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ABSTRACT

REV1 is a eukaryotic member of the Y-family of
DNA polymerases involved in translesion DNA syn-
thesis and genome mutagenesis. Recently, REV1 is
also found to function in homologous recombination.
However, it remains unclear how REV1 is recruited
to the sites where homologous recombination is pro-
cessed. Here, we report that loss of mammalian REV1
results in a specific defect in replication-associated
gene conversion. We found that REV1 is targeted to
laser-induced DNA damage stripes in a manner de-
pendent on its ubiquitin-binding motifs, on RAD18,
and on monoubiquitinated FANCD2 (FANCD2-mUb)
that associates with REV1. Expression of a FANCD2-
Ub chimeric protein in RAD18-depleted cells en-
hances REV1 assembly at laser-damaged sites, sug-
gesting that FANCD2-mUb functions downstream
of RAD18 to recruit REV1 to DNA breaks. Con-
sistent with this suggestion we found that REV1
and FANCD2 are epistatic with respect to sensitiv-
ity to the double-strand break-inducer camptothecin.
REV1 enrichment at DNA damage stripes also par-
tially depends on BRCA1 and BRCA2, components of
the FANCD2/BRCA supercomplex. Intriguingly, anal-
ogous to FANCD2-mUb and BRCA1/BRCA2, REV1
plays an unexpected role in protecting nascent repli-

cation tracts from degradation by stabilizing RAD51
filaments. Collectively these data suggest that REV1
plays multiple roles at stalled replication forks in re-
sponse to replication stress.

INTRODUCTION

REV1 is a member of the translesion DNA synthesis (TLS)
family of specialized DNA polymerases and is responsible
for the majority of spontaneous and DNA damage-induced
mutagenesis in vivo (1-3). REV1 co-localizes with prolifer-
ating cell nuclear antigen (PCNA) in replication factories
(4) and binds with monoubiquitinated PCNA in cells ex-
posed to UV radiation (5). REV1 is believed to function
as a scaffold protein for polymerase switching at sites of le-
sions during TLS (6). Recent studies indicate that the Fan-
coni anemia (FA) core complex controls REV1-mediated
TLS after UV radiation in a FANCD2-independent fash-
ion (7-9). In addition, the breast cancer-associated protein
BRCAI, which interacts with REV1 and E3 ubiquitin lig-
ase RADI1S, also regulate REV1-mediated TLS after UV
radiation (10).

Beyond its primary role in TLS, REV1 can localize at re-
gions near double-strand breaks (DSBs) in budding yeast
(11). DSBs initiate diverse responses, including homolo-
gous recombination (HR), which in eukaryotes mainly re-
sults in gene conversion. This process involves the unidirec-
tional transfer of genetic material from a donor sequence
to a homologous acceptor sequence. Gene conversion may
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also result from template switching by replisomes stalled at
replication-blocking DNA lesions, or difficult-to-replicate
DNA structures. Template switching during HR involves
strand invasion mediated by filaments of the single strand
DNA binding protein RADS1. Recently it has been re-
ported that REV1 is involved in HR in chicken DT40 cells
(12), Drosophila melanogaster (13) and human cells (14).
However, it remains unclear how REV1 is recruited to sites
where HR is processed.

Although FANCD?2 is not required for UV-induced
REV1 foci formation and associated mutagenesis (8), it
colocalizes with REV1 following treatment with agents that
strongly induce HR, such as hydroxyurea (HU) and thymi-
dine (15), hinting that FANCD?2 might regulate REV1 re-
cruitment to sites where HR is processed. Additionally, con-
sidering that RAD18 can target to DSBs and is essential for
appropriate activation of the FA pathway after treatment
with the Topoisomerase 1 inhibitor camptothecin (CPT)
(16,17), acompound that induces replication-coupled DSBs
during S phase (17), we speculate that RAD18 regulates
REVI recruitment to HR processing sites, despite the fact
that the RAD18-dependent DSB repair pathway is not re-
lated to monoubiquitinated PCNA (17).

In this study, we first reveal a role of the BRCAl C-
terminal (BRCT) domain of REV1 in replication-associated
gene conversion, using a genomic reporter construct. Then
we reveal the involvement of RADI18 and the ubiquitin-
binding motifs (UBMs) of REVI1, monoubiquitinated
FANCD?2 (FANCD2-mUb), BRCA1 and BRCA2 in the re-
cruitment of REV1 to UVA laser-induced double-stranded
DNA breaks. Additionally, REV1 and FANCD?2 display
epistasis with respect to sensitivity to CPT. Finally, using
a DNA fiber resection assay, we reveal that REV1 protects
nascent replication tracts following exposure to CPT and
HU. Our results indicate that REV1 plays multiple roles at
stalled replication forks to maintain genomic integrity in re-
sponse to replication stress.

MATERIALS AND METHODS
Plasmids and reagents

To generate the HisD reporter plasmid, a PCR frag-
ment containing the complete 1.3 kb coding sequence of
HisD was amplified using primers 5-GGCCCGGGACCA
TGGGCTTCAATACCCTGAT TGAC-3 and 5-CCGA
ATTCCTAGGTCATGCTTGCTCCTTGAGGG-3'. This
fragment was cloned into the plasmid pVitro-blasti-mcs
(Invivogen) downstream of the rEF1 promotor that drives
transcription of the Bsr gene conferring resistance to blas-
ticidin (Bsd). The HisD coding sequence was interrupted
upon introduction of two Sall sites in tandem into a unique
BspEI site in the 3’ part of the gene (HisD*). An IRES
sequence allows expression of Bsr. A 428 bp PCR frag-
ment containing the 3’ part of HisD was generated us-
ing primers 5-CCGAATTCAG GCCCTGAGCGCCAG
TC-3" and 5-CCGAATTCCTAGGTCATGCTTGCTCC
TTGAGGG-3'. This 3’ HisD fragment was cloned down-
stream of the Bsr gene and acts as donor sequence to enable
restoration of the HisD* allele to a functional HisD gene.
For binding assays, mouse Rev/ cDNA was cloned in
pEGFP-C3 (Clontech) or p3xFlag-CMYV (Sigma) to gen-

erate eGFP or Flag fusion proteins. The pSFB-FANCD2
K561R plasmid encoding a FANCD2 protein with a
K561R mutation was a gift from Dr Larry M Karnitz
(Mayo Clinic College of Medicine). The ubiquitin cDNA
lacking the C-terminal Gly-Gly codons was cloned to
pSFB-FANCD2 K561R plasmid to make a full-length
FANCD2-ubiquitin chimera (FancD2-Ub) as described
previously (18). The construct with mutations in mREV1
UBMs and GFP-RADS1 were generated as described pre-
viously (5,19). The pSFB-FANCI plasmid was a gift from
Dr Junjie Chen (UT MD Anderson Cancer Center).

