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MOLECULAR BIOLOGY

Two replication fork remodeling pathways generate
nuclease substrates for distinct fork protection factors

W. Liu, A. Krishnamoorthy, R. Zhao, D. Cortez*

Fork reversal is a common response to replication stress, but it generates a DNA end that is susceptible to degradation.
Many fork protection factors block degradation, but how they work remains unclear. Here, we find that 53BP1
protects forks from DNA2-mediated degradation in a cell type-specific manner. Fork protection by 53BP1 reduces
S-phase DNA damage and hypersensitivity to replication stress. Unlike BRCA2, FANCD2, and ABRO1 that protect
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reversed forks generated by SMARCAL1, ZRANB3, and HLTF, 53BP1 protects forks remodeled by FBH1. This property
is shared by the fork protection factors FANCA, FANCC, FANCG, BOD1L, and VHL. RAD51 is required to generate
the resection substrate in all cases. Unexpectedly, BRCA2 is also required for fork degradation in the FBH1 pathway
or when RAD51 activity is partially compromised. We conclude that there are multiple fork protection mechanisms
that operate downstream of at least two RAD51-dependent fork remodeling pathways.

INTRODUCTION

Accurate and complete DNA replication in each cell division cycle is
critical to maintain genome integrity. Fork reversal is a protective
mechanism that is thought to stabilize replication forks and perhaps
promote template switching in response to replication obstacles that
cause fork stalling (I, 2). Fork reversal generates a nascent-nascent
DNA duplex and a DNA end that resembles a double-strand break
(DSB). Thus, DSB processing proteins are also engaged at stalled
forks. Regulation of these proteins is needed to prevent deleterious
processing. For example, in addition to promoting reversal, RAD51
prevents excessive nuclease-mediated degradation of the nascent
DNA (3-5). This fork protection mechanism depends on the stabi-
lization of a RAD51 filament and can be genetically separated from
fork reversal because BRCA2 has been reported to be required for
protection but not reversal (6).

A growing list of proteins including BRCA2, FANCD2, ABRO1,
BODI1L, VHL, and FANCA also promote fork protection (4, 7-10).
Inactivation of fork protection proteins results in nascent strand
degradation by several nucleases including MRE11, EXO1, and DNA2.
In addition, endonucleases like MUS81 can recognize and cleave the
fork junction, thereby promoting DNA resection via a DSB inter-
mediate and fork restart via strand invasion (11, 12). The identity of
the nucleases needed to degrade the nascent strands is dependent on
which fork protection protein is inactivated. For example, MRE11 is
needed for degradation in BRCA2-deficient cells (4), while DNA2 is
required for degradation in BOD1L- and ABRO1-deficient cells (8, 9).

In addition to RAD51, fork reversal depends on adenosine tri-
phosphate (ATP)-dependent DNA translocases. Electron micros-
copy analyses of replication intermediates indicate a reduction in
the frequency of reversed forks when the translocases SMARCALL,
ZRANB3, or HLTF are inactivated (13-15). Furthermore, inactivation
of SMARCALLI, ZRANB3, or HLTF is reported to rescue the na-
scent strand degradation observed in BRCA2-deficient cells, suggest-
ing that these proteins cooperate to generate the reversed fork that
is resected when BRCAZ2 is inactivated (6, 11, 13, 16). SMARCAL1
and ZRANB3 are recruited to stalled forks by binding the single-strand
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DNA binding protein RPA and the polyubiquitinated polymerase
clamp PCNA, respectively (17-22). PCNA is polyubiquitinated, in
part, by HLTF, which has a ubiquitin ligase function in addition to
its fork remodeling motor domain (23). Each of these translocases
contains a substrate recognition domain that may provide specific-
ity to different DNA structures (24); however, how they cooperate
to promote reversal is unknown.

In addition to SMARCALI1, ZRANB3, and HLTF, FBH1 inacti-
vation also reduces the frequency of reversed forks observed by elec-
tron microscopy (25). FBH1 contains both a helicase and an F-box
domain that acts as part of a Cullin-dependent ubiquitin ligase to
regulate replication fork stability (26-28). The helicase activity can
catalyze reversal of model replication forks and disrupt RAD51 fila-
ments, while the ubiquitin ligase activity can target RAD51 and alter
RAD51 levels on chromatin (28-30).

The DNA damage response factor 53BP1 (TP53-binding protein 1)
is a key regulator of DSB repair. 53BP1 is recruited to chromatin
through an RNF8/RNF168-dependent mechanism, interacts with
RIF1 and PTIP, and promotes the recruitment of the Shieldin complex
to counteract DSB end resection and promote end joining repair
(31). Given the important activity of 53BP1 in controlling resection
at DSBs, several groups have examined its function at stalled repli-
cation forks. 53BP1 is found at replication forks in proteomic datasets
and is colocalized with markers of replication in cells experiencing
replication stress (32, 33). 53BP1-deficient cells are hypersensitive
to replication stress, exhibit defective fork restart after an acute rep-
lication challenge, have decreased replication rates, and increased
fork reversal in the absence of added replication stress (34-36). Fur-
thermore, 53BP1 was found to protect forks from nascent strand
degradation in a pathway downstream of RNF168-dependent ubiq-
uitylation of H2A (35, 36). These experiments were performed in
B cells and human osteosarcoma (U20S) cells. However, other
studies failed to observe nascent strand degradation in the same cell
types when 53BP1 was inactivated (37, 38). Thus, while 53BP1 reg-
ulates resection at DSBs, its functions at replication forks remain
unclear.

