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ABSTRACT

FBXW7, a classic tumor suppressor, is a substrate
recognition subunit of the Skp1-cullin-F-box (SCF)
ubiquitin ligase that targets oncoproteins for ubiqg-
uitination and degradation. We recently found that
FBXW?7 is recruited to DNA damage sites to facil-
itate honhomologous end-joining (NHEJ). The de-
tailed underlying molecular mechanism, however, re-
mains elusive. Here we report that the WD40 domain
of FBXW?7, which is responsible for substrate binding
and frequently mutated in human cancers, binds to
poly(ADP-ribose) (PAR) immediately following DNA
damage and mediates rapid recruitment of FBXW?7 to
DNA damage sites, whereas ATM-mediated FBXW7
phosphorylation promotes its retention at DNA dam-
age sites. Cancer-associated arginine mutations in
the WD40 domain (R465H, R479Q and R505C) abol-
ish both FBXW?7 interaction with PAR and recruit-
ment to DNA damage sites, causing inhibition of
XRCC4 polyubiquitination and NHEJ. Furthermore,
inhibition or silencing of poly(ADP-ribose) poly-
merase 1 (PARP1) inhibits PAR-mediated recruitment
of FBXW?7 to the DNA damage sites. Taken together,
our study demonstrates that the WD40 domain of
FBXW?7 is a novel PAR-binding motif that facilitates
early recruitment of FBXW7 to DNA damage sites for
subsequent NHEJ repair. Abrogation of this ability
seen in cancer-derived FBXW7 mutations provides a
molecular mechanism for defective DNA repair, even-
tually leading to genome instability.

INTRODUCTION

Poly(ADP-ribose) (PAR) is a covalent, post-translational
modification that enables PARylated-proteins, such as
poly(ADP-ribose) polymerase 1 (PARP1) and histones, to
recruit many other proteins involved in the DNA dam-
age response to DNA damage sites through non-covalent
interactions (1,2). PARPI, the founding member of the
PARP family of enzymes, is responsible for the majority
of PARylation of cellular proteins for their recruitment to
DNA single- and double-strand breaks (SSB and DSB, re-
spectively) to initiate many types of DNA repair, includ-
ing base excision repair (BER), nucleotide excision repair
(NER), and DSB repair (3,4). One critical property of PAR
is its highly negative charge conferred by the two phos-
phate groups of each ADP-ribose subunit, which promote
the non-covalent binding of PAR with positively charged
PAR binding domains (5). Several PAR-binding domains
have been identified in DNA-associated proteins, some of
which also function as phospho-Ser/Thr-binding domains
such as the FHA and BRCT domains of PNKP and NBSI,
respectively (6-10). Proteome-wide analysis of cellular PAR
binding proteins has revealed hundreds of potential PAR-
associated proteins (11,12), suggesting that other domains
with similar features to known PAR-binding domains may
also mediate interactions with PAR.

The WD40 domain is an abundant domain in human
cells that is well-characterized for its ability to mediate
protein-protein interactions. The B-propeller structure of
the WD40 domain has multiple binding surfaces that fa-
cilitate its versatility in binding diverse substrates includ-
ing peptide motifs and post-translational modifications (e.g.
phospho-Ser/Thr) as well as damaged DNA (13). As a com-
mon feature of many WD40 domain-containing E3 ubiqui-
tin ligases, such as CDC20 and B-TrCP, the WD40 domain
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plays a critical role in the recognition of cell cycle regula-
tory protein substrates securin and CDC25A, respectively,
for subsequent ubiquitination and proteasomal degrada-
tion (14,15). In addition, the WD40 domain has important
emerging functions in DNA repair. For example, the WD40
domain of PALB2 mediates interactions with RADS51 and
BRCAZ2 to promote homology directed repair (HDR) (16).
Furthermore, the WD40 domain of WRAPS53p facilitates
interaction between MDC1 and RNFS to promote DSB re-
pair (17).

In addition to serving as the substrate recognition sub-
unit of many E3 ubiquitin ligases, the WD40 domain also
plays important roles in DNA repair (18). For example,
the Cullin4PPB! ubiquitin ligase complex specifically binds
the DDB2 WD40 domain to form the UV-damaged DNA-
binding protein complex, which is essential to global ge-
nomic nucleotide excision repair (GG-NER) (19,20). Fol-
lowing DNA damage, the DDB1-DDB2-CUL4A-RBX1
complex catalyzes the non-proteolytic ubiquitination (i.e.
K63-linked) of XPC, DDB2, and several histones to facil-
itate NER. In addition, we recently found that the WD40
domain of FBXW?7 within the SCFFBXW7 (Skpl-cullin-
F-box) complex interacts with phospho-Ser in XRCC4
(Ser 325/326) to promote NHEJ (21). Specifically, upon
DNA damage, the nuclear isoform of FBXW7, FBXW7aq,
is phosphorylated by ATM (Ser 26) and recruited to
DNA damage sites, where it catalyzes K63-linked poly-
ubiquitination of XRCC4 and promotes assembly of core
NHE]J proteins and NHEJ repair. Independent studies have
also demonstrated that FBXW7 functions in other repair
pathways, such as interstrand cross-link repair (22,23).

Similar to other characterized PAR binding domains, the
WD40 domains of FBXW?7 and DDB2 have hydropho-
bic pockets that recognize negatively charged substrates in-
cluding phosphodegrons in substrate proteins or damaged
DNA, respectively (24-26). Whether the WD40 domain of
FBXW7 has PAR binding activity to promote FBXW?7 re-
cruitment to DNA damage sites and NHEJ is unknown.
Furthermore, the impact of cancer-associated mutations in
this domain on recruitment to DNA damage sites and sub-
sequent DNA repair is still unknown. In this study, we
reported that the WD40 domains of FBXW?7, as well as
DDB2, indeed bind with PAR both in vitro and in vivo
whereas the cancer-derived FBXW7 WD40 domain mu-
tants lose the ability to bind PAR, leading to impaired re-
cruitment to DNA damage sites and subsequent defects in
DNA repair. Our study provides a detailed molecular mech-
anism by which PAR recruits FBXW7 to DNA damage
sites.