Anti-Flag M2 agarose affinity gel and mouse monoclonal
antibody against B-actin (clone AC15) or Flag were pur-
chased from Sigma (St Louis, MO, USA). Antibody against
vH2AX was from the Cell Signalling Technology (Danvers,
MA, USA). Antibody against FANCD?2 (FI117) was from
Santa Cruz Biotechnology. Antibodies against HA, Myc
and GFP were from Covance. Antibodies against KUS80
and B-TUBULIN were from Beijing Protein Innovation
(Beijing, China). Alexa Fluor-conjugated secondary anti-
bodies were from Invitrogen. Rabbit polyclonal antiserum
against REV13721150 was made by Covance.

Cell culture and reagents

Human HCT116, U20S and 293T cells were obtained from
the American Type Culture Collection (Rockville, MD,
USA). FANCD2-deficient PD20 cells were obtained from
the Fanconi Anemia Research Fund (20). All cell lines
were grown in DMEM medium supplemented with 10%
fetal bovine serum at 37°C in the presence of 5% CO, if
not specified. For transient transfection experiments, cells
were transfected with indicated constructs, using Fugene
6 (Roche) or Lipofectamin 2000 (Invitrogen) following the
manufacturer’s protocols.

RNA interference

The introduction of small interfering RNA (siRNA) into
cells was carried out with RNAIMAX (Invitrogen). For
REV1 recruitment study, cells were further transfected with
GFP-REV1 using Lipofectamin 2000 (Invitrogen) at 48 h
after siRNA transfection. About 40 h later, the cells were
micro-irradiated and processed for immunofluorescence as
described below. Whole cell lysates were harvested at 72 h
after siRNA transfection.

siRNAs directed against human FANCD2, REVI,
BRCAI or BRCA2 were obtained from GenePharma
(Shanghai, China). The gene-specific target sequences
were as follows: FANCD2-1 (UUGGAGGAGAUU-
GAUGGUCUA) (7), FANCD2-2 (CUAGCACCGUAU-
UCAAGUA), FANCD2-3 (CGAGUUGUGGCAUU-
UGUU), FANCD2-4 (CAACAUACCUCGACUCAUU),
REVI-1 (GAACAGUGACGCAGGAAUA) (21), REVI-2
(AAGCAUCAAAGCUGGACGACU) (22), BRCAI
(UAUAAGACCUCUGGCAUGAAU), BRCA2 (AA-
CAACAAUUACGAACCAAACUU) (23). The negative
control siNC sequence (UUCUCCGAACGUGU-
CACGU) was obtained from GenePharma. Unless
otherwise specified, REVI-1 and FANCD2-1 were used
as the representative siRNA against REVI and FANCD?2



in all human cell experiments, respectively. The gene-
specific target sequences against mouse Fancd? were as
follows: mFancd2-1 (GCUAGAUUCUGAGGAUAAA),
and mFancd?-2 (GAGGAAGCAUCCUGCUUAU). The
mixture of mFancd2-1 and mFancd2-2 was used to knock
down FANCD?2 expression in mouse cells. The gene-
specific target sequences against mouse Mrell were as
follows: mMrell-1 (GCUGCUUGGAGCUGCUUAG),
and mMrell-2 (ACAGGAGAAGAGAUCAACU). The
mixture of mMrell-1 and mMrell-2 was used to knock
down Mrell expression in mouse cells. Western blots were
used to validate the extent of knockdown by these siRNAs.

Establishment of FANCD2 and REV1 stable knockdown
cells

The human shRNA-FANCD2 plasmids
(TRCNO0000082840 and TRCN0000082842), shRNA-
REVI plasmid (TRCNO0000152109) and a non-targeting
control plasmid (shRNA-SHC002) were purchased from
Open Biosystems. Stable FANCD2 knockdown or negative
control clones were generated by infecting U20S cells with
polybrene-supplemented medium obtained from 293T
packaging cells transfected with the shRNA-FANCD?2
or shRNA-SHCO002. Individual clones were isolated by
limiting dilution in media containing puromycin and
screened for FANCD2 expression levels with antibodies
against FANCD2. Stable REV1 knockdown or negative
control cells were generated by infecting 293T cells with
polybrene-supplemented medium obtained from 293T
packaging cells transfected with the human shRNA-REV]
plasmid or shRNA-SHC002 (shNC). Puromycin-resistant
stable cells were selected for HR assay.

Laser microirradiation and imaging

The microirradiation was carried with a pulsed nitro-
gen laser (365 nm, 10 Hz pulse) as previously described
(24,25). Briefly, cells were seeded on 35-mm glass bottom
dishes (MatTek) overnight before being visualized with
a Nikon Eclipse Ti-E inverted microscope equipped with
a computer-controlled MicroPoint laser Ablation System
(Photonics Instruments). The output of laser power was
set to five pulses and 30-40% of transmission which was
the lowest power that reproducibly gave a focused yH2AX
stripe. For quantitating the percentage of cells with REV1
accumulation at sites of laser irradiation, GFP-REV1 ex-
pressing cells were selected for laser microirradiation. The
frequency of cells which exhibit a visible accumulation of
REV1 along the line of irradiation at 10 min after microirra-
diation was determined. Standard errors were derived from
at least three independent experiments. To further compare,
the amount of GFP-REV1 at damage sites at certain time
points, we have used a computer-aided analysis system to
quantify the amount of the accumulated GFP-REV1 as
described previously (24,26). Briefly, we used MetaMorph
(Version 7.7.5.0) to measure the grey value of each irradi-
ated site in cells to represent the amount of accumulated
GFP-REV1. Then the average fluorescence intensity (gray
level) of GFP-REV1 was calculated and compared. To be
specific, the microirradiation sites were marked as ROIs (re-
gion of interest), and the grey values of these ROIs were
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measured under the ‘Region Measurements’ function. The
grey value in undamaged region was subtracted from that of
ROIs for each cell at each time point to determine the final
value reported. The associated standard errors were derived
from 10 independent measurements.

