 5e-h). By contrast, expression of DNA2 L48P, a variant linked to
Rothmund-Thomson-related syndrome’, failed to rescue cell prolifera-
tion, cell-cycle exit or YH2AX/RPA foci formation in DNA2-deprived
cells (Fig. 5e-h and Extended Data Fig. 11c). These data validate the

applied. d, Representative images and quantification of subcellular cyclin Bl
localization in DIA-treated RPA-foci-positive RPE-1 OsTIRI DNA2% cells (n =3
independent experiments). Error barsrepresent the mean +s.d. e, Model of
the essential role of DNA2. At stalled RFs, DNA2-dependent fork processing
counteracts fork reversal, thereby promoting fork reactivation and faithful
DNAreplication. Upontheloss of DNA2, reversed forks persistand giverise to
HoRReR. Excessive recombination-dependent DNA synthesisin DNA2-deprived
cellsresultsinthe accumulation of ssDNA, and cells invariably respond by
ATR-dependent checkpointsignalling, p21-mediated sequestration of cyclin Bl
and permanent cell-cycle exit before mitosis. Scale bars, 100 pm (c), 20 pm (d).

pathogenicity of the DNA2 T655A and L48P patient mutations and
indicate that they result in partial and complete loss of DNA2 func-
tion, respectively. The phenotypic dichotomy exhibited by cells with
reduced DNA2 concentrations or upon expression of the pathophysi-
ologically relevant DNA2 hypomorph T655A suggests that when cells
reachacritical level of DNA2 activity, they either avoid ATR-mediated
cell-cycle exitand continue to proliferate, or they exhibit a DNA2-loss
phenotype and enter senescence. This switch-like behaviour reduces
the proliferative potential of a cell population with low DNA2 activity,
providing amolecular rationale for the hypocellularity and primordial
dwarfism phenotypes of patients with DNA2 mutations.

Discussion

Ourdatarevealedtheessential role of DNA2in eukaryotes. Previously, we
haveshownthat Dna2dysfunctioninbuddingyeastexposescellstoater-
minal G2/M checkpointarrest after transient RF arrest?®*. The block to
M phase entry was alleviated by disruption of the DNA damage check-
point or mutations compromising recombination-dependent DNA
synthesis;in either case, cells progressed into mitosis withincompletely
replicated chromosomes?*?, These findings led us to propose that
elevated HoRReR in lieu of Dna2-mediated RF recovery results in a
fatal checkpoint response triggered by recombination-dependent
forkrestartintermediates'®. Here we demonstrate, using a site-specific
replication barrier in fission yeast, that Dna2 dysfunction results in
dramatically increased HoRReR. Thus, Dna2-dependent fork process-
ingisindispensable to prevent the accumulation of recombinogenic
chicken-foot structures, consistent with our findings® of elevated fork
reversalinfission yeast uponloss of Dna2. We further show that genetic
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Fig. 5| Cells with critically low concentrations of DNA2 undergo stochastic
cell-cycleexit. a, Proliferation of 1 pg mI™ doxycycline-treated RPE-1 OsTIRI
DNA2% cells titrated with IAA for 3 days. A total of 1,500 cells were plated, and
datawere normalized tono-IAAsamples and presented as mean values +s.d.
forn=3technical replicates. b, Nuclear areafor theindicated number (n) of
RPE-10sTIRI DNA2% cells, treated as described ina (representative of three
technicalreplicates). ¢, Experimental set-up for the analysis of RPA and yH2AX
fociinIAA-titrated RPE-10sT/R1 DNA2% cells 8 h after the late S phase.

d, Representative images and quantification with determination of cell-
cycle stage for theindicated number (n) of cells from two independent
experiments. Bars, median. Scale bar, 10 pm. e, Schematic showing primordial
dwarfism-associated mutationsin DNA2; westernblot (n =1) showing the

perturbation of recombination-dependent DNA synthesis rescues
excessive HoRReR, checkpoint activation and cell-cycle arrestin Dna2
mutant cells. Thus, Dna2 dysfunction causes inviability by durable
G2/M checkpoint arrest in distantly related yeast species through
unrestricted HoRReR.

In DNA2-deprived human cells, we detected persistent replica-
tion intermediates, which give rise to substantial RPA-ssDNA in G2
in arecombination-dependent manner. This is invariably associated
with checkpoint-mediated cell-cycle exit from G2 into senescence, a
phenotype akin to the sudden and permanent G2/M arrest upon the
induction of Dna2 deficiency in yeast™. Disruption of the DNA dam-
age checkpoint in DNA2-deprived cells enabled mitotic progression,
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doxycycline-induced (1 pg ml™; 8 h) expression of wild-type and mutant
DNA2inRPE-10sT/RI DNA2% cells. DOX, doxycycline; KU8O, loading control.
f, Proliferation of RPE-10sTIRI DNA2 cells complemented with wild-type or
mutant DNA2, asindicated after 3 days of DIA treatment. A total of 1,500 cells
were plated; normalized dataare presented as meanvalues +s.d.forn=3
independent experiments. Statistical analysis by two-sided ¢-test with Welch’s
correction. g, Nuclear area for the indicated number (n) of cells treated, as
describedinf.Representative example of threeindependent experiments,
medianand quartiles marked. h, Quantification of RPA foci, yH2AX fociand
cell-cycle stage for the indicated number (n) of cells from two independent
experiments; analysis as described ind and cells treated as described in ¢, with
DIAtreatmentreplacing IAAtitration.

although at the expense of micronuclei formation indicative of unfaith-
ful chromosome replicationin the absence of DNA2. Similarly, limiting
the availability of HORReR substrates by suppressing FBH1-mediated
RF reversal diminished RPA-ssDNA accumulationupon DNA2 loss and
allowed a subset of cells to progress through mitosis. These striking
parallels between the yeast and human systems and the absence of a
detectable Okazakifragment processing defectin DNA2-deprived cells
lead to a unified model, in which DNA2-dependent fork processing
hasacritical role in RF recovery and acts as an essential gatekeeper to
HoRReR-induced cessation of cell-cycle progression across eukaryotes.

Therecombination-dependent reinitiation of DNA synthesis at stalled
or collapsed RFs can promote replication completion®. Consistently,



most ssDNA accumulations at stalled RFs in DNA2-deprived were
transient. However, prominent RPA bodies in DNA2-deprived
cells indicate that a subset of HoRReR events result in extended
recombination-dependent DNA synthesis. The determinants for
these dead-end recombination events remain to be elucidated but
may include local origin scarcity precluding D-loop resolution by fork
convergence. Moreover, D-loop instability could result in cycles of
expulsion, reinvasion and extension of the nascent strand along con-
tiguous or non-contiguous (template switch) templates. Finally, we
consider the possibility that HORReR or D-loop collapse at astalled RF
may coincide with the arrival of an oncoming RF, in which case strand
invasion might target the newly replicated sister chromatidsinits wake,
causing localized re-replication (Fig. 4e). To our knowledge, HoORReR
atstalled RFs has not previously been recognized as atrigger for senes-
cence, whichis more commonly linked to telomere erosion (replicative
senescence), oncogene-induced replication stress or exogenous DNA
damage®®. Self-inflicted senescence adds to other well-documented
risks* associated with HoRReR, whichinclude the introduction of muta-
tions and chromosome rearrangements by ectopic recombination. We
suggest that DNA2 has akey rolein mitigating these dangers by largely
suppressing HoRReR.

