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ABSTRACT
Double-strand breaks (DSBs) are repaired through two major pathways, homology-directed recombina-
tion (HDR) and non-homologous end joining (NHEJ). The choice between these two pathways is largely
influenced by cell cycle phases. HDR can occur only in S/G2 when sister chromatid can provide
homologous templates, whereas NHEJ can take place in all phases of the cell cycle except mitosis.
Central to NHEJ repair is the Ku70/80 heterodimer which forms a ring structure that binds DSB ends and
serves as a platform to recruit factors involved in NHEJ. Upon completion of NHEJ repair, DNA double
strand-encircling Ku dimers have to be removed. The removal depends on ubiquitylation and protea-
somal degradation of Ku80 by the ubiquitin E3 ligases RNF8. Here we report that RNF8 is a substrate of
APCCdh1 and the latter keeps RNF8 level in check at DSBs to prevent premature turnover of Ku80.
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Introduction

Double-strand breaks (DSBs) are the most dangerous form of
DNA damage. They are repaired through two pathways,
homology-directed recombination (HDR) and non-homolo-
gous end joining (NHEJ) [1–3]. The choice between these two
pathways is largely influenced by cell cycle phases, with NHEJ
primarily occurring in G1 and HDR in S/G2 when homolo-
gous sequences are available from sister chromosomes [3,4].
Central to NHEJ repair is the Ku70/80 heterodimer which
forms a ring structure that binds DSB ends and serves as a
platform to recruit factors involved in NHEJ [5,6]. Upon
completion of NHEJ repair, DNA double strand-encircling
Ku dimers have to be removed [5,6]. Two removal mechan-
isms are believed at work. One involves nicking of DNA to
allow Ku escape as suggested by findings in yeasts [7–9].
Another involves ubiquitylation and proteasomal degradation
of Ku80. The ubiquitin E3 ligase RNF8 was shown to ubiqui-
tinate Ku80 and promote removal of Ku complex from DNA
in mammalian cells [10].

The anaphase promoting complex/cyclosome (APC/C) is
an E3 ubiquitin ligase critical for mitotic progression [11]. It
utilizes two adaptor proteins, Cdc20 and Cdh1 (Fzr1) to bring
in substrates for ubiquitylation (K11-linked) [12]. Besides the
function in cell cycle regulation, APCCdh1 has been implicated
in DNA damage response [13–16]. We showed recently that
this E3 ligase helps HDR repair by protecting K-63 linked
ubiquitin chains essential for the recruitment of BRCA1 at

DSBs [17]. In addition, our work also implicated APCCdh1 in
NHEJ repair [17,18], but how exactly the E3 ligase is involved
in NHEJ repair remained unclear. Here we report that
APCCdh1 regulates the expression of RNF8 in G1 and keeps
RNF8 level in check at DSBs to prevent premature turnover of
Ku80.

Results

Cdh1 is required for efficient NHEJ repair

We reported previously that Cdh1 plays an important role in
HDR repair of DSBs by protecting ubiquitin signaling and
promoting BRCA1 recruitment [17]. Interestingly, depletion
of Cdh1 also resulted in a strong suppression of NHEJ repair
efficiency (Figure 1(a)), although the suppression was not as
strong as that caused by depletion of either RNF8 or Ku80,
two known NHEJ factors. The knockdown efficiency was
shown in supplemental Figure 1(a and b). On the other
hand, the depletion of RNF138, an ubiquitin E3 ligase impli-
cated in ubiquitylation of Ku80 in S/G2 cells [19], had little
effect on NHEJ repair in G1. Consequently, the cells depleted
of these factors were sensitized to ionizing radiation (Figure 1
(b)). In agreement with above results, the depletion of Cdh1
showed a weaker sensitization than that of RNF8 or Ku80. To
minimize cell cycle effect, the cells were synchronized to G1
(Figure 1(c)) with lovastatin treatment prior to radiation.
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Cdh1 targets RNF8 in G1

