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ABSTRACT

DNA double-strand breaks (DSBs) are fatal DNA le-
sions and activate a rapid DNA damage response.
However, the earliest stage of DSB sensing remains
elusive. Here, we report that PARP1 and the Ku70/80
complex localize to DNA lesions considerably ear-
lier than other DSB sensors. Using super-resolved
fluorescent particle tracking, we further examine the
relocation kinetics of PARP1 and the Ku70/80 com-
plex to a single DSB, and find that PARP1 and the
Ku70/80 complex are recruited to the DSB almost at
the same time. Notably, only the Ku70/80 complex oc-
cupies the DSB exclusively in the G1 phase; whereas
PARP1 competes with the Ku70/80 complex at the
DSB in the S/G2 phase. Moreover, in the S/G2 phase,
PARP1 removes the Ku70/80 complex through its en-
zymatic activity, which is further confirmed by in vitro
DSB-binding assays. Taken together, our results re-
veal PARP1 and the Ku70/80 complex as critical DSB
sensors, and suggest that PARP1 may function as
an important regulator of the Ku70/80 complex at
the DSBs in the S/G2 phase.

INTRODUCTION

DNA is the target of both endogenous and exogenous in-
sults that can chingcause serious damage to the genome.
DNA DSBs are fatal lesions and must be repaired quickly to
prevent random chromosomal recombination events. Once
DNA DSBs occur, cells quickly recognize them and amplify
the signals to the downstream effectors including cell cy-
cle checkpoints and DNA damage repair machinery (1,2).
This quick reaction requires abundant DSB sensors for le-
sion surveillance and recruitment of effectors which mount
a coordinated response to maintain the genomic integrity

(3). However, the earliest DSB sensors underlying the pri-
mary recognition remain largely elusive.

To date, several DSB sensors have been identified, in-
cluding the MRN complex, the RPA complex, sirtuins,
the Ku complex and PARP1. The MRN complex contains
MREI11, RAD50 and NBSI (4), and is essential for the ac-
tivation of ATM (5), a major kinase to induce phospho-
rylation cascade in response to DSBs (6,7). Among these
three subunits, RADS50 recognizes the naked DNA ends
and holds the ends in close proximity (8); MREI11, an endo
and exo-nuclease, processes the DNA ends for re-ligation
(9,10); and NBS1 mediates the interactions with other func-
tional partners of the complex (11). The MRN complex is
known to be involved in the initial sensing and processing of
DSBs (12). However, the MRN complex is not highly abun-
dant within the cell, suggesting that each MRN complex
covers a large part of the genome, and may not function as
the quickest sensor localized to a DNA lesion because of
the low concentration of the complex.

The RPA complex, composed of RPAI, 2 and 3 mediates
the activation of ATR in response to DSBs (13). Although
the RPA complex is quite abundant in cells, it recognizes
only single-stranded DNA that is generated from the pro-
cessing of DSB ends (14). Thus, similar to the MRN com-
plex, the RPA complex is more likely to act as a late or sec-
ondary sensor of DSBs.

The Ku complex is a heterodimer composed of the Ku70
and Ku80 (15). Following DSBs, the Ku complex recog-
nizes the ends of DSBs and activates DNA-PKcs and its
dependent signal transduction pathway (16-19), which fa-
cilitates non-homologous end joining (NHEJ) repair for
DSBs (20,21). Although the Ku70/80 complex is an abun-
dant protein complex (22), once it is loaded on the DNA
strand, it does not directly cap the broken end of DSBs. In-
stead, both Ku70 and Ku80 make several contacts with the
DNA backbone of the double-strand helix (15,17).

PARPI, the founding member of PARP family enzymes,
is known to be a sensor of DNA single-strand breaks (SSBs)
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(23,24). PARP1 contains multiple domains including three
N-terminal Zinc Finger motifs (ZF1-ZF3), a BRCT do-
main, a WGR domain and a C-terminal catalytic domain
(25). Once an SSB is generated, ZF1 and ZF2 motifs coor-
dinately and quickly capture the 5'- and the 3’-ends of the
SSB, which in turn repositions the ZF3 and the WGR do-
mains by creating additional intramolecular contact sites,
releases the helical motif inside the catalytic domain, and
exposes the NAD™ binding site for PARylation (26). PARPI
is also one of the most abundant nuclear polypeptides in
the nucleus (27). On average, one PARP1 molecule is able
to cover ~10 nucleosomes on the chromatin (28). Thus, the
huge abundance of PARP1 allows rapid detection of SSBs
(29), which is the most frequent form of DNA lesion within
the cells.