Our resultsindicate that high concentrations of DNA2 expressionin
cancer cells® " might reflect an adaptation to intrinsic DNA replication
stress®, necessitating stricter control over potentially toxic levels of
HoRReR at stalled RFs. Checkpoint override in DNA2-deprived cells
resulted in the formation of micronuclei, indicating progression into
mitosis with unresolved replication and recombinationintermediates.
This supports the notion that checkpoint deficiency may identify can-
cer cells,inwhich emerging DNA2 inhibitors®®** could be used to cause
catastrophic mitotic DNA damage. In checkpoint-proficient cancerous
cells, elevated replication stress may synergize with DNA2 inhibitors
to create awindow of opportunity for triggering senescence at doses
tolerated by normal cells.

Our experimental downregulation of DNA2 and expression of the
Seckel syndrome patient-derived DNA2 T655A hypomorphindicate that
acritical level of DNA2 activity exists at which cells can either continue
to proliferate without overt DNA damage or enter HoRReR-induced
senescence. This dichotomy in cell fate provides a compelling model
for why primordial dwarfism-associated DNA2 mutations®” allow
organismal survival while severely limiting the number of prolifera-
tive cells, thus causing intrauterine and postnatal growth restriction.
A growing number of genes with important roles in DNA replication
and RF stability are being linked to primordial dwarfism® %, In the
future, it will be important to investigate whether the paradigm of
HoRReR-induced senescence extends beyond DNA2-linked disease
and contributes to the hypocellularity in patients affected by other
DNA replication disorders.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-025-09470-5.

1. Budd, M.E. & Campbell, J. L. A yeast gene required for DNA replication encodes a protein
with homology to DNA helicases. Proc. Natl Acad. Sci. USA 92, 7642-7646 (1995).

2. Hu, J. etal. The intra-S phase checkpoint targets Dna2 to prevent stalled replication forks
from reversing. Cell 149, 1221-1232 (2012).

3. Lin, W. et al. Mammalian DNA2 helicase/nuclease cleaves G-quadruplex DNA and is
required for telomere integrity. EMBO J. 32, 1425-1439 (2013).

4. Karanja, K. K., Lee, E. H., Hendrickson, E. A. & Campbell, J. L. Preventing over-resection by
DNAZ2 helicase/nuclease suppresses repair defects in Fanconi anemia cells. Cell Cycle 13,
1540-1550 (2014).

5. Shaheen, R. et al. Genomic analysis of primordial dwarfism reveals novel disease genes.
Genome Res. 24, 291-299 (2014).

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Tarnauskaité, Z. et al. Biallelic variants in DNA2 cause microcephalic primordial dwarfism.
Hum. Mutat. 40,1063-1070 (2019).

Di Lazzaro Filho, R. et al. Biallelic variants in DNA2 cause poikiloderma with congenital
cataracts and severe growth failure reminiscent of Rothmund-Thomson syndrome. J. Med.
Genet. 60, 1127-1132 (2023).

Peng, G. et al. Human nuclease/helicase DNA2 alleviates replication stress by promoting
DNA end resection. Cancer Res. 72, 2802-2813 (2012).

Strauss, C. et al. The DNA2 nuclease/helicase is an estrogen-dependent gene mutated in
breast and ovarian cancers. Oncotarget 5, 9396-9409 (2014).

Lu, Y. et al. Characteristic analysis of featured genes associated with stemness indices in
colorectal cancer. Front. Mol. Biosci. 7, 563922 (2020).

Thongon, N. et al. Targeting DNA2 overcomes metabolic reprogramming in multiple
myeloma. Nat. Commun. 15, 1203 (2024).

Hudson, J. J. R. & Rass, U. DNA2 in chromosome stability and cell survival—is it all about
replication forks? Int. J. Mol. Sci. 22, 3984 (2021).

Burgers, P. M. It's all about flaps: Dna2 and checkpoint activation. Cell Cycle 10, 2417-2418
(20m).

Bae, S. H., Bae, K. H., Kim, J. A. & Seo, Y. S. RPA governs endonuclease switching during
processing of Okazaki fragments in eukaryotes. Nature 412, 456-461(2001).

Zou, L. & Elledge, S. J. Sensing DNA damage through ATRIP recognition of RPA-ssDNA
complexes. Science 300, 1542-1548 (2003).

Budd, M. E., Antoshechkin, I. A., Reis, C., Wold, B. J. & Campbell, J. L. Inviability of a DNA2
deletion mutant is due to the DNA damage checkpoint. Cell Cycle 10, 1690-1698 (2011).
Duxin, J. P. et al. Okazaki fragment processing-independent role for human Dna2 enzyme
during DNA replication. J. Biol. Chem. 287, 21980-21991 (2012).

Appanah, R., Jones, D., Falquet, B. & Rass, U. Limiting homologous recombination at
stalled replication forks is essential for cell viability: DNA2 to the rescue. Curr. Genet. 66,
1085-1092 (2020).

Thangavel, S. et al. DNA2 drives processing and restart of reversed replication forks in
human cells. J. Cell Biol. 208, 545-562 (2015).

Olmezer, G. et al. Replication intermediates that escape Dna2 activity are processed by
Holliday junction resolvase Yen1. Nat. Commun. 7,13157 (2016).

Rossi, S. E., Foiani, M. & Giannattasio, M. Dna2 processes behind the fork long ssDNA flaps
generated by Pif1 and replication-dependent strand displacement. Nat. Commun. 9,
4830 (2018).

Falquet, B. et al. Disease-associated DNA2 nuclease-helicase protects cells from lethal
chromosome under-replication. Nucleic Acids Res. 48, 7265-7278 (2020).

Liu, W. et al. FANCD2 and RAD51 recombinase directly inhibit DNA2 nuclease at stalled
replication forks and FANCD2 acts as a novel RAD51 mediator in strand exchange to
promote genome stability. Nucleic Acids Res. 51, 9144-9165 (2023).

Schlacher, K. et al. Double-strand break repair-independent role for BRCA2 in blocking
stalled replication fork degradation by MRE11. Cell 145, 529-542 (2011).

Higgs, M. R. et al. BODIL is required to suppress deleterious resection of stressed replication
forks. Mol. Cell 59, 462-477 (2015).

Ahn, J. S., Osman, F. & Whitby, M. C. Replication fork blockage by RTS1 at an ectopic site
promotes recombination in fission yeast. EMBO J. 24, 2011-2023 (2005).

Lambert, S., Watson, A., Sheedy, D. M., Martin, B. & Carr, A. M. Gross chromosomal
rearrangements and elevated recombination at an inducible site-specific replication fork
barrier. Cell 121, 689-702 (2005).

Petermann, E., Orta, M. L., Issaeva, N., Schultz, N. & Helleday, T. Hydroxyurea-stalled
replication forks become progressively inactivated and require two different RAD51-
mediated pathways for restart and repair. Mol. Cell 37, 492-502 (2010).

Ait Saada, A., Lambert, S. A. E. & Carr, A. M. Preserving replication fork integrity and
competence via the homologous recombination pathway. DNA Repair 71, 135-147 (2018).
Teixeira-Silva, A. et al. The end-joining factor Ku acts in the end-resection of double
strand break-free arrested replication forks. Nat. Commun. 8,1982 (2017).