Since APCCdh1 functions as an ubiquitin E3 ligase that promotes
degradation of a large number of proteins, we reasoned it might
target a factor important for NHEJ repair. As shown above, RNF8
as a key regulator of DNA damage response is critical for NHEJ
repair. It was also reported to be involved in the regulation of
mitotic exit as its expression reached the highest point in mitosis
and declined uponmitotic exit [20]. Indeed, we observed a similar
behavior of RNF8 protein expression during the cell cycle
(Figure 2(a and b)), while its mRNA levels (and Cdh1 mRNA
levels) remained steady throughout cell cycle (supplemental
Figure 1C and D). RNF8 protein levels declined upon mitotic
exit but re-accumulated upon entry into S phase, whereas Ku80
did not show such an expression pattern. Notably, RNF8 down-
regulation followed a pattern similar to SKP2, Cyclin A andCyclin
B1, which are known APCCdh1 substrates. Thus, it is highly likely
that RNF8might also be subjected to APCCdh1 regulation. To that
end, we found that RNF8 protein levels as well as those of cyclin A
and cyclin B1, increased after Cdh1 or APC3 depletion in HeLa
cells (Figure 2(c)), while there were no changes in the mRNA
expression levels of RNF8 (supplemental Figure 2A). On the other
hand, depletion of RNF8, an ubiquitin ligase by itself, didn’t
change Cdh1 levels (supplemental Figure 2B, C andD), indicating
that RNF8 does not regulate Cdh1.

To further demonstrate the regulation of RNF8 by Cdh1, we
measured the half-life of RNF8 in control andCdh1-depleted cells.
RNF8 was degraded much faster in cells transfected with control
siRNA than in Cdh1 siRNA-transfected cells (Figure 2(d and f)).
More importantly, the degradation of RNF8 was inhibited by the
26S proteasome inhibitor MG132 (Figure 2(a and f)). In addition,
we measured the levels of ubiquitylation on RNF8 in cells. As
shown in Figure 2(g), RNF8 was ubiquitylated in cells and the
ubiquitylation was severely compromised in Cdh1-depleted cells.
These data strongly suggest that Cdh1 targets RNF8 for ubiquity-
lation-mediated degradation.

Cdh1 regulates RNF8 accumulation at DBSs

We showed previously that APCCdh1 was recruited to DNA
damage sites and catalyzed the formation of K11-linked ubiquitin
chains on its substrates such as USP1 [17]. As shown in Figure 3
(a), K11-linked Ub chains could be detected at micro-irradiation
inducedDNAdamage sites. The intensity of K11-linkedUb signal
diminished in cells transfected with Cdh1, RNF8 or ATM siRNAs.
However, as expected, the remaining K-11 Ub chain signal was
more intense in RNF8-depleted cells than in Cdh1-depleted cells
(Figure 3(b)). This is likely because there are substrates other than
RNF8 such as USP1 at DSB sites [13,17]. More significantly, Cdh1

Figure 1. Inhibition of Cdh1 suppresses NHEJ in G1 cells. (A) Quantification of NHEJ assay in cells transfected with indicated siRNAs. U2OS cells were transfected
with indicated siRNAs and treated with lovastatin. The NHEJ efficiency was normalized to that in control (siCTL) cells. (B) Survival of U2OS cells transfected with the
indicated siRNAs after irradiation. Twenty-four hours after transfection of the siRNAs, the cells were treated with lovastatin for 36 h and then cultured in fresh media
for 2 weeks after indicated doses of irradiation. (C) Cell cycle analysis of the cells transfected with indicated siRNAs. U2OS cells were transfected with indicated siRNAs
and next day cells were treated with lovastatin for 36 h and then irradiated. Cell cycle distribution was measured at the indicated time points after release from
lovastatin arrest and IR. Error bars indicate SEM from three independent experiments. ** (in A) indicates P < 0.001 (student’s t-test).
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knockdownmarkedly increased the amount of RNF8 recruited to
damage sites in both G1 and S/G2 cells (Figure 3(c and d),
supplemental Figure 3A and B).