Immunofluorescence

Cells were fixed in 4% paraformaldehyde for 10 min at
room temperature, and then permeabilized with 0.5% Tri-
ton X-100 for 15 min. The permeabilized cells were blocked
with 5% fetal bovine serum/ 0.1% Tween 20 for 60 min
at room temperature and incubated with primary anti-
bodies against yH2AX at room temperature for 45 min.
Cells were then incubated with the appropriate Alexa Fluor
dye conjugated secondary antibody (Molecular Probes) for
45 min. The cells were further counterstained with DAPI
to visualize nuclear DNA. Images were taken with equal
exposure time. For quantitative analysis of UV-induced
REV1 focus formation, U20S cells transfected with GFP-
REV1 were treated with UVC (15 J/m?) and fixed with 4%
paraformaldehyde 12 h later after UV irradiation as de-
scribed previously (27). Images were acquired with a Leica
DM5000 (Leica) equipped with HCX PL S-APO 63x 1.3 oil
CS immersion objective (Leica) and processed with Adobe
Photoshop 7.0.

Coimmunoprecipitation and Western blotting

HEK?293T cells transfected with pCMV-HA-mREV1 and
pSFB-FANCD2 K561R-2 (pSFB-FANCD2*) or pSFB-
FANCD2-Ub were harvested and immunoprecipitation
with anti-Flag M2 agarose in the presence of the DNA
intercalator ethidium bromide (EtBr) was performed us-
ing whole cell lysates as described previously (28). A sim-
ilar immunoprecipitation was performed using HEK293T
cells transfected with Flag-mREV1 and GFP-RADSI.
HEK?293T cells transfected with pPCMV-HA-mREV1 were
treated with CPT (5 wM) for 2 h and crosslinked with 10
mM Dimethyl 3,3-dithiobispropionimidate 2 HCI1 (DTBP)
in PBS for 40 min at 4°C. The reaction was stopped by a 5-
min incubation with 1 M Tris—Cl (pH 8.0). Then the whole
cell lysates were immunoprecipitated with anti-FANCD2
antibody. Samples were separated by SDS-PAGE and de-
tected by immunoblotting with indicated antibodies.

Chromatin immunoprecipitation

DR-GFP HeLa cells with one copy of the DR-GFP gene
stably integrated into its genome (29) were transfected with
either WT or UBM* pCMV-HA-REV1 (5). After [-Scel in-
duction of DSBs, chromatin was immunoprecipitated from
the cells using antibodies against either yH2AX or HA and
quantitative polymerase chain reaction (QPCR) was used to
determine REV1 recruitment to the induced break sites as
previously described (29). Input DNA was used as an inter-
nal control for each qPCR to normalize the CHIP signal.
For all ChIP experiments data are shown as mean+SEM of
three independent CHIP experiments.
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HisD reversion assay

Immortalized Revl WT, Bret mutant (containing a defined
deletion in the N-terminal BRCT domain of Revl) and
knockout MEFs (30,31) were transfected with the HisD re-
porter construct and Bsd-resistant clones were selected us-
ing culture medium with blasticidine (5 pg/ml). After 12—
14 days, clones were isolated and expanded. Two indepen-
dent Revl WT and two independent Rev/-deficient MEF
cell lines containing the reporter construct stably integrated
into the genome were cultured for 6 days in culture medium.
Then, 10° cells were cultured in medium with 7.5 mM his-
tidinol and 5 pg/ml blasticidine to select for HisD revertant
(His+Bsd+) clones. In parallel, cells were plated at clonal
density (200 cells per 10 cm dish (3x)) to correct for the
clone forming ability of the cells. After 10-11 days, cells
were fixed and stained with methylene blue. Similarly, three
independent Rev/ WT and three independent Rev! Brct
MEF cell lines were used to compare their frequencies of
spontaneous His+Bsd+ clones. The HisD reversion assay
can be used to analyse replication-associated gene conver-
sion as described previously (32).

HR assay

To examine the effect of REV1 depletion on HR efficiency,
stable REV1 knockdown or negative control 293T cells were
transfected with the DR-GFP reporter and I-Scel-IRES-
DsRedNLS expression vector (33) by using Lipofectamine
2000 as described (34). Two days later, the frequency of HR-
mediated repair events was calculated by analyzing GFP-
positive cells out of the DsRed-positive cells in flow cytom-
etry analysis (BD FACSAria). The extent of HR repair in
REV1-depleted cells is shown relative to the repair observed
in shNC knockdown cells. To examine whether the HR de-
fect observed in REV1-depleted cells is attributed to REV1
depletion, REV1-depleted 293T cells were then transfected
with a mixture containing DR-GFP reporter, I-Scel-IRES-
DsRedNLS expression vector, and WT or UBMs mutated
(UBM*) Flag-REV1 by using Lipofectamine2000. The ex-
tent of repair in cells complemented with WT or UBM*
Flag-REV1 is shown relative to the repair observed in cells
transfected with Flag vector. Data from three independent
experiments were used to generate the histogram.

Cell cycle analysis

Immortalized MEF cell lines containing a stably integrated
HisD reporter construct were cultured overnight. After
washing once with PBS, cells were pulse-labeled with 10 uM
Bromodeoxyuridine (BrdU, Millipore) for 30 min at 37°C,
rinsed with PBS and continuously cultured in medium con-
taining 5 wM thymidine (Sigma-Aldrich). At different time
points, cells were trypsinized and fixed in 70% ethanol. Cells
were stained for incorporation of BrdU using a mouse mon-
oclonal antibody against BrdU (Becton Dickinson) and a
FITC-conjugated rat anti-mouse antibody (BD bioscience
Pharmingen) as described previously (35). Cells were ana-
lyzed by flow cytometry (Guava easyCyte HT, Millipore).