MATERIALS AND METHODS
Plasmids, siRNA, and antibodies

For GFP fusion constructs, FBXW7, FBXW7 AWDA40,
FBXW7 AF-box, FBXW7-WD40 (WT and mutants), and
DDB2-WD40 were cloned into the pEGFP-C1 vector
(Clontech). For GST fusion proteins, FBXW7 AWDA40,
DDB2-WD40, PALB2 WD40 and WRAPS533 WD40 were
cloned into pGEX-4T-1 vector. For producing purified
WD40 domains of FBXW7 and DDB2 for the Biacore
assay, DNA encoding the WD40 domains were cloned

into pMCSG10 vector. siRNA pools targeting PARPI and
PARP2 were obtained from Dharmacon and transfected
into cells using Oligofectamine (Invitrogen) according to
the manufacturer’s instructions. The antibodies used in this
study are anti—B-actin, anti-GST, anti-GFP (Sigma), anti-
PARPI (Cell Signaling), anti-PARP2 (Millipore), anti-PAR
(Trevigen), anti-FBXW?7 (Bethyl), anti-XRCC4 (BD Trans-
duction Laboratories), anti-phospho-S/TQ (Cell Signal-
ing), and anti-HA (Roche).

Cell culture, cell lysis, immunoprecipitation, and western
blotting

MiaPaCa-2 cells were obtained from the American Type
Culture Collection (ATCC). HCT116 parental and FBXW7
isogenic cells were gifts from Dr Bert Vogelstein (Johns
Hopkins University). HCT116 XRCC4 isogenic cells were
purchased from Horizon Discovery. AT fibroblast cells
(with and without ATM-reconstitution) were gifts from Dr
Mukesh Nyati (University of Michigan). Cells were cul-
tured in Dulbecco’s modified Eagle medium (DMEM) sup-
plemented with 10% FBS, 2 mM glutamine and antibiotics.
Cells were lysed with RIPA or NETN buffer containing pro-
tease and phosphatase inhibitors (Roche). Immunoprecipi-
tation and western blotting were performed following stan-
dard protocol as described previously (21).

GST fusion protein expression and pull-down assay

For in vitro PAR binding dot blot assays, GST fusion
proteins (GST-FBXW7-WD40, GST-DDB2-WD40, GST-
PALB2 WD40 and GST-WRAPS533 WD40) were expressed
in Escherichia coli DH5«a and purified by using standard
procedures. Purified GST fusion proteins (1 pmol) were in-
cubated with biotin-labeled PAR (5 pmol) and streptavidin
beads for 2 h at 4°C. After washing with NETN-100 buffer
four times, samples were boiled in SDS-sample buffer and
elutes were analyzed by western blot with anti-GST anti-
body. For purification of the WD40 domains of FBXW7
and DDB2, DNA encoding the WD40 domains were cloned
into pMCSG10 vector for bacterial expression with an N-
terminal His and GST tags and a tobacco etch virus (TEV)
cleavage site between the GST- and WD40-coding regions
(27). Both plasmids were transformed into Rosetta 2 Es-
cherichia coli cells. Bacteria were grown in LB broth at 37°C
until ODggy reached 0.8. Cultures then were induced with
0.5 mM isopropylthio-B-galactoside and allowed to grow at
16°C overnight together with 1% D-glucose. The cells were
harvested by centrifugation (5000 x g, 10 min, 4°C). The
cell pellets were resuspended and sonicated in lysis buffer
(25 mM HEPES (pH 7.5), 200 mM NaCl, 1 mM DTT, pro-
tease inhibitors aprotinin and leupeptin). The proteins were
resuspended in lysis buffer with the addition of 10 mM imi-
dazole and purified using Ni-NTA resin, respectively. After
first purification, the affinity tag was removed by recombi-
nant His-TEV protease in a dialysis buffer containing 25
mM HEPES (pH 7.5), 150 mM NaCl, 1 mM DTT and 1
mg/ml TEV. For the second step of purification, the cleaved
WD40 domain proteins were collected in the flow through
fractions after loading on another Ni-NTA resin. Then a
further purification was performed by using gel-filtration



chromatography on a Superdex-200 column (GE Health-
care).

PAR binding assays

Approximately 1 wM of each recombinant protein was in-
cubated with 10 wM PAR, 30 .l glutathione agarose in the
NETN-100 buffer containing 0.5% NP-40, 50 mM Tris—
HCI pH 8.0, 100 mM NacCl, 0.5 mM EDTA with protease
inhibitors (Roche). After incubation for 2 h at 4°C, the
beads were extensively washed with NETN-100 solution,
and bound proteins were released by adding 30 .l sample
buffer (150 mM Tris—-HCI, 10% SDS, 10 mM EDTA) fol-
lowed by heating at 95°C for 10 min. Aliquots (1 1) of sam-
ples were dot blotted onto nitrocellulose membranes. After
incubation for 30 min at 60°C, membranes were subjected
to western blot analysis with anti-PAR antibodies.

Bio-layer interferometry (BLI) binding assay

Biotinylated poly ADP-ribose (PAR) polymer was pur-
chased from Trevigen (Cat. 4336-100-02). BLI experi-
ments were performed using an OctetRED96 instrument
(PALL/ForteBio). All assays were run at 30°C using phos-
phate buffered saline (PBS) from Gibco (10010-023) with
continuous 1000 rpm shaking. Super streptavidin (SSA)
biosensors were pre-wetted with PBS for 10 min. Biotiny-
lated PAR was immobilized on SSA biosensors by dipping
sensors in 0.13 wM solution to reach saturation at around
0.3 nM. Biotinylated blocked streptavidin sensors were used
as control sensors prepared by the protocol provided from
the manufacturer. PAR loaded sensors were dipped in a se-
rial dilution of FBXW7 WD40 and DDB2 WD40 proteins
from 1 to 40 nM and allowed to associate for 3 min and
dissociate for 10 min. CHFR was used as a positive control;
CHFR binding affinity was determined using the same pro-
tocol as for FBXW7 and DDB?2, tested in concentrations
from 10 to 200 nM. Buffer only reference was included in
all assays. Collected raw kinetic data were processed in the
Data Analysis software provided by ForteBio using dou-
ble referencing for binding analysis in which both buffer
only sensors and control sensors were subtracted. Resulting
binding kinetics were fitted to a biphasic 2:1 heterogencous
binding model from which steady state KD values were cal-
culated.

