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Introduction

DNA is frequently damaged by environmental agents such as ion-
izing radiation (IR), UV radiation (UV) and chemicals and by 
intracellular factors such as replication stress. Gamma-irradiation 
induces double-strand breaks (DSBs). This is one of the most 
dangerous types of DNA damage, because both DNA strands 
are severed.1 DNA damage must be repaired to maintain the 
integrity of the genome and to prevent mutations being propa-
gated. Defects in genome protection mechanisms lead to genome 
instability, which could potentially cause malignant tumors to 
form. DNA damage response (DDR) signaling is regulated by 
multiple proteins. The activation of these factors following DNA 
damage is controlled by changes in their cellular localization and 
by post-translational modifications, such as Ser/Thr phosphory-
lation.2 The MRN (Mre11, Rad50, Nbs1) complex accumulates 
at sites of DNA damage and recruits and activates the Ser/Thr 

Cyclin G2 (CycG2) and Cyclin G1 (CycG1), two members of the Cyclin G subfamily, share high amino acid homology in their 
Cyclin G boxes. Functionally, they play a common role as association partners of the B’γ subunit of protein phosphatase 
2A (PP2A) and regulate PP2A function, and their expression is increased following DNA damage. However, whether or 
not CycG1 and CycG2 have distinct roles during the cellular DNA damage response has remained unclear. Here, we report 
that CycG2, but not CycG1, co-localized with promyelocytic leukemia (PML) and γH2AX, forming foci following ionizing 
radiation (IR), suggesting that CycG2 is recruited to sites of DNA repair and that CycG1 and CycG2 have distinct functions. 
PML failed to localize to nuclear foci when CycG2 was depleted, and vice versa. This suggests that PML and CycG2 
mutually influence each other’s functions following IR. Furthermore, we generated CycG2-knockout (Ccng2−/−) mice to 
investigate the functions of CycG2. These mice were born healthy and developed normally. However, CycG2-deficient 
mouse embryonic fibroblasts displayed an abnormal response to IR. Dephosphorylation of γH2AX and checkpoint 
kinase 2 following IR was delayed in Ccng2−/− cells, suggesting that DNA damage repair may be perturbed in the absence 
of CycG2. Although knockdown of B’γ in wild-type cells also delayed dephosphorylation of γH2AX, knockdown of B’γ 
in Ccng2−/− cells prolonged this delay, suggesting that CycG2 cooperates with B’γ to dephosphorylate γH2AX. Taken 
together, we conclude that CycG2 is localized at DNA repair foci following DNA damage, and that CycG2 regulates the 
dephosphorylation of several factors necessary for DNA repair.
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kinase, ataxia telangiectasia mutated (ATM). Activated ATM 
phosphorylates H2AX, a variant of histone H2A, at Ser139.2,3 
This phosphorylated form of H2AX is hereafter referred to as 
“γH2AX.” γH2AX localizes to a large region around the DSB 
and forms IR-induced foci.4 γH2AX recruits several DNA repair 
signaling factors and thereby amplifies the DNA repair signal. 
ATM subsequently phosphorylates checkpoint kinase 2 (CHK2) 
at Thr68.1,3 The phosphorylation of Thr68 is required for full 
activation of CHK2 kinase activity. Activated CHK2 transduces 
the DNA damage signal to downstream effectors such as p53, 
resulting in cell cycle arrest or cell death. After DNA repair is 
completed, γH2AX is dephosphorylated by protein phosphatase 
2A (PP2A), PP4 and PP6, and is thereby inactivated.5-8

The promyelocytic leukemia (PML) nuclear body (PML-NB), 
also termed the PML oncogenic domain and nuclear domain 
10, is a sub-nuclear compartment within mammalian cells. The 
PML-NB plays many roles in a variety of cellular processes, 



©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

1774	 Cell Cycle	 Volume 12 Issue 11

proteins. Mdm2 is dephosphorylated by PP2A, and this leads 
to destabilization of p53.35 CycG2 also binds to PP2A through 
B’γ and induces G

1
/S arrest.36,37 CycG1 and CycG2 contribute to 

G
2
/M arrest during DDR, but they appear to perform different 

roles.27,28 However, little is known about the roles of CycG2, as a 
CycG2-knockout mouse has not been studied.

In this study, we established and analyzed CycG2-knockout 
(Ccng2−/−) mice and mouse embryonic fibroblasts (MEFs) iso-
lated from these mice. The mice were born healthy and devel-
oped normally; however, Ccng2−/− MEFs displayed an abnormal 
response to IR. CycG2, but not CycG1, accumulated at DNA 
repair foci, and CycG2 co-localized with γH2AX and PML after 
DNA damage. These data suggest that CycG1 and CycG2 have 
distinct roles in DNA repair. Dephosphorylation of γH2AX 
and CHK2 after IR was delayed in Ccng2−/− MEFs, suggesting 
that CycG2 is required for DNA repair. Additionally, γH2AX 
dephosphorylation following IR was delayed when cells were 
depleted of B’γ. These results suggest that CycG2 and PP2A con-
tribute to dephosphorylate, and thereby inactivate, DNA