DNA fiber assay

DNA fibers were spread as previously described with some
modifications (36). Briefly, for CPT and HU treatments,
log-phase cells were pulse-labeled with the modified thymi-
dine analogues iododeoxyuridine (IdU) (100 wM) for 10
min and then chlorodeoxyuridine (CIdU) (100 wM) for 20
min to indicate the direction of ongoing replication before
exposure to CPT (5 wM) or HU (4 mM) for 5 h. Cells
were collected, lysed and spread on microscope slides to
obtain single molecule DNA fibers. The labeled replication
tracts were detected with primary antibodies against IdU
(BD Biosciences, anti-BrdU clone B44) and CIdU [Abcam,
anti-BrdU BU1/75(ICR1)] and secondary antibodies (In-
vitrogen, Alexa Fluor 488 goat anti-rat and Alexa Fluor
568 goat anti-mouse). Fibers were imaged using a Leica
DM5000B microscope. Length of 100-200 DNA fibers were
measured using ImagelJ software from two to three indepen-
dent experiments. P-values were obtained from the Mann-—
Whitney test. For the GFP-REV1 rescue assay or GFP-
RADS1 supplementing assay, Revl-deficient MEFs trans-
fected with pEGFP-mREV1 or pEGFP-RADS1 were la-
beled with IdU and CIdU and treated with CPT as above,
and then sorted with MoFlo XDP High-Speed Cell Sorter
(Beckman Coulter). The sorted GFP positive cells were then
used in the DNA fiber spread assay.

Cell survival assay

A cell survival assay following genotoxic treatments was
performed as described previously (25). Briefly, cells were
seeded into 6 cm dishes (~200 cells/dish) in triplicate and al-
lowed to adhere for 5 h. The cells were then treated with the
indicated amount of CPT or HU for 2 h at 37°C in serum-
free medium. After treatment, cells were further incubated
in complete medium for 7-10 days. Colonies were fixed and
counted. The survival of genotoxin-exposed cells was de-
termined by relating the cloning efficiency to that of an un-
treated control.

RESULTS
REV1 is involved in replication-dependent gene conversion

REVI1 protein has recently been shown to play an un-
defined function in HR in human cells (14). To support
that result, we generated stable REV1 knockdown 293T
cells and transfected the cells with DR-GFP reporter and
I-Scel-IRES-DsRedNLS plasmid. The frequency of HR-
mediated repair events was calculated by analyzing GFP-
positive cells out of the DsRed-positive cells in flow cytom-
etry analysis. In line with the previous report (14), depletion
of REV1 decreases the gene conversion in 293T cells (Fig-
ure 1A). To determine whether the HR defect is attributed
to REV1 depletion, we co-transfected DR-GFP reporter, I-
Scel-IRES-DsRedNLS plasmid and WT or UBMs* REV1
into REV1-depleted 293T cells. We found that supplement-
ing the REV1-depleted cells with WT REV1 resulted in an
increase in the extent of HR repair relative to the Flag vec-
tor (Figure 1B), whereas supplementing the REV1-depleted
cells with UBMs* REV1 could not raise the extent of HR
repair (Figure 1B). These data support that REV1 is in-
volved in HR.
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Figure 1. REV1 is involved in gene conversion in mammalian cells. (A) REV1-depleted 293T cells were co-transfected with DR-GFP reporter and I-
Scel-IRES-DsRedNLS plasmid. Two days later, the frequency of HR-mediated repair events was calculated by analyzing GFP-positive cells out of the
DsRed-positive cells in flow cytometry analysis. The extent of repair is shown relative to the repair observed in shRNA-SHC002 (shNC) knockdown cells.
Data from three independent experiments were used to generate the histogram. Error bars indicate standard error. P values derived from a student’s t-test
are shown at the top. The shREV1-mediated knockdown efficiency was validated by western blot using antibodies against REV1. B-Tubulin: loading
control. (B) REV1-depleted 293T cells were co-transfected with DR-GFP reporter, I-Scel-IRES-DsRedNLS plasmid and either Flag or Flag-REV1 (WT)
or Flag-REV1 UBMs* (U*). The frequency of HR-mediated repair event was calculated as in (A). The extent of repair is shown relative to the repair
observed in cells transfected with control Flag vector. The expression of WT or U* REV1 was validated by western blot using antibodies against REV1.
(C) Reporter construct to determine reversion of a defective HisD gene (HisD*) to a functional HisD gene using HisD donor sequences (3' HisD) in cells.
Cells carrying a stably integrated reporter construct are sensitive to histidinol (His~) and resistant to blasticidin (Bsd™). Bsr, blasticidin selection gene. (D)
Frequencies of spontaneous His* Bsd* clones in two independent Rev WT (7 and 18) and KO MEFs (6 and 9). Frequencies are corrected for the clone
forming ability of the cells. All experiments were carried out in triplicate. Error bars indicate the standard error.

To investigate a role of REV1 in gene conversion during from 0.13% to 0.36%) compared with Rev/-deficient cells
replication, we generated Revl WT and KO MEFs carry- (Figure 1D). The low frequency of His+Bsd+ revertants in
ing an integrated copy of a HisD reporter construct that Revli-deficient cells was not caused by a cell cycle defect

confers resistance to histidinol (His+) when the coding se- in Revl-deficient cells, since the Revl WT and KO MEF
quence of a mutated Histidinol dehydrogenase gene (HisD*) cell lines displayed a similar cell cycle progression (Supple-
is restored to WT following recombination with a 3’ HisD mentary Figure S1B). To further support that the pheno-
donor (Figure 1C). Since the HisD* gene is separated from type of apparently reduced gene conversion is related to
the 3" HisD donor by the Bsr gene, cellular resistance to REV1 deficiency, we examined the frequency of sponta-
blasticidin and histidinol (His+Bsd+) most likely reflects neous His+Bsd+ clones in MEFs containing a defined dele-
replication-associated gene conversion in these cells. We as- tion in the N-terminal BRCT domain of Revl (Rev! Brct)
sayed two independent cell lines for each genotype with (30), which is a completely distinct REV1 mutant. We found
the reporter integrated at different genomic loci (Supple- that Revl Brct cells displayed a similar phenotype as Rev/
mentary Figure S1A) and determined that WT cells display KO cells (Supplementary Figure S1C). Together these re-
much higher frequencies of His+Bsd+ revertants (varying
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sults suggest that gene conversion in mammalian cells might
strongly rely on the BRCT region of REV1.

