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Approximately 15% of cancers use homologous recombination for alternative lengthening of telomeres (ALT). How
the initiating genomic lesions invoke homology-directed telomere synthesis remains enigmatic. Here, we show that
distinct dependencies exist for telomere synthesis in response to replication stress or DNA double-strand breaks
(DSBs). RAD52 deficiency reduced spontaneous telomeric DNA synthesis and replication stress-associated re-
combination in G2, concomitant with telomere shortening and damage. However, viability and proliferation re-
mained unaffected, suggesting that alternative telomere recombination mechanisms compensate in the absence of
RAD52. In agreement, RAD52 was dispensable for DSB-induced telomere synthesis. Moreover, a targeted CRISPR
screen revealed that loss of the structure-specific endonuclease scaffold SLX4 reduced the proliferation of RAD52-
null ALT cells. While SLX4 was dispensable for RAD52-mediated ALT telomere synthesis in G2, combined SLX4
and RAD52 loss resulted in elevated telomere loss, unresolved telomere recombination intermediates, and mitotic
infidelity. These findings establish thatRAD52 and SLX4mediate distinct postreplicativeDNA repair processes that
maintain ALT telomere stability and cancer cell viability.
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Homology-directed DNA repair (HDR) can be achieved
through multiple pathways that use distinct molecular
machineries (Ceccaldi et al. 2016; Verma and Greenberg
2016). Canonical HDR proceeds through a RAD51-depen-
dent search and capture of a homologous sequence
followed by templated DNA synthesis. However, nonca-
nonical forms of HDR that occur independent of RAD51
have been described extensively in yeast and are responsi-
ble for a subset of break-induced replication (BIR) and telo-
mere maintenance in telomerase-negative survivors
(Lundblad and Blackburn 1993; Malkova et al. 1996; Le
et al. 1999; Teng and Zakian 1999; Teng et al. 2000;
Chen et al. 2001; Lydeard et al. 2007; Anand et al. 2013).
Analogous mechanisms in human cells are increasingly
believed tounderlie the repair of damaged replication forks
and the alternative lengthening of telomeres (ALT) path-
way of telomere maintenance (Bryan et al. 1995; Cesare
and Reddel 2010; Costantino et al. 2014; Dilley et al.
2016). The relative contribution of canonical versus non-
canonical HDR to these pathways in humans is poorly

understood. We demonstrated recently that human break-
induced telomere synthesis (BITS) and spontaneous ALT
telomere synthesis are independent of RAD51 (Dilley
et al. 2016). ALT involves long-tract conservative DNA
synthesis, suggestive of a RAD51-independent BIR mech-
anism (Dilley et al. 2016; Roumelioti et al. 2016). Themo-
lecular control of this alternative form of HDR remains a
fundamental question.
Survivors of telomerasemutation in yeast rely on either

RAD51-dependent (type I survivors) or RAD51-indepen-
dent (type II survivors) HDR mechanisms to maintain
telomere length. However, both types I and II require the
repair protein RAD52 and the DNA polymerase δ subunit
Pol32 (Lundblad and Blackburn 1993; Lydeard et al. 2007).
Drawing parallels between yeast and human RAD52 may
prove challenging, since the cellular function does not ap-
pear to be fully conserved. While yeast RAD52 is an im-
portant mediator of RAD51 nucleofilament formation,
this function has largely been taken over by BRCA2 in
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human cells (Rijkers et al. 1998; Hanamshet et al. 2016).
Biochemically, human RAD52 binds dsDNA and ssDNA
and promotes the annealing between complementary
ssDNA strands as well as D-loop formation in vitro (Ben-
son et al. 1998; Kagawa et al. 2001, 2002; Van Dyck et al.
1999, 2001). In vivo, mammalian RAD52 was thought to
participate mainly in alternative, backup repair pathways
(Feng et al. 2011; Lok et al. 2013). However, recent studies
identified an essential role for RAD52 in DNA repair syn-
thesis after replication stress in human cells (Bhowmick
et al. 2016). These RAD52-dependent repair pathways
are independent of RAD51 and occur in mitosis (mitotic
DNA synthesis [MiDAS]), a time when canonical homol-
ogous recombination (HR) and nonhomologous end join-
ing (NHEJ) are repressed. Recruitment of RAD52 to the
sites of MiDAS was reported to be SLX4-dependent
(Bhowmick et al. 2016). RAD52-dependent mitotic repair
synthesis was also observed at telomeres (Min et al. 2017;
Özer et al. 2018). However, the physiological importance
of RAD52-mediated synthesis to ALT telomere mainte-
nance remains enigmatic, as is the nature of initiating
telomere lesions to which it can effectively respond to di-
rect HDR.

In this study, we set out to investigate the contributions
of RAD52 to ALT telomeremaintenance. Our findings re-
veal a SLX4-independent role for RAD52 in spontaneous
ALT telomere synthesis in interphase cells. Simultaneous
loss of RAD52 and SLX4 leads to telomere abnormalities,
loss of mitotic fidelity, and impaired viability, thus estab-
lishing their nonepistatic interaction in maintaining ge-
nomic integrity.