Aside from SSBs, structural analysis of PARP1 suggests
that it can recognize DSBs as well (30). DSBs are the
most deleterious type of DNA lesions, and PARP1 adopts
slightly different recognition modules to recognize DSBs.
One DSB generates two ends on the DNA double-strand
helix, and the ZF1 motif of PARPI is able to recognize the
terminal base pair at one end. At the same end, ZF3 along
with the WGR domain reside in the minor and the major
grooves, respectively, to contact each side of the backbone
of DNA helix and stabilize the interaction; in addition, the
WGR domain stacks against the riboses at the 5'-terminus
of the DNA. In contrast, ZF?2 is dispensable for DSB recog-
nition. The intricate interaction with one end of DSB trig-
gers intramolecular conformational changes that unfolds
helical subdomain of the catalytic domain. The helical sub-
domain acts as an autoinhibitory domain and its unfolding
relieves the inhibitory effect of NAD* binding (30). Thus,
PARPI could also be an important sensor for DSBs. Once
PARPI recognizes DNA ends, it quickly catalyzes PARyla-
tion at the DNA damage sites, which in turn mediates the
early recruitment of numerous DNA damage repair factors
to repair the lesions (24,31-33).

Recent studies have reported that sirtuins are also able to
relocate to DNA lesions quickly, and might even play a role
in activating PARP1 (34-36). Cells deficient in Sirt1 or Sirt6
have defective DSB response, indicating that sirtuins may
be involved in DSB sensing (37,38). However, as sirtuins are
deacetylases, it is unclear if chromatin deacetylation triggers
any signal cascade for DNA damage repair.

Here, we systematically examined the recruitment kinet-
ics of DSB sensors, and found that PARP1 and the Ku com-
plex reached the DNA lesions much earlier than other pos-
sible sensors. Using a super-resolution fluorescence imaging
system, we further studied the recruitment profile of PARP1
and the Ku complex, and observed that these two DSB sen-
sors recognized DSBs in different cell cycle phases. More-
over, PARPI was able to remove the Ku complex from the
DSBs through its enzymatic activity.

MATERIALS AND METHODS
Cell culture

The cell line NIH-3T3 containing LacO and I-Scel recog-
nition site was a gift from Dr. Sethuamasundaram Pitchi-
aya (University of Michigan) (39). The cells were cultured
in DMEM supplemented with heat-inactivated fetal calf
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serum, penicillin (100 U/ml), and streptomycin (100 pwg/ml)
in a tissue culture incubator with 5% CO, at 37°C.

Plasmids and transfection

To construct the vector expressing blue fluorescent protein
(BFP) tagged-Lacl, a BFP coding sequence was amplified
from a backbone expressing BFP (Plasmid #45564, Ad-
dgene) and Lacl was amplified from the pGEX-4T1 vec-
tor. BFP and Lacl were then subcloned into pPCDNAZ3.1(+)
vector. The transfection of plasmid was performed using
Lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s instructions.

Protein purification and labeling

His-PARPI, the His-PARP1 E988K mutant, and the GST-
Ku70/80 complex were purified from SF9 insect cells. SF9
cells were infected with correlated baculoviruses for 48 h,
then cells were collected, washed with PBS and lysed with
ice-cold NETN100 buffer. The soluble fraction was incu-
bated with glutathione-sepharose beads and eluted with
glutathione. After dialyzed into a phosphate buffered saline
at pH 7.4, the proteins of PARP1 and Ku70/80 were then
purified by fast protein liquid chromatography and concen-
trated by a centrifugal filter unit (Millipore). For protein la-
beling, PARP1 and Ku70/80 proteins were further prepared
and labeled with Alexa Fluor 647 and Alexa Fluor 532 re-
spectively, according to the instruction of the protein label-
ing kit (Life Sciences).