RAD18 and the UBMs of REV1 are required for the optimal
accumulation of REV1 at damage sites

HR can occur at DSBs and stalled or collapsed replica-
tion forks (37). We then wondered what engages REV1 to
these sites to facilitate HR repair. Although yeast Rev1 has
been reported to accumulate near DSBs, it remains unclear
whether and how mammalian REV1 can target to DSBs.
We transfected GFP-REV1 into HCT116 cells and first ex-
amined whether REV1 can be recruited to the sites of dam-
age in cells microirradiated with UVA laser, which inflicts,
amongst other lesions, DSBs (24,26,38). Within minutes of
laser irradiation cells expressing WT GFP-REV1 exhibited
the selective accumulation of REVI at laser tracts (Fig-
ure 2A, top panel), colocalizing with yH2AX, a distinc-
tive marker of DSBs. Since ubiquitination cascades play a
key role in the assembly of repair and signaling proteins at
sites of DNA damage we asked whether REV1 accumula-
tion at laser damage stripes requires the E3 ubiquitin lig-
ase RADI18 that localizes to DSBs after IR or CPT treat-
ments (16,17). A RADI18 stable knockdown cell line (25)
was transfected with GFP-REV1 and microirradiated. The
proportion of REV1 accumulation at laser-activated sites
was reduced in RAD18-depleted cells (26.4%) compared to
control cells (63.1%) and was restored by reintroduction of
RADI18 into these cells (60.1%) (Figure 2B and C). Addi-
tionally, the average intensity of accumulated GFP-REV1
fluorescence at damage sites was remarkably decreased in
RADI18-depleted cells when compared to control cells (Fig-
ure 2D). These data suggest that RAD18 plays an impor-
tant role in recruiting REV1 to DSBs in mammalian cells,
in sharp contrast to its reported role in yeast (11).

Since the UBMsin REV1 are required for its binding with
ubiquitinated proteins (5), we examined whether the UBMs
are required for REV1 accumulation at laser-activated sites
in HCT116 cells. Following microirradiation, the percent-
age of cells with discernible GFP-REV1 accumulation de-
creased significantly when the cells expressed UBMs mu-
tated (UBM*) GFP-REV1 (24.7% for UBM* expressing
cells, compared to 53.9% for WT expressing cells) (Fig-
ure 2A and E). Additionally, the average intensity of accu-
mulated REV1 fluorescence signal at irradiated sites man-
ifested a significant reduction in cells expressing UBM*
compared to WT REV1 (Figure 2F), indicating that UBMs
in REV1 are required for its optimal accumulation at laser-
induced sites of damage. In support of this observation en-
richment of REV1 after laser microirradiation was also re-
markably impaired in U20S cells when UBMs were mu-
tated (Supplementary Figure S2A). Previous studies have
indicated that transiently expressed DsRed-PCNA can be
utilized to differentiate S and non-S phase cells as PCNA
forms distinct foci in S phase, whereas it shows diffuse ex-
pression in non-S phase cells (39,40). To determine whether
UBMs are required for optimal REV1 recruitment to mi-
croirradiated sites in a cell cycle-dependent manner, we co-
transfected WT or UBM* GFP-REV1 with DsRed-PCNA
into U20S cells. We found that mutation of UBMs led to a
reduction of REV1 signals at microirradiated sites in both

S- and non-S phase cells (Supplementary Figure S2B and
C). To confirm that REV1 UBMs are required for targeting
REVI1 to DSBs, we assayed the binding of WT and UBM*
REV1 at I-Scel-induced break sites using a chromatin im-
munoprecipitation (CHIP) assay. The UBMs in REV1 are
indeed necessary for the optimal targeting of REV1 to I-
Scel-induced DSBs (Figure 2G). Notably, UBM* REV1 is
still recruited to DSBs to some extent, hinting at the pos-
sibility that REV1 assembly at DSBs is also regulated in a
UBMs-independent fashion.