Results

BITS escapes mitotic inhibition

DNA double-strand break (DSB) repair is controlled
throughout the cell cycle (Hustedt and Durocher 2017).
In mitosis, a series of Cdk1-mediated phosphorylation
events is thought to effectively inhibit canonical HR and
NHEJ, whereas alternative forms of repair such asMiDAS
are permitted (Giunta et al. 2010; Orthwein et al. 2014;
Minocherhomji et al. 2015). Since BITS occurs indepen-
dent of RAD51, we hypothesized that it would escape mi-
totic inhibition (Dilleyet al. 2016). To test this,we isolated
mitotic cells using nocodazole shakeoff or RO-3306 re-
lease followed by shakeoff and subsequently turned on
telomere restriction fragment 1 (TRF1)-FokI to create telo-
mere breaks inmitosis. TRF1-FokI induction for 2 h result-
ed in activation of ATM signaling in mitotic cells, as
indicated by increased p-KAP1 (Fig. 1A). During this time
frame, break-induced replisome components POLD3 and
PCNA localized to damaged mitotic telomeres, whereas
RAD51 and 53BP1 were excluded (Fig. 1B–D). As seen for
asynchronous cells, mitotic telomere damage resulted in
the generation of C circles as well as a dramatic increase
in POLD3-dependent nascent telomere synthesis, quanti-
fied using a BrdUpull-down assay that allows for detection
of BITS on nitrocellulose membranes when hybridized
with a radiolabeled telomeric oligonucleotide (Fig. 1E–K;

Supplemental Fig. S1A,B; Cho et al. 2014; Dilley et al.
2016; Verma et al. 2018). Spontaneous mitotic telomere
synthesis was present at higher levels in several ALT cell
lines compared with telomerase lines (Supplemental Fig.
S1C–E), consistent with recent reports (Min et al. 2017;
Özer et al. 2018).However, the baseline synthesiswas neg-
ligible compared with that seen after TRF1-FokI in both
ALT and telomerase lines (Fig. 1G,H). Taken together,
our data demonstrate that telomere repair synthesis es-
capes mitotic inhibition and can occur in direct response
to breaks generated in mitosis. In addition to highlighting
the noncanonical nature of this HDR and the importance
of the POLD3-containing replisome, our data suggest
thatmitosis could serve as awindow to identify repair fac-
tors that are critical to telomere synthesis and repair.

RAD52 is recruited to ALT telomeres to resolve
replication stress

HumanRAD52participates in alternative repair pathways
independent of RAD51 (Bhowmick et al. 2016; Sotiriou
et al. 2016). RAD52 has been visualized at ALT telomeres
and contributes to telomeric MiDAS, but its functional
role in human ALT remains poorly understood (Yeager
et al. 1999; Min et al. 2017; Özer et al. 2018). In particular,
its contributions to telomere synthesis outside of mitosis
has not been investigated.Taking advantage of themitotic
repression of canonical repair pathways, we found that
RAD52 localized to damagedmitotic aswell as interphase
telomeres (Fig. 2A). RAD52 telomere localization in-
creased in G2-arrested cells and was more prominent in
ALT cell lines compared with telomerase-positive lines,
suggesting a damage dependence (Fig. 2B,C; Supplemental
Fig. S2A,B; Cesare et al. 2009; Cesare and Reddel 2010).
Given that HeLa1.3 cells have telomere lengths compara-
blewithALTcells, this rules out thepossibility that the in-
creased localization observed was related to telomere
length. Generation of telomere DSBs using TRF1-FokI re-
sulted in further elevation of RAD52 localization (Fig.
2D). Additionally, replication stress due to hydroxyurea
(HU) treatment or collapsed replication forks following
FANCD2 depletion also increased RAD52 recruitment
to telomeres (Fig. 2E,F; Schlacher et al. 2012).

Replication stress-associated telomere localization in
interphase suggests that RAD52 is part of a repertoire of
repair proteins that can contribute to postreplicative syn-
thesis during ALT. C circles are a marker of ALT activity
that are proposed to arise from the resolution of replica-
tion stress intermediates (Henson et al. 2009; O’Sullivan
et al. 2014; Rivera et al. 2017). FANCD2 loss increased
C circles in ALT cells, consistent with previous reports
(Supplemental Figs. S3A,B, S4A; Fan et al. 2009; Root
et al. 2016). Nascent C-circle generation was highest in
G2-arrested cells and decreased dramatically as cells en-
tered mitosis in both control and FANCD2-depleted cells
(Supplemental Fig. S3C). These data imply that ALT cells
may resolve most replication stress during G2. Interest-
ingly, RAD52 localization to ALT telomeres is increased
during this phase of the cell cycle (Fig. 2B). This observa-
tionmay relate to the known recruitment ofDNAdamage
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response factors to telomeres after completion of DNA
replication (Verdun et al. 2005). CRISPR guides targeting
RAD52 (sgRAD52) reduced C circles in G2-arrested and
asynchronous cells as well as mitotic cells induced with
TRF1-FokI (Fig. 2G,H; Supplemental Figs. S3D–F, S4B).

Notably, this C-circle reduction was consistent across
two independent guides and in both cell populations
and pooled knockout clones (Fig. 2G,H; Supplemental
Fig. S3D,E). While sgFANCD2 and sgPOLD3 had oppos-
ing effects on C circles in G2, RAD52 knockout had a
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Figure 1. BITS escapesmitotic inhibition. (A) Western blot from asynchronous andmitosis-arrested U-2 OS induced with TRF1-FokI for
2 h. p-KAP1 was used to examine whether telomeric DSBs lead to the activation of ATM signaling. (B) Immunofluorescence images of
repair factor (green) recruitment to damaged mitotic and interphase telomeres (red) in U-2 OS cells. (C,D) Chromatin immunoprecipita-
tion (ChIP) dot blot fromHeLa S3 (C ) with quantification (D). (E,F ) C-circle dot blot frommitosis arrested U-2OS inducedwith TRF1-FokI
(E) with quantification (F ). (G,H) BrdU pull-down dot blots for telomere content frommitosis-arrested U-2 OS and HeLa S3 induced with
TRF1-FokI (G), with quantification of nascent telomeric C andG strands (H). (I ) Western blot fromasynchronous andmitosis-arrestedU-2
OS treated with the indicated siRNAs. p-Plk1 served as a marker for the mitotic enriched population. (J,K ) BrdU pull-down dot blot for
telomere content from mitotis-arrested U-2 OS induced with TRF1-FokI (J), with quantification of nascent telomeric C and G strands
(K ). (AS) Asynchronous; (Noc) nocodazole. Data represent mean values of at least two independent experiments. (∗) P≤ 0.05, Student’s
t-test. Error bars indicate SEM.
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dominant effect, leading to a reduction in all genetic back-
grounds (Fig. 2I,J; Supplemental Figs. S2C, S4C). Taken to-
gether, our data demonstrate that RAD52 acts in response
to replication stress at telomeres and promotes features of
ALT.