Here, we examined whether 53BP1 has fork protection activity
in multiple cell types. We find that its importance in fork protection
is cell type dependent and even within a single cell type can be vari-
able depending on acute versus chronic inactivation. Unexpectedly,
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although nascent strand degradation in 53BP1-deficient cells is de-
pendent on RAD51 and FBHI, it does not require SMARCALL,
ZRANB3, or HLTF. In addition, elevated YH2AX and replication
stress hypersensitivity of 53BP1-deficient cells is dependent on
FBH1, suggesting that protection of nascent DNA from nucleases
after FBH1-dependent fork remodeling is a key function of 53BP1
at stalled forks. These findings led us to more broadly characterize
the relationship of fork protection and fork reversal factors. We find
at least two categories of fork protection mechanisms that differ
based on the motor proteins needed to generate the substrate for the
end-resection nucleases. Both mechanisms are dependent on RAD51,
suggesting that a remodeled fork is the common intermediate. Un-
expectedly, BRCA2 is required for the FBHI1-dependent pathway
and also in circumstances in which RAD51 function is compromised
with a small-molecule inhibitor. Thus, two mechanisms of fork re-
modeling yield nuclease substrates that are protected by different
fork protection factors, and BRCA2 has more complex functions
than simply stabilizing RAD51 filaments on reversed forks.

RESULTS

53BP1 protects replication forks from nascent strand
degradation in a cell type-dependent manner

To begin elucidating the activities of 53BP1 at stalled replication forks,
we monitored replication using single-molecule DNA fiber assays.
We depleted 53BP1 in U20S cells with four different small interfer-
ing RNAs (siRNAs), labeled the cells with the thymidine analogs
5-Chloro-2’-deoxyuridine (CldU) followed by 5-Iodo-2’-deoxyuridine
(IdU), before exposing the cells to a high dose (4 mM) of hydroxy-
urea (HU) for 4 hours, which largely blocks all DNA synthesis and
completely stalls fork movement. We found that silencing 53BP1
with all four siRNAs caused resection of the nascent DNA, resulting
in a reduced IdU/CIdU ratio (Fig. 1A). In contrast, Byrum and col-
leagues (38) reported that stalled replication forks remain stable in
53BP1-deficient U20S cells generated by CRISPR-Cas9. Consistent
with their previous results, we also did not observe nascent strand
degradation in the 53BP1 mutant cell line (#79) used in that study
and verified that it lacks detectable 53BP1 expression (fig. S1A).

Because the knockout (KO) cell line behaved differently than knock-
down of 53BP1 by siRNA, we wanted to determine whether that cell
line is representative of what happens when 53BP1 is inactivated by
frameshift mutations at the gene level or whether there might be
clonal variation. Therefore, we used CRISPR-Cas9 to make addi-
tional 53BP1 KOs in U20S cells and then performed fork protec-
tion assays. We found that 9 of 12 clonal 53BP1 KO cell lines exhibit
nascent strand degradation when treated with HU (Fig. 1B and fig.
S1B). We cultured three of these cell lines for 3 months and moni-
tored fork protection each month. The amount of degradation re-
mained relatively constant during the time course (fig. S1B). None
of these cell lines had detectable 53BP1 protein by immunoblotting,
and the specific genomic mutations do not explain the differences
in phenotypes (table S1).

To further characterize potential differences between the 53BP1
KO clones that maintain fork protection versus those that do not, we
examined H2AX phosphorylation (YH2AX) in response to replication
stress. Two cell lines that fail to maintain stable forks also have elevated
YH2AX in S-phase cells, while two cell lines that have stable forks do
not (Fig. 1C). However, all four cell lines have reduced proliferation
rates and hypersensitivity to ionizing radiation (Fig. 1, D and E).
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Fig. 1. 53BP1 protects replication forks from nascent strand degradation.
(A and B) Fork protection assays were completed by incubating cells with CldU
for 30 min, followed by IdU for 30 min, and then treating with 4 mM HU for 4 hours.
The lengths of CldU- and IdU-labeled DNA tracks were measured after DNA fiber
spreading, and the ratio of IdU/CIdU fiber lengths is plotted. All graphs are rep-
resentative of at least two experiments. P values were calculated using a Kruskal-Wallis
test. n.s., not significant. (A) U20S cells were transfected with four individual
siRNAs targeting 53BP1 or nontargeting (NT) siRNA and processed 72 hours after trans-
fection. Immunoblotting was used to examine knockdown. GAPDH, glyceraldehyde
3-phosphate dehydrogenase. (B) CRISPR-Cas9-edited 53BP1 KO U20S cells were
analyzed for fork protection and compared to WT U20S cells. (C) Quantitation of
the yH2AX nuclear intensity in EdU-positive cells from the indicated 53BP1 KO cell
lines. Cells were labeled with EAU for 10 min, treated with 4 mM HU for 2 hours, fixed,
and stained. Each data point represents intensity in each S-phase cell. Bars are the
mean, and P values were derived from a Kruskal-Wallis test. (D) Cell proliferation of
the indicated cell lines (mean + SD from n=3). (E) Colony formation assay after
exposure to the indicated dose of ionizing radiation (IR) (mean + SD from n = 3).

We also examined two pools of U20S cells after high-efficiency
transduction of two 53BP1 guide RNAs (gRNAs) into cells express-
ing Cas9. In both cases, we observed fork protection defects in the
first month of culture that were attenuated after 2 months and absent
after 3 months, although the amount of 53BP1 protein expressed
remained reduced (fig. S1C). These results suggest that 53BP1 protects
stalled forks from degradation in U20S cells, but that there is clonal
variation that may be due to heterogeneity in the parental cell popu-
lation. There may also be an adaptation mechanism that can operate,
atleast in mixed populations, which reduces the fork protection defect.