FANCD?2 is required for the optimal accumulation of REV1
at laser-damaged sites

RADI18 not only stimulates the recruitment of REVI
to laser damage stripes, it is also necessary for CPT-
induced recruitment of FANCD2 to chromatin, possibly via
RAD18-mediated monoubiquitination of FANCD?2 at ly-
sine 561 (FANCD2-mUDb) (17,41). FANCD?2 is a key fac-
tor for resolving replication-associated DSBs and its mono-
ubiquitination at K561 is indispensable for its function (42—
44). To examine whether FANCD2-mUb interacts with
REV1, we transfected HA-REV1 into 293T cells and har-
vested the DTBP-crosslinked cell lysates for immunoprecip-
itation (IP) with an anti-FANCD2 antibody. We found that
HA-REVI1 was co-immunoprecipitated with FANCD2 in
the lysates (Figure 3A). Interestingly, this interaction was
enhanced after CPT treatment (Figure 3A), which is ex-
pected to increase the FANCD2-mUDb level in cells (17).
To provide additional support we co-expressed HA-REV1
with a K561R mutated FANCD2 (K561R) or a FANCD2-
Ub chimera (a mimic of FANCD2-mUb) in 293T cells
and examined their interaction by co-IP. REV1 displayed
a stronger interaction with FANCD2-Ub than with the
FANCD2 K561R mutant (Figure 3B). In line with this
result, REV1 was found to colocalize with FANCD2 in
CPT-treated U20S cells, and CPT treatment led to an in-
crease in REV1 focus formation (Supplementary Figure
S3A), while depletion of FANCD?2 reduced the REV1 fo-
cus formation after CPT treatment. Given that FANCD2
can be recruited to laser-induced DSBs (45) we checked
whether depletion of FANCD?2 affects REV1 recruitment
to laser-activated sites. U20S cells, depleted for FANCD2
by a FANCD?2 siRNA, were transfected with GFP-REV1
and subjected to microirradiation. As shown in Figure 3C,
depletion of FANCD?2 significantly reduced REV1 accu-
mulation. Moreover, this accumulation was also impaired
in cells treated with three other FANCD?2 siRNAs (Supple-
mentary Figure S3B), suggesting that the decrease of REV1
accumulation triggered by FANCD?2 depletion is not the
result of sSiRNA off-target effects. Similar results were ob-
tained in FANCD?2 stable knockdown U20S cells (Supple-
mentary Figure S3C). Additionally, the average intensity
of accumulated GFP-REV1 fluorescence at damage sites
was decreased in FANCD2-depleted cells when compared
to control cells (Supplementary Figure S3D). To provide
even more evidence for this, we transfected GFP-REV1
with FANCD2 WT, K561R or FANCD2-Ub into patient-
derived FANCD2-defective PD20 cells and examined the
recruitment of REV1 to microirradiated sites. We found
that expression of FANCD2-Ub or FANCD2 WT signif-
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Figure 2. RADI18 and UBMs in REV1 are required for the optimal accumulation of GFP-REV1 at HR processing sites. (A) HCT116 cells transfected
with WT and UBM* GFP-REV1 were microirradiated with a pulsed nitrogen laser. Thirty minutes later, cells were fixed and stained with anti-y H2AX
antibody. Nuclei were stained with DAPI. (B) and (C) RADIS stable knockdown and control cells were transfected with GFP-REV1 and Myc-RADIS.
(B) The levels of RAD18 and Myc-RAD18 were analyzed by western blot. B-actin, loading control. (C) The cells were microirradiated and the proportion
of cells with REV1 accumulation was quantified. Error bars indicate standard error. P values derived from a student’s t-test are shown at the top. (D)
Kinetic analysis of GFP-REV1 intensity at laser-irradiated sites in RAD18 knockdown and control cells. Error bars represent standard error based on 10
independent measurements. (E) Percentage of HCT116 cells expressing WT and UBM* GFP-REV1 in which the protein was localized at microirradiated
sites. P value derived from a student’s t-test is shown at the top. (F) Kinetic analysis of WT and UBM* GFP-REV1 intensity at laser-irradiated sites.
(G) UBMs are required for the optimal recruitment of REV1 to I-Scel-induced DSBs in CHIP assay. The y-axis represents the relative enrichment of the
indicated proteins compared to the IgG control (after normalization to total input). Mutation of UBMs in REV1 significantly decreases REV1 recruitment
to I-Scel-induced DSBs as calculated using a Student’s 7-test (P < 0.01). All the data are from three independent experiments (£:SEM, n = 3).
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icantly increased REV1 enrichment, while expression of
FANCD2-K561R exhibited less effect (Figure 3D). These
data are consistent with the above finding that REV1 had
a stronger interaction with FANCD2-Ub than FANCD?2-
K561R, suggesting that FANCD2-mUb plays an important
role in recruiting REV1 to laser-induced lesions. Impor-
tantly, the siFANCDZ2-depleted cells manifested no obvious
reduction in REV1 focus formation when exposed to UV ir-
radiation (P = 0.46) (Supplementary Figure S3E), suggest-
ing that FANCD?2 stimulates REV1 focus formation in a
DNA lesion-specific fashion, i.e. specifically to DSBs. Ad-
ditionally, we found that mutation of the REV1 UBM do-
mains affected its association with FANCD2-Ub but not
unmodified FANCD?2 (Supplementary Figure S4). More-
over, depletion of REV1 did not impair FANCD?2 recruit-
ment to laser microirradiated sites (Supplementary Figure
S5A and B), in agreement with the notion that REV1 func-
tions downstream of FANCD?2 after microirradiation. No-
tably, depletion of FANCD2 in U20S cells reduced REV1
accumulation at microirradiated sites in both S- and non-S
phase cells (Supplementary Figure SSC). Further, co-IP ex-
periments showed that REVI also interacts with FANCI,
a FANCD?2 partner which can be monoubiquitinated af-
ter different DNA damage treatments (46) (Supplementary
Figure S6), indicating that FANCI might regulate REV1
function(s), too.

To directly test whether the impaired recruitment of
REV1 to laser-induced sites in RAD18-depleted cells (Fig-
ure 2C) was due to a lack of FANCD2-mUb we ex-
pressed a FANCD2-UDb chimera, FANCD2 WT or K561R
in RAD18-depleted cells (Figure 3E) and assayed for REV1
recruitment to laser tracts. We found that complementa-
tion with a FANCD2-Ub chimera, but not a FANCD2 WT
or K561R, completely rescued the aberrant REV1 recruit-
ment in RAD18-depleted cells (65.9% for FANCD2-Ub ex-
pressing cells, compared to 44.6% or 39.8% for FANCD?2
WT or K561R-expressing cells) (Figure 3E). In addition,
the reduction of REV1 signal intensity at damage sites in
the RADI18-depleted cells was alleviated after supplement-
ing with FANCD?2-UDb chimera (Supplementary Figure S7).
These data indicate that FANCD2-mUb functions down-
stream of RADI18 to regulate REV1 recruitment to laser-
activated sites.

RevI-deficient cells are hypersensitive to CPT treatment

RADI18 and FANCD?2 have been implicated in cellular re-
sponses to CPT, a drug that causes replication-associated
DSBs (17). Given that FANCD?2 regulates REV1 recruit-
ment to laser-induced sites we investigated the role of REV1
in the cellular response to CPT exposure. We exposed Rev!
WT and KO MEFs to CPT and found that Revi KO
MEFs exhibited enhanced sensitivity to CPT treatment
(Figure 4A), indicating a role of REV1 in the response to
replication-associated DSBs. Similar results were obtained
in REVI1-depleted U20S cells (Supplementary Figure S8)
and in Revl WT and KO MEFs exposed to HU (Figure 4B).
To determine whether REV1 and FANCD2 promote cellu-
lar resistance to CPT treatment through a common path-
way we examined the effect of FANCD?2 depletion on cellu-
lar survival following DNA damage in Revl KO MEFs. Al-

Nucleic Acids Research, 2015, Vol. 43, No. 17 8333

though depletion of FANCD?2 significantly sensitized WT
cells to CPT exposure (P < 0.05) its depletion did not en-
hance the CPT sensitivity of Revl KO cells (Figure 4C and
D). This data indicates that FANCD?2 and REV1 likely con-
tribute to cellular CPT tolerance, at least in part, through a
common pathway.