RAD52 is required for spontaneous ALT telomere
synthesis and maintenance

Deficiency in factors that promote telomere synthesis
during ALT has been reported to decrease C circles (Dilley
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Figure 2. RAD52 is enriched at damaged telomeres and is required for C-circle generation. (A) Representative immunofluorescence im-
age of a U-2 OS interphase and mitotic cell showing localization of RAD52 (green) at damaged telomeres (red). DNA was stained using
DAPI (blue). (B–F ) Quantification of RAD52 localization at telomeres in asynchronous andCdk1 inhibitor (Cdk1i)-arrestedG2-phase cells
(B) and telomerase-positive and ALT-positive cells (C ) after 2 h of TRF1-FokI induction (D) and 1 h of treatment with 1mMHU (E) and in
LM216J cells expressing sgFANCD2 (F ). (G–J) Representative image (G,I ) and quantification (H,J) of C circles in U-2OS (G,H) and LM216J
(I,J) cells arrested in G2 phase using Cdk1 inhibitor RO-3306 for 16 h. (EV) Empty vector; (WT) wild type; (KO) knockout; (AS) Asynchro-
nous. Data represent mean values of at least two independent experiments. (∗) P≤0.05; (∗∗) P≤ 0.01; (∗∗∗) P≤ 0.0001; (∗∗∗∗) P≤0.0001, Stu-
dent’s t-test. Error bars indicate SEM.
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et al. 2016). Since RAD52 loss reduced C circles, we hy-
pothesized that it might be involved in directing DNA
repair synthesis at ALT telomeres downstream from repli-
cation stress. To test this directly, we analyzed the effect
of RAD52 depletion on non-S-phase telomere synthesis,
a characteristic found only in ALT cells that can be visu-
alized by EdU incorporation selectively at telomeres
(Fig. 3A,B; Nabetani et al. 2004; Cho et al. 2014; Dilley
et al. 2016). RAD52 colocalized with EdU-positive telo-
meres in non-S-phase cells (Supplemental Fig. S3G).
ALT-positive LM216J cells treated with three indepen-
dent sgRAD52 guides displayed a significant reduction
in non-S-phase telomere synthesis, as measured by EdU
incorporation (Fig. 3B,C; Supplemental Fig. S3H). Nota-
bly, depletion of RAD52 and POLD3 resulted in similar re-
ductions in telomere synthesis, with no obvious additive
effect when combined (Fig. 3D). These results were vali-
dated using BrdU pull-downs of nascent telomeres in
undamaged cells arrested in G2. Using this approach,
RAD52 knockout also decreased spontaneous telomere
synthesis in LM216J and U-2 OS cells (Fig. 3E,F). This re-
duction in synthesis corresponds to diminished PCNA
loading onto ALT telomeres in G2 in RAD52 knockout

cells (Fig. 3G,H). In contrast, RAD51 loss did not have
an effect on this RAD52-mediated ALT synthesis (Supple-
mental Figs. S3I, S4D). Taken together, our data implicate
a RAD51-independent role of RAD52 in ALT telomere
synthesis during G2.
To determine the importance of RAD52 for ALT telo-

mere maintenance, we analyzed telomere length and
content in sgRAD52 populations and RAD52 knockout
clones. All three sgRNAs targeting RAD52 resulted in ob-
servable telomere shortening in populations of U-2 OS
cells, as determined by telomere restriction fragment
(TRF) analysis (Fig. 4A,B). Multiple RAD52 knockout
clones pooled together also displayed a significant loss of
telomere content, as quantified by quantitative telomere
fluorescence in situ hybridization (Q-FISH) and dot blot
in U-2 OS and LM216J but not in the matched telo-
merase-positive LM216T line (Fig. 4C,D; Supplemental
Fig. S4E). In accordance with a reduced ability to resolve
replication stress, RAD52 knockout cells accumulated
RPA, ssDNA, and unresolved complexes at telomeres
(Fig. 4E–G). Despite complete loss of RAD52, cell viability
was not significantly compromised, raising the possibility
that other repair factors compensate for RAD52 loss or act
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Figure 3. RAD52 is required for spontaneous ALT telomere synthesis. (A) Representative immunofluorescence image of EdU (green) in-
corporation in a S-phase cell. (B–D) Representative immunofluorescence image (B) and quantification (C,D) of EdU (green) incorporation at
telomeres (red) in the indicated LM216J lines arrested in G2 phase using Cdk1 inhibitor (Cdk1i) RO-3306 for 16 h. DNAwas stained using
DAPI (blue). Error bars indicate SD. (E,F ) Representative dot blot (E) and quantification (F ) of BrdU immunoprecipitation for telomeric
DNA using a 32P-labeled telomeric probe in G2-arrested U-2 OS and LM216J lines. Error bars indicate SEM. (G,H) Representative dot
blot (G) and quantification (H) of PCNA immunoprecipitation for telomere content using a 32P-labeled telomeric probe fromU-2 OS cells
arrested in G2 phase using Cdk1 inhibitor RO-3306 for 16 h. Error bars indicate SEM. Data are mean values of at least two independent
experiments. (WT) Wild type; (KO) knockout. (∗) P≤ 0.05; (∗∗) P≤ 0.01; (n.s.) nonsignificant, Student’s t-test.
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Figure 4. RAD52 is required for maintenance of ALT telomere. (A) TRF analysis using pulse-field electrophoresis from a population of
U-2 OS cells expressing either empty vector or a sgRNA for RAD52 at ∼25 population doublings. Peak intensity of telomere signal is in-
dicated by a red dot. (B) TRF analysis using pulse-field electrophoresis from a population of U-2 OS cells expressing either empty vector or
sgRAD52 #1. After transductionwith either empty vector or sgRAD52 #1, cells were collected after every four population doublings. Peak
intensity of telomere signal is indicated by a red dot. (C ) Quantification of relative telomere length by Q-FISH of metaphase spreads from
the indicated cell lines. Error bars indicate SD. (D) Quantification of relative telomere content by dot blot from the indicated cell lines.
Error bars indicate SD. (E) Quantification of RPA localization at telomeres. Error bars indicate SEM. (F,G) Native and denatured two-di-
mensional (2D) gels showing telomeric DNA from U-2 OS and LM216J cells. A single asterisk indicates t-complexes, and two asterisks
indicate single-strand overhang (F ) and quantification (G). Error bars indicate SD. (H) Quantification of 53BP1 localization at telomeres.
Error bars indicate SD. (I ) Quantification of BrdU pull-down dot blots for telomere content from the indicated cell lines following TRF1-
FokI induction.C1–C3 represent individual CRISPRclones isolated froma population expressing sgRAD52 sg#1. Error bars indicate SD. (J,
K ) Experimental outline (J) and quantification (K ) of telomere synthesis in G2 after low-dose APH treatment. Error bars indicate SD. (EV)
Empty vector; (WT) wild type; (KO) knockout; (PD) population doubling; (APH) aphidicolin. Data represent mean values of at least two
independent experiments. (n.s.) Nonsignificant; (∗) P≤0.05; (∗∗) P≤ 0.01; (∗∗∗∗) P≤ 0.0001, Student’s t-test.