Irradiation

Irradiations were performed using a Philips RT250
(Kimtron Medical) at a dose rate of ~2 Gy/min in the
University of Michigan, Rogel Cancer Center Experimen-
tal Irradiation Shared Resource. Dosimetry was performed
using an ionization chamber connected to an electrometer
system that is directly traceable to a National Institute of
Standards and Technology calibration.

Dot blot

For detecting the interaction of FBXW7 and PAR in vivo,
MiaPaCa-2 cells were collected after 2 min upon radia-
tion. Cells were lysed in NETN-100 buffer, and the lysates
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were applied to immunoprecipitation by using anti-FBXW?7
(Bethyl) or anti-PAR (Trevigen) antibodies. The immuno-
precipitates were extensively washed and spotted onto a
nitrocellulose membrane. After air drying, the membrane
was blocked with 0.15 M NaCl, 0.01 M Tris—-HCI, pH 7.4,
0.1% Tween 20 supplemented with 5% milk and extensively
washed with the same buffer. The membrane was probed
with anti-FBXW?7 or anti-PAR antibody.

Laser microirradiation and imaging of cells

MiaPaCa-2 and HCT116 cells with or without transfec-
tion of indicated plasmids were plated on glass-bottomed
culture dishes (Mat Tek). Laser microirradiation was per-
formed by using an IX 71 microscope (Olympus) coupled
with the MicroPoint Laser Illumination and Ablation Sys-
tem (Andor). A 337-nm laser diode (3.4 mW) transmits
through a specific dye cell and then yields a 365-nm wave-
length (UVA) laser beam that is focused through a x60
UPlanSApo/1.35 oil objective to yield a spot size of 0.5-
1 pm. Cells were exposed to the laser beam for ~3.5 ns. The
pulse energy is 170 wJ at 10 Hz. Images were taken by the
same microscope with CellSens software (Olympus).

NHEJ linearized plasmid assay

pEYFP-NI (Clontech Laboratories) plasmid was linearized
by digestion between the promoter and coding sequence of
EYFP with restriction endonuclease Nhel. The linear prod-
ucts were purified from agarose gels and transfected into
serum-starved (overnight) HCT116 isogenic cells carrying
WT or mutant FBXW?7. After 12 hr, the cells were harvested
and lysed to isolate transfected plasmids by using Plasmid
Miniprep Kit (Qiagen). The efficiency of end joining re-
pair was assessed by qPCR of the ligated EYFP region,
normalized to an uncut flanking DNA sequence. Primers
for qPCR: 5Y-GCTGGTTTAGTGAACCGTCAG-3, 5-
GCTGAACTTGTGGCCG TTTA-3' (end-joining region);
5-TACATCAATGGGCGTGGATA-3, 5-AAGTCCCG
TT GATTTTGGTG-3' (control).

Comet assays

Single-cell gel electrophoretic comet assays were performed
under neutral conditions according to the previous report
(28). Briefly, HCT116 FBXW7 isogenic cells (vector con-
trol, WT, R465H, or R479Q) were irradiated (5 Gy) and
recovered in normal culture medium for indicated time at
37°C. Cells were collected and rinsed twice with ice-cold
PBS solution; 2 x 10* cells/ml were combined with 1%
LM Agarose at 40°C at a ratio of 1:3 (vol/vol) and im-
mediately pipetted onto slides. For cellular lysis, the slides
were immersed in neutral lysis solution (2% sarkosyl, 0.5M
Na,EDTA, 0.5 mg/ml proteinase K, pH 8.0) overnight at
37°C in the dark, followed by washing in the rinse buffer
(90 mM Tris buffer, 90 mM boric acid, 2mM Na,EDTA,
pH 8.5) for 30 min with two repeats. Then, the slides were
subjected to electrophoresis at 20 V (0.6 V/cm) for 30 min
and stained in 2.5 pg/ml propidium iodide for 20 min.
All images were taken with a fluorescence microscope and
analyzed by Comet Assay IV software (Perceptive Instru-
ments).
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Statistics

Statistically significant differences for comet assays were
determined by one-way ANOVA with the Tukey post-
comparison test in GraphPad PRISM version 7 (Graph-
Pad). For laser microirradiaiton, yH2AX and NHEJ as-
says, a Student’s two-tailed ¢ test was performed in Graph-
Pad PRISM.

RESULTS

The WD40 domains of FBXW?7 and DDB2 bind to PAR in
vitro

We recently reported that FBXW?7 rapidly localizes to DNA
damage sites to facilitate NHEJ (21). As the WD40 do-
main of FBXW7 is a well-known phospho-peptide bind-
ing domain, we hypothesized that the WD40 domain of
FBXW7 and potentially other DNA repair proteins includ-
ing WRAPS533, DDB2 and PALB2 (16,17,29) might be ca-
pable of binding PAR at DNA damage sites. To examine
whether the WD40 domain of DNA repair proteins binds
PAR, purified recombinant WD40 domains of FBXW?7,
WRAPS538, DDB2 and PALB2 were incubated with PAR
in an in vitro binding assay using the previously established
PAR binding protein Checkpoint with forkhead-associated
and RING domains (CHFR) as a positive control (30).
We found that the WD40 domains of FBXW?7 and DDB2
bound PAR while those of WRAPS538 and PALB2 did
not (Figure 1A). These findings were further confirmed in
a reciprocal pull-down assay where PAR bound the puri-
fied WD40 domains of FBXW?7 and DDB2, but not those
of WRAPS53B or PALB2 (Figure 1B). Furthermore, the
WD40 domains of both FBXW7 and DDB2 show posi-
tive charge under physiological conditions (theoretical iso-
electric points: 8.25 and 9.66, respectively) in Compute
pIl/MW ExPASy analysis, that is much higher than that
of WRAPS53B and PALB2 proteins (Supplementary Figure
S1A), supporting the potential of electrostatic interactions
with PAR.