Cdh1 protects Ku80 at DSBs

The dynamics of Ku80 at DSB sites is important for its
function in promoting NHEJ. Previous reports suggest that
RNF8 mediates Ku80 ubiquitylation and removal from
DSBs to facilitate NHEJ repair [10]. Consistent with that,
we observed that Ku80 accumulation at damage sites was

stronger and longer in RNF8-depleted cells than in control
cells (Figure 4(a and b)). Strikingly, depletion of Cdh1
dramatically shortened the retention time of Ku80 at
damage sites, which could be extended again with simulta-
neous silencing of RNF8 (Figure 4(a and b)). The cells in
the experiment was synchronized to G1 with lovastatin
treatment (Figure 4(c)) and the knockdown efficiency was
shown in Figure 4(d).

To extend above microscopic observation, we measured the
levels of Ku80 bound to chromatin before and after DNA
damage (IR). In G1 cells, DNA damage induced enrichment

Figure 2. Cdh1 targets RNF8 in G1. (A, B) Differential expression of RNF8 during the cell cycle. (A) HeLa cells were cultured in media containing 0.5% of FBS for 48
h and released from serum starvation. Cells were harvested at indicated time points and western blot analysis was performed to probe the indicated proteins. (B)
U2OS cells were treated with nocodazole for 16 h and released from the G2/M arrest. Then cells were harvested at the indicated time points for western blotting. (C)
Regulation of RNF8 stability by Cdh1. U2OS cells were transfected with indicated siRNAs and cultured for 72 h before harvest. (D, E, F) Stability of RNF8 in Cdh1-
depleted cells. U2OS cells were treated with indicated siRNAs for 72 h and then treated with either cycloheximide (D) or cycloheximide and MG132 (E) for indicated
times. (F) Quantification of RNF8 levels shown in (E, F). (G) Ubiquitination assay of RNF8 in the presence or absence of Cdh1 in G1 cells. HEK293 cells were transfected
with indicated siRNA or constructs and treated with lovastatin. Cell lysates were prepared as described in methods for the analysis of RNF8 ubiquitination.
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of Ku80 at chromatin (Figure 4(e)). The enrichment dimin-
ished in Cdh1-depleted cells but was enhanced by RNF8 deple-
tion (Figure 4(e)). Taken together, these results suggest that
APCCdh1 keeps RNF8 levels in check to protect Ku80 at damage
sites, and therefore indirectly helps NHEJ repair (Figure 5).

Discussion

We present evidence here suggesting a requirement for APCCdh1

in efficient NHEJ repair of DSBs by direct regulation of RNF8, a
key regulator of DNA damage response during NHEJ repair.
Mechanistically, our data supports a model whereby APCCdh1

restrain RNF8 levels at damage sites in G1 and indirectly protects
Ku80 from precocious removal by RNF8 (Figure 5). APCCdh1

contributes to a diverse array of cellular and organismal func-
tions [21–28] including DNA damage response and damage
repair. Here we added yet another role of APCCdh1, regulating
NHEJ repair, to the growing list of roles played by APCCdh1. Our
results strongly suggest that RNF8 is a substrate of APCCdh1 both
in G1 and at DSB sites. However, we were unable to locate either
a KEN box or a RXXL motif in RNF8 that could mediate its
ubiquitylation by APCCdh1. The E3 complex might act on yet an
uncharacterized motif of RNF8 or indirectly on RNF8.

Apparently, the level of RNF8 has to be fine regulated at DNA
damage sites in order to properly control Ku80 dynamics. It is
thought that Ku80 ubiquitylation by RNF8 is critical for Ku80
removal from the re-ligated broken ends to finish NHEJ repair.
It is unknown what triggers the ubiquitylation process. Perhaps
Ku80 is modified in some way once the ends are joined together.
Or, the ubiquitylation could happen constantly at a steady rate,
regardless the status of Ku complex. The latter would require
precise control over RNF8 level and is supported by our findings
here. In addition, we showed previously that Cdh1 was absent
from DSB sites destined for NHEJ repair in S/G2 cells [17]. It is
unclear what restrains RNF8’s action on Ku80 in non-G1 cells.

Experimental procedures

Cell culture

HeLa, HEK293 and U2OS cells were obtained from ATCC
and maintained as recommended. HeLa and HEK293 cells
were cultured in DMEM with 10% fetal bovine serum (FBS).
U2OS cells were cultured in McCoy’s 5A medium with 10%
FBS. All culture media were supplemented with 100 units/ml
of penicillin and 100 μg/ml of streptomycin.