Verma et al.

226 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on August 27, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


in parallel to maintain ALT telomeres. Loss of RAD52 re-
sulted in increased 53BP1 localization at telomeres, sug-
gesting a conversion of replication intermediates to DSBs
(Fig. 4H). Given that DSB lesions are a potent inducer of
BITS, we speculated that RAD52 knockout ALT cells
may become increasingly reliant on alternative repair syn-
thesis for survival. Indeed, RAD52 was dispensable for
BITS following TRF1-FokI induction (Fig. 4I). On the other
hand, residual G2 synthesis in RAD52 knockout cells was
hypersensitive to low-dose aphidicolin treatment, consis-
tent with a reported role of RAD52 in replication fork re-
start (Fig. 4J,K; Sotiriou et al. 2016). These findings
implicate RAD52 downstream from replication stress in
directing POLD3-dependent telomere maintenance. On
the other hand, RAD52-independent pathways can func-
tion in response to DSBs to execute BITS.

CRISPR screening reveals sensitivities of RAD52-
deficient cells

We reasoned that RAD52-deficient ALT cells should be
particularly sensitive to depletion of DNA repair factors
thatmediate RAD52-independent telomeremaintenance.
We performed a targeted CRISPR screen of candidate
DNA repair proteins that have been implicated previously
in different aspects of recombination (Fig. 5A,B). The
screen was performed in wild-type and RAD52 knockout
ALT-dependent LM216J cells. A sgRNA library consisting
of 56 guides targeting 15 DNA repair proteins with dis-
tinct functionalities as well as three controls were cloned
into a lentiviral vector that expresses GFP under the con-
trol of an internal ribosome entry sequence (IRES) (Fig. 5B;
Tarumoto et al. 2018). The number of sgRNAs designed
per gene was roughly based on gene size and the number
of functional domains. Targeting functional domains
has been documented to yield increased CRISPR Cas9-
mediated knockout efficiency (Shi et al. 2015). Wild-
type and RAD52 knockout LM216J ALT cells stably ex-
pressing Cas9 were transduced with lentivirus expressing
sgRNAs and GFP as a tracker at a multiplicity of infection
(MOI) of <0.6 to allow competition between the trans-
duced GFP-positive and the nontransduced GFP-negative
cells. These cells were subsequently monitored for chang-
es in the percentage of GFP positivity every two doubling
times for seven passages as a measure of cell proliferation
(Fig. 5A). While GFP percent remained constantwith each
passage in cells targeted with the negative control
ROSA26 (Fig. 5C), there was a total reduction in GFP pos-
itivity over the course of the experiment in bothwild-type
and RAD52 knockout cells treated with positive controls
targeting the essential proteins PCNA and RPA3. Howev-
er, we observed significantly reduced editing efficiency in
RAD52 knockout cells compared with wild-type cells, bi-
asing our screen against identifying hits that would be se-
lectively toxic in cells lacking RAD52 (Fig. 5C).
We observed three different proliferation trends, denot-

ed by groups I–III (Fig. 5D,E; Supplemental Fig. S5). Group
I sgRNAs did not reduce the GFP-positive population be-
low 40% over 14 passage doublings in both wild-type and
RAD52 knockout cells. These genes included RAD54A,

RAD54B, Mus81, Gen1, and Polθ (Supplemental Fig. S5).
Group II sgRNAs significantly reduced the GFP-posi-
tive population to <40% in wild-type cells but not in
RAD52knockout cells. This includedRAD51, its paralogs
(RAD51A,RAD51C,RAD51D,XRCC2, andXRCC3), and
Fen1. We attribute the diminished sensitivity of targeting
these essential recombination factors to the reduced edit-
ing efficiency inRAD52knockout cells (Fig. 5D). Group III
sgRNAs significantly reduced cell proliferation to <40%in
both wild-type and RAD52 knockout cells. sgRNAs
against SLX4, FANCD2, and BLM reduced cell prolifera-
tion of wild-type andRAD52 knockout cells to a compara-
ble extent. Because of the reduced targeting efficiency in
cells lacking RAD52 (Fig. 5E), we propose that the magni-
tude of the effect of these genetic interactions is underrep-
resented in RAD52 knockout cells.
To further understand these genetic interactions, we

examined interdependencies for telomere localization.
BLM and FANCD2 telomere localization was increased
after RAD52 loss; however, SLX4, which is constitutively
present at the telomere, remained unchanged (Supple-
mental Fig. S6A–C; Wilson et al. 2013). Conversely, loss
of FANCD2 or SLX4 resulted in an increased RAD52 telo-
mere localization (Fig. 2F; Supplemental Fig. S6D). BLM
deficiency, on the other hand, reduced RAD52 signal at
telomeres, suggesting that BLM acts upstream of RAD52
during ALT telomere synthesis (Supplemental Fig. S6D).