We further determined the binding affinities of the WD40
domains of FBXW7and DDB2 to PAR using Bio-Layer In-
terferometry (BLI). Biotinylated PAR was immobilized on
streptavidin sensors that were placed in analyte solutions
of FBXW7 WD40, DDB2 WD40, or CHFR to character-
ize the kinetics and affinity of interaction. As previously re-
ported, CHFR demonstrated high-affinity binding to the
immobilized biotin-labeled PAR (KD = 5.1 £ 0.1 nM) (Fig-
ure 1C) (31). We found that the WD40 domain of FBXW7
directly bound PAR with high affinity (KD = 1.8 4+ 0.6
nM), validating the results of the pull-down assays (Figure
1D, Supplementary Figure S1B). Furthermore, the same
domain in DDB2 bound PAR with similar affinity (KD =
1.4 £ 0.6 nM), indicating the importance of the WD40 do-
main in mediating binding to PAR (Figure 1E and Supple-
mentary Figure SIC). Although an interaction between the
WD40 domain of DDB2 and PAR has not been previously
described, interactions between DDB2 and PAR, as well as
PARPI, are established (32,33). Therefore, to further char-
acterize the interactions between the WD40 domain and
PAR, and its significance, the present study is focused on

the novel interaction between the FBXW7 WD40 domain
and PAR.

The WD40 domain of FBXW?7 binds to PAR in vivo in re-
sponse to radiation-induced DNA damage

We next assessed the interaction between FBXW7 and PAR
in vivo. Cells were treated with or without radiation followed
by immunoprecipitation of FBXW7 or PAR. The interac-
tion between endogenous FBXW7 and PAR was signifi-
cantly enhanced by radiation as assessed by both dot blot
and western blot (Figure 2A, Supplementary Figure S2A),
an effect likely due to the increased PAR synthesis in re-
sponse to radiation (34), and consistent with the localiza-
tion of FBXW?7 to sites of radiation-induced DSBs (21).
This radiation-enhanced interaction was also observed be-
tween ectopically expressed HA-FBXW?7 and PAR (Sup-
plementary Figure S2B). Reciprocal immunoprecipitation
using anti-PAR antibody further confirmed the associa-
tion of FBXW7 and PAR in response to radiation (Figure
2B). In addition to radiation-induced DNA damage, PAR
synthesis occurs in response to agents that induce other
types of DNA damage and replication stress (3). To ex-
amine whether the interaction of FBXW7 and PAR is in-
creased by other DNA damaging agents, we treated cells
with methyl methanesulfonate (MMS), hydroxyurea (HU),
or hydrogen peroxide (H,05;), agents that produce DNA
alkylation, replication stress, or SSBs, respectively. Bind-
ing of PAR and FBXW?7 was increased in response to all
DNA damaging treatment conditions including IR, MMS,
and H,O,, but was only marginally affected by HU treat-
ment, suggesting that FBXW7/PAR binding is mainly in-
duced by DNA damage (Figure 2C). Finally, to confirm that
the WD40 domains of FBXW?7 mediate its PAR binding,
we made a truncation mutant of FBXW?7, containing only
the N-terminal domain (AWD40) (Figure 2D). We found
that the FBXW7 WD40 domain fragment and full length
FBXW?7 pulled down PAR at a comparable level, while
the N-terminal fragment of FBXW?7 did not (Figure 2E,
F). Similarly, the interaction between the WD40 domain
of DDB2 and PAR was comparable to that of full length
DDB2 (Supplementary Figure S2C). Thus, in line with the
in vitro binding data, the WD40 domain of FBXW?7 and
DDB2 mediates the interaction with PAR in vivo, which is
enhanced by radiation.

Mutational hotspots in the FBXW7 WD40 domains disrupt
PAR binding

We next determined whether cancer-derived mutations in
the FBXW7 WD40 domains would abrogate the PAR bind-
ing. We focused on R465H and R479Q mutants in the third
WDA40 repeat of FBXW7 WD40 domain (Supplementary
Figure S3A), based on their high frequency in human can-
cers as well as their loss-of-function in substrate binding
activity (35,36). In contrast to wild type FBXW?7, neither
R465H nor R479Q mutant was found to interact with PAR
in vitro (Figure 3A). We further analyzed the effect of these
mutations on the interaction between full length FBXW7
and PAR in response to radiation-induced DNA damage.
While wild type FBXW7 efficiently bound PAR, binding
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Figure 1. The WD40 domains of FBXW7 and DDB2 bind poly(ADP-ribose). (A) The WD40 domains of FBXW7 and DDB?2 interact with PAR. GST
fusion DNA repair proteins containing WD40 domains were incubated with PAR. The interaction was examined by glutathione agarose bead pull-down
and dot blotting with anti-PAR antibody. GST-CHFR was used as the positive control. (B) The interactions between PAR and GST fusion recombinant
proteins were examined by pull-down with anti-PAR (10H) conjugated beads and blotted with anti-GST antibody. (C) Binding affinity of the positive
control CHFR with biotin-labeled PAR. (D and E) The binding affinities between FBXW7 and DDB2, through their homologous WD40 domain, to

immobilized biotin-labeled PAR and measured by BLI.

was completely abrogated in the FBXW7 WD40 domain
mutants (Figure 3B). The reciprocal IP confirmed that the
interaction between FBXW7 and PAR was abolished by
these two arginine mutations both in the presence and ab-
sence of radiation treatment (Figure 3C). In addition, the
4th repeat of the WD40 domain of FBXW7 contains a
highly conserved arginine residue (R505) that is also mu-
tated in cancers. In line with the R465H and R479Q mu-
tants, mutation of arginine at 505 to cysteine also abrogated
the interaction of FBXW7 WD40 domain with PAR in vitro
(Supplementary Figure S3B).

