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Introduction

How cells recover from activation of the DDR is starting to be 
revealed from studies in several laboratories. Many, if not all, key 
DDR factors associate with phosphatase complexes that medi-
ate their dephosphorylation and inactivation during recovery.1 
Regulated proteolysis is also involved in checkpoint recovery, as 
best illustrated by degradation of Claspin and Wee1 through the 
β-TrCP-SCF ubiquitin ligase pathway.2-4 Recognition of Claspin 
and Wee1 by β-TrCP-SCF requires Plk1-dependent phosphory-
lation, consistent with other evidence for a critical role of Plk1 
in checkpoint inactivation and recovery during G

2
 phase.5-9 

Deactivation of checkpoint signaling, including Claspin, Chk1, 
Chk2, etc., supports activation of Cdc25 phosphatases, which 
promote activation of MPF (maturation-promoting factor, 
Cdc2/ cyclin B) and thus cell cycle progression into mitosis.10,11

Greatwall (Gwl) was first identified in Drosophila as a 
nuclear protein required for proper chromosome condensation 
and mitotic progression.12,13 Further studies in the Xenopus sys-
tem showed that Gwl is a protein kinase activated during mito-
sis; depletion of Gwl from mitotic extracts rapidly lowers MPF 
activity through accumulation of inhibitory phosphorylation 
on Cdc2, and Gwl depletion from interphase extracts prevents 
entry into M phase.14,15 Moreover, activated Gwl accelerates the 
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mitotic G
2
/M transition in cycling egg extracts and induces mei-

otic maturation in G
2
-arrested Xenopus oocytes in the absence 

of progesterone.16 Activated Greatwall can induce phosphoryla-
tion of Cdc25 independently of Cdc2, Plx1, MAPK or PKA.16 
Recent evidence in both Xenopus and human cells revealed the 
mechanism that underlies Gwl function: it promotes inactivation 
of PP2A/B55δ, a phosphatase directed against Cdk phosphoryla-
tion sites whose activity governs mitotic entry and exit.17-23

Results

In interphase egg extracts, the addition of double-stranded oligo-
nucleotides (dA-dT) to mimic double-stranded breaks in DNA 
leads to activation of the DDR, as judged by increased phosphor-
ylation of the ATM/ATR targets Chk1 and Smc1 (Figs. 1 and 2A 
and reviewed in ref. 24–28). To test directly the potential involve-
ment of Gwl in the process, we immunodepleted Gwl from the 
extract and observed elevated levels of Chk1 and Smc1 phosphor-
ylation induced by dA-dT. This effect was suppressed by addi-
tion of recombinant wild-type, but not kinase-dead, Gwl (Fig. 
1A). These results establish Gwl as a negative regulator of DDR 
signaling. Interestingly, kinase-dead Gwl consistently increased 
the checkpoint signals induced by dA-dT, suggesting action as 
a dominant negative regulator of the DDR. It should be noted 
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control was not evident with Gwl depletion (Fig. 4B). It has been 
reported that, in a normal cell cycle, Gwl promotes mitotic entry 
upon Cdk1 activation by preventing dephosphorylation of Cdk1-
phosphorylated substrates,20 and its own activation is partially 
blocked by roscovitine, a Cdk inhibitor.16 Our data presented 
here are consistent with these previous reports and support the 
existence of a positive feedback loop between Gwl and Cdk1 in 
the context of checkpoint recovery. The molecular relationships 
between Gwl and Cdk1 remain to be clarified further during 
both normal cell cycles and checkpoint recovery.

Discussion

These results define a new assay with Xenopus egg extracts for 
assessing recovery from DNA damage. The system comple-
ments existing methods and has several apparent advantages. 
For example, the removal of damaged DNA mimics the comple-
tion of DNA repair, thus distinguishing this process from adap-
tation, a situation in which cell cycle progression resumes with 
unrepaired DNA damage. Moreover, the use of extracts allows 
the recovery process to proceed synchronously after removal of 
damaged DNA and facilitates other biochemical manipulations. 
Simultaneous depletion of a protein and damaged DNA can also 
separate involvement in checkpoint recovery from any role in ini-
tial activation of the checkpoint. In this study, the assay has led 
to identification of a role for Gwl in promoting recovery. This 
role could be seen both in loss-of-function experiments, in which 
depletion of Gwl delayed recovery, and in gain-of-function exper-
iments, in which ectopic expression of wild-type Gwl enhanced 
recovery.