BRCA1 and BRCA2 modulate REV1 accumulation at laser-
damaged sites

FANCD?2 has been reported to interact with BRCA1 and
BRCAZ2 generating a FANCD2/BRCA supercomplex that
stabilizes the RADSI filament formation at stalled repli-
cation forks after CPT treatment (36,47). Recently, REV1
was also shown to associate with BRCAT1 (10). To examine
whether BRCA1 modulates REV1 assembly at DSB sites,
BRCA1-depleted U20S cells were transfected with GFP-
REVI1 and accumulation of REV1 at laser-induced tracks
was analyzed. Depletion of BRCAI led to an obvious re-
duction of REV1 accumulation at laser-damaged sites com-
pared to control cells (40.0% for siBRCAI treated cells,
compared to 58.0% for control cells) (Figure SA). Simi-
larly, depletion of BRCA?2 also significantly reduced REV1
recruitment (32.8% in siBRCA2-treated cells, compared to
60.8% for control cells) (Figure 5B). These results suggest
that the FANCD2/BRCA supercomplex is important for
the recruitment of REVT1 to sites where HR is processed.
Given that signaling pathways are often not linear in the cel-
lular response to DNA damage, we also examined whether
knocking down REV1 would affect BRCA1 recruitment to
laser-induced sites of damage. We found that depletion of
REV1 does not impair BRCA1 recruitment after microir-
radition (Figure 5C and D).

REV1 protects nascent DNA strands at disturbed replication
forks

Since FANCD2-mUb and BRCAI1 can act in replication
fork stabilization independent of DSB repair (36,48) we
asked whether REV1 plays a similar role in the protec-
tion of nascent DNA tracts at stalled replication forks af-
ter CPT treatment, using a DNA fiber spreading resec-
tion assay (49). Cells were pulse-labeled with IdU for 10
min followed by CIdU for 20 min prior to CPT treatment
for 5 h, and then by DNA fiber spreading (Figure 6A).
The length of newly synthesized DNA strands (red fluo-
rescent IdU and green fluorescent CldU) before exposure
to CPT was monitored. In Revi WT MEFs the median
fiber length remained intact with or without CPT treatment
(12.15 and 12.33 pm, respectively, P = 0.2648) (Figure 6B,
upper panel). Conversely, in Revl KO MEFs nascent tracks
substantially shortened after CPT exposure compared to
the unperturbed controls (8.65 and 11.79 wm respectively,
P < 0.0001) (Figure 6B, bottom panel). Similar results were
obtained following exposure of the cells to HU (Supplemen-
tary Figure S9). To directly assess whether fork protection
requires REV1 we transfected Revl KO MEFs with either
GFP-REV1 or GFP and analyzed nascent replication tracts
in the sorted GFP-positive cells after CPT treatment. Repli-
cation stalling failed to promote dramatic shortening of the
nascent tracks in Revl KO MEFs complemented with GFP-
REV1 (14.49 pm) compared to cells complemented with
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only GFP (11.07 pm) (P < 0.0001; Figure 7A, upper and
middle panels; Figure 7B).

Given that the fork instability in FANCD2-deficient cells
is attributable to perturbed RADS51 filament stabilization
(36) we asked whether a similar mechanism is responsible
for the nascent tracts protection defect in Revi KO MEFs.
To test this possibility we first checked whether REV1 asso-
ciates with RADSI as is the case with other components of
the FANCD2/BRCA supercomplex. Flag-REV1 and GFP-
RADSI1 expression vectors were co-transfected into 293T
cells and Flag-REV1 was immunoprecipitated. RADS1 was
found to be co-precipitated even in the presence of the DNA
intercalator EtBr, indicating that their interaction is not me-
diated by DNA (Supplementary Figure S10A). Since over-
expression of RADS1 promotes stable RADS5]1 filament as-
sembly upon fork stalling following CPT exposure (50),
we also transfected either GFP or GFP-RADS5]1 into Rev/
KO cells as above (Supplementary Figure S10B) and com-
pared the lengths of their nascent tracts after CPT treat-
ment (Figure 7A, upper and bottom panels). We observed
that overexpression of GFP-RADS51 but not GFP rendered
nascent tracts in Rev/-deficient cells resistant to degrada-
tion, maintaining replication tract lengths comparable to

those observed in the cells in the absence of CPT treat-
ment (Figure 7A, bottom panel; 14.42 and 14.32 pm re-
spectively, P = 0.8519). Hence, fork instability caused by
REVI1 deficiency can be compensated by RADS51 overex-
pression, analogous to that observed in FANCD2-defective
cells (36). Furthermore, previous studies have indicated that
MRET11 is responsible for nascent DNA strands shortening
in the absence of FANCD?2, BRCA2 and RADS1 at stalled
forks (36,48,49). To check whether MREI11 is also the nu-
clease that degrades nascent DNA strands in the absence
of REV1, we depleted Mrell in Revi-deficient cells using
siMrell and measured the nascent DNA track lengths. We
found that depletion of Mrel1 blocked nascent track short-
ening upon CPT treatment (Supplementary Figure S11;
14.20 and 14.29 pm respectively, P = 0.8493), indicating
that MREI11 promotes fork degradation in the absence of
REV1. Taken together, the data suggest that downstream
of FANCD2-mUb REVI1 accumulates at replication forks
to positively regulate replication tract stability.

DISCUSSION

Persistently arrested DNA replication can threaten the via-
bility of dividing cells. TLS utilizes specialized DNA poly-
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merases to catalyze DNA synthesis past sites of base dam-
age and unusual structures such as G quadruplexes (3) to
alleviate the threat, but at the expense of increased mu-
tagenesis. Compelling evidence from a variety of systems
suggests that TLS polymerases can also be utilized during
HR (13,51), while REV1 may coordinate the recruitment
of TLS polymerases during HR -associated repair synthesis
(13). However, little is known about how REV1 is targeted
to the sites where HR are processed. In addition, it remains
elusive whether REV1 plays other roles at stalled replication
forks.