We further used computational-based modeling to pro-
vide a structural basis for the disruption of the interac-
tion between FBXW7 mutants with PAR. Modeling of the
FBXW7 WD40 domain interaction with iso-ADP-ribose,

based on the known interaction between FBXW7 WD40
and the CyclinE phospho-peptide, revealed complementary
electrostatic potential between the positively charged bind-
ing sites and negatively charged iso-ADP-ribose (Supple-
mentary Figure S3C, D). The residues R465 and R479, as
well as R505, play a key role in stabilization of the iso-ADP-
ribose, likely through salt bridge interactions between guan-
dinium groups and phosphate moieties (Figure 3D). Thus,
arginine residue mutation to other amino acids likely ab-
rogates this stabilization. Taken together, these results pro-
vide biochemical and structural evidence of the binding be-
tween the FBXW7 WD40 domain and PAR, which is de-
pendent on arginine residues, but disrupted in cancer de-
rived FBXW7 mutants.
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Figure 2. The WD40 domain of FBXW7 binds PAR in vivo in response to radiation-induced DNA damage. (A and B) MiaPaCa-2 cells were treated with
or without 10 Gy of IR. Cells were lysed at 2 min after IR, and endogenous FBXW7 or PAR were immunoprecipitated with the indicated antibodies. Input
or immunoprecipitated samples were analyzed by dot blotting (anti-PAR) or western blotting (anti-FBXW?7). Data are from representative experiments
(upper) or are the mean quantitated values of PAR or FBXW7 (normalized to control) from 3 independent experiments with statistically significant
differences indicated (*P < 0.05; ***P < 0.001) (lower). (C) MiaPaCa-2 cells were treated with IR (10 Gy), Methyl methanesulfonate (MMS, SuM),
Hydroxyurea (HU, 2uM), or hydrogen peroxide (H2O, 50 M) respectively. Cells were harvested at the indicated times and endogenous FBXW7 was
immunoprecipitated with anti-FBXW?7 antibody and PAR was detected by dot blot with the anti-PAR. (D) FBXW7 deletion mutants used in this study with
either an HA or GFP tag. (E) The WD40 domain of FBXW?7 is essential for interaction with PAR in vivo. GFP-FBXW?7 (full length), GFP-AWD40, and
GFP-WD40 were transfected into MiaPaCa-2 cells. At 48 h after transfection, cells were lysed at 2 min post-IR (10 Gy). For immunoprecipitation of GFP-
fusion full length FBXW?7 and deletion mutants, cells were incubated with GFP antibody and the immunoprecipitates and input with 1x concentration or
a Sx concentration were analyzed with PAR antibody. (F) A reciprocal co-IP assay to detect the interaction of PAR and the WD40 domain of FBXW7.
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Figure 3. Cancer-associated mutations in the FBXW7-WD40 domain disrupt PAR binding. (A) Mutations of conserved residues (R465H, R479Q) in the
WD40 domains of FBXW?7 abolish the PAR binding in vitro. (B) HA-tagged WT FBXW?7 and the indicated mutants (R465H, R479Q) were expressed in
MiaPaCa-2 cells, cells were incubated with PAR antibody and WT and mutant FBXW7 were analyzed with anti-HA antibody. (C) The R465H and R479Q
WD40 domain mutants of FBXW7 did not bind to PAR in a reciprocal co-IP assay. (D) FBXW7 WD40 is shown in the cartoon in salmon color; key
residues of FBXW?7 WDA40 for interaction with iso-ADP-ribose are shown as yellow sticks. For docking simulation, FBXW7 was preprocessed with protons
added according to pH 7.0. Then Glide module from Schrodinger software was used for iso-ADP-ribose docking into binding sites (56). While docking,
key residues found important for PAR interaction with FBXW7 WD40 were assigned at the center of the enclosing box and SP (standard precision) mode
was used. The top 20 dockings were analyzed and the one similar to the phospho-peptide binding is shown.

FBXW7 WD40-PAR binding is dependent on PARPI1-
mediated PAR synthesis

Given that PARP1/2 catalyzes the synthesis of PAR at
DNA damage sites, the ability of PARP1/2 inhibitors, ola-
parib and veliparib to reduce FBXW7-PAR interaction was
assessed. Treatment of cells with olaparib or veliparib inhib-
ited the association between endogenous or overexpressed
FBXW7 and PAR (Figure 4A and Supplementary Figure
S4A). This result was further verified by reciprocal im-
munoprecipitation assays that demonstrated the ability of
PARP inhibitors to reduce PAR levels and therefore also
reduce the interaction between FBXW7 and PAR (Figure
4B). To discern the contributions of PARP1 and PARP2

to the FBXW7-PAR interaction in response to radiation,
PARP1 or PARP2 were individually silenced. While the in-
teraction between FBXW?7 and PAR was unaffected in re-
sponse to PARP2 siRNA, PARPI silencing caused a sig-
nificant reduction in the interaction of FBXW?7 with PAR,
a result that is likely due to the decreased levels of PAR
(Figure 4C, D and Supplementary Figure S4B). To rule out
that the increased association of FBXW?7 with PAR is due
to covalent PAR-modification of FBXW7 itself, FBXW7
was immunoprecipitated from cells under denaturing con-
ditions (1% SDS) and analyzed for the presence of cova-
lently bound PAR by western blotting. Consistent with a
non-covalent interaction between FBXW7 and PAR, denat-
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Figure 4. FBXW?7 binds to PAR in vivo in a PARPI-dependent manner. (A and B) The in vivo interaction between FBXW7 and PAR after IR treatment
was examined by co-IP (A) and reciprocal co-IP (B) in the presence or absence of PARP inhibitors, olaparib (1 wM) or veliparib (1 pM). IgG was included
as the IP control. (C and D) The in vivo interaction of FBXW?7 and PAR is impaired by depletion of PARP1. MiaPaCa-2 cells treated with PARP1, PARP2,
or non-specific (NS) siRNAs were lysed and incubated with FBXW7 (C) or PAR (D) antibody and blotted with the indicated antibodies. The whole-cell
lysates were blotted and are shown as the input. Data are from representative experiments (upper) or are the mean + SE levels of PAR (C) or FBXW7 (D)
binding in the immunoprecipitated samples relative to siNS controls from three independent experiments with statistical significance indicated (lower; *** P
< 0.001). (E) FBXW7 does not covalently bind PAR upon IR treatment. MiaPaCa-2 cell lysates were incubated with FBXW?7 antibody or IgG control
antibody in the presence or absence of 1% SDS. The inputs and immunoprecipitates were analyzed with the indicated antibodies. (F) The interaction of
FBXW?7 and PAR is independent of DNA. Treatment of DNase in the cell lysates was not able to abolish the interaction of FBXW7 and PAR in vivo by

co-IP assay.

uration of the samples prevented the interaction between
FBXW7 and PAR (Figure 4E). In addition, the association
between FBXW7 and PAR was independent of DNA, since
the interaction was intact in cell lysates treated with DNase
I (Figure 4F).