Combined loss of SLX4 and RAD52 causes genomic
instability

SLX4 has been reported upstream of and epistatic to
RAD52 during MiDAS (Bhowmick et al. 2016). However,
our results are indicative of nonoverlapping functions of
RAD52 and SLX4, prompting us to examine the basis for
this genetic interaction. We used three different sgRNAs
to deplete the SLX4 protein in wild-type and RAD52
knockout LM216J cells. A blasticidin selection marker
on each sgRNA allowed for enrichment of cells expressing
SLX4 sgRNA. Consistent with screening data, there was
extensive cell death following transduction with lentivi-
rus expressing SLX4 sgRNAs. Immunoblot analysis of
the surviving population revealed approximately twofold
to fivefold reduction in SLX4 protein (Supplemental Fig.
S4F). These pools of cells expressing SLX4 sgRNA were
then used for subsequent experiments. Wild-type cells ex-
pressing sgRNA for SLX4 and RAD52 knockout cells did
not display changes in the cell cycle profile. However,
RAD52 knockout cells expressing SLX4 sgRNAs (RAD52
knockout sgSLX4) showed an increase in pChk1 positivity
and hence G2/M arrest, indicating higher endogenous
DNA damage in their combined absence (Fig. 6A,B; Sup-
plemental Fig. S6E–G). Moreover, an increased fraction of
polyploid cells was observed in RAD52 knockout sgSLX4
cells, suggestive of mitotic errors (Fig. 6A,B).
We therefore examined LM216J and U-2 OS cells ex-

pressing sgRNAs for SLX4 and/or RAD52 formitotic aber-
rations (Fig. 6C; Supplemental Fig. S4F). While treatment
with either RAD52 or SLX4 sgRNA itself did not have a
major effect on metaphase alignment, >40% of cells
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Figure 5. CRISPR screen reveals new vulnerabilities in RAD52 knockout cells. (A) Schematic of the experimental approach. (B) List of
genes in the screen, classified according to their functionalities. (C–E) Growth curves representing the percentage of GFP-positive cells
over seven passages (14 population doublings) in controls (C ), group II genes (D), and group III genes (E). Each data point represents the
mean of two independent experiments. Two-thousand cells were analyzed at most time points. Data points obtained from <500 cells
were excluded from the analysis. (EV) Empty vector; (KO) knockout. The error bar indicates SD.
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expressing sgRNAs for both RAD52 and SLX4 resulted in
a significant increase inmisaligned chromosomes. Nearly
80% of themisaligned chromosomes had telomere signal,
suggesting that they arise from the distal ends of the chro-
mosomes (Fig. 6D,E). On the basis of these results, we
conclude that the combined loss of RAD52 and SLX4 en-
hances DNA damage and mitotic abnormalities that may
in turn lead to reduced proliferation.

SLX4 and RAD52 contribute to distinct pathways in ALT
telomere maintenance

We next investigated the consequences of combined
RAD52 and SLX4 loss on ALT telomere synthesis and
stability. We first examined whether SLX4 and its as-
sociated nuclease, Mus81, contributes to G2-phase syn-
thesis associated with ALT telomeres. None of the three
sgRNAs for Mus81 or SLX4 had an effect on EdU incorpo-
ration at telomeres in Cdk1 inhibitor-arrested cells (Fig.
7A; Supplemental Figs. S2D, S4F,G). Additionally, Gen1,
a nuclease that shares some functional redundancy with
SLX4, did not have an effect onG2-phase telomere synthe-
sis (Fig. 7B; Garner et al. 2013; Wyatt et al. 2013). On the

other hand, sgBLM significantly reduced G2-phase telo-
mere synthesis, consistent with our RAD52 localization
studies and prior reports (Fig. 7B; Supplemental Figs.
S2E, S4H, S6D; Sobinoff et al. 2017). These observations
reveal that RAD52-mediated telomere synthesis in G2 is
SLX4-independent, differing from its reported dependency
on SLX4 in mitosis (Bhowmick et al. 2016).
While not affecting G2 telomere synthesis, cells ex-

pressing sgRNAs for SLX4 displayed strikingly large telo-
mere foci that often coalesced in APBs. Distribution of
focus size revealed an increased number of telomeres
with two to 10 times larger focus size in sgSLX4-express-
ing cells compared with wild type (Fig. 7C,D). However,
cells expressing sgRNAs targeting RAD52 showed re-
duced telomere focus size, consistent with its role in telo-
meric DNA synthesis (Supplemental Fig. S6H). Moreover,
loss of SLX4 increased APB formation, and this was
further elevated after induction of DSBs via TRF1-FokI
(Fig. 7E). These observations suggest that SLX4 can act
downstream from DSBs at telomeres to resolve recombi-
nation intermediates. The distinction in phenotypes con-
ferred in the absence of either RAD52 or SLX4 prompted
us to examine effects on telomeres after the combined