To determine whether 53BP1 is needed to protect stalled forks in
other cell types, we depleted 53BP1 in human embryonic kidney
(HEK) 293T cells with siRNA or inactivated it with CRISPR-Cas9.
Although transient depletion yielded nascent strand degradation
(fig. S2A), much smaller amounts of resection were visible in clonal
HEK293T KO cell lines (fig. S2B). Moreover, this fork protection
defect disappeared after 3 months in culture.

We next tested 53BP1 function in hTERT-RPEI cells and did not
observe fork degradation after siRNA-mediated depletion (fig. S2C).
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We also used CRISPR-Cas9 to inactivate 53BP1 in hTERT-RPE1 cells.
Neither pooled KO cells nor the isolated KO clones exhibit degra-
dation in response to HU treatment (fig. S2, D and E, and table S1).
We conclude that different cell types have different requirements
for 53BP1 for fork protection.

SMARCAL1, ZRANB3, and HLTF are not required for fork
degradation when 53BP1 is inactivated

Previous studies determined that reversed forks generated by
SMARCALL, ZRANB3, and HLTF serve as the substrate for nucle-
ases in BRCA2-deficient cells to cause nascent DNA degradation
(6, 11, 13, 16). To determine whether this is also the case in 53BP1-
deficient cells, we silenced SMARCAL1, ZRANB3, or HLTF in U20S
cells cotransfected with 53BP1 siRNA. To our surprise, co-depletion
of SMARCALL, ZRANB3, or HLTF only partially reduces the deg-
radation caused by 53BP1 silencing (Fig. 2A). We confirmed this
result using 53BP1 siRNA transfected into U20S cells in which we
knocked out SMARCAL1, ZRANB3, or HLTF individually using
CRISPR-Cas9 (fig. S3, A and B to D, and table S1). Furthermore,
silencing 53BP1 in a SMARCAL1, ZRANB3, and HLTF triple KO
(3KO) cell line also did not rescue fork degradation (Fig. 2B and
table S1). We verified this result in two additional clones of 3KO
cells (fig. S3E and table S1). The 3KO cells fail to express detectable
SMARCALL, ZRANB3, or HLTF (fig. S3, B to D). However, to en-
sure that the cell lines were not expressing some undetectable, func-
tional fragment of one of these proteins, we also confirmed that
transfecting siRNA targeting these genes into the 3KO cell line had
no effect (Fig. 2B).

The inability of SMARCAL1, ZRANB3, and HLTF inactivation
to fully suppress fork degradation in 53BP1-deficient cells suggests
that either the degradation is partially independent of fork reversal
or fork reversal leading to degradation in this genetic background is
mediated by another enzyme. Because 53BP1 was previously shown
to prevent fork cleavage and promote replication restart (34), we con-
sidered the possibility that SLX4-dependent nucleases like MUS81
could cleave replication forks in 53BP1-deficient cells, yielding
DSBs that are then resected. However, co-depletion of MUS81 or
SLX4 with 53BP1 did not rescue nascent strand degradation (fig. S4,
A and B).

Because RAD51 is required for fork reversal, we determined whether
inactivating RAD51 in 53BP1-deficient cells will rescue fork degra-
dation. Silencing both RAD51 and 53BP1 in either wild-type (WT)
or 3KO U20S cells fully rescues nascent strand degradation (Fig. 2C).
Poly(adenosine 5’-diphosphate-ribose) polymerase 1 (PARP1) in-
hibition blocks fork reversal by modulating the activity of RECQ1
(39). Treating 53BP1-silenced cells with the PARP inhibitor olaparib
also rescued fork protection (Fig. 2D). Furthermore, overexpres-
sion of either WT RAD51 or an adenosine triphosphatase (ATPase)
mutant K133R that forms hyperstable filaments also rescues fork
degradation in the 53BP1-deficient cells (fig. S4C). In addition, the
RAD51-1I3A mutant that can form nucleoprotein filaments, but not
perform strand exchange (40), can also rescue fork protection when
overexpressed, whereas the RAD51 T131P mutant that cannot form
stable filaments does not (fig. S4C). Last, inhibiting MRE11 by siRNA
or treatment with the MRE11 inhibitor mirin had little or no effect,
whereas DNA2 silencing rescued the nascent strand degradation
similar to what has been reported for other fork protection proteins
like BODIL (Fig. 2E) (9). These results indicate that a reversed
fork or another unidentified DNA2-susceptible intermediate that
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Fig. 2. SMARCAL1, ZRANB3, and HLTF do not generate the substrate for nascent
strand degradation in 53BP1-deficient cells. Fork protection assays and analyses
were completed as in Fig. 1. (A to C) The indicated siRNAs were transfected into WT
U20S or SMARCAL1, ZRANB3, and HLTF 3KO U20S cell lines before analyzing fork
protection. (D) U20S cells transfected with 53BP1 siRNA were treated with olaparib
as indicated before analyzing fork protection. (E) WT or 3KO U20S cells were trans-
fected with the indicated siRNAs before analyzing fork protection. Cells were treated
with mirin (50 uM) where indicated.

is dependent on RADS51 and PARP for formation and that can be
stabilized by RAD51 filaments is the resection substrate in 53BP1-
deficient cells.