Microinjection and intracellular single-molecule imaging

NIH-3T3 cells (1 x 10°) were seeded onto delta-T dishes
(Bioptechs) and transfected with the vector expressing BFP-
Lacl one day before microinjection. The regular DMEM
was replaced with phenol red-free medium 4 h prior to
microinjection. Immediately before microinjection, the cell
culture medium was replaced with a minimal HEPES
buffered saline (HBS) medium without serum and vita-
mins, but containing 20 mM HEPES-KOH (pH 7.4), 135
mM NaCl, 5 mM KCI, 1 mM MgCl,, 1.8 mM CaCl, and
5.6 mM glucose. The micropipette (Femtotip, Eppendorf)
was loaded with ~0.5 amol fluorophore-labeled proteins.
Twenty fg of I-Scel and Trex2 were also added to the mi-
croinjection system. Live cells with a BFP dot were selected
for imaging. We used HILO illumination to image cells at
120x magnification with 30 ms camera exposure on two
Andor iXon Ultra EMCCD cameras using a cell-TIRF sys-
tem on an Olympus IX81 microscope.

In vitro imaging assay

Coverslips were boiled and washed with hydrochloric acid.
Then they were put in the poly-lysine solution (Sigma) for 1
h at room temperature, and washed twice with water. Plas-
mids were sequentially diluted with water and incubated
with the prepared coverslips for another 1 h at room tem-
perature, and then the coverslips were washed twice in wa-
ter. Coverslips were further stained with DAPI for 30 min
at room temperature, followed by two washes with water.
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Coverslips with proper density of DAPI signal were selected
for in vitro imaging. DAPI staining was used to localize
the DNA molecules, then the solution containing 0.1 nM
PARPI, the Ku complex, and/or 10 uM NAD™ was added
to the area of interest.

In vitro PARylation assay or Ku70 PARylation assay in
U20S cell

One pg recombinant GST-Ku70/80 protein was incubated
with or without 3 g His-PARP1 or the E988A mutant
at room temperature for 1 h, in the presence of NAD*
and DNA oligo activator. Then, the beads were thoroughly
washed in ice-cold PBS three times and then boiled in the
SDS sample buffer for further analysis. To detect the PARy-
lated Ku complex, U20S cells were treated with MMS for
30 min and then lysed with NETN100 buffer. The cell lysate
was incubated with Ku70 antibody overnight. Then the im-
munoprecipitated Ku complex was examined by western
blotting.

Data analysis

Single particles were tracked using Imaris (Bitplane). For
colocalization assay, particles were firstly tracked using
Imaris, and then in-house MATLAB routines were used
to detect the potential colocalized particles from different
channels. These particles were further manually confirmed.
The plots displaying the fluorescence intensity were gener-
ated with Imagel.

Cell cycle synchronization

The NIH-3T3 cells were synchronized at the G1/S bound-
ary by double thymidine block. The cells were incubated
with 2 mM thymidine for 14 h, washed extensively with PBS
and released for 8 h followed by a second thymidine block
for 14 h and released.

MTT assay

The NIH-3T3 cells were seeded in 96-well plates at a density
of 5000 cells in 150 ]l medium per well. After cells were syn-
chronized by double thymidine block, 1 wM olaparib was
added to the cells in triplicate. The plates were incubated at
37°Cin 5% CO; for 2 h and then subjected to 5 Gy of ioniz-
ing radiation (IR). Cells were then incubated at 37°C for 48
h. Twenty pl MTT solution (5 mg/ml, dissolved in PBS) was
added to each well, and the plates were incubated at 37°C
for additional 4 h. Then the supernatant was discarded, and
200 pl DMSO was added to dissolve the formazan product.
The absorbance at 570 nm (A570) was determined with a
multi-well plate reader.

Immunofluorescence staining

Cells were synchronized by double thymidine block and
then subjected to 2 Gy of IR. After recovery for 3 h, cells
were washed with PBS, and fixed with 4% paraformalde-
hyde for 20 min at room temperature. Then cells were per-
meabilized with 0.5% Triton X-100 for 10 min at room

temperature and washed again with PBS. After blocking
with 8% goat serum, cells were incubated with primary an-
tibodies at 4°C overnight, washed with PBS three times, in-
cubated with the secondary antibody for additional 1 h at
room temperature, and washed with PBS three times before
imaging. Foci number in each nucleus was calculated with
Image]J and the maximum foci number per cell was counted
as 100% in each experiment.