Carr, A. M. & Lambert, S. Replication stress-induced genome instability: the dark side of
replication maintenance by homologous recombination. J. Mol. Biol. 425, 4733-4744
(2013).

Lydeard, J. R., Jain, S., Yamaguchi, M. & Haber, J. E. Break-induced replication and
telomerase-independent telomere maintenance require Pol32. Nature 448, 820-823
(2007).

Costantino, L. et al. Break-induced replication repair of damaged forks induces genomic
duplications in human cells. Science 343, 88-91(2014).

Xu, Y. et al. DNA nicks in both leading and lagging strand templates can trigger break-
induced replication. Mol. Cell 85, 91-106 (2025).

Tanaka, H., Ryu, G. H., Seo, Y. S. & MacNeill, S. A. Genetics of lagging strand DNA synthesis
and maturation in fission yeast: suppression analysis links the Dna2-Cdc24 complex to
DNA polymerase delta. Nucleic Acids Res. 32, 6367-6377 (2004).

Wu, X. & Malkova, A. Break-induced replication mechanisms in yeast and mammals.
Curr. Opin. Genet. Dev. T1,163-170 (2021).

Miyabe, I. et al. Polymerase delta replicates both strands after homologous recombination-
dependent fork restart. Nat. Struct. Mol. Biol. 22, 932-938 (2015).

Pinter, S. F., Aubert, S. D. & Zakian, V. A. The Schizosaccharomyces pombe Pfh1p DNA
helicase is essential for the maintenance of nuclear and mitochondrial DNA. Mol. Cell.
Biol. 28, 6594-6608 (2008).

Li, Z. et al. hDNA2 nuclease/helicase promotes centromeric DNA replication and genome
stability. EMBO J. 37, €96729 (2018).

Natsume, T., Kiyomitsu, T., Saga, Y. & Kanemaki, M. T. Rapid protein depletion in human
cells by auxin-inducible degron tagging with short homology donors. Cell Rep. 15,
210-218 (2016).

Chung, H. K. et al. Tunable and reversible drug control of protein production via a self-
excising degron. Nat. Chem. Biol. 11, 713-720 (2015).

Hegarat, N. et al. Cyclin A triggers mitosis either via the Greatwall kinase pathway or
cyclin B. EMBO J. 39, 104419 (2020).

Vaitsiankova, A. et al. PARP inhibition impedes the maturation of nascent DNA strands
during DNA replication. Nat. Struct. Mol. Biol. 29, 329-338 (2022).

Nature | Vol 646 | 23 October 2025 | 999


https://doi.org/10.1038/s41586-025-09470-5

Article

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

Hanzlikova, H. et al. The importance of poly(ADP-ribose) polymerase as a sensor of
unligated Okazaki fragments during DNA replication. Mol. Cell 71, 319-331(2018).

Ward, I. M. & Chen, J. Histone H2AX is phosphorylated in an ATR-dependent manner in
response to replicational stress. J. Biol. Chem. 276, 47759-47762 (2001).
Fernandez-Casanas, M. & Chan, K. L. The unresolved problem of DNA bridging. Genes 9,
623 (2018).

Mocanu, C. et al. DNA replication is highly resilient and persistent under the challenge of
mild replication stress. Cell Rep. 39, 110701 (2022).

Liu, W., Krishnamoorthy, A., Zhao, R. & Cortez, D. Two replication fork remodeling pathways
generate nuclease substrates for distinct fork protection factors. Sci. Adv. 6, eabc3598
(2020).

Huang, F. et al. Identification of specific inhibitors of human RAD51 recombinase using
high-throughput screening. ACS Chem. Biol. 6, 628-635 (2011).

Feringa, F. M. et al. Persistent repair intermediates induce senescence. Nat. Commun. 9,
3923 (2018).

Feringa, F. M. et al. Hypersensitivity to DNA damage in antephase as a safeguard for
genome stability. Nat. Commun. 7, 12618 (2016).

Lossaint, G. et al. Reciprocal regulation of p21 and Chk1 controls the cyclin D1-RB
pathway to mediate senescence onset after G2 arrest. J. Cell Sci. 135, jcs259114
(2022).

Mullers, E., Silva Cascales, H., Jaiswal, H., Saurin, A. T. & Lindqgvist, A. Nuclear translocation
of cyclin Bl marks the restriction point for terminal cell cycle exit in G2 phase. Cell Cycle
13, 2733-2743 (2014).

Fousek-Schuller, V. J. & Borgstahl, G. E. O. The intriguing mystery of RPA phosphorylation
in DNA double-strand break repair. Genes 15, 167 (2024).

Minocherhomiji, S. et al. Replication stress activates DNA repair synthesis in mitosis.
Nature 528, 286-290 (2015).

Pinto, C., Kasaciunaite, K., Seidel, R. & Cejka, P. Human DNA2 possesses a cryptic DNA
unwinding activity that functionally integrates with BLM or WRN helicases. eLife 5, €18574
(2016).

Formosa, T. & Nittis, T. Dna2 mutants reveal interactions with Dna polymerase alpha and
Ctf4, a Pol alpha accessory factor, and show that full Dna2 helicase activity is not essential
for growth. Genetics 151, 1459-1470 (1999).

1000 | Nature | Vol 646 | 23 October 2025

58.

59.

60.

61.

62.

63.

64.

65.

d’Adda di Fagagna, F. Living on a break: cellular senescence as a DNA-damage response.
Nat. Rev. Cancer 8, 512-522 (2008).

Macheret, M. & Halazonetis, T. D. DNA replication stress as a hallmark of cancer. Annu. Rev.
Pathol. 10, 425-448 (2015).

Kumar, S. et al. Inhibition of DNA2 nuclease as a therapeutic strategy targeting replication
stress in cancer cells. Oncogenesis 6, €319 (2017).

Liu, W. et al. A selective small molecule DNA2 inhibitor for sensitization of human cancer
cells to chemotherapy. eBioMedicine 6, 73-86 (2016).

Folly-Kossi, H., Graves, J. D., Garan, L. A. W., Lin, F. T. & Lin, W. C. DNA2 nuclease inhibition
confers synthetic lethality in cancers with mutant p53 and synergizes with PARP inhibitors.
Cancer Res. Commun. 3,2096-2112 (2023).

Klingseisen, A. & Jackson, A. P. Mechanisms and pathways of growth failure in primordial
dwarfism. Genes Dev. 25, 2011-2024 (2011).

Martins, D. J., Di Lazzaro Filho, R., Bertola, D. R. & Hoch, N. C. Rothmund-Thomson syndrome,
a disorder far from solved. Front. Aging 4, 1296409 (2023).