SMARCAL1, ZRANB3, and HLTF dependency distinguishes
two classes of fork protection proteins
In contrast to 53BP1, the reversal enzymes SMARCAL1, ZRANB3,
and HLTF are required for fork degradation when BRCA?2 is silenced,
confirming previously published observations (Fig. 3, A to C, and
fig. S5, A to E) (13). These results suggest a mechanistic difference
between the nascent strand degradation observed in 53BP1-deficient
versus BRCA2-deficient cells. A large number of other proteins act
as fork protection factors. Therefore, we surveyed several to deter-
mine whether they behaved like BRCA2 or 53BP1. Nascent strand
degradation in BRCA2-, FANCD2-, or ABRO1-deficient cells is de-
pendent on the SMARCALI, ZRANB3, and HLTF translocases (Fig. 3,
A to C, and fig. S5, A to F). Inactivation of any of these translocases
is sufficient to rescue the degradation in these genetic backgrounds.
However, in the absence of FANCA, VHL, or BOD1L, knocking out
these enzymes singly or in combination only modestly reduces nascent
strand degradation (Fig. 3, A to C, and fig. S5, Ato Cand G to I).
Nascent strand degradation in all circumstances is suppressed by
RAD51 depletion (Fig. 3C and fig. S6A). MUS81 or SLX4 silencing
also only has modest effects, but DNA2 inactivation reduces fork
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Fig. 3. SMARCAL1, ZRANB3, and HLTF dependency distinguishes two classes
of fork protection proteins. Fork protection assays and analyses were completed
as in Fig. 1. (A) WT U20S cells or (B) SMARCAL1, ZRANB3, and HLTF 3KO U20S
cells were transfected with the indicated siRNAs before analyzing fork protection.
(C€) Heatmap summarizing fork protection screening results. siRNA was used to si-
lence BRCA2, FANCD2, ABRO1, FANCA, VHL, 53BP1, or ABRO1 in the indicated KO
cells or cells cotransfected with the indicated siRNAs. Data in WT U20S, SMARCALT1
KO, HLTF KO, and 3KO cell lines were n =3 experiments in which three different
clones of each of the KO cell lines were analyzed. The other data are from n=2 ex-
periments. The mean value was used to create the heatmap after normalizing each
experiment to the nontargeting control set at a ratio of 1.0. Lower values (pink)
indicate more nascent strand degradation.

degradation in all genetic backgrounds, and MRE11 silencing res-
cued in all but 53BP1- and BOD1L-deficient cells (Fig. 3C and fig.
S6, B to F). These results suggest that all of these fork protection
proteins may prevent the nuclease-mediated resection of a remodeled
replication fork. However, the fork protection proteins segregate into
two groups (BRCA2, FANCD?2, and ABROI versus 53BP1, FANCA,
BODIL, and VHL) based on whether the SMARCAL1, ZRANB3,
and HLTF translocases are needed to generate the remodeled fork
substrate for the nucleases (Fig. 3C).

FBH1 is required for fork degradation when 53BP1

is inactivated

The FBH1 helicase was recently found to catalyze replication fork
reversal (25), so we tested whether it might substitute for SMARCALL,
ZRANB3, and HLTF in 53BP1-deficient cells to generate the re-
section substrate. Consistent with this hypothesis, nascent strand
degradation after 53BP1 inactivation is rescued by FBH1 silencing
or by knocking out FBH1 using CRISPR-Cas9 (Fig. 4, A to C, and
table S1). Complementation of FBH1 deficiency by transfection of
an siRNA-resistant WT FBH1 complementary DNA (cDNA) expres-
sion vector or by viral-mediated integration of an FBH1 expression
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construct in FBH1 KO cells restores fork degradation (Fig. 4,
B and C). FBH1 ubiquitin ligase activity is not required because ex-
pression of an FBH1 F-box mutant also promotes degradation, but
a functional helicase domain is needed because the helicase mutant
does not (Fig. 4, B and C). These results suggest that FBH1 uses its
helicase activity to generate a fork intermediate that is degraded
when 53BP1 is inactivated.

We also found that FBH1 inactivation reduces the elevated YH2AX
caused by 53BP1 silencing in HU-treated cells (Fig. 4D). FBH1 in-
activation also rescues the HU hypersensitivity of 53BP1-deficient
cells (Fig. 4E). These results suggest that fork protection is a key
replication stress function of 53BP1.

FBH1 was reported to be dispensable for fork degradation in
BRCA2-deficient cells (41), a result that we confirmed (Fig. 5A).
Furthermore, FBH1 depletion also does not rescue degradation in
FANCD2- or ABRO1-deficient cells where the SMARCAL1, ZRANB3,
and HLTF translocases are implicated (Fig. 5A). However, FBH1
silencing rescues fork degradation in VHL-, BODIL-, or FANCA-
deficient cells similar to its ability to rescue in 53BP1-deficient cells
(Fig. 5B). This is consistent with a previous report that found that
FBH1 silencing reduces nascent strand degradation when BOD1L is
inactivated (9). We also confirmed that FBH1 inactivation restores
fork protection to 53BP1-, VHL-, BODI1L-, or FANCA-deficient
cells even when SMARCAL1, ZRANB3, and HLTF are also inacti-
vated (Fig. 5C). Thus, FBH1, but not SMARCAL1, ZRANB3, or
HLTF, is needed to form a substrate for resection nucleases in these
genetic backgrounds. Because degradation in these contexts also
depends on RAD51, and FBH1 catalyzes fork reversal, these results
suggest that there are at least two RAD51-dependent fork reversal
mechanisms that alternatively use FBH1 or the SMARCAL1, ZRANB3,
and HLTF motor proteins.

FANCA is a component in Fanconi anemia (FA) core complex
that ubiquitylates FANCD2 during interstrand cross-link repair. How-
ever, only the fork resection in FANCD2-deficient cells is rescued
by inactivating SMARCAL1, ZRANB3, or HLTF, while inactivating
FBHI rescues fork degradation in response to FANCA silencing.
We tested two additional components of the FA core complex,
FANCC and FANCG, and found that they are also fork protection
factors. Like FANCA, degradation in the FANCC- and FANCG-
silenced cells is fully rescued by inactivating FBH1, but not SMARCALLI,
ZRANB3, and HLTF (Fig. 5D). These results suggest that FANCD?2
and FANCD2 ubiquitylated by the FA core complex protect different
stalled forks.