Repair assays

EJ5-GFP, EJ2-GFP and GR-GFP reporters that were used
to analyze c-NHEJ, alt-NHEJ and homologous recombina-
tion (HR) pathways were the generous gifts from Dr. Jeremy
Stark (Beckman research institute, City of hope) (40). Cell
lines were infected with the virus encoding I-Scel-GR for
three days, and then the cells were synchronized with dou-
ble thymidine block. The translocation of I-Scel-GR into
the nucleus was induced by treatment of 0.1 mM triamci-
nolone acetonide (TA). The rate of GFP positive cells were
examined by FACS.

RESULTS

Both PARP1 and the Ku complex quickly and independently
relocate to DNA lesions

To study the time-dependent relocation of DSBs sensors,
we examined the recruitment kinetics of the MRN complex,
the RPA complex, the Ku complex, PARP1 and sirtuins to
the sites of DNA damage induced by laser microirradiation.
We labeled NBS1, RPA2, Ku70, Ku80, PARPI, and SIRT6
with GFP tag to track their relocations with live cell imag-
ing. Notably, both PARP1 and the Ku complex reached the
DNA lesions in around 1 s post-damage (Figure 1A). In
contrast, the MRN complex and SIRT6 were recruited af-
ter 10 s following DNA damage. The RPA complex accu-
mulated at the DNA lesions in around 30 s following laser
microirradiation (Figure 1A). The different recruitment ki-
netics suggests that these factors may play different roles in
DNA damage repair process. Since both PARP1 and the Ku
complex are highly expressed in cells, and respond quickly
upon DNA damage, we reasoned that PARP1 and the Ku
complex recognize DNA lesions earlier than other DNA
damage response factors. Thus, we selected PARP1 and the
Ku complex for further analysis and tried to elucidate if the
recruitment of PARP1 and the Ku complex is dependent on
each other.

To study the potential functional interaction between
PARPI and the Ku complex during the DNA damage
response, we examined the recruitment of PARPI in the
Ku70~/~ MEFs and that of Ku70 in the Parpl~/~ MEFs.
However, the recruitment kinetics of PARP1 or Ku70 was
unaffected comparing to those in the wild-type MEFs (Fig-
ure 1B and C), suggesting that the recruitment of PARP1
and the Ku complex are independent of each other.

Live cell super-resolution imaging measures the recruitment
kinetics of PARP1 and the Ku complex

Although laser microirradiation allows us to roughly calcu-
late the recruitment kinetics, it generates a mixture of com-
plicated DNA lesions due to the non-specific nature of UV
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Figure 1. Recruitment kinetics of potential DNA damage sensors. (A) The relocation kinetics of PARP1, Ku70, Ku80, NBS1, RPA2, and SIRT6 to the
DNA damage sites. GFP-tagged proteins were expressed in U20S cells, and the relocation kinetics was monitored at different time points following laser
microirradiation. (B) The relocation kinetics of PARP1 to the DNA damage sites. GFP-PARP1 was expressed in wild-type (Ku70*/*) or Ku70~/~ MEFs.
(C) The relocation kinetics of Ku70 to the DNA damage sites. The GFP-Ku70 was expressed in wild-type (ParpI™/*) or Parpl~/~ MEFs. The GFP signal
intensity at the microirradiation area was measured with ImageJ and represented in the right.

irradiation. Moreover, it is difficult to accurately measure
the kinetics, especially for the early recruited DNA dam-
age sensors. Thus, we established a super-resolution fluores-
cence imaging system to monitor the recruitment of PARP1
and the Ku70/80 complex in more detail.

In this system, we firstly constructed a vector with a BFP
tag at the 5’ of Lacl cDNA and expressed the BFP-Lacl fu-
sion protein in the NIH/3T3 cell containing the LacO sites
as well as a single I-Scel site. As the BFP-Lacl protein rec-
ognizes the LacO site, the localization of the unique I-Scel
site in the nucleus is able to be determined by monitoring the
blue fluorescence with highly inclined and laminated optical
sheet (HILO) microscopy (Figure 2A). The recombinant I-
Scel protein was microinjected into the nucleus along with
the recombinant PARP1 or the Ku70/80 complex proteins.
Based on the kinetics of I-Scel, the median time of cleav-
age at the I-Scel site in each injected cell is expected to be
within the millisecond range (41). When we determined the
relocation kinetics of PARP1, we found that its average re-

location time to the DSB was 812 ms (Figure 2B), which is
in a similar range as observed with laser microirradiation.
We similarly examined the Ku complex and found that it
reached the site of DNA damage with an average time of
737 ms (Figure 2C), which is slightly faster than PARPI,
but not statistically significant (Figure 2D). Thus, our data
suggest that PARPI and the Ku complex are recruited to
the DSB almost at the same time.