Nielsen-Dandoroff, E., Ruegg, M. S. G. & Bicknell, L. S. The expanding genetic and clinical
landscape associated with Meier-Gorlin syndrome. Eur. J. Hum. Genet. 31, 859-868 (2023).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution
By 4.0 International License, which permits use, sharing, adaptation, distribution

and reproduction in any medium or format, as long as you give appropriate

credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025


http://creativecommons.org/licenses/by/4.0/

Methods

Yeast methods

S. pombe strains (Supplementary Table 1) were grown and genetically
manipulated according to standard protocols®. The dna2-2 allele
was generated by Cre recombinase-mediated cassette exchange®.
Bright-field microscopy images of logarithmically growing cells were
taken using a Nikon Eclipse E400 microscope with x10 magnification
to determine the cell length using Fiji (ImageJ; v.1.53t)®8. Direct repeat
recombination at RTS1 was measured in reporter strains harbouring
directrepeatade6 heteroalleles?, as described®, starting with his* ade”
cells from colonies grown on minimal medium containing low adenine
and no histidine. For plasmid-based expression of wild-type Dna2, the
dna2* gene was cloned into pREP42 (Addgene; plasmid no. 52691).
HoRReR-mediated DNA synthesis at RTSI was monitored by polymerase
usage sequencing (Pu-Seq), and Pu-Seq traces were analysed using a
custom R script, as described. To analyse the effect of truncating
Cdc27, the cdc27-D1 allele was introduced into strains” BAY123-126
harbouring an active (RTS1-ON) or inactive (RTSI-OFF; disabled by
rtfT" deletion) RF barrier and DNA polymerase € (cdc20-M630F) and
6 (cdc6-L591M) mutations that allow for polymerase usage tracking
to give strains BAY127-130.

Human cell line construction and cell culture

The coding sequence for the mAID/SMASh double-degron tagon DNA2
was inserted using CRISPR-Cas9-mediated homology-directed repair
inhumantelomerase reverse transcriptaseimmortalized RPE-10sTIR1
cells, as described*2. The DNA2targeting construct contained aleftarm
corresponding to 239 bp immediately upstream of the DNA2 STOP
codon and aright arm corresponding to 500 bp immediately down-
streamofthe DNA2STOP codon. This construct was generated using HiFi
Assembly (NEB; E5520S). The left arm contained asilent mutation tar-
geting the protospacer adjacent motif site to prevent recutting by Cas9
after double-degronintegration (5-TTTGAAAGTCACCCAATATGTGa;
mutationshowninlower case). Guide RNA design was aided by CHOP-
CHOP??, and the guide 5-TTTGAAAGTCACCCAATATG was inserted
into the vector pSpCas9(BB)-2A-GFP (Addgene; plasmid no. 48138),
asdescribed”. To generate the RPE-10sTIRI DNA2 cell line, 0.5 pg of
the guide RNA-Cas9 expression plasmid was co-transfected with 1.5 pg
of the DNA2 targeting construct using Lipofectamine LTX Reagent
with PLUS Reagent (Invitrogen) into RPE-1 OsTIRI cells*. After serial
dilution into 96-well plates, clones were incubated for 3 weeks in the
presence of 400 pg ml™ G418 (Corning; 30-234-CR) before preparing
gDNA from surviving single clones to screen for double-degron inte-
gration by diagnostic polymerase chain reaction (PCR) using three
different primer pairs (PCR1: 5-TTGTGGTCCTGTAAGTCAAATTAC +
5-AGCCCCAGAAGAATCTGTTACCCC; PCR2: 5-GAGATCTAGCCTGGT
GGCAGAGC +5’-GAGGCCTTATACATCCTCAGGTCG; PCR3: 5’-GCGAC
TTGCGGAAGTCCAGGACTCTTCC +5-CTGCTGCAGAGGTGTGCTCA
GAAGTC) with Phusion Polymerase Master Mix (NEB; M0531) according
tothe manufacturer’sinstructions. Cells were routinely grown at 37 °C
with 5% CO,in DMEM/F12 (Sigma-Aldrich; D8437) medium containing
10% Tet-free fetal bovine serum and penicillin/streptomycin, with Asv
(3 uM; GENERON; A3195), IAA (65 pM or as indicated; Sigma-Aldrich;
15148), doxycycline hyclate (1 pg ml™; Thermo Fisher Scientific), ATMi
KU55933 (Selleckchem), ATRi VE-821 (Selleckchem), RAD51i BO2
(Merck; 553525), APH (Abcam; Ab142400), etoposide (Sigma-Aldrich;
E1383), FEN1i*, poly(ADP-ribose) glycohydrolase inhibitor (PARGi) PDD
0017273 (Tocris/Sigma-Aldrich; 5952/SML1781), as indicated. Cells were
regularly tested to exclude Mycoplasma infection.

Sleeping Beauty transposon-based complementation of RPE-1
OsTIR1DNA2 cells

The Tet-on Sleeping Beauty plasmid pSB-tet-BP”™* (Addgene; no. 60496)
with constitutive expression of blue fluorescent protein was used to

integrate DNA2 cDNA or aluciferase control into RPE-10sTIRI DNA2™
cells. DNA2 cDNA was inserted into pSB-tet-BP after digestion with
and Ncol and Clal. Then, 1.9 pg of pSB DNA and 100 ng of pCMV(CAT)
T7-SB100 DNA (Addgene; no.34879) for transposase expression were
transfected into RPE-10sTIR1 DNA2% cells using Lipofectamine LTX with
PLUS Reagent (Invitrogen; A12621). Forty-eight hours after transfec-
tion, cells were FACS sorted into a 96-well plate for blue fluorescent
protein expression (excitation at 456 nm) using a FACSMelody Cell
Sorter (BD Biosciences). Clonal cell cultures were then analysed for
DNAZ2 expression by immunoblotting after doxycycline addition. For
complementation with mutant versions of DNA2 and corresponding
wild-type controls, cells were transfected, as detailed above, and cell
pools were selected with puromycin (1 pug ml™) for 8-10 days before
analysis.

Immunoblotting

Forimmunodetection of proteins on western blots, 2 x 10° cells were
plated and drug-treated as appropriate no sooner than18 h later. The
cellswere thenlysedin 60 pllysis buffer 20 mM HEPES (pH 7.4), 0.5%
NP-40, 40 mM NacCl, 2 mM MgCl,, 1x EDTA-free protease inhibitor
cocktail (Roche; 4693132001), 1x PhosSTOP phosphatase inhibitor
cocktail (Roche; 4906845001) and 250 U mI™ of benzonase (Merck;
E1014)). Lysates were incubated for 30 min on ice and cleared by cen-
trifugation (16,000g; 10 min). After determination of total protein
concentration using bicinchoninic acid assay (Pierce; 23227) and
total protein normalization, the samples were boiled with Laemmli
protein sample buffer for SDS-PAGE (Bio-Rad; 1610747). Immunob-
lotting was performed using standard techniques with the following
antibodies and dilutions: anti-CHK1 G4 (Santa Cruz Biotechnology;
sc-8408;1:1,000), anti-phospho-CHK1 (S345) 133D3 (Cell Signaling
Technology; 2346;1:1,000), anti-KUSO EPR3468 (Abcam; ab80592;
1:2,500), anti-p21 EA10 (Merck; OP64;1:1,000), anti-DNA2 antibody
raised against an N-terminal immunogen (Proteintech; 21599-1-AP;
1:500), anti-DNA2 antibody raised against a C-terminal immunogen
(Abcam; Ab96488; 1:500), anti-POLD3 (Abnova; HO0010714-MO;
1:1,000), anti-FBH1 (Abcam; 2353Cl1a; 1:100), anti-SMARCAL1 (Santa
Cruz Biotechnology; SC-376377; 1:100), anti-HLTF (Proteintech;
14286-1-AP;1:300) and anti-ZRANB3 (Proteintech; 23111-1-AP; 1:500).
Double-degron addition to the DNA2 C terminus precludes detection
with Ab96488. For detection of DNA2% with 21599-1-AP, 3 x 10° RPE-1
OsTIRI DNA2% cells were plated and DIA-treated 24 h later, as indi-
cated. The cells were lysed in 400-pl lysis buffer and normalized for
total protein content (as described above), and NaCl concentration
was adjusted to 150 mM. Then, 1-pl anti-DNA2 antibody (21599-1-AP)
was added per 100-pl lysate volume, and the mixture was rotated at
4 °Cfor1h.Following centrifugation at16,000g for 10 min, the super-
natant was mixed with Dynabeads Protein G for immunoprecipita-
tion (Invitrogen; 10003D) and incubated with rolling at 4 °C for 2 h.
The beads were washed three times with wash buffer (20 mM HEPES
(pH 7.4) and 150 mM NaCl) and resuspended in Laemmli protein sample
buffer for analysis by immunoblotting. All antibodies were diluted in
5% non-fat milk powder (Marvel) in Tris-buffered saline + 0.1% Tween-
20, except phospho-specificantibodies, which were diluted in 5% BSA
in Tris-buffered saline + 0.1% Tween-20. Secondary antibodies were
HRP-linked anti-rabbit or anti-mouse IgG (Cell Signaling Technology;
7074 and 7076) used at a dilution of 1:5,000. Visualization was done
using Hyperfilm (Fisher; 10627265) or ImageQuant LAS400 system
with ImageQuant (Cytiva) western blot imaging software (v.12).