Using a reporter system to analyze DNA template
switching we determined that REV1, via its Brct domain,
plays an important role in replication-associated gene con-
version, which might be related to its interaction with
RADS51 and/or Rad$, two central components of the tem-
plate switching pathway (52,53). We then searched for fac-
tors that engage REVI to HR processing sites. Our re-
sults show that optimal assembly of mouse REV1 at laser-
induced DSBs partially depends on RAD18 and the func-
tional UBMs of REV1. Mutation of UBMs in REV1 or de-
pletion of RAD18 significantly reduced the recruitment of
REV1 to laser damage stripes in terms of signal intensity
and percentage of positive nuclei. Interestingly, depletion

of FANCD2, which colocalizes with REV1 in nuclear foci
following replication fork arrest (15) also decreased REV1
accumulation. In view of the fact that RADI18 can be re-
cruited to DSBs and is essential for appropriate FANCD2-
mUDb formation after CPT treatment (17) we complemented
a RADI8 knockdown stable cell line with a mimic of
FANCD2-mUDb which manifests an enhanced interaction
with REV1, and determined that REV1 recruitment was
significantly recovered. These results indicate that RADI18
facilitates REV1 recruitment to laser-induced DSBs, at least
in part, through promoting FANCD2-mUDb. Therefore, al-
though FANCD2-mUDb is not required for REV1 accumu-
lation at UV-stalled replication forks and associated muta-
genesis (8), it is critical for optimal recruitment of REV1
protein to DSBs. This mode of regulation is mechanisti-
cally distinct from the previously reported connections be-
tween REV1 and the FA pathway, in which the recruitment
of REV1 to damage sites following UV or cisplatin treat-
ment requires an intact FA core complex but is independent
of FANCD2-mUb (9). Hence, REV1 is likely to be differ-
ently regulated in specific contexts to protect the genome
against different types of DNA lesions. In support of this
observation REV1 and FANCD?2 are found to promote cel-
lular resistance to CPT treatment through a common path-
way. Notably, REV1 recruitment to laser-induced DSBs can
still be detected in some of REV1 UBMs*-expressing cells,
suggesting that an additional UBMs-independent mecha-
nism(s) likely contributes to this process, which might coor-
dinate with the UBMs-dependent fashion to ensure optimal
REV1 enrichment.

BRCAI has recently been shown to interact with RADI18
and REVI1 (10). Notably, we found that depletion of
BRCA1 and BRCA2 also impairs REV1 recruitment to
laser tracts. Given that BRCA1 and BRCAZ2 can rapidly re-
localize to stalled replication forks (36) and BRCALI is re-
quired for RAD18 chromatin binding (10), it is conceiv-
able that BRCAL functions either upstream of RADIS or
through association with REV1 (10) to regulate REV1 as-
sembly. Combined with the fact that FANCD?2 associates in
complexes with BRCA1 as well as BRCA2 (54) it is plausible
that recruitment of REV1 to DSBs is generally regulated by
the FANCD2/BRCA complex, which might therefore mod-
ulate the function of REVI in eukaryotes near DSBs.

Although FANCD2 can be activated at DSBs (42) it
is not a canonical HR factor (55). The FA/BRCA net-
work was recently reported to play an unexpected repair-
independent function in preventing degradation of nascent
DNA strands at stalled replication forks (36). Our present
observation that REV1 recruitment to laser-induced sites of
damage is regulated by the FANCD2/BRCA complex also
hints at the possibility that REV1 may be required to main-
tain the integrity of nascent replication tracts. To investi-
gate the involvement of REV1 in this process we monitored
the stability of nascent replication tracts in Rev/-deficient
MEFs. Replication stalling elicited by CPT and HU causes
a dramatic shortening of the median nascent tract length in
RevI KO cells compared either to mock treatment or to WT
controls, which could be rescued by supplementing with
GFP-REV1 or GFP-RADSI or siMREII. These results
are analogous to recent findings in FANCD2-defective cells
(36) indicating that REV1 apparently stabilizes RADSI to
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assay. Nascent tract length distributions in these cells were measured as in Figure 6. (B) Expression of GFP or GFP-REV1 in the sorted Revi KO MEFs
was detected through western blot by immunoblotting with anti-GFP antibodies. B-tubulin was used as loading control. (C) Model of REV1 targeting to

DNA breaks to prevent chromosome instability.

protect nascent strands from degradation by MREI1 dur-
ing perturbed DNA replication. Alternatively, given that
the role of RADSI in postreplication repair is well estab-
lished (48) and TLS polymerases can assist DNA synthesis
from strand invasion intermediates of HR (56), association
of REV1 with RADS51 may facilitate REV1-regulated ac-
cess of TLS polymerases to HR intermediates (13), which
can extend and thus prevents the nascent DNA from exces-
sive nucleolytic degradation. In the absence of REV1, the
invaded strand is unstable and will be degraded except when
Rad51 is over-expressed.

Accordingly, we propose the following overall model
(Figure 7C): Upon DNA breaks, RADI18 is rapidly relocal-
ized to DSBs to facilitate FANCD2-mUD (17), which then
promotes optimal REV1 accumulation. This recruitment is
also modulated by BRCA1 and BRCA2. Once recruited,

REV1 either functions in DNA repair, such as HR, or coop-
erates with FANCD2-mUDb, BRCA1 and BRCA2 to block
nascent replication tracts from degradation in response to
replication stress.

In summary, we have identified a novel role for REV1
in protection of nascent replication tracts against nucle-
olytic degradation, which it shares with other FANCD?2-
interacting proteins such as BRCA1 and BRCA2. We also
established that gene conversion in mammalian cells is de-
pendent on the Brct domain of REV1. Further studies will
be required to clarify the detailed function(s) of REV1 in
replication-dependent gene conversion and its contribution
to genome instability during cancer development.
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