When we compared the average dwelling time for PARP1
and Ku complex at the break site, we observed that neither
PARPI nor the Ku complex stayed at the DSB for a pro-
longed time. The average dwell time of PARP1 at the DSB
is 902 ms, whereas that of the Ku complex is 938 ms, only
insignificantly longer (Figure 2E). It is possible that other
secondary DNA damage sensors or DSB repair machinery
have been loaded onto the DSB by this time, which in turn
replaced the primary sensors, such as PARP1 and the Ku
complex, for damage-induced signal transduction or lesion
repair. Alternatively, the recognition of the DSB by these
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Figure 2. Single molecule imaging reveals the recruitment kinetics of PARP1 and the Ku complex in live cells. (A) The experimental system for investigating
the recruitment of a single PARP1 or Ku complex molecule to the DSB in live cells. (B) The recruitment kinetics of PARP1 at the DSB. Plots represent
PARPI fluorescence intensity recorded at the DNA damage site. BFP-Lacl indicates the DSB site. Insets show fluorescence images taken at the indicated
time points. (C) The recruitment kinetics of a single Ku complex to the DSB. (D) Distribution of the arrival time of PARP1 (n = 12) or the Ku complex (n
= 12) at the DSB. (E) Distribution of the dwell time of PARP1 or the Ku complex at the DSB. Mann-Whitney U test was performed to analyze the group

difference. A. U., arbitrary unit; N. S., nonsignificant (P > 0.05).

sensors works as an on-off cycle. The labeled PARP1 and
the Ku complex were replaced by the endogenous unlabeled
Sensors.

PARP1 and the Ku complex compete with each other to relo-
cate to the DSBs

Since PARP1 and the Ku complex reach the DSB at almost
the same time, we examined the functional interactions be-
tween these two damage sensors. We simultaneously mi-
croinjected PARP1 and the Ku complex labeled with differ-
ent fluorescence molecules into the nucleus, and measured
the kinetics. We found that the DSB was occupied by either
PARPI or the Ku complex (Figure 3A). We did not observe

both molecules co-localizing at a single DSB, indicating that
PARPI and the Ku complex may compete with each other
to occupy a DSB end. Moreover, both the arrival time and
the dwell time of PARP1 and the Ku complex in the co-
injection assay are similar to those in the single injection
assay (Figure 3A).

However, the majority of the cells were occupied by the
Ku complex when cells were injected with PARPI and the
Ku complex mixture (Figure 3B). Notably, we found that
the ratio of the Ku complex-occupied DSBs to the PARP1-
occupied DSBs in unsynchronized cells is close to the ratio
of G1 to S phase cells. Thus, we examined the role of cell cy-
cle in regulating these events. When we synchronized cells
at the G1/S boundary with the double thymidine block,
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Figure 3. PARPI and the Ku complex compete with each other to occupy the DSB. (A) PARP1 and the Ku complex compete with each other to relocate
to the DSB. Single PARP1 or Ku complex was examined at the DSB. Mann—Whitney U test was performed for analyzing the difference in the arrival time
or dwell time between PARPI and the Ku complex at the DSB. N.S.: nonsignificant (P > 0.05). (B) The ratio of PARP1 and the Ku complex at the DSB.
Ku— PARPI represents an event in which the Ku complex is the first to reach the DSB and subsequently gets replaced by PARP1. Cells were synchronized
and released at the G1/S boundary or S/G2 phase by double thymidine block.(C) The representative event shows that PARP1 can remove the Ku complex
at the DSB in S/G2 cell. (D) Analysis of the difference in the arrival time and the dwell time of PARP1 or the Ku complex between unsynchronized cells and
cells at the G1/S boundary. (E) Analyzing the difference in the arrival time (P > 0.05) and the dwell time (P < 0.01) of Ku complex between unsynchronized
cells and S/G2 cells. (F) Analysis of the difference of the arrival time and the dwell time of PARP1 between unsynchronized cells and S/G2 cells. Statistical
significance in D-F was tested using Mann-Whitney U test, N.S.: nonsignificant (P > 0.05).

we found that the DSB was occupied by the Ku complex.
In contrast, when cells were released from the thymidine
block and were in the S/G2 phase, the PARP1-occupied
DSB events were significantly increased (Figure 3C). These
results suggest that PARP1 and the Ku complex may sense
the DSB in different cell cycle stages.