The WD40 domain mediates the early recruitment of
FBXW?7 to DNA damage sites

FBXW7a is phosphorylated by ATM (Ser26) which pro-
motes its accumulation at DNA damage sites (21). To dis-

cern the requirement for ATM in the early recruitment
versus retention of FBXW?7 at DNA damage, we mea-
sured the kinetics of GFP-FBXW?7 localization to DNA
damage. Consistent with our prior study, in ATM wild-
type cells, FBXW?7 localized and was retained at laser
microirradiation-induced DNA damage sites (Supplemen-
tary Figure. SS5A, upper panel). In ATM null cells, however,
while FBXW7 was quickly recruited to DNA damage sites
(1-2 min), it was not retained there, as evidenced by the di-
minished signal at later time points (5-15 min; lower panel).



Consistent with these findings, mutation of the ATM phos-
phorylation site Ser26 to alanine (S26A) in FBXW7 caused
dissociation of FBXW7 from DNA damage sites following
its initial recruitment with kinetics similar to those observed
in the ATM null cells (Supplementary Figure S5B). Further-
more, localization of FBXW7 to DNA damage sites was not
dependent on the FBXW?7 substrate XRCC4 (Supplemen-
tary Figure S5C). These results demonstrate that the early
recruitment of FBXW7 to DNA damage is independent of
ATM and XRCC4 suggesting that early recruitment may be
PAR dependent.

To determine the relative importance of the WD40 do-
main to the recruitment of FBXW7 to DNA damage,
we assessed the localization kinetics of different GFP-
labeled FBXW?7 fragments including those containing the
N-terminus (AWD40), C-terminus (WD40), and both the
N-and C-termini but with the F-box deleted (AF-box) (Fig-
ure 2D). We found in the absence of DNA damage that
both the AWD40 and AF-box fragments were localized in
the nucleoplasm similar to full length FBXW?7, while the
WD40 domain was predominantly in the nucleolus (Fig-
ure 5A). Consistent with the hypothesis that the WD40 do-
main is required for early localization of FBXW7 to dam-
age sites, localization of the AWD40 fragment to DNA
damage was delayed (Figure 5A, B). At later time points
(10-15 min), AWDA40 localized to DNA damage, a result
consistent with ATM phosphorylation of Ser26 in the N-
terminus of FBXW?7 (21) promoting late recruitment and
retention of FBXW7 at DNA damage sites. Despite the
enrichment of WD40 in the nucleolus which is likely at-
tributable to deletion of the nuclear localization sequence in
the N-terminus (24), initial localization of the WD40 frag-
ment to DNA damage was observable although it was not
efficiently retained there (5-15 min), a finding consistent
with rapid PAR synthesis and degradation at DNA damage
sites (6). Furthermore, the AF-box fragment (Figure 5A)
localized to the damage sites with kinetics similar to full
length FBXW?7, suggesting that FBXW?7 binding to other
SCF components is not required for localization. Collec-
tively, these data demonstrate that the WD40 domain of
FBXW?7 is required for its early recruitment to DNA dam-
age sites while the ATM phosphorylation site within the N-
terminus is required for retention at DNA damage sites.

Given that mutation of arginine residues in the WD40
domain of FBXW?7 abolished the interaction between
FBXW7 and PAR, we next assessed whether these muta-
tions also impaired the ability of FBXW7 to localize to
DNA damage. In contrast to wild type FBXW7, the WD40
domain mutants R465H and R479Q were not efficiently
recruited to laser microirradiation-induced DNA damage
sites (Figure 5C, D). Furthermore, similar to AWDA40, late
recruitment of these mutants to DNA damage sites was
less efficient than that of wild type FBXW7 (Figure 5C,
D). Finally, we found that R465H and R479Q mutants
have reduced FBXW7 phosphorylation relative to wild type
FBXW7 in response to radiation (Figure SE). Thus, al-
though R465H and R479Q mutants have an intact Ser26
site which promotes late recruitment, ATM phosphoryla-
tion of the FBXW?7 mutants is compromised in the ab-
sence of initial PAR-dependent recruitment. Collectively,
these results demonstrate that the WD40 domain is impor-
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tant for the early recruitment of FBXW7 to DNA dam-
age sites, and that mutations which impair this early enrich-
ment subsequently impede ATM-dependent phosphoryla-
tion and FBXW7 retention at DNA damage sites.

Early recruitment of FBXW?7 to DNA damage is mediated by
PAR

To further investigate the involvement of PAR in the early
recruitment of FBXW7 to DNA damage sites, PAR syn-
thesis was blocked with the PARP inhibitors olaparib or
veliparib (37). The early recruitment of FBXW7 to DNA
damage sites was inhibited by olaparib or veliparib, as
evidenced by limited recruitment occurring only at later
time points (Figure 6A, B). In response to ATM inhibitor
(KUS55933), while early recruitment was observed, late re-
cruitment and retention of FBXW?7 were impaired. When
cells were treated with the combination of both PARP and
ATM inhibitors, both early and late recruitment were abro-
gated (Figure 6A, B), supporting the notion that PAR and
ATM are two consecutive signals required for efficient lo-
calization and retention of FBXW7 at DNA damage sites.

To further discern the role of PAR in the recruitment
of FBXW7 to DNA damage, localization of the FBXW?7-
WD40 fragment, which lacks an ATM phosphorylation
site, was assessed in response to inhibition of PAR synthe-
sis or degradation. In response to treatment with olaparib
or veliparib to inhibit PAR synthesis, FBXW7 WD40 was
not recruited to DNA damage sites (Supplementary Fig-
ure S6A, B). Furthermore, since PAR is quickly hydrolyzed
by poly(ADP-ribose) glycohydrolase (PARG) (34,38), we
assessed the effect of the PARG inhibitor (gallotannin,
GLTN) on the localization kinetics of the WD40 domain.
Consistent with the ability of gallotannin to block PAR
degradation, the WD40 domain of FBXW?7 was retained
at DNA damage sites despite the absence of the ATM-
phosphorylation residue (S26) in this WD40 fragment (Sup-
plementary Figure S6A, B). In line with this observation, we
found a persistent interaction between FBXW7 and PAR
upon gallotannin treatment (Supplementary Figure S6C).
Furthermore, consistent with the reduction in PAR and
FBXW?7-PAR interactions in response to PARP1 silenc-
ing (Figure 4C, D), silencing PARP1 (but not PARP2) also
blocked the early recruitment of FBXW7 to DNA damage
sites (Figure 6C, D). Taken together, these results indicate
that sequential and coordinated signaling of PARP1, PARG
and ATM is required for efficient localization and retention
of FBXW7 at DNA damage sites.