BRCA2 is required to generate the fork resection substrate

in the FBH1 pathway and when RAD51 function is

partially compromised

If BRCA2 and 53BP1 operate in separate fork protection pathways
downstream of independent fork remodeling mechanisms, then in-
activating both may yield increased nascent strand degradation. To
test this idea, we co-depleted BRCA2 with 53BP1 in U20S cells. In-
activating both BRCA?2 and 53BP1 did not further increase nascent
strand degradation (Fig. 6A and fig. S7A). It is possible that a maximum
rate of degradation may be reached with each individual deficiency
or the assay may be incapable of detecting additional degradation.
We also repeated the experiment in the SMARCAL1, ZRANB3, and
HLTF 3KO U20S cells, which we predicted should yield nascent
strand degradation because FBH1 is available to remodel the forks,
which would then be degraded in the absence of 53BP1 protection.
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Fig. 4. FBH1 helicase activity is needed to generate the fork protection substrate for 53BP1. (A to C) Fork protection assays and analyses were completed as in Fig. 1.
(A) WT U20S cells were transfected with the indicated siRNAs. (B) WT U20S cells were transfected with the indicated siRNAs and transfected with expression vectors en-
coding WT, F-box mutant (FM), or helicase mutant (HM) FBH1 before performing the fork protection assay. Immunoblots for 53BP1 and GFP-FBH1 are shown. (C) FBH1 KO
U20S cells were complemented with empty vector (EV), WT, FM, or HM FBH1-expressing retroviruses before depleting 53BP1 with siRNA and analyzing fork protection.
HA-FBH1 protein expression was examined by immunoblotting. (D) Quantitation of the YH2AX nuclear intensity in EdU-positive cells transfected with the indicated
siRNAs. Bars represent the mean, and P values were derived from a Kruskal-Wallis test. (E) U20S cells transfected with the indicated siRNAs were treated with HU for
48 hours after plating for individual colonies. Colony number was scored after 10 days (mean £ SD, n=3).

However, we were surprised to find that co-depletion of 53BP1 and
BRCA2 yielded stable nascent strands in the 3KO cells (Fig. 6A).

We further verified this observation by co-depleting SMARCALI,
ZRANBS3, or HLTF with 53BP1 in the BRCA2-deficient PEO1 cell
line. Treating this cell line with HU causes nascent strand degrada-
tion because BRCA2 is not present to protect the reversed forks
(Fig. 6B and fig. S7B). Inactivating SMARCAL1, ZRANB3, or HLTF
individually blocks the degradation as expected. However, inacti-
vating 53BP1 in the PEOL1 cells does not cause resection (Fig. 6B).
This lack of degradation is unlikely to be because 53BP1 is not im-
portant for fork protection in these cells since 53BP1 silencing in
the patient-matched, BRCA2-proficient, PEO4 cells causes degra-
dation (fig. S7C). Furthermore, inactivating SMARCAL1, ZRANB3,
or HLTF in the BRCA2-deficient VU423 cells or the BRCA2 KO
DLD-1 cells consistently yields stable forks even when 53BP1 is also
inactivated (Fig. 6, C and D, and fig. S7, D and E). In contrast,
53BP1 inactivation causes nascent strand degradation in VU423 cells
complemented with WT BRCA2 or in the BRCA2 WT DLD-1 cells
(fig. S7, F and G).

Thus, neither SMARCAL1, ZRANB3, or HLTF translocase inac-
tivation nor BRCAZ2 silencing alone can rescue the nascent strand
degradation in 53BP1-deficient cells, but combining these genetic
deficiencies or inactivating FBH1 restores fork protection. These
results suggest that FBHI cannot generate a resection substrate if
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SMARCALLI, ZRANB3, HLTF, and BRCA2 are also inactivated at
the same time. Because our previous results show that SMARCALL,
ZRANB3, and HLTF are not needed in the FBH1 pathway, the sim-
plest way to reconcile these findings is if BRCAZ2 is actually needed
in the FBH1 pathway to generate the resection substrate that 53BP1
protects (fig. S8A). Because RAD51 is essential in all circumstances
to generate the resection substrate, we hypothesized that BRCA2
is needed in the FBH1 pathway to promote RAD51-dependent
remodeling.

To test this hypothesis and seek a mechanistic explanation, we
considered whether BRCA2 acts in the FBH1 pathway to overcome
the RAD51 antagonistic effects of the FBH1 ubiquitin ligase activity.
This hypothesis predicts that attenuating the RAD51 antagonistic
activity of FBH1 by inactivating its F-box would make BRCA2 dis-
pensable for generating the fork degradation substrate when 53BP1
and HLTF are inactivated. To test this prediction, we generated FBH1
and HLTF double KO U20S cell lines by CRISPR-Cas9 (table S1) and
then complemented these cells with WT, F-box mutant, and heli-
case mutant FBH1. As predicted, in WT and helicase mutant FBH1-
complemented HLTF KO cells, co-depletion of BRCA2 and 53BP1
did not cause nascent strand degradation (Fig. 6E). However, BRCA2
and 53BP1 silencing does yield degradation when the F-box mu-
tant FBH1 is expressed (Fig. 6E). The results suggest that by help-
ing RAD5I act at stalled replication forks, BRCA2 counteracts the
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Fig. 5. FBH1 is required for nascent strand degradation in 53BP1-, BOD1L-, VHL-,
FANCA-, FANCC-, and FANCG-deficient cells. Fork protection assays were com-
pleted as in Fig. 1 after siRNA transfections in (A and B) WT U20S or (C) SMARCAL1,
ZRANB3, and HLTF 3KO U20S cells. (D) Nontargeting (NT), FANCC, or FANCG
siRNAs were transfected into WT, 3KO, or FBH1 KO U20S cells before assessing fork
protection.

ubiquitin ligase activity of FBH1 to promote fork remodeling in
a RAD51-dependent but SMARCALI-, ZRANB3-, HLTF-independent
pathway.