Cell proliferation, nuclear size and senescence measurements

Atotal of 1,500 cells per well were plated in ablack-walled 96-well plate
(Corning; 3603). Up to 24 h later, the cells were treated, as indicated.
For proliferation and nuclear size measurements, after 3 days of incu-
bation, the cells were fixed by the addition of paraformaldehyde to
the medium to a final concentration of 4% for 20 min. For senescence
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analysis, the CellEvent Senescence Green Detection Kit (Invitrogen;
C10850) was used according to the manufacturer’s instructions. For all
assays, cell fixation was followed by a PBS wash, and nuclei were stained
using DAPI (0.2 pg ml™in PBS; 10 min), washed in PBS and stored in PBS
for imaging. Nuclei were imaged using a PerkinElmer Operetta CLS
High-Content Analysis System with a x10/0.3 objective and an Andor
Zyla5.5.camera. The number of nuclei, nuclear area, number of micro-
nuclei and fluorescence intensity in the area surrounding the nuclei
were determined using the Harmony imaging platform. For colony
formation assays, 100 cells were plated in six-well plates and treated
24 hlater, as indicated. After at least 9 days, colonies were stained by
the addition of 0.1% methylene blue to the medium for counting.

Analysis of cell viability

Cells (5 x 10*) were plated in six-well plates and treated 24-30 h later.
After 60 h, the cells were trypsinized and resuspended in PBS before
adding trypan blue vital dye to a final concentration of 0.2% (Thermo
Fisher Scientific; 15250061). Within 5 min, the cells were counted and
scored for exclusion or uptake of the blue dye.

Flow cytometry

Cells (8 x 10°) were platedina 6-cm dish and treated 24 hlater. At appro-
priate time points after treatment, the cells were fixed in 70% ethanol
at4 °Covernight and stained with FxCycle PI/RNase Staining Solution
(Invitrogen; F10797) according to the manufacturer’s instructions.
Cell-cycle profiles were obtained from data acquired on an Accuri Cé6
Flow Cytometer (BD Biosciences) and analysed using BD Accuri C6 (v.1)
software. The gating strategy is described in Supplementary Fig. 2.

Live-cellimaging

Cells were seeded in a four-well coverslip chamber (Sarstedt;
94.6140.402). Five hours before the addition of DIA, nuclei were stained
using the SiR-DNA Kit (Spirochrome; SC007). After the addition of
DIA, live-cell videos were recorded using the ZEISS Axio Observer Z1
systemwith aPlan-Apochromat x20/0.8 M27 objective. Tiling scanning
ofanareaof1,270 pm?was performed every 20 min for 60 h.ZEN blue
software (v.2.6) was used for image and video acquisition and image
tile stitching. Cells that underwent cell division within the first 12 h of
therecording were tracked manually to observe subsequent mitoses.

Immunofluorescence microscopy

Cells (2 x 10°) were seeded on 24-mm coverslips in six-well plates;
5,000 cells per well were seeded in PhenoPlate 96-well plates (Revv-
ity; 6055302). The cells were treated with DIA on the following day in
the presence or absence of 10 uM EdU or BrdU (Merck; B5002) for the
indicated times, washed with ice-cold PBS and incubated on ice with
cytoskeletal pre-extraction buffer (10 mM PIPES (pH 7.0),100 mM NaCl,
300 mM sucrose, 3 mM MgCl, 1 mM EGTA and 0.5% Triton X-100) for
5 min. Following fixation with 4% paraformaldehyde in PBS for 10 min
and two washes in PBS, the cells were permeabilized in 0.2% Triton-X
100 in PBS for 5 min. To image cyclin B1, pre-extraction and fixation
were replaced with a single step of incubation in fixative solution
(250 mM HEPES (pH 7.4), 0.1% Triton X-100 and 4% paraformaldehyde
in PBS) for 20 min on ice, followed by washing and permeabilization,
as described above. Mono(ADP-ribose) (MAR)/PAR imaging was per-
formed, as described*. Briefly, the cells were washed in pre-extraction
buffer (25 mM HEPES (pH 7.4), 50 mM NaCl,1 mM EDTA, 3 mM MgCl,,
0.3 M sucrose and 0.5% Triton X-100) supplemented with PARGi for
Sminonice and fixed with cold 4% formaldehyde for 15 min. The cells
were then permeabilized using ice-cold methanol/acetone solution
(1:1) for 5 min and PBS containing 0.5% Triton X-100. In all cases, the
cells were blocked with 5% BSA in PBS for 30 min before EdU labelling
with the Click-iT EdU Alexa Fluor 488 or 647 Imaging Kit (Invitrogen;
C10337) according to the manufacturer’s instructions. The cells were
incubated for1 hwiththeindicated primary antibodies (in 5% BSA/PBS),