A B

D EC

Figure 6. Combined loss of SLX4 and RAD52 results in G2 arrest and increasedmitotic abnormalities. (A,B) Representative FACS profile
(A) and quantification (B) of cell cycle distribution in the indicated cell lines. The error bar indicates SD. (C,D) Representative immuno-
fluorescence-FISH images (C ) and quantification (D,E) of metaphase chromosomal abnormalities (blue) with telomeres (red) in the indi-
cated cell lines. The error bar indicates SD. The white arrow indicates the aberration. (EV) Empty vector; (WT) wild type; (KO) knockout.
Data represent mean values of two independent experiments.
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Figure 7. Nonepistatic interaction between RAD52 and SLX4 during ALT. (A,B) Quantification of EdU incorporation at telomeres in the
indicated LM216J cells arrested in G2 phase using Cdk1 inhibitor (Cdk1i) RO-3306 for 16 h. Error bars indicate SD. (C ) Immunofluores-
cence image showing telomere foci (red) colocalizing with promyelocytic leukemia (PML; green) in the indicated U-2 OS lines. DNAwas
stained using DAPI (blue). (D) Distribution of individual telomere focus size in the indicated U-2 OS lines. Error bars indicate SEM. (E)
Quantification of APBs by measuring PMLs colocalizing at telomeres in the indicated U-2 OS lines. TRF1-FokI was induced for 2
h. Error bars indicate SEM. (F ) Quantification of 53BP1 localization at the telomeres in the indicated U-2 OS lines. Error bars indicate
SD. (G,H) Native and denatured 2D gels showing telomeric DNA from the indicated LM216J cells. An asterisk indicates t complexes
(G) and quantification (H). Error bars indicate SD. (I–K ) Representative metaphase spreads (I ) and quantification of fragile telomeres (J)
and telomere loss (K ) from the indicated LM216J cell lines. Error bars indicate SEM. (L) Q-FISH analysis of the indicated LM216J cell lines.
Error bars indicate SEM. (M ) Model for ALT telomere maintenance: RAD52 is required for telomere synthesis ensuing from stalled forks.
BITS occurs in a RAD52-independent manner. The major function of SLX4 is to resolve recombination intermediates (bold arrow). In the
absence of RAD52, SLX4 may cleave the stalled forks during mitosis (light arrow). Combined loss of RAD52 and SLX4 results in the ac-
cumulation of unresolved replication and recombination intermediates, resulting in telomere fragility, loss, and shortening. (a.u.) Arbi-
trary units; (EV) empty vector; (WT) wild type; (KO) knockout. Data represent mean values of at least two independent experiments.
(n.s.) Nonsignificant; (∗) P≤ 0.05; (∗∗) P≤0.01; (∗∗∗) P≤0.001; (∗∗∗∗) P≤ 0.0001, Student’s t-test.
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loss of these proteins. Transient expression of sgSLX4 in
sgRAD52-expressing cells reduced DSBs at telomeres
(Fig. 7F). The data suggest that the replication intermedi-
ates generated in the absence of RAD52may be processed
by SLX4 to generate DSBs. Our observations lead to the
prediction that concomitant loss of RAD52 and SLX4
would result in accumulation of unresolved stalled forks
and recombination intermediates. Indeed, RAD52 knock-
out cells expressing sgSLX4 showed an increase in t com-
plexes (Fig. 7G,H).
Failure to repair stalled forks has been demonstrated to

increase fragile telomeres and loss of telomeric DNA
(Sfeir et al. 2009; Pepe and West 2014; Pinzaru et al.
2016). In agreement, RAD52 knockout cells displayed a
modest but significant increase in telomere fragility and
loss. Consistent with previous literature, SLX4 deficiency
increased the percentage of fragile telomeres (Wilson et al.
2013). The combined loss of RAD52 and SLX4 further en-
hanced both telomere loss and fragility (Fig. 7I–K). Finally,
quantitative telomere FISH analysis revealed a significant
reduction in telomere length in cells depleted for both
RAD52 and SLX4 compared with the individual knock-
outs, establishing a coordinated role of the two proteins
in ALT telomere maintenance (Fig. 7L).

Discussion

This study provides evidence that distinct repair synthesis
pathways operate at ALT telomere synthesis depending
on the nature of the initiating telomere lesion and cell cy-
cle phase. We demonstrate mechanistic distinctions be-
tween the three RAD51-independent pathways that
have been documented at ALT telomeres: MiDAS, spon-
taneous synthesis in G2, and BITS (Dilley et al. 2016;
Özer et al. 2018). SLX4 and RAD52 were dispensable for
BITS, while each is required for telomeric MiDAS (Fig.
4I; data not shown). RAD52, but not SLX4 or Mus81, con-
tributed to spontaneous telomere synthesis in G2. While
MiDAS is restricted to prometaphase, BITS occurred in in-
terphase, prometaphase, and metaphase. TRF1-FokI-
directed DSBs may bypass the requirement of structure-
specific nucleases at later stages ofmitosis, allowing repli-
some loading and subsequentHDR synthesis. Notably, all
three pathways converge on a PCNA–POLD3-based repli-
some for executing DNA synthesis (Fig. 7M).
Our studies establish a crucial role for RAD52 in resolv-

ing replication stress and maintaining telomere length
during ALT. The short duration ofmitosis and the low fre-
quency of MiDAS, (reported to be 0.5 EdU telomere foci
per metaphase spread) suggest that mitotic DNA synthe-
sis is likely not the primary means for telomere length
maintenance during ALT (Min et al. 2017). We therefore
propose that the progressive telomere shortening over sev-
eral generations observed in RAD52 knockout cells re-
sults from reduced G2-phase synthesis. RAD52-
dependent resolution of replication stress is likely activat-
edmore frequently and is responsible for a large portion of
POLD3-dependent telomere synthesis in G2. However,
the balance between RAD52-dependent and RAD52-inde-

pendent pathways could shift in response to genetic dis-
ruption of repair proteins. As such, RAD52-null ALT
cells continue to proliferate but are rendered hypersensi-
tive to the loss of SLX4, BLM, and FANCD2. Notably,
theywere not hypersensitive to loss of RAD51 or its paral-
ogs. Mitotic aberrations, along with increased G2 and
polyploidy cell populations, demonstrate that lethal
forms of genomic abnormalities accumulate in cells lack-
ing both RAD52 and SLX4. It will be interesting to deter-
mine whether this nonepistatic interaction between
RAD52 and SLX4 extends beyond telomere damage in
cells that experience a high degree of replicative stress.
Several possibilities exist to explain the nonepistatic in-