We then determined whether there were other circumstances in
which BRCA2 might be important to generate a resection substrate
at a stalled fork. Because RAD51 is required for both fork reversal
and fork protection, but less RAD51 function is needed for reversal
(2,41, 42), partly inactivating RAD51 using the B02 inhibitor causes
fork degradation (13, 42). We repeated this experiment and observed
nascent strand degradation when cells were treated with B02 or when
BRCA2 was silenced (Fig. 6F). However, combining both BRCA2
siRNA and B02 yielded stable forks (Fig. 6F). We further confirmed
this result in BRCA2 KO DLD-1 cells, where treatment with B02
causes fork protection and the fork degradation is SMARCALL,
ZRANB3, HLTF, and MRE11 dependent (Fig. 6G). The results sug-
gest that the action of BRCA2 in generating a resection substrate
is not limited to the FBH1-mediated fork remodeling pathway,
but also extends to when RAD51 function is partially compromised
(fig. S8B).

DISCUSSION

Protecting the nascent DNA at stalled replication forks is important
for genome stability and cancer cell fates in response to chemo-
therapeutic agents and PARP inhibitors (37). 53BP1 is best studied
as a DSB repair protein, and conflicting data have been published as
to whether it functions in fork protection. Here, we confirmed the
fork protection function of 53BP1 but found that it is context de-
pendent. To our surprise and in contrast to BRCA2, the nascent strand
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Fig. 6. BRCA2 is needed to generate the nascent strand degradation substrate
in the FBH1 pathway and when RAD51 is partially inactivated. Fork protection
assays were completed as in Fig. 1 in (A) WT or SMARCAL1, ZRANB3, and HLTF 3KO
U20S cells; (B) BRCA2-deficient PEO1 cells; (C) BRCA2-deficient VU423 cells; or
(D) DLD-1 BRCA2 KO cells transfected with the indicated siRNAs. (E) FBH1 and HLTF
double KO U20S cells were complemented with WT, F-box mutant (FM), or helicase
mutant (HM) FBH1 proteins by retrovirus infection. 53BP1 and BRCA2 were then
silenced with siRNA before performing the fork protection assay. An immunoblot
shows the expression levels of the HA-tagged FBH1 proteins. (F) U20S cells trans-
fected with BRCA2 siRNA were processed for the fork protection assay as indicated.
B02 (25 uM) was included during the HU treatment where indicated. (G) DLD-1 WT
or BRCA2 KO cells were treated with 25 uM B02 and/or 50 uM mirin during the HU
treatment and assessed for fork protection.

degradation in 53BP1-deficient cells is fully rescued by inactivating
FBHI1 but not by inactivating SMARCALI1, ZRANB3, and HLTF.
These results suggest that FBH1, SMARCAL1, ZRANB3, and HLTF
mediate distinct fork remodeling pathways to generate resection
substrates that require different fork protection proteins for stability.
These results are not unique to 53BP1, and the different requirements
for fork reversal motors distinguish two classes of fork protection
proteins exemplified by 53BP1, FANCA, FANCC, FANCG, VHL,
and BODIL versus BRCA2, FANCD2, and ABRO1. DNA?2 participates
in nascent strand degradation in all genetic backgrounds tested,
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while MRE11 is less important in the 53BP1- and BOD1L-deficient
cells.

53BP1 controls DNA end resection at DSBs to promote non-
homologous end joining repair, making it a good candidate for a fork
protection protein that prevents nascent strand degradation. How-
ever, its functions in DNA replication have been inconsistent and
unclear, with some studies finding no function for 53BP1 in fork
protection and others finding extensive nascent strand degradation
when 53BP1 is inactivated (35-38). Our data suggest that both sets
of observations are correct, with cell type differences and perhaps an
undefined adaptation response accounting for the different results.

We have attempted to identify the underlying differences that
yield the disparate results when 53BP1 is inactivated in different cells
by looking at likely factors including BRCA1, BRCA2, RAD51, RIF1,
FBHI, and SHIELDIN but so far have been unsuccessful in deter-
mining a mechanism that is critical. Part of the difficulty in identify-
ing compensatory pathways is that the mechanism of action of 53BP1
at forks remains unclear. 53BP1 can shield stretches of unreplicated
DNA from processing as cells transit the cell cycle (43, 44). Whether
these 53BP1 nuclear bodies are related to its fork protection activities
is unknown. At DSBs, 53BP1 recruits RIF1, PTIP, and SHIELDIN
to counteract resection (31). RIFI1 is a fork protection factor that
prevents DNA2-mediated degradation of nascent DNA just as 53BP1
does (45, 46). Furthermore, RIF1 and 53BP1 were reported to be in
the same pathway to promote resistance to replication stress (34),
and PTIP recruits MREI11 to replication forks (37). However, PTIP
recruitment to stalled replication forks is independent of 53BP1 (37).
Thus, further studies will be needed to understand the compensato-
ry mechanisms that protect forks in some 53BP1-deficient cells. An
attractive possibility is that the FBH1 remodeling pathway could
be silenced in the 53BP1-deficient cells that do not exhibit fork deg-
radation. However, RNA-sequencing experiments did not reveal
any differences in FBH1 expression. In addition, the exact mecha-
nism that 53BP1 uses to protect forks is unknown, although our
studies suggest that it may be related to how BODI1L, the FANC
core complex, and VHL function because they also act downstream
of FBH1.