The participation of Gwl in the DNA damage response was 
also evident in the inhibition of Gwl activity upon addition of 

Figure 1. Gwl negatively regulates the DNA damage response. 
Interphase Xenopus egg extracts were mock-treated (beads alone), 
immunodepleted for Gwl or Gwl-depleted and then reconstituted with 
purified wild-type (WT) or kinase-dead (KD) Gwl, prepared as described 
previously.15 Extracts were then supplemented with double-stranded 
oligonucleotides (dA-dT) at 20 ug/ml, incubated for 30 min at room 
temperature and analyzed for the DDR by western blotting using the 
indicated antibodies.

that depletion of Gwl was not sufficient to activate the DDR in 
extracts without the addition of dA-dT (data not shown).

Activation of the DNA damage checkpoint prevents mitotic 
entry through inhibition of key mitotic kinases including MPF 
and Plk1.29-32 Recent studies identified Gwl as an essential regu-
lator of mitosis. In particular, active Gwl is sufficient to drive 
cell cycle progression into mitosis independently of activation of 
other mitotic kinases.16 These findings prompted us to investi-
gate whether Gwl is a target of the DDR. Interphase egg extracts 
supplemented with recombinant Gwl were treated with or with-
out dA-dT, and Gwl kinase activity was measured at various time 
points. In the absence of dA-dT, Gwl kinase activity increased 
as the extract entered mitosis, as indicated by dephosphorylation 
of Tyr15 in Cdc2 (Fig. 2A). In the presence of dA-dT, check-
point arrest in G

2
 occurred as judged both by phosphorylation 

of Smc1 and by continued inhibitory phosphorylation of Cdc2 
on Tyr 15. Under these conditions, mitotic activation of Gwl was 
not evident. However, more interestingly, the level of Gwl kinase 
activity declined progressively after dA-dT addition, suggesting 
negative regulation by the DDR (Fig. 2A). Gwl inhibition after 
dA-dT treatment was reversed by the addition of caffeine, an 
inhibitor of ATM/ATR. These results suggest that Gwl is a target 
of ATM/ATR-dependent signal transduction (Fig. 2B).

The regulation of Gwl activity by DNA damage and Gwl’s 
ability to inactivate checkpoint signaling suggested that this 
kinase might be involved in recovery from DNA damage. 
Recovery is normally associated with completion of DNA repair 
and can be monitored by the dephosphorylation of a variety of 
proteins in the ATM/ATR-dependent pathway that mediates 
cell cycle arrest.1,10,11 In Xenopus egg extracts, removal of dam-
aged DNA does not co-deplete ATM or phosphorylated Chk1 
or Smc1 (Fig. 3A and B). In fact, the DNA damage pathway 
remains active for a considerable period after removal of dam-
aged DNA from the system, as shown previously.24 In the present 
work, we have refined this system further and now observe that 
by 60–90 min after removal of dA-dT, the system has “recov-
ered” from cell cycle arrest, as judged by dephosphorylation of 
Smc1 and Chk1 and entry into M phase, as monitored by the 
phosphorylation states of Cdc2 and Cdc27 (Fig. 3A and C). In 
contrast, the control extract without removal of dA-dT exhibits 
persistent checkpoint signaling and cell cycle arrest (Fig. 3C).

To assess the role of Gwl specifically in checkpoint recov-
ery, the protein was co-depleted simultaneously with dA-dT. As 
shown in Figure 4A, recovery was greatly reduced in the absence 
of Gwl, as judged by the delayed dephosphorylation of Smc1 at 
ATM/ATR-targeted sites and the continued phosphorylation of 
Cdc2 at its inhibitory site. Consistent with a role in recovery, 
when an excess of recombinant Gwl was added back to depleted 
extracts, recovery was accelerated by at least 30 min (Fig. 4A). 
The ectopic Gwl also became highly activated as the extract 
entered M phase, as indicated by a change in its electrophoretic 
mobility (Fig. 4A).

While Gwl depletion impedes dephosphorylation of Smc1 and 
Cdc2 following removal of DNA damage, Gwl is required for 
Cdk activation during recovery. The increased phosphorylation of 
Cdk substrates that occurred in concert with Gwl activation in the 
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caffeine completely reversed the inhibition (Fig. 2B). 
The data place Gwl, like Cdks and Plk1, as a target of 
DNA damage checkpoint activation and likely reflect 
a “multiple stops” model of checkpoint execution in 
which inhibition of Gwl reinforces other pathways of 
DNA damage-induced G

2
 arrest. Additionally, as a 

negative regulator of the DDR, Gwl inhibition by DNA  
damage may also contribute to full activation of the 
DDR response.