teraction between RAD52 and SLX4 in telomere mainte-
nance, including (1) SLX4-directed endonucleolytic
cleavage of stalled forks in the absence of RAD52 that pro-
motes replication restart and/or (2) RAD52-mediated an-
nealing of single-strand regions during fork remodeling
that would mitigate the requirement of nucleolytic pro-
cessing for fork restart (Ciccia and Symington 2016). Addi-
tionally, SLX4 would also be required for resolving
recombination intermediates downstream from synthesis
involving strand invasion events (Fig. 7M). In accordance,
our studies reveal that the combined loss of RAD52 and
SLX4 leads to increased accumulation of complex telo-
meric structures. These unresolved intermediates may
serve as an impediment to the DNA synthesis machinery
on subsets of telomeres and result in gradual or cata-
strophic telomere shortening. These events might not
be evident in BrdU pull-down and C-circle assays that
monitor HDR within a single cell cycle (Supplemental
Figs. S2D, S6I–K). Approaches to directly visualize the en-
suing telomere recombination intermediates that arise in
the context of different DNA repair factor deficiencies
may be necessary to address these possibilities.

Materials and methods

Cell culture

HeLa1.3, 293T, LM216T, LM216J, and U-2 OS cell lines were
grown in DMEM (Thermo Fisher) with 10% calf serum and 1%
penicillin/streptomycin. The GM847 cell line was grown in
DMEM(ThermoFisher)with 10%FBS and 1%penicillin/strepto-
mycin. LM216J/T are matched lines. Cells were regularly tested
formycoplasma using theMycoAlert Plusmycoplasma detection
kit (Lonza).

Plasmids, CRISPR sgRNAs, and siRNAs

Generation of cell lines stably expressing TRF1-FokI was de-
scribed previously (Dilley et al. 2016). CRISPR knockout lines
were generated using a two-vector system (Tarumoto et al.
2018). The sequences for siRNAs and sgRNAs are in Supplemen-
tal Table 1. Experiments were done with complete knockout or
population of cells expressing sgRNAs. For the generation of
knockouts, cells expressing sgRNAwere plated at single-cell dilu-
tions to obtain individual colonies. These colonies were screened
for protein knockdown and insertion/deletion (indel) mutations
in the gene. Six to seven complete knockout colonies were then
pooled.
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BrdU pull-down dot blot, TIF assay, APB assay, Western blot, C-circle

assay, pulse-field gel electrophoresis, in-gel hybridization, and telomere

content dot blot

Assays were performed as described previously (Dilley et al.
2016). For pKAP-1, pPLK-1, and pChk1 blots, blocking was per-
formed using 5% BSA made in TBST (0.2% Tween diluted in
Tris-buffered saline), andTBSTwas used forwashes. The antibod-
ies used are listed in Supplemental Table 1.

Nascent C-circle assay

BrdU pull-down of 2 µg of gDNAwas performed as described pre-
viously with two major differences (Dilley et al. 2016; Verma
et al. 2018). First, sonication was omitted in order to preserve
C-circle structure. Instead, gDNA was digested using AluI and
MboI (New England Biolabs). Second, the digested gDNA was
not denatured prior to pull-down. After BrdU pull-down, the na-
scent DNAwas cleaned with ChIP DNAClean and Concentrator
kit (Zymo) and eluted in 20 µL. For C-circle PCR, 6 µL of eluted
pull-down was used per reaction. Digested gDNA input (30 ng
per reaction) was run in parallel.

EdU immunofluorescence

Cells grown on coverslips were pulsed with 100 µM EdU (Invitro-
gen) for 2 h and 30 min before fixing with 4% paraformaldehyde
(PFA) for 10 min at room temperature. After permeabilization
with PBS+0.5% Triton X-100 at 4°C, cells were washed with
0.2% Tween diluted in PBS (PBST). EdU was labeled using the
Click-iT Cell Reaction Buffer kit (Thermo Fisher Scientific) as
per manufacturer’s instructions. Cells were then washed with
PBS+3% BSA followed by PBS. Coverslips were then processed
for telomere FISH as described before (Dilley et al. 2016). Perform-
ing the EdU labeling experiment in G2-arrested cells gave amuch
better signal to noise ratio compared with asynchronous cells.

Immunofluorescence

Cells grown on coverslips were fixed in 4% paraformaldehyde for
10 min at room temperature and then permeabilized with PBS+
0.5% Triton X-100 for 5 min at 4°C. For RAD51, RPA, and
RAD52 immunofluorescence, cells were pre-extracted with ice-
cold 0.2% Triton X-100 diluted in PBS at 4°C. For RAD51 and
RPA, pre-extraction was performed for 5 min; for RAD52, the
durationwas 2min (Ochs et al. 2016). SLX4 and BLM immunoflu-
orescence was performed as described previously (Wilson et al.
2013). For most immunofluorescence experiments, fixed cells
were incubated overnight at 4°C in primary antibody diluted in
PBST. For RAD52, the primary antibody was diluted in filtered
DMEM containing 10% FBS with 0.05% sodium azide, and incu-
bation was performed for 1 h at room temperature. After three
washes with PBST, secondary antibody (Life Technologies) dilut-
ed 1:200 in PBST or in DMEM (for RAD52 immunofluorescence)
was added to cells for 1 h at room temperature. After threewashes
with PBST, coverslips were then processed for FISH as described
earlier (Dilley et al. 2016). For pChk1 immunofluorescence, 5%
BSA made in TBST was used for blocking and making antibody
dilutions. Additionally, washes were performed using TBST. Im-
ages were acquired using a CoolSnapMyo camera (Photometrics)
connected to Nikon NIS-Elements software. Images were pro-
cessed using Fiji (National Institutes of Health), and statistical
analysis was performed using Graphpad Prism. The antibodies
used are listed in Supplemental Table 1.