SMARCALLI, ZRANB3, HLTF, and FBH1 can all catalyze fork
reversal reactions on model DNA substrates and all have been
confirmed by electron microscopy to promote reversal in cells
(13-15, 20, 25, 47-49). Each protein has an ATP-dependent motor
domain required for the reversal reaction and different accessory
domains including DNA substrate recognition domains and protein-
protein interaction motifs, which presumably provide them with
unique activities. Yet, in some cases, a subset of these proteins ap-
pears to function together. For example, inactivating SMARCALL,
ZRANB3, or HLTF prevents fork degradation in BRCA2-deficient
cells, suggesting that they work in a concerted pathway of fork re-
versal (13). We find that these fork reversal enzymes are also required
for nascent strand degradation in FANCD2- or ABRO1-deficient
cells, and inactivating any of the enzymes yields similar results as a
triple mutant, suggesting that they work in the same pathway. In
contrast, even inactivating all three enzymes together is unable to fully
rescue nascent strand degradation when 53BP1, BOD1L, FANCA,
FANCC, FANCG, or VHL is inactivated. Reversed forks are still like-
ly the intermediate in this nascent strand degradation pathway based
on six pieces of evidence: (i) RAD51 depletion prevents resection;
(ii) PARP inhibitor blocks resection; (iii) resection requires DNA2, but
not SLX4 or MUS81; (iv) FBH1 inactivation blocks resection; (v) FBH1

Liu et al., Sci. Adv. 2020; 6 : eabc3598 13 November 2020

helicase activity is needed for resection; and (vi) overexpression of
RAD51 or RAD51 K133R blocks resection. Nonetheless, we cannot
rule out that some other undefined structure is the intermediate.
In any case, there may be some difference in the DNA or chroma-
tin structures that are formed downstream of the SMARCALL,
ZRANB3, and HLTF versus FBH1 pathways necessitating different
fork protection proteins. Alternatively, they may work in different
genomic or chromatin contexts. Further studies using electron mi-
croscopy combined with analyses of protein recruitment and chro-
matin structures at individual stalled forks may reveal differences in
DNA or chromatin structures formed by the alternative remodeling
pathways.

RAD?5I is not capable of reversing model replication forks by it-
self, and our data suggest that FBH1 can partner with it in some
contexts. FBH1 has both a motor domain required for fork reversal
and an F-box domain that forms part of a ubiquitin ligase that tar-
gets RAD51. The helicase, but not the F-box domain, is required to
generate the substrate for resection in 53BP1-deficient cells and other
genetic contexts where SMARCAL1, ZRANB3, and HLTF are not
required. Although these data suggest that FBH1 promotes fork re-
versal in these contexts, a function for FBH1 in removing RAD51
from the nascent DNA to provide access to DNA2 could also be
important as suggested previously (9).

Our data indicate that DNA2 participates in resecting the nascent
DNA at least to some extent when any of the fork protection pro-
teins are inactivated, while MREI1 is only required in some cases.
MRE11 has both endonuclease and exonuclease activities that com-
bine to remove DNA end-binding proteins and initiate resection,
yielding 3’ overhangs at DSBs. DNA2 has both 5" to 3’ and 3’ to 5’
nuclease activities that process 5’ flaps at Okazaki fragments during
replication and is regulated by RPA to yield 3’ overhangs at DSBs.
Yeast Dna2 also cleaves unpaired DNA strands to prevent aberrant
fork reversal (50). The extensive resection of persistently stalled forks
in human cells lacking fork protection factors may be the result of
cycles of reversal and processing by these and other nucleases with
various substrate preferences and regulation.

If the BRCA2 and 53BP1 pathways were completely separate fork
protection mechanisms, then we would have expected that inacti-
vating 53BP1 in cells in which the SMARCAL1, ZRANB3, and HLTF-
BRCA2 pathway for fork protection was inactivated would yield
nascent strand degradation. However, this is not the case. BRCA2
inactivation prevents nascent strand degradation when 53BP1 and
any of the SMARCAL1, ZRANB3, or HLTF proteins is inactivated.
Because RAD51 is essential for fork reversal in all known circum-
stances, and BRCA2 acts through RAD51, the simplest interpreta-
tion of these results is that BRCA2 is needed to assist RAD51 in the
FBH1 pathway. Our genetic separation of function experiments with
FBH1 mutants indicate that FBH1-dependent fork remodeling and
degradation can occur in cells in which HLTF, BRCA2, and 53BP1
are simultaneously inactivated as long as the FBH1 ubiquitin ligase
activity is also inactivated. If FBH1 retains its ubiquitin ligase activ-
ity, then this RAD51 antagonist activity could generate a require-
ment for BRCA2 to make the metastable RAD51 filament proposed
to remodel the fork. Consistent with this idea, we also found that
BRCA?2 is needed to generate the resection substrate when RAD51
function is partially compromised with the RAD51 inhibitor B02.
These results are consistent with the idea that the amount and func-
tional activity of RAD51 in the cell is critical to determine whether
forks undergo reversal and protection (2).
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In conclusion, our results explain apparently contradictory results
in the literature. Furthermore, our genetic analysis of fork protection
factors and their relationship with fork remodeling proteins indicates
that there are at least two distinct pathways to generate substrates
for end resection at persistently stalled forks.