Notably, we found that when the Ku complex inhabited
the DSB in the S/G2 cells, PARP1 was able to reach the
DSB immediately after the Ku complex and appeared to re-
place the Ku complex at the damage site (Figure 3B and C).
In contrast, we did not find that the Ku complex replaced
PARPI. Collectively, these results indicate that PARP1 may
be able to actively remove the Ku complex from the DSB in
the S/G2 phase if the DSB was occupied by the Ku com-
plex, but not vice versa.

We also examined the arrival and dwell time of PARPI
and the Ku complex in Gl or S/G2 cells. At the G1/S
boundary, the DSB was entirely occupied by the Ku com-
plex while PARP1 was completely absent at the damage

site. The arrival time of the Ku complex in the G1 cells is
very similar to that of the Ku complex in the unsynchro-
nized cells. Although the dwell time of the Ku complex at
the G1/S boundary is slightly longer than that in the un-
synchronized cells, we did not observe a significant differ-
ence (Figure 3D). However, in the S/G2 cells, the dwell time
of the Ku complex is significantly shorter than that in the
unsynchronized cells, whereas the arrival time remains un-
changed (Figure 3E). As the dwell time of the Ku complex
is similar to those specific events that the Ku complex was
replaced by PARP1 at DNA lesions (Figure 3C). We, there-
fore, posit that the injected Ku complex is likely removed
by endogenous PARPI; that is, even though the Ku com-
plex can occupy the DSB in the S/G2 cells, our data are
consistent with the notion that it is then rapidly replaced
by PARPI. In contrast, both the arrival and the dwell time
of PARPI remains unchanged in the S/G2 cells (Figure
3F). Collectively, these results suggest that the Ku complex
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senses the DSB in the G1 cells, whereas PARP1 is likely to
play an important role in sensing the DSB in the S/G?2 cells.

PARP1 competes with the Ku complex to occupy the DSB in
the S/G2 cells

To study the functional interaction between PARP1 and the
Ku complex, we knockdown the endogenous PARP1 or the
Ku complex with siRNAs, and then observed the reloca-
tion of ectopic PARP1 and the Ku complex. At the G1/S
boundary, when the endogenous Ku complex was depleted
(Supplementary Figure S1), PARP1 was able to relocate to
the DSB, in stark contrast to the lack of PARP1 recruitment
to the DSB when the endogenous Ku complex is abundant.
The arrival and the dwell time of PARP1 were similar to
those in the unsynchronized cells (Figure 4A). However, at
the G1/S boundary, knockdown of PARP1 did not affect
the arrival or dwell time of the Ku complex (Figure 4B).
Thus, these results indicate that the Ku complex competes
out PARPI in the G1 cells, but not vice versa.

In contrast, loss of the Ku complex did not affect the re-
location kinetics of PARP1 in the S/G2 cells (Figure 4C).
However, lacking endogenous PARPI1 significantly pro-
longed the dwell time of the Ku complex (Figure 4D). These
finds suggest that PARP1 is able to displace the Ku complex
from a DSB in the S/G2 cells. Taken together, our data in-
dicate that the Ku complex is likely to play a predominant
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role in sensing the DSB in the G1 cells, wherecas PARPI is
able to recognize and replace the Ku complex in the S/G2
cells.

The Ku complex is a substrate of PARP1

Since PARPI is able to replace the Ku complex at the DSB
in the S/G2 cells, we next asked if the Ku complex is a sub-
strate of PARP1. We first performed an in vitro PARyla-
tion assay by incubating the Ku complex with PARP1. We
found that the Ku complex was conjugated with poly(ADP-
ribose), suggesting that PARP1 catalyzes PARylation on
the Ku complex (Figure 5SA). Compared with the wild-type
PARPI, the E988A mutant that loses its catalytic activity
failed to PARylate the Ku complex (Figure 5B).

Next, we treated U20S cells with methyl methanesul-
fonate (MMS) to induce DNA damage, immunoprecipi-
tated the Ku complex from the cell lysates, and detected
the PARylation of the Ku complex (Figure 5C). In contrast,
lacking PARP1, the PARylation of the Ku complex was re-
markably impaired (Figure 5D). Collectively, these results
suggest that the Ku complex is PARylated by PARP1 in re-
sponse to DNA damage.