The new role of Gwl in promoting checkpoint recov-
ery raises an intriguing question about the significance of 
“basal” kinase activity, as Gwl activity is lower in inter-
phase than in mitosis.15 The same question is evident 
for Plk1, which regulates recovery from the DDR in G

2
 

phase.8,33 Interestingly, a recent study from the Medema 
lab showed that during checkpoint recovery in mamma-
lian cells, partial activation of Plk1 occurs a few hours 
before mitosis.9 We have also observed substantial activa-
tion of Gwl before dephosphorylation of Smc1 and Chk1 
after removal of damaged DNA (data not shown). DNA 
damage signaling is enhanced with Gwl depletion or 
addition of KD Gwl, suggesting that basal activation of 
Gwl may partially neutralize DNA damage signals before 
the checkpoint is established to prevent mitotic entry. 
We thus hypothesize that antagonizing actions between 
certain mitotic kinases (e.g., Plk1, Gwl) and DDR ele-
ments determine checkpoint activation and deactivation. 
Persistent DNA damage signals suppress full activation of 
Plk1 and Gwl, whereas the completion of DNA repair (or 
removal of damaged DNA) allows progressive activation 
of Plk1 and Gwl to initiate recovery. Finally, it is unclear 
whether the apparently similar roles of Plk1 and Gwl in 
recovery are achieved through comparable mechanisms. 
Plk1-dependent phosphorylation primes DDR factors for 
destruction,2-4,7 whereas the substrates of Gwl that medi-
ate recovery remain to be identified.

Materials and Methods

Antibodies. Antibodies against human Chk1 phospho-
Ser 345 (Xenopus Chk1 Ser 342), Cdc2 phospho-Tyr 15 
and phospho-CDK substrates were obtained from Cell 
Signaling Technology, (Beverly, MA). Antibodies to Smc1 
and Smc1 phospho-Ser 957 were purchased from Bethyl 
Labs (Montgomery, TX). Cdc27 antibody was purchased 
from BD Transduction Laboratories, (San Jose, CA). 
Biotinylated dA-dT oligonucleotides were purchased from 
Integrated DNA Technologies (Coralville, IA).  Rabbit 
polyclonal antibody against Xenopus Gwl was generated 
as previously described.15

Greatwall kinase assay. Flag-Gwl was constructed by 
inserting full-length Xenopus Gwl into a pCS-Flag vector using 
LIC cloning (Novagen). Flag-Gwl mRNA was produced using a 
mMessage Machine kit (Ambion), and 40 nl mRNA (0.25 mg/
ml) was microinjected into immature oocytes followed by incu-
bation overnight at 18°C. Oocytes were homogenized in 5  μl 

damaged DNA to the extracts. This inhibition not only pre-
vented the activation of Gwl as G

2
 arrest was induced but also 

led to a time-dependent decrease in basal Gwl activity. The 
mechanism is not clear at present, but it does not involve deg-
radation of Gwl (Fig. 2B). Rather, Gwl inhibition is a con-
sequence of ATM/ATR-dependent signaling, as addition of 