MATERIALS AND METHODS

Cell culture

U208 and HEK293T cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) with 7.5% fetal bovine serum (FBS). DLD-1 and
RPE-hTERT cells were cultured in RPMI1640 with 7.5% FBS. All
cell lines were purchased from the American Type Culture Collection
with the following exceptions: 53BP1A cell clone #79 was a gift from
N. Mosammaparast (Washington University, St. Louis, MO, USA).
VU423 and VU423 complemented with WT BRCAZ2 cell line and
DLD-1 WT and DLD-1 BRCA2 KO cell lines were gifts from D. K.
Bishop (University of Chicago, Chicago, IL, USA). PEO1 and PEO4
cell lines were gifts from A. Vindigni (Washington University, St. Louis,
MO, USA). Cell lines are routinely tested for mycoplasma, and au-
thentication was verified using short tandem repeat profiling. Details
of CRISPR-Cas9-edited cell lines are in table S1. Cell proliferation
was measured using the WST-1 reagent (Sigma-Aldrich).

Plasmids

pCDNA4/TO-GFP-FBH1 WT and F-box mutant were gifts from
C. Serensen. The FBH1 cDNA was cloned to pLNCX-3xHA vector,
and F-box (F266A/P267A) and helicase (D698N) mutants were made
by polymerase chain reaction (PCR) using the following primers:
F-box mutant, AGCGCTGCTAGTGAGGTCCTGAGG (forward)
and AGCAGCGCTGCAAATGTGGCTCAGT (reverse); helicase
mutant, TGTGAATGAGGCCCAGGACTGC (forward) and TCAT-
TCACAAAGATGGCGTCAAAAGAGGC (reverse).

The RAD51 II3A mutant consists of three single mutation sites—
R130A, R303A, and K313A—and was generated with the following
primers: R130A, TTCGCAACTGGGAAGACCCAGATCT (forward)
and CAGTTGCGAATTCTCCAAACATTTCTGTGAT (reverse);
R303A, ATCTGGCGAAAGGAAGAGGGGAAACCAGA (forward)
and TTTCGCCAGATACAATCTGGTTGTTGATGCATG (reverse);
K313A, TCTGCGCAATCTACGACTCTCCCTGTCTT (forward)
and AGATTGCGCAGATTCTGGTTTCCCCTCTTC (reverse);
RAD51 T131P, TTCCGACCTGGGAAGACCCAGATCT (forward)
and TCCCAGGTCGGAATTCTCCAAACATTTCTG (reverse);
RAD51 K133R, TGGGCGTACCCAGATCTGTCATACGCT (forward)
and TGGGTACGCCCAGTTCGGAATTCTCCAAA (reverse).

Antibodies and chemicals
Antibodies and chemicals used are listed in table S2.

RNA interference

All siRNA transfections were performed using DharmaFECT reagents
according to the manufacturer’s instructions. ON-TARGETplus
siRNAs were purchased from Dharmacon. Experiments were com-
pleted 3 days after transfection. For siRNA sequences and the siRNA
used in each experiment, please see table S2. Qiagen AllStars Negative
Control Nontargeting (NT) siRNA was used in samples where a
gene-selective siRNA is not indicated or to bring the total amount
of siRNA to equal molar concentration when comparing samples
with one versus two siRNAs.
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Gene editing with CRISPR-Cas9

The pSpCas9 (BB)-2A-Puro 2 plasmid (Addgene 48139) was used
to express single gRNAs (sgRNAs) for gene editing with CRISPR-
Cas9. In some experiments, cells were transfected with sgRNA,
trans-activating CRISPR RNA (tracrRNA) (Horizon U-002005-05),
and Cas9 mRNA (Horizon CAS11860). In all cases, colonies were
screened by PCR, loss of protein expression was verified by immuno-
blotting, and cell lines were validated by sequencing the edited alleles
(table S1). The sgRNA sequences used are shown in table S2. FBH1
single or FBH1 and HLTF double KO cells were complemented
with FBH1 cDNAs by retrovirus infection followed by selection
with G418.

Single-molecule analysis of replication

DNA fiber spreading experiments were performed as described pre-
viously (51). Cells were labeled with 20 pM IdU followed by 100 uM
CldU for 20 min each. Following stretching and fixation on glass
slides, DNA was denatured in 2.5 M HCI for 80 min, washed three
times with phosphate-buffered saline (PBS), and blocked in 10% goat
serum/PBS with 0.1% Triton X-100 for 1 hour. DNA combing was
performed according to the instructions from a Genomic Vision
combing kit. Combing and fiber spreading yielded similar results.

Quantification and statistical analysis

Statistical analyses were completed using Prism. A Kruskal-Wallis
test was used for experiments with more than two samples, and
P values were calculated by Prism for the multiple comparisons. A
two-tailed f test was used to compare two samples with normally
distributed data. No statistical methods or criteria were used to es-
timate sample size or to include/exclude samples. Multiple siRNAs
were analyzed to confirm that results were not caused by off-target
effects, and at least two cell clones of CRISPR-Cas9 generated KO
cells were used to ensure that results were not due to clonal varia-
tion. Statistical details of individual experiments can be found in the
figure legends and in Results. All experiments were performed at
least two times, and representative experiments are shown.

Immunofluorescence imaging

Cells were labeled with 5-Ethynyl-2’-deoxyuridine (EdU) for 10 min,
and detergent was extracted with 0.5% Triton X-100 before fixing
with 3% paraformaldehyde/2% sucrose. Slides were blocked with 10%
goat serum in PBS-0.1% Triton and incubated with antibody. EQU
was detected using click chemistry with an Alexa Fluor 594-conjugated
azide. Immunofluorescent images were obtained and analyzed with
an ImageXpress (Molecular Devices) instrument and software.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/46/eabc3598/DC1

View/request a protocol for this paper from Bio-protocol.
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