followed by incubation with secondary antibodies (in 5% BSA/PBS) for
1h. After each incubation, the cells were washed three times for 5 min
in PBS. DNA was counterstained with 0.2 pg ml™ of DAPI, and cover-
slips were mounted on slides using VECTASHIELD Antifade Mounting
Medium (Vector Laboratories; H-1000-10). The slides were imaged
using a ZEISS Axio Observer Z1 epifluorescence microscopy system
equipped with x40/1.3 and x100/1.4 oil Plan-APOCHROMAT objec-
tives and a Hamamatsu ORCA-Flash4.0 LT Plus camera. Z-stacks were
acquiredat200-nmintervals, andimage deconvolution was performed,
as described”. Fiji (ImageJ; v.1.53t) was used to generate representa-
tive images and to analyse foci brightness from slides, together with
ZENblue software (v.2.6). Multi-well plates wereimaged with a Perkin-
Elmer Operetta CLS High-Content Analysis System using a x20/0.4 LW
objective and an Andor Zyla 5.5. camera. Images were analysed using
Harmony software (v.4.9). Cell-cycle phase determination was done
by pulsing cells with EdU before fixation and measuring DAPI content
per cell using ZEN blue software (v.2.6). To identify DNA2-deprived
cells at different times after traversing the late S phase, we treated
non-synchronous OsTIR1 DNA2% cells with DIA for 14 h before adding
EdU to the culture medium to continuously label replicating DNA. The
cellswere fixed2 h,4 hand 8 hlater, and only cells witha typical patchy
and peripheral late S phase EdU incorporation pattern* (as seenin cells
marked witharrowheads inFig. 3d) were selected (that s, cells that had
beeninlateSphase2 h,4 hand 8 hearlier). The overall yYH2AX intensity
was measured using ZEN blue software (v.2.6). MAR/PAR images were
acquired using an Olympus IX-81 microscope equipped with scanR
screening systemusinga x40 objective at asingle autofocus-directed
z-position under non-saturating settings, as described previously*.
Olympus scanR image analysis software (v.3.2.0) was used to analyse
and quantify the fluorescence intensity of individual cells. Nuclei were
identified by DAPI signal using an integrated intensity-based object
detection module. G1, S and G2 phase cells were gated on the basis of
EdU and DAPI intensity. The following antibodies and dilutions were
used: anti-RPA32 9H8 (GeneTex; GTX22175;1:500), anti-RPA70 (Abcam;
ab97338;1:1,000), anti-phospho-RPA32 (S4/8) (Bethyl Laboratories;
A300-245A;1:1,000), anti-RAD51 Ab-1 (EMD Millipore; PC130; 1:500),
anti-FANCD2 (Novus Biologicals; NB100-182;1:500), anti-yH2AX (S139)
JBW301 (Sigma-Aldrich; 05-636;1:500), anti-cyclin B1(BD Biosciences;
610220;1:100), anti-BrdU (BD Biosciences; 555627;1:250) and anti-MAR/
PAR (Cell Signaling Technology; 83732;1:500). The following secondary
antibodies (1:500) were used: donkey anti-mouse IgG Alexa Fluor 488,
donkey anti-rabbit IgG Alexa Fluor 555, donkey anti-rabbit IgG Alexa
Fluor 488 and goat anti-mouse IgG Alexa Fluor 647 (Thermo Fisher
Scientific A-21202; A-21235; A-31572).

Transfection with siRNA

To deplete p21or POLD3 before DNA2% degradation, cells were reverse
transfected with p21 SMARTpool siRNA (Dharmacon; LO03471-00;
20 nM final concentration), non-targeting control siRNA (Dharmacon;
D-001810-10-05; 20 nM final concentration) or POLD3 siRNAs (Dharma-
con;J026692-11and J026692-12;10 nM final concentration each) using
Lipofectamine RNAIMAX Transfection Reagent (Invitrogen; 13778030),
according to the manufacturer’sinstructions. After 30 h, the medium
was changed and DIA was added, as indicated. Western blot samples
were taken 48 h post-transfection. To deplete fork remodellers FBH1,
SMARCALI, HLTF and ZRANB3, Dharmacon siRNA pools (L-026692-01,
L-013058-00, L-006448-00 and L-010025-01; 20 nM final concentra-
tion) were used. Transfections were carried out, as described above,
butwith aninitial reverse transfection at the time of plating, followed
by asecond transfection at 24 h. The medium was then changed after
54 hand DIA was added. Western blot samples were taken at 72 h.

Statistical analysis
Statistical tests were performed using Prism v.10.4 (GraphPad
software).
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(blue) usage onthe Watson and the Crick strands are shown. Note the switch
from Poleto 6 onthe Watsonstrand at the active RTSIindicative of HORReR-
associated 6/8 synthesis. The direction of travel for the RF from the origin of
replication (ORI) towards RTSIisindicated. Ared arrow denotes the region of
6/8 synthesis downstream of RTSIand upstream of asecond replication barrier

(rRFB) which was inserted to delay convergence with the leftward moving RF.
b, Pu-Seqanalysis asin panela, butinacdc27-D1background. ¢, Polymerase
biasgraph calculated using the ratio of polymerase usage on both DNA strands
asshowninpanelsaandb. Note the strong Pol § bias indicating HoORReR-
associated 6/8 synthesiswhen RTS1is ON. This biasisreducedinthe cdc27-D1
background. Thereductioninboththe height and width of the Pol § bias peak
suggeststhatareductioninrestartand D-loop DNA synthesis upon truncation
of Cdc27.
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Extended DataFig. 3 |Suppressing HoRReR alleviates checkpoint
activation and lethality in Dna2-defective cells. a, Cartoon view of Cdc27
and Pfh1. Cdc27-D1retains the binding domain for Cdcl, butloses those for Pol «,
and PCNA. Pfhl-mt*harbours the indicated mutations which eliminate nuclear
proteinisoforms, anuclear exportsignal (NES) from humanimmunodeficiency
virus Rev protein, and a GFP tag. b, Effect of the recombination-dependent DNA
synthesis-defective mutants Cdc27-D1and Pfhl-mt* on ade+ recombinants at
RTSI-AO (see Extended Data Fig.1a) measured over the indicated numbers (n)
ofindependent experiments. Datais presented as mean +s.d. Significance was
determined using the two-sided t-test with Welch’s correction (Bonferroni
correction for multiple pairwise comparisons adjusts significance threshold to

p=0.017). ¢, Quantification of cell length as ameasure of checkpointactivity in
theindicated strains and numbers (n) of cells over two independent experiments.
Significance was determined using the two-sided Mann-Whitney Utest
(Bonferronicorrection for multiple pairwise comparisons adjusts significance
threshold to p = 0.025). Box centres are defined by the median, bounds by first
to third quartile, and whiskers mark minimaand maximawithin1.5x interquartile
range from the bounds of the box. A.u., arbitrary units. d, Cell viability of the
indicated strains as measured by plating efficiencyin the indicated numbers
(n) ofindependent experiments. Datais presented as mean +s.d. Significance
wasdetermined using the two-sided t-test with Welch’s correction.
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Extended DataFig.4 | Construction and complementation of DNA2% cells.
a, Schematic of the double-degron construct knock-inatendogenous DNA2
with diagnostic PCR (representative of two independent experiments) on
genomic DNA from RPE-10sT/RI (Ctrl.) cellsand RPE-1 OsTIR1 DNA2% cells
confirming correctintegration. PCR3 amplifies an unrelated locus. Right arm
and Leftarmindicate the homologous regions used for gene targeting.

b, Complementation of proliferation defects caused by DNA2%¢ degradation.
Sleeping Beauty plasmids (pSB) allowing doxycycline (Dox)-inducible expression
of either luciferase or DNA2 (as shown by awesternblot representative of three
independent experiments) were integrated into RPE-1 OsTIR1 DNA2% cells.