Figure 3. Cdh1 regulates RNF8 accumulation at DSBs. (A, B) The accumulation of K11-linked poly-ubiquitin at sites of DNA damage. (A) U2OS cells were
transfected with indicated siRNAs for 72 h, microirradiated and processed 30 min later for immunostaining of K11-Ub and γH2AX. (B) Quantification of K11 linkage
intensity at microirradiated regions (>110 cells quantificated). (C) The accumulation of RNF8 at sites of DNA damage. U2OS cells were transfected with indicated
siRNAs and immunostaining of RNF8 and FANCD2 was performed 1 h and 6 h after microirradiation. (D) Quantification of RNF8 intensity at microirradiated regions in
G1 and S/G cells (>100 cells quantificated). Error bars indicate SEM from three independent experiments. ** (in B) indicates P < 0.001 (student’s t-test). Scale bars
represent 10 μm.
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RNA interference

All siRNA oligonucleotides used in this study were from
Sigma. The sequences of siRNAs are as follows: RNF8 #1 5ʹ-
CAGAGAAGCUUACAGAUGUUUdTdT-3ʹ, RNF8 #2 5ʹ-GG
ACAAUUAUGGACAACAAdTdT-3ʹ, Cdh1 #1 5ʹ-UGAGAA
GUCUCCCAGUCAGdTdT-3ʹ, Cdh1 #2 5ʹ-GGAUUAACGA
GAAUGAGAAdTdT-3ʹ, APC3 5ʹ- CAAAAGAGCCUUAGU
UUAAdTdT-3ʹ, ATM 5ʹ-CGCAUGUGAUUAAAGCAACdT
dT-3ʹ, Ku80 5ʹ-AACCAGGUUCUCAACAGGCUGdTdT-3ʹ,
RNF138 5ʹ-CCUGUGUCAAGAAUCAAdTdT-3ʹ. Cells were
transfected with these siRNAs using Lipofectamine 2000
(Life technology) according to the manufacturer’s protocol.

Cells were used for further analyses after transfection for
48–72 hrs.

Antibodies and reagents

The antibodies used in this study include: anti-Cdh1 (sc-56,312,
1:1000 for WB, Santa Cruz), anti-RNF8 (sc-271,462, 1:1000 for
WB, 1:200 for IF, Santa Cruz), SKP2 (4313s, 1:1000 for WB, Cell
signaling Technology), Ku80 (A302-627A-M, 1:1000 for WB,
1:200 for IF, Bethyl), APC3 (sc-13,154, 1:1000 for WB), Cyclin A
(sc-751, 1:1000 for WB), GAPDH (MAB374, 1:5000 for WB,
Millipore), anti-Ub K11 linkage (MABS107-I, 1:200 for IF,

Figure 4. Cdh1 protects Ku80 at DSBs in G1 phase. (A, B) The accumulation of Ku80 at sites of DNA damage. (A) U2OS cells were transfected with indicated siRNA
and next day treated with lovastatin for 2 days. Then, cells were subjected to microirradiation and immunostaining of Ku80 and γH2AX was performed at 1 h, 2.5 h
and 4 h after microirradiation. (B) Quantification of Ku80 intensity at microirradiated regions shown in (A) (n > 80). (C) Analysis of cell cycle arrest in cells treated with
lovastatin. U2OS cells were treated as indicated in (A) and then cell cycle analysis was performed. (D) The efficiency of siRNA-mediated target gene knockdown was
shown by Western Blot analysis. (E) Regulation of Ku80 dissociation from chromatin after DNA damage. U2OS cells were transfected with indicated siRNAs and
treated with lovastatin. After isolation of soluble and chromatin fractions, the expression of indicated proteins was measured by Western blot analysis. Error bars
indicate SEM from three independent experiments. Scale bars represent 10 μm.
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Millipore), anti-γH2AX (05–636, 1:250 for IF, Millipore), anti-
Flag (M2, F3165, 1:10,000 for WB, Sigma), anti-HA (901,503,
1:5000 for WB, Biolegand), Cyclin B1 (4138s, 1:1000 for WB,
Cell signaling Technology). Nocodazole was purchased from
Sigma, Lovastatin andMG132 were purchased from Selleckchem.