PARylation of the Ku complex facilitates its removal from the
DSBs

To test if the PARylation of the Ku complex is important for
the removal of the Ku complex from DSBs, we established
an in vitro DNA end recognition assay. We immobilized
pCDNA3 plasmids on glass slides coated with poly-lysine.
Since both PARP1 and the Ku complex cannot recognize
the circular plasmid DNA, we digested it with EcoRV to cre-
ate DSBs with blunt ends. The recombinant PARP1 and the
Ku complex were added to flow through the DNA conju-
gated slides. In the absence of NAD™ (ADP-ribose donor in
PARylation), DSBs were recognized by either PARP1 or the
Ku complex (Figure 6A), and both of them stayed at DSBs
for a prolonged time (Figure 6B). Strikingly, upon NAD™*
was added to activate the enzymatic activity of PARP1, we
found that a subset of the Ku complex was replaced by
PARPI1 at DSBs. Not only the dwell time of PARPI was
remarkably reduced, but also the Ku complex was removed
by PARPI in a very short period of time (Figure 6C). Within
the 5 seconds of observation time, we even found two rounds
of on and off cycle of PARP1 (Figure 6C). We also observed
a subset of the Ku complexes still localized at DSBs for a
prolonged time owing to a low nM concentration of PARP1
used in this in vitro assay (Figure 6D). And not all the Ku
complex is able to be PARylated in this short observation
time (5 s). Moreover, we compared wild type PARP1 and
the E988A mutant for their ability to remove the Ku com-
plex, and found that although E988A mutant occupied the
DSBs, it cannot remove the Ku complex (Figure 6D). When
both the Ku complex and the E988 A mutant were incubated
with DSBs, none of these proteins were dissociated from the
DSBs. Thus, these results suggest that the enzymatic activ-
ity of PARPI1 plays a key role in removing the Ku complex
and PARPI itself from the DSBs (Figure 6E).
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PARP1 is involved in alt-NHEJ in the S/G2 phase

As PARPI is able to release the Ku complex in the S/G2
phase, we further examined the physiological function of
PARPI in the DSB repair in the S/G2 phase. It has been
shown that PARP1 regulates alternative NHEJ (alt-NHEJ),
whereas the Ku complex mediates the canonical NHEJ (c-
NHEJ) (2). The major difference between these two DSB
repair pathway is that the DSB ends need to be further pro-
cessed into single-strand DNA (ssDNA) overhang in the
first step of alt-NHEJ. As the RPA complex coats the ss-
DNA overhang, we used phosphor-Rpa2 as the surrogate
marker to examine the DSB end resection. In agreement
with previous study (2), inhibition of PARPs activity sup-
pressed the foci formation of phosphor-Rpa2 when cells
were in the S/G2 phase (Figure 7A). Consistently, inhibi-
tion of PARPs activity impaired the alt-NHEJ when cells
are in the S/G2 phase (Figure 7B and Supplementary Fig-
ure S2). And we observed a modest reduction of cell viabil-
ity when the S/G2 cells were treated with IR (Figure 7C).
Taken together, these results suggest that PARPI1 plays an

important role in the alt-NHEJ pathway for DSB repair in
the S/G2 phase.

DISCUSSION

Compared with other DNA lesions, DSBs are not only the
most deleterious type of lesions, but also the rarest lesions
(42). In this study, we have shown that among the six DSB
sensors, PARPI and the Ku complex are recruited to the
sites of DNA damage much earlier than others. The results
are correlated with the fact that the endogenous steady-state
expression levels of these two DSB sensors are the highest
among all the sensors, consistent with the expectation that a
bimolecular damage sensing process of a rare lesion will be
faster at higher sensor concentration. Thus, PARPI and the
Ku complex might be the primary sensors for DSBs. Rapid
detection will be very critical for a swift repair and main-
taining genomic stability.