500 cellswere plated and grown in the presence of Dox (1 pug/ml) and Asv (3 pM)

for 6 days prior to fixation, staining, and counting nuclei. Quantification of the
results shows the mean+s.d.of n=3independent experiments. Datanormalised
tountreated conditions. Statistical analysis by two-sided t-test with Welch’s
correction. ¢, Complementation of colony forming defects caused by DNA2%
degradation. Celllines and drug treatment asin panel b. Representative image
and quantification showing mean +s.d.of n =3 independent experiments.

d, Flow cytometric analysis of RPE-1 OsTIR1 DNA2% following 60 htreatment +
ATRi (VE-821;1uM) £ DIA (n=1). e, Cell viability of RPE-1 OsTIR1 DNA2% cells
treated asin paneld, as measured by trypan blue exclusion. Treatment with
etoposide (50 pM) for 60 htoinduce cell death serves as control. Quantification
oftheresultsshows mean +s.d.of n=3independent experiments.
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Extended DataFig.5|DNA2isrequired in G2 to prevent ahighly penetrant
YH2AX phenotype. a, Quantification of yH2AX intensity and representative
images of RPE-1OsTIRI (Ctrl.) cells and RPE-1 OsTIR1 DNA2% cells treated
ornot with DIA for 18 h and pulsed with EdU (10 uM) for the final 30 min.

Cell-cycle stage was determined by DAPlintensity and EdU incorporationinto

replicating cells. Quantification of the results (normalised to untreated Ctrl.)
showsmeans.d.forn=4(Ctrl.) or n=3 (DNA2%) independent experiments.
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Significance determined by two-sided t-test with Welch’s correction.

b, Experimental set-up and immunofluorescence-based analysis of yfH2AX
fociin RPE-10sTIRI (Ctrl.) cellsand RPE-1 OsTIRI DNA2% cells over 24 h
following DIA-induced DNA2% degradation. A30-min EdU pulse ateach
indicated timepoint was used to identify non-S phase, yH2AX focus-positive
cells. Datashows mean +s.d.forn=3independent experiments.
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Extended DataFig.6|Loss of DNA2 does notresultinperturbed canonical
Okazakifragment processing. a, Experimental set-up for the assessment of
ADP-ribose (MAR/PAR) in RPE-10sTIRI1 DNA2% cells treated with FEN1i (20 pM;
added 90 minbefore IF sample preparation) and PARGi (10 uM; added 30 min
before IF sample preparation) asindicated. b, RPE-1OsTIR1 control (Ctrl.) cells
and RPE-10sTIR1 DNA2% cells were treated as shown in panel aand assessed for
MAR/PAR.Thedataisrepresented as the mean +s.d.forn=3independent
experiments. Statistical analysis by two-sided t-test with Welch’s correction.

¢, Wild-type and FENI7~RPE-1 cells analysed asin panel ashowing that DIA has
no effectonthe MAR/PAR signals (n =3 independent experiments).d, Cell-
cycledistribution determined by EdU staining and DNA (DAPI) content of RPE-1
OsTIR1 control (Ctrl.) cellsand RPE-10sT/IR1 DNA2% cells treated for 0, 8, and
24 hwith DIA.FENliand EdU + PARGi were present for the final 90 and 30 min,
respectively (representative of twoindependent experiments). A.u., arbitrary
units.
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cellstreatedasinFig. 3, panela.Scalebars,10 pm.



EdU

v

G A
—(oeeeesseeses s> (DIA added 12 h before late S phase)
Asyn, e eeee——(DIA added 8 h before late S phase)

cells e (DIA added 6 h before late S phase

DIA
v
i

)
e T s ssssssssssm—  (DIA added 4 h before late S phase)
———————————"———=—————> (DIA added 2 h before late S phase)

ODNA2% present
BDNA2% degraded

i

Fix and analyse cells by IF 8 h

after traversing late-S phase by
selecting cells with a late-S EdU pattern

b c d

- S & & & & =407 & & & & & & 1007

E NP APNS 3 IS RPN AP ARG %

) O304 1 - _¢ o
© b s N <

g . g Sl 25

o . . .

G s 5201 % = v . 2 g 501

8 i= e ® o i . 38

8 I g Sils & ¥ ol °2

: #ii FEESEL ©

x i e mm & & T S L == ©
e 4% 33 eppe e JENR .
6 4 2 0 12 8 6 4 2 12 8 6 4 2

Length DIA treatment
before late S phase (h)

Extended DataFig.8|DNA2isrequired throughoutS/G2phase.

a, Experimental set-up for the detection of RPAin RPE-10sTIRI DNA2% cells
whenDNA2%is degraded for different lengths of time in S phase. b, Number of
RPA fociintheindicated numbers (1) of G2 RPE-10sTIR1 DNA2% cells over two
independent experiments. Cellsweretreated asin panelaandanalysed 8 h

Length DIA treatment
before late S phase (h)

Length DIA treatment
before late S phase (h)

after traversing late S phase. Bars mark the median. ¢, As panel b, but cells
analysed for FANCD2 foci. d, Proportion of RPE-1 OsTIRI DNA2% cells that have
progressed through mitosis into the next G1 phase 8 h after traversing late
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Thedataisrepresented asthe mean+s.d.forn=3independent experiments.
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Extended DataFig. 9| Commitmenttosenescencein DNA2-deprivedcells
ismediated by p21andindependent of DNA double-strand breaks.

a, Cytoplasmic (closed arrowheads) and nuclear (open arrowheads) cyclin B1
localisation in RPE-1OsTIRI DNA2% cells treated or not with DIA (18 h). Mean
localisation frequency +s.d. was determined for n =3 independent experiments
(-DIA, 255 cells; +DIA, 246 cells). Scale bar,100 um. b, Effect of p21siRNA on cell
proliferation following DNA2 degradation in RPE-1 OsT/IRI DNA2% cells (n =3
independent experiments) and western blot analysis (n =1) of p21depletion.
p21siRNAwas applied for 24 hbefore addition of DIA. After three days, nuclei
were stained and counted. 3500 cells plated and data normalised to cells
treated with non-targeting (NT) control siRNA only. Data presented as mean
values + s.d. ¢, Effect of p21siRNA on the increase in nuclear area following
DNA2% degradation. Experimental set-up asin panel a, but nuclear area

measured for theindicated numbers (n) of cells. d, Cell cycle exit override in
DIA-treated RPE-10sTIRI DNA2% cellsinduces micronuclei formation. Experiment
carried outasin panel b, but micronuclei-positive cells identified and scored.
Data presented as mean values + s.d. for n=3 independent experiments.