Western blotting

The cells were harvested after the indicated treatments and lysed
with lysis buffer (50mMTris-HCl, 150mMNaCl, 1%TritonX-100
and 0.1% SDS), supplementedwith proteintase inhibitors (Roche).
The protein was loaded on SDS-PAGE gel and transferred to a
PVDF membrane. Then detected with the indicated antibodies.

Ubiquitylation assay

HEK293 cells were transfected with indicated siRNA or
expression constructs and treated with lovastatin. Cells were
treated with MG132 (10 μM) for 6 hrs before harvested. The
harvested cells were lysed with NETN buffer containing pro-
tease inhibitors (Roche). After sonication, the supernatants
were incubated with anti-Flag M2 affinity beads (Sigma) for
6 hr at 4°C. The beads were then spun down, washed with the
NETN lysis buffer, and prepared for Western blot analysis.

Quantitative RT-PCR

Total RNA was isolated from cells using Trizol reagent
(Invitrogen). Then one microgram RNA extract was reverse

transcribed using the RT reagent kit (Takara). FastStart
Universal SYBR Green master mix (Roche) was used for quan-
titative PCR. The relative expression levels of target gene mRNA
were normalized to the expression levels of GAPDH.

Laser microirradiation

Laser microirradiation was conducted as described pre-
viously [17]. Briefly, U2OS cells transfected with the indi-
cated siRNA were seeded in a 35mm glass bottom dishes
(MatTek). Cells were treated with Hoechst 33,258 (1ug ml-
1, Sigma) for 2h, then exposed to the 405nm laser beam for
micro-irradiation through a 60× (NA 1.4) oil microscope
objective using Nikon A1R confocal microscope (Nikon).
After micro-irradiation, cells were returned to culture in
37°C for the indicated time then fixed for immunofluores-
cence staining.

NHEJ assays

The NHEJ assay was performed as described in our previous
reports [17]. Briefly, U2OS cells were transfected with the
siRNAs indicated for 72h. Then each 106 cells were trans-
fected with 5 μg of linearized pCSCMV:tdTomato (digested
with BamHI) and 5μg of pEGFP-N1 plasmids. The percentage
of GFP positive and Tomato positive cells was analysis by
fluorescence activated cell sorter (FACS).

Figure 5. A model for the regulation of NHEJ by APCCdh1 in G1 cells. The DSBs in G1 cells are mainly repaired by Ku heterodimer-mediated NHEJ. RNF8-mediated
polyubiquitination of histones activates the DNA damage signaling. However, RNF8 also induces polyubiquitination of Ku80, promoting dissociation of Ku80 from
DSBs. In G1 phase, the destruction of RNF8 by active APCCdh1 complex suppresses the dissociation of Ku80 from DSBs, maintaining NHEJ in a highly active state.
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Immunofluorescence microscopy

The cells treated as indicated on the 35mm glass bottom
dishes were washed with pre-cold PBS twice. The cells were
then fixed with 4% paraformaldehyde (PFA) solution for
15 min at room temperature, permeabilized in 0.5% Triton
X-100 solution for 15 min. They were blocked in 5% goat
serum in PBST, and incubated with primary antibodies for
one hour at 37°C. Subsequently, the cells were washed 2–3
times with PBS and incubated with secondary antibodies for
one hour at 37°C. DAPI staining was performed to visualize
nuclear DNA, and images were acquired on the Nikon A1R
confocal microscope (Nikon).

Clonogenic survival

U2OS cells were transfected with indicated siRNAs for
48 hours. Then, the cells were exposed to the indicated
doses of IR, and 300 cells from each condition were plated
in triplicate and incubated at 37°C with 5% CO2 for
10 days. At end of the incubation, colonies consisting of
50 or more cells in each well were counted and the surviv-
ing fraction was calculated by the formula: (mean number
of colonies)/(number of cells seeded × plating efficiency).
Plating efficiency was defined as the mean number of
colonies divided by the number of cells seeded for unirra-
diated control cells.
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