PAR-mediated early recruitment of FBXW?7 regulates DNA
damage repair

On the basis of our prior study which demonstrated that
FBXW?7 ubiquitinates XRCC4 to promote NHEJ following
radiation-induced DNA damage (21), we performed an in
vivo ubiquitination assay to determine whether this activity
of FBXW7 was dependent on PAR at DNA damage sites.
We found that inhibition of PARP (olaparib, veliparib) or
ATM activity (KU55933) significantly impaired polyubig-
uitination of XRCC4 by FBXW7 (Figure 7A). These effects
were comparable to those of pevonedistat (MLN4924), a
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Figure 5. The WD40 domain of FBXW?7 mediates early recruitment to DNA damage. (A, B) GFP-FBXW?7 (full length and different deletion mutants)
localization to microlR-induced DNA damage sites was monitored and quantified for up to 15min post-microlR in MiaPaCa-2 cells. Data are from a
representative experiment (A) or are plotted as the percentage increase in fluorescence (arbitrary units) at the site of microlR and are the mean + SE of 15
cells acquired from three independent experiments for each condition (B). mCherry-Ku80 was used as a positive control to indicate DNA damage upon
microlR. (C, D) The relocation kinetics of FBXW7 WT and mutants to DNA damage sites. GFP-tagged WT, R465H and R479Q FBXW7 were expressed
in MiaPaCa-2 cells, and the relocation kinetics were monitored over a period of 15 min following microlR. Data are from a representative experiment (C)
or are the mean + SE percentage increase in fluorescence of 15 cells acquired from three independent experiments for each condition (D). (Scale bar: 10
pm) (E) Radiation-induced phosphorylation of FBXW?7 is reduced in the R465H and R479Q mutants. MiaPaCa-2 cells transfected with empty vector,
HA-tagged FBXW7 WT or two mutants were irradiated (10 Gy) and collected at 15 min after radiation. The cell lysates were immunoprecipitated with
anti-HA antibody and immunoblotted with anti-pS/TQ antibody to detect phosphorylation of FBXW7.

drug which inhibits cullin-RING ligase activity by prevent-
ing cullin neddylation (39) and thus blocks FBXW7 ubiqui-
tination of XRCC4. These results suggest that the early re-
cruitment and retention of FBXW7 to DNA damage sites
by PAR and ATM, respectively, are required for subsequent
ubiquitination of XRCC4.

To further support the concept that PAR is necessary
for the recruitment of FBXW7 to DSBs and the subse-
quent binding and ubiquitination of XRCC4, we assessed
the ability of cancer-derived FBXW?7 mutations to inter-
act with and ubiquitinate XRCC4. In contrast to the wild
type WD40 domain, R465H and R479Q mutants failed to
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bind XRCC4 and displayed reduced ability to ubiquitinate
XRCC4 (Supplementary Figure S7A, B).

To assess the functional consequences of these mutants,
NHE]J activity was assessed in cells stably expressing either
wild type or FBXW7 mutants. Consistent with our previous
findings, FBXW?7 null cells (vector control) displayed re-
duced NHEJ activity that was rescued by wild type FBXW7
(Figure 7B) (21). Importantly, FBXW7 WD40 domain mu-
tants had a complete loss of NHEJ activity, a result that
was paralleled by decreased survival in the FBXW7 mu-
tants either in the presence and absence of radiation with-
out any effect on homologous recombination (Supplemen-
tal Figures S7C and D). Moreover, PARP inhibition by
olaparib significantly inhibited the NHEJ activity in the
cells with wild type FBXW?7, while the effect of olaparib
on the NHEJ activities in the FBXW7 mutant cells was
marginal (Figure 7B). Given that NHEJ is a rapid and pre-
dominant DSB repair mechanism, we assessed DSB repair
as a function of FBXW?7 mutation or olaparib treatment.
Using a neutral comet assay, we found that expression of
wild type FBXW7 facilitated DNA repair relative to vector
control FBXW7 null cells (Figure 7C, D). Furthermore, re-
pair of radiation-induced DSBs was significantly impaired

at early time points (10-20 minutes) in cells expressing mu-
tant FBXW?7 relative to wild type FBXW?7. As expected,
olaparib also delayed the resolution of radiation-induced
DSBs to an extent comparable to that of FBXW7 muta-
tion. These findings were further supported by the persis-
tence of radiation-induced yH2AX in FBXW7 null cells or
in response to olaparib (Supplementary Figure S7E, F). Im-
portantly, olaparib had a greater effect in FBXW7 wild type
than in FBXW7 null cells (Supplementary Figure S7E, F)
further supporting the importance of FBXW?7 interactions
with PAR in DSB repair.

DISCUSSION

In this study, we have found that the WD40 domain in
FBXW?7 (and DDB2) is a novel PAR binding domain that
facilitates rapid recruitment of FBXW7 to DNA damage
sites. Functionally, the rapid recruitment of FBXW7 to
DNA damage sites promotes ATM-dependent phospho-
rylation and retention at damage sites, XRCC4 ubiquiti-
nation, and activation of NHEJ. Importantly, this study
demonstrates that the binding of FBXW?7 to PAR and in
turn the functional consequences are abrogated by both
PARP inhibitors as well as FBXW7 WD40 domain mu-
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tations. Given the prevalence of these FBXW7 WD40
mutations in human cancers (25,40), our study reveals
a novel DNA repair defect associated with mutations
in the FBXW7 WD40 domain that likely contributes to
the genomic instability and tumorigenesis associated with
FBXW7 loss-of-function (41-43). Furthermore, the results
of this study uncover a novel mechanism by which PARPI
inhibitors delay DNA repair by reducing localization of
WD40 domains to PAR at DNA damage sites.