e, Determination of the stage of DIA-induced cell-cycle exitin RPE-1OsTIR1
DNA2% cells at which phosphorylation of RPA (pS4/8 on RPA32; a proxy measure
for DNA breakage) is detected. Cells were treated 18 h with DIA and stained for
cyclin B1. pRPA-positive cells (indicated by white arrowheads) were assessed
for cyclin B1. Approximately 5% of cells were positive for pRPA, and cyclin Blwas
mostly absent (degraded) inthese cells, indicating thatany DNA double-strand
break formation occurs after commitment to senescence (n =3 independent
experiments). Data presented as mean values +s.d. Scale bar, 10 pm.
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Extended DataFig.10|The nuclease and helicase activities of DNA2 jointly supernumerary RPA fociassociated with the expression of nuclease-dead
safeguard cell proliferation and unrestrained helicase activity of nuclease- DNA2D277A.Barsindicate the median.d, Analysis of RPA fociin RPE-10sTIR1
dead DNA2D277A causes genotoxicstressinSand G2 phase.a, Westernblot ~ DNA2% cells complemented or not with doxycycline-induced DNA2 versions
analysis (n=1) onlysates from RPE-10sTIRI DNA2% cells upon doxycycline- asindicated after treatment with DIA for 16 hand pulsed with EAU (10 uM) for
induced (1pg/ml) expression of theindicated wild-type and mutant versions the final 60 min. Cell-cycle stage was determined by DAPlintensity and EdU
of DNA2for 8 h.KUS80, loading control. b, Proliferation of RPE-1 OsTIRI DNA2 incorporationinto replicating cells. Datais presented as mean values *s.d.
cellsupon expression of wild type or mutant DNA2 asindicated in the presence (n=3independentexperiments). e, Nuclear area measurements for the

orabsence of DIA over 3 days.1500 cells plated. Data normalised to untreated indicated numbers (n) of RPE-10sT/RI control (Ctrl.) and RPE-1 OsT/IRI DNA2%
RPE-10sTIRI control (Ctrl.) cellsand presented as mean values +s.d. (n=3 cells (representative of three independent experiments). Cells were
independent experiments). ¢, Quantification of RPA foci2, 4,and 8 hafter late complemented asindicated and treated with DIA for three days. Median and
Sphaseupontreatmentoftheindicated cellsasshowninFig.3a (n =50 cells quartiles marked.

over twoindependent experiments at each timepoint). Note the induction of



Article

a C

IAA (uM): 0.08 0.2 0.7 65 0 Kpa
150

o
©

o
oNAZ | 8 J 8306
d o2
KU8O Sg
=], EEo
'gm
8502
b &
— 51 0.0
3 ° 25 2% 2 %
s 41 g 3 253 23
S g g <
2 34 Z Z z
[a] [a] o
£ + ¥ +
= 21 G S G2
3 14 DNA24
=2
"0 00802 07

IAA (uM):

Extended DataFig. 11| Analysis of partial degradation of DNA2dd

and expression of patient-derived DNA2 mutant L48P.a, DNA2
immunoprecipitation and western blot (representative of two independent
experiments) on lysates from RPE-10sTIR1 DNA2% cells treated with doxycycline
(1pg/ml) and theindicated concentrations of IAA for 24 h. KU80, input control.
b, RPE-10sTIR1 DNA2% cells treated as in panel a and analysed for micronuclei
after three days (n =3 technical replicates). Datapresented as meanvalues +s.d.
¢, Analysis of RPA fociin RPE-1 0sTIR1 DNA2% cells complemented or not with
doxycycline-induced DNA2L48P asindicated after treatment with DIA for16 h
and pulsed with EAU (10 uM) for the final 60 min. Cell-cycle stage was determined
by DAPlintensity and EdUincorporationintoreplicating cells. Datais presented
asmeanvalues +s.d. (n=3independent experiments).
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Anti-DNA2 antibody raised against a C-terminal immunogen (Abcam, Ab96488)
Anti-POLD3 (Abnova, HO0010714-MO) | Anti-FBH1 (Abcam, 2353C1a)
Anti-SMARCAL1 (Santa Cruz Biotechnology, SC-376377) | Anti-HLTF (Proteintech, 14286-1-AP)
Anti-ZRANB3 (Proteintech, 23111-1-AP) | Anti-RPA32 9H8 (Genetex, GTX22175)
Anti-RPA70 (Abcam, ab97338) | Anti-phospho-RPA32 (54/8) (Bethyl Laboratories, A300-245A)
Anti-RAD51 Ab-1 (EMD Millipore, PC130) | Anti-FANCD2 (Novus Biologicals, NB100-182)
Anti-(gamma)H2AX (S139) JBW301 (Sigma-Aldrich, 05-636) | Anti-cyclin B1 (BD Biosciences, 610220)
Anti-BrdU (BD Biosciences, 555627) | Anti-MAR/PAR (Cell Signaling Technology, 83732)
Donkey anti-mouse IgG AlexaFluor-488 (Thermo Fisher Scientific A-21202)
Donkey anti-rabbit IgG AlexaFluor-555 Thermo Fisher Scientific A-31572)
Donkey anti-rabbit IgG Alexa Fluor 488 (Thermo Fisher Scientific A-21206)
Goat anti-mouse IgG AlexaFluor-647 (Thermo Fisher Scientific A-21235)
HRP-linked anti rabbit or anti-mouse IgG (Cell Signaling Technology, 7074 and 7076)
Validation Anti-CHK-1 is validated by siRNA by the manufacturer.

Anti-phospho-CHK1 (S345) was experimentally validated using camptothecin treatment, and UV treatment by the manufacturer.
Anti-(gamma)H2AX (S139) JBW301 validated experimentally using etoposide and by the manufacturer by the same method.
Anti-phospho-RPA32 validated experimentally using camptothecin, and by the manufacturer using etoposide.

Anti-DNA2 antibody raised against a C-terminal immunogen, Anti-p21, Anti-POLD3, Anti-FBH1, Anti-SMARCAL1, Anti-HLTF, Anti-
ZRANBS3, all validated experimentally by disappearance of band on western blot after siRNA .

Anti-KU80 validated by immunoprecipitation by the manufacturer.

Anti-cyclin B1 validated by manufacturer and by PMID: 18195732.

Anti-RAD51 validated in by signal inhibition by Rad51 inhibitors, PMID: 28076755.

Anti-FANCD?2 validated by siRNA/western blot by the manufacturer.

Anti-MAR/PAR validated using relevant genotype/inhibitor controls, PMID: 35332322.

Anti-DNA2 antibody raised against an N-terminal immunogen validated by the manufacturer and by us through depletion of mAID-
immunoprecipitated DNA2dd.

Anti-RPA70 cross-referenced with anti-RPA32 for presence of RPA heterotrimer and vice versa; and tested experimentally using
camptothecin.

Anti-BrdU was tested experimentally for specificity with and without the addition of BrdU.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) All yeast cell lines were derived from standard laboratory strains of S. pombe and their genotypes are fully described in
Supplementary Table S1. Human cell lines were derived from RPE-1 as detailed in the methods. RPE-1 cells were aquired
from ATCC (cat. CRL-4000).

Authentication Genotypes were verified using genetic markers and sequencing of all loci modified in this study. Genetic modifications in
human cell lines verified by PCR.

Mycoplasma contamination Cell lines were confirmed mycoplasma negative every 3 months.

Commonly misidentified lines  No commonly misidentified lines used.
(See ICLAC register)




Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Authentication DPescribe-any-atithentication-proceduresforeach-seed-stock-tised-ornovel-genotype-generated—Describe-any-experiments-used-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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Flow Cytometry

Plots

Confirm that:
|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
Sample preparation RPE-1 were fixed in 70% ethanol at 4 °C overnight and stained with FxCycle PI/RNase Staining Solution (Invitrogen, F10797)
according to the manufacturer’s instructions
Instrument Accuri C6 Flow cytometer (BD Biosciences)
Software BD Accuri C6 software
Cell population abundance For each sample, 10000 events were collected. Examples of populations in each gate are shown in Supplemtary Fig. 2.
Gating strategy Gating was applied to exclude (1) cell debris and (2) doublets; subsequently uniform gating was used to distinguish G1, S, and

G2 cells based on Pl intensity. Gating strategy described in Supplementary Fig. 2.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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