Figure 2. DNA damage inhibits Gwl activity.  (A) Interphase Xenopus egg 
extracts with or without dA-dT (20 ug/ml) were incubated at room temperature 
for 15 (-), 30 or 90 min, as indicated.  Fifteen min before harvest, the extract was 
transferred to a tube containing a FLAG-Gwl bead pellet corresponding to the 
amount of Gwl expressed in three oocytes.  At the end of the incubation, Gwl 
beads were spun down and used for kinase assay as described in Materials and 
Methods.  The supernatant was supplemented with SDS-PAGE sample buffer 
and then analyzed by western blotting for phospho-Smc1, Smc1 and phospho-
Cdc2.  An autoradiograph of phosphorylated MBP is shown. (B) Interphase egg 
extracts were supplemented with or without dA-dT and caffeine (10 mM) as 
indicated for 10 min.  Then extract was added to a tube containing a FLAG-Gwl 
bead pellet corresponding to the amount of Gwl expressed in three oocytes.  
After a further 20 min incubation, the beads were re-isolated by centrifugation 
and used for determination of Gwl kinase activity as described in Materials and 
Methods.  The supernatant was analyzed by western blotting for phospho-
Smc1 and Smc1.  Equal loading in the immune-complex kinase assay was veri-
fied by western blotting of the assay for FLAG-Gwl and by Coomassie staining 
of the assay substrate (MBP).  Liquid scintillation counting of the excised MBP 
bands indicates approximately 80% inhibition of  Gwl activity after 30 min of 
DNA damage (data not shown).
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Figure 3. Recovery from the DNA damage response in extracts. 
(A) The cell-free checkpoint recovery system. Metaphase II-arrested 
CSF extracts were released into interphase for 30 min by addition of 
Ca++.  Magnetic beads conjugated with dA-dT were added to 20 μg/ml 
and incubated in the extract for 30 min then removed with a magnet 
as described in Materials and Methods to mimic the completion of 
DNA repair. (B) Analysis of dA-dT beads removed from extracts. As in 
(A), extracts before and after dA-dT removal, as well as the removed 
beads were analyzed by western blotting using the indicated antibod-
ies. Lane 1, extract before dA-dT removal; lane 2, extract after dA-dT 
removal; lane 3, dA-dT beads removed from lane 1. (C) The removal of 
dA-dT from extracts depicted in (A) enables deactivation of DNA dam-
age signaling and re-entry into mitosis, as judged by western blotting 
of Smc1, Chk1, Cdc2 and Cdc27. Control extracts without removal of 
dA-dT (left) sustained the checkpoint arrest.

per oocyte of ice cold EB (80 mM b-glycerophosphate, 20 mM 
EGTA, 5 mM MgCl2, 20 mM Hepes, pH 7.5) and the cytosol 
collected after centrifugation at 10,000 x g for 1 min. at 4˚C.  A 
two-fold volume of a 50% slurry of anti-FLAG agarose beads 
(Sigma) was added, incubated for 60 min at 4˚C, and the beads 
were then washed three times in EB. After resuspension in EB, 
beads corresponding to the amount of Gwl expressed in three 
oocytes were aliquoted into tubes.  The anti-FLAG beads were 
spun down and then resuspended in 30-40 μl of egg extract,  
treated as indicated.  After 15 min (Fig 2A) or 20 min (Fig 2B) 
incubation, the beads were spun down by centrifugation and 
washed three times with EB and once with kinase buffer (20 mM 
HEPES, 10 mM MgCl

2
, 3 mM β-mercaptoethanol, pH 7.6). 

The kinase reaction was performed by resuspending the beads for 
15 minutes at 30°C in 30 μl of kinase buffer supplemented with 
10 μg myelin basic protein (MBP) and 100 μM [γ-32P]‑ATP 
(5 μCi per reaction). The reaction was stopped by addition of 
8 μl of 4 x SDS gel sample buffer, and half of the reaction was 
loaded onto a 4–20% gradient gel (Criterion) and analyzed by 
autoradiography.

Immunodepletion. For Gwl immunodepletion, protein G 
Dynabeads (Invitrogen) were conjugated with Gwl antibody 
according to the manufacturer’s protocol. Beads were then added 
to extracts and removed with a magnet after incubation for 
20 min. The remaining extract after bead removal was used as 
immunodepleted extract, and the efficiency of depletion assessed 
by western blot. Mock-depleted extract was prepared simi-
larly with Protein G Dynabeads not conjugated with antibody. 
Recombinant wild-type and kinase-dead Gwl were purified from 
okadaic-acid treated Sf9 cells infected with baculovirus encoding 
Xenopus Gwl, as previously described.15

Xenopus egg extracts. Cytostatic factor (CSF) extracts were 
freshly prepared as previously described,24 stably released into 
interphase by supplementation with 0.4 mM CaCl

2
 and incu-

bated for 30 min at room temperature. For checkpoint activa-
tion and recovery, biotinylated dA-dT oligos were pre-bound to 
M-280 streptavidin Dynabeads (Invitrogen) following the stan-
dard protocol provided by the manufacturer, and the beads were 
then added to the extracts to produce a final concentration of 
20 ug/ml dA-dT. After 30 min, the beads were removed with a 
magnet to initiate checkpoint recovery, and the removal point 
is the 0 min time point of recovery (Fig. 3A). In experiments 
that assess the involvement of Gwl, Gwl was co-depleted together 
with damaged DNA by mixing dA-dT-bound M-280 Dynabeads 
with protein G-Dynabeads bound to Gwl antibody.
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