The PAR polymer, both linear and branched, is highly
anionic as a result of the two negative charges associated
with each ADP-ribosyl moiety (5). Proteomic studies have
shown that PAR binds hundreds of proteins through both
covalent and non-covalent interactions (11,12). Impor-
tantly, several non-covalent PAR-binding motifs have been
characterized, many of which also bind to DNA, RNA, or
phosphopeptides. For example, several DNA/RNA bind-
ing motifs interact with PAR, such as the RNA recogni-
tion motif (RRM), the OB-fold, PIN domains, and the
C-terminal domain of p53 (8,9,44,45). Furthermore, FHA
and BRCT domains which are generally characterized as
phospho-Thr and phospho-Ser recognition motifs, respec-
tively, are also PAR-binding domains (10). These FHA and
BRCT domains recognize the phosphate groups in the iso-
ADP-ribose (the linkage of PAR) and the ADP-ribose unit,
respectively (10). These findings provide a rationale for the
biochemical and functional results in this study demonstrat-
ing that the FBXW7 WD40 domain which facilitates the
interaction with many ubiquitin-ligase substrates by recog-
nizing phospho-Ser/Thr also serves as a PAR binding do-
main. Furthermore, the ability of the DDB2 WD40 to bind
PAR is consistent with its characterized function in binding
damaged DNA (26), a feature that common in other PAR
binding motifs.

In response to DNA damage, PAR is synthesized within
seconds on PARP itself, on histones, as well as on
other chromatin-associated proteins at DNA damage sites
(46,47). ADP-ribosylation of PARP1 and presumably his-
tones promotes the recruitment of many DNA repair pro-
teins which contain poly(ADP-ribose) “reader” domains
that are required for lesion processing and repair. Given
that rapid relocation of FBXW7 to DNA lesions has been
observed in this study, it is likely that PARylated PARPI
as well as histones plays an important role in mediating
the recruitment of FBXW7 WD40 domains to DNA dam-
age sites. It will be in important in future studies to define
the relative contribution of PARylated substrates such as
PARPI1, PARP2, or various histones to the recruitment of
FBXW7 to DNA damage sites.

The WD40 domain is a prominent characteristic of a
large family of proteins that mediate protein-protein in-
teractions (48,49). The low level of sequence conserva-
tion among different WD40 domain proteins, however, im-
plies multiple modes of interactions. This concept is con-
sistent with our finding that of the four DNA repair-
related WD40 domain proteins investigated in this study,
only FBXW7 and DDB2 were found to interact with PAR.
While the unique features of these WD40 domains that me-
diate PAR binding are unknown, there are some poten-
tially relevant known characteristics. FBXW7 contains a
stretch of eight WD40 repeats, which interact with nearly
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40 substrates. Crystallographic studies have demonstrated
that the WD40 repeats consist of an eight-bladed barrel-
shaped beta-propeller tertiary structure with relatively de-
fined phospho-degron binding pockets (50). In addition,
key arginine residues within repeats 3 and 4 are required
for the contacts with phosphorylated substrates (24,50).
Our biochemical and computational modeling data demon-
strate that these arginine residues are also critical for the in-
teraction of FBXW7 WD40 with PAR (Figure 3 and Sup-
plementary Figure S3C-D). On the other hand, DDB?2 is
a 7-repeat WD40 protein in the DDB1-DDB2-CUL4A-
RBX1 complex (Cullin4PPB). The positively charged top
surface of the DDB2 B-propeller interacts with damaged
DNA, and several basic residues bind the DNA phos-
phodiester backbone (26). Although it has been recently
shown that DDB2 associates with both PARP1 and PAR
in the vicinity of UV-damaged chromatin (32), our findings
demonstrate that the WD40 domain of DDB?2 is respon-
sible for the PAR binding. Therefore, the common feature
of the WD40 domains of FBXW7 and DDB?2 affinities to
PAR is most likely due to electrostatic interactions between
positively charged residues and the negatively charged PAR
chains.

PARP and PAR have important functions in major DNA
damage response pathways including both SSB and DSB
repair as well as DNA synthesis underscoring their broader
function in maintaining genome stability and thus suppress-
ing tumorigenesis (51). The finding in this study that loss-
of-function mutations in the FBXW7 WD40 domain dis-
rupt binding with PAR (Figure 3) is consistent with the
genomic instability (41) and tumorigenesis (52) associated
with FBXW7 mutation or deletion, as well as the preva-
lence of FBXW7 WD40 domain mutations in human can-
cers (25,40). Although this is a unique mechanistic finding
relevant to FBXW7 WD4J0, it is not the only example of mu-
tations in tumor suppressors that disrupt PAR binding. For
example, cancer-associated mutations in the BRCT domain
of BARDI (C645R and V695L) impair the interaction be-
tween BARDI1 and PAR (53). This inability of BARDI to
bind PAR has important functional consequences in that
it delays recruitment of BRCA1 to DNA damage sites and
reduces the efficacy of PARP inhibitors. Cancer-associated
mutations in the OB-fold domain of BRCA2 (R2659K,
G2724A and S2988G) also disrupt binding with PAR and
as a result, inhibit the recruitment of EXO1 and the early
end resection steps of HR (54). In addition, consistent with
these findings, mutations in the WD40 domain of DDB2
occur in human cancers suggesting an inability of these mu-
tants to bind PAR (55). Taken together, these data demon-
strate an association between cancer and the DNA repair
defects caused by mutations in PAR binding domains.

In summary, our results support the following model:
Upon DNA damage, PAR is rapidly synthesized and binds
to the WD40 domain of FBXW?7 to facilitate the rapid re-
cruitment of FBXW?7 to DNA damage sites. Subsequently,
ATM-mediated FBXW7 phosphorylation at S26 facilitates
the retention of FBXW7 at DNA damage sites following
PAR degradation by PARG, leading to polyubiquitylation
of XRCC4 via K63 linkage to set up a platform for ef-
fective recruitment of Ku70/80 for NHEJ repair. Cancer-
associated arginine mutations in the FBXW7 WD40 do-



4052 Nucleic Acids Research, 2019, Vol. 47, No. 8

main or PARP inhibitor treatment impairs the interaction
between the FBXW7 WD40 domain and PAR, resulting in
delayed and reduced FBXW?7 localization to DNA damage
sites and inhibition of NHEJ (Figure 7E).
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