GFP-CRISPR screen

LM216J cells were engineered to stably express Cas9 (Addgene,
108100). Individual sgRNAs for each gene were cloned into a len-
tiviral vector with a U6 promoter and an IRIS GFP (Addgene,
108098). Virus for sgRNAs was generated in a 96-well format by
transfecting HEK293T cells in each well with sgRNA containing
1050 ng of vector, 750 ng of pPAX2, and 500 ng of pVSVG using
PEI. Viruses were then transduced at an MOI of <0.6 on Cas9-ex-
pressing LM216J wild-type or LM216J RAD52 knockout cells
seeded in a 96-well plate. The percent of GFP in each well was
monitored using a Guava Easycyte HT instrument (Milllipore)
for seven population doublings after the second day of transduc-
tion (which represented the day of maximum GFP expression).
Live cells were gated using forward and side scatter before mea-
suring GFP-positive cells. Two-thousand cells were analyzed at
most time points. Data points obtained from <500 cells were ex-
cluded from the analysis.

Drugs

Doxycyline was used at a concentration of 40 ng/mL for 16 h to
induce TRF1-FokI expression. Cells were treated with 10 µM
4-hydroxytamoxifen (4-OHT) (Sigma-Aldrich) for 2 h to allow nu-
clear translocation of TRF1-FokI. HU (98%) (Sigma) was used at 1
mM concentration for 1 h. Unless indicated otherwise, mitosis-
arrested cells were isolated by shakeoff after ∼16 h of incubation
with 100 ng/mL nocodazole. Nocodazole remained in the medi-
um after shakeoff to ensure continued arrest. Alternatively, cells
were arrested in G2 for ∼16 h with 10 µM RO-3306 and subse-
quently released into nocodazole for 20 min before shakeoff.
For sustained G2 arrest, cells were kept in RO-3306.

PCNA chromatin immunoprecipitation (ChIP)

ChIP was performed as described previously with minor changes
(Tang et al. 2013). Briefly, G2-arrested cells were fixed for 1 h in
1% formaldehyde, lysed, sonicated, and subjected to immunopre-
cipitation with 2 µg of anti-PCNA (mouse PC10; Cell Signaling
Technologies, 2586) antibody overnight at 4°C. The next day,
samples were incubated with Protein G magnetic beads (Pierce)
for 2 h rotating at 4°C,washed, and eluted overnight at 65°C. Elut-
ed DNA was then cleaned and processed for dot blot analysis of
telomere content.

Neutral–neutral two-dimensional (2D) gel electrophoresis

Neutral–neutral 2D gel electrophoresis was performed as de-
scribed before (Nabetani and Ishikawa 2009). HinfI- and RsaI-
digested DNA samples were subjected to a first-dimensional
gel, which was prepared by 0.4% agarose in 1× TBE, and electro-
phoresized at 1 V/cm for 12 h at room temperature. Afterward,
sample lanes were cut out and immersed in 1 × TBE containing
0.3 µg/mL ethidium bromide (EB; Sigma) for 30min. The 1% aga-
rose gel containing EB was casted to embed the sample lanes for
the second-dimensional gel, which was subjected to electropho-
resis at 3 V/cm for 6 h at 4°C in a cold room.

Metaphase FISH and Q-FISH

Metaphase FISH and Q-FISH were performed as described previ-
ously (Perner et al. 2003; Ourliac-Garnier and Londoño-Vallejo
2017). Colcemid (Roche) was added at 100 ng/mL to the indicated
cell lines at ∼70% confluency and incubated for 3 h. The cells
were harvested by trypsinization, rinsed once with PBS, swelled
in prewarmed 0.075 M KCl for 30 min in 37°C water bath, and
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then fixed overnight with freshly prepared methanol:acetic acid
(3:1) at 4°C. Metaphase spread was done by dropping the cells
onto slides preheated at 42°C. Slides were dried overnight; rehy-
drated in PBS; fixed with formaldehyde for 2 min; rinsed three
times with PBS; dehydrated with 75%, 95%, and 100% ethanol;
and air dried. Hybridization was performed for 2 h at room tem-
perature in hybridization solution (70% formamide, 10 mM
Tris-HCl at pH 7.2, 0.5% blocking solution [prepared by blocking
reagent fromRoche]) containing telomere probe (TelC-Cy3; PNA
Bio) after heating for 3 min at 75°C. Afterward, slides were
washed twice with buffer 1 (70% formamide, 10 mM Tris-HCl
at pH 7.2) and another three times in PBST. During the second
wash with PBST, chromosomes were stained with DAPI. The
samples were then dehydrated again with 75%, 95%, and 100%
ethanol; air-dried; mounted with VectaShield mounting medium
without DAPI (Vector Laboratories); and sealed with clear nail
polish. Images of 40∼50 metaphases for each sample were taken
by a Nikon Eclipse 80i fluorescent microscope. Telomere signal
intensity was analyzed with Fiji software.

Cell cycle analysis

Cells were collected by trypsinization from a 70%–80% conflu-
ent 10-cm dish. The pellet was suspended in 300 µL of PBS, and
700 µL of 100% chilled ethanol was added dropwise while simul-
taneously vortexing the cells. The cells were fixed at least over-
night at −20°C. At the time of staining, cells were pelleted and
washed twice with PBS. The pellet was then resuspended in 250
µL of PBS containing 250 µg/mL RNase A (Roche) and incubated
for 30 min at 37°C. PBS (250 µL) containing 50 µg/mL propidium
iodide (Santa Cruz Biotechnology) was then added, and cells were
incubated in the dark for 10 min at room temperature. Data for
at least 10,000 live cells were collected using FACSCalibur (BD
Biosciences). Analysis was performed using the FlowJo software.
A double-discrimination gate was used to exclude doublets, and
G0/G1, S, and G2 percentages were calculated using the Watson
pragmatic algorithm. Cells >4N were manually gated.
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