With laser microirradiation, both PARP1 and the Ku
complex get to the sites of DNA damage within one sec-
ond. Due to technical limitations, laser microirradiation is
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not able to reveal the details of the recruitment kinetics.
Thus, we established an assay in live cells to examine the
kinetics of PARP1 and the Ku complex recruiting to a sin-
gle DSB, induced by a site-specific restriction enzyme I-
Scel in the NIH/3T3 cells. Consistent with previous genetic
studies (43-45), we found that PARP1 and the Ku com-
plex compete with each other to recognize the DSB. Al-
though both PARPI and the Ku complex recognize DSB
ends, PARP1 directly caps the ends, whereas the Ku com-
plex slides onto the DNA double-strand helix without cap-
ping the ends (15). Based on the previous structural analy-
sis, PARP1 and the Ku complex may be expected to coexist
at DNA ends. However, we did not observe this event. In-
stead, once PARPI is loaded to the DSB, it will remove the

Ku complex via PARylation, indicating that PARP1 and the
Ku complex compete with each other for the DSB repatir.
Moreover, the loading of PARP1 and the Ku complex
were distinct in different cell cycle phase (46,47). Specifi-
cally, in the G1 cells, we found that the DSB was occupied
by the Ku complex, which was not replaced by PARPI.
However, in the S/G2 cells, PARP1 occupied the DSB. It
is possible that PARP1 and the Ku complex mediate dis-
tinct repair mechanisms in different cell cycle phases. It has
been reported that the Ku complex initiates the c-NHEJ,
whereas PARP1 regulates alt-NHEJ (2). Consistently, c-
NHEJ is mainly accomplished in the G1 cells. Since alt-
NHEJ need microhomology to mediate the DSB repair, it
may preferentially happen in S phase (48). Thus, loading
of different DSB sensors may determine the repair path-
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way choice. Still, the factors that determine the loading of
different sensors remain elusive. It is plausible that differ-
ent chromatin status in different cell cycle phases may reg-
ulate the loading of different sensors. Alternatively, as the
recruitment of these DNA damage sensors is very quick, it
is possible that pre-deposited regulations such as alteration
of post-translational modifications during cell cycle estab-
lish the condition for the recruitment of the Ku complex as
well as PARPI.

Interestingly, we found that PARP1 is able to replace the
Ku complex at DSBs in the S phase, which may facilitate
the PARP1-dependent DSB repair. This replacement is de-
pendent on the enzymatic activity of PARP1. Moreover, we
found that after PARylation, the Ku complex dissociates
from the DNA ends without the help of any chaperons, in-
dicating that PARylation itself is sufficient to mediate the
dissociation. In fact, auto-PARylation of PARP1 has been
shown to mediate the PARPI1 dissociation from the chro-
matin (49,50). Since PARylation installs substantial nega-
tive charges to the PARP1 substrates, the electrostatic repul-
sion between negatively charged PAR and DNA may assist
the dissociation (51). Alternatively, ADP-ribose is a unique
type of nucleic acid, and share some common features with
deoxynucleic acid. Thus, the DNA-binding motifs of the
Ku complex and PARPI may become engaged by the PAR
chains to facilitate the dissociation from the DSBs. Previ-
ous studies have demonstrated that PARylation serves as a
signal to mediate the recruitment of DNA damage response
factors to the sites of DNA damage (24,31). Here, we found
that PARylation acts as a double-edged sword by facilitat-
ing the dissociation of these crucial proteins from DSBs.
It is also possible that this post-translational modification
regulates the sequential loading of DNA repair factors to
coordinate the repair process. It is interesting to note that
PARylation-mediated release of the Ku complex is earlier
than that of PARPI in the S/G2 phase. Thus, these events
are likely sequential events at the DNA lesions. It may start
from the PARylation of the Ku complex by PARP1. Once
the Ku complex is released from the DNA, PARPI has no
other substrates but auto-PARylates itself, which releases
PARP1 itself from lesions for the next step of the repair.

In addition to PARP1 and the Ku complex, other DSB
sensors have been well studied (52). Although other DSB
sensors are not recruited to the lesions as fast as PARP1 or
the Ku complex, it is possible that these sensors may rec-
ognize DSBs with special features or under specific condi-
tions. For example, the MRN complex may help recognize
DSBs with 5-overhangs, and is known to mediate HR in
late S and G2 cells (53). Meanwhile, these sensors may have
crosstalk during the DSB repair (24,31). In particular, some
of the sensors can be PARylated or recognize PAR. Thus,
while PARP1 and the Ku complex function as primary sen-
sors, other factors may serve as secondary sensors. Multiple
sensors may act together to trigger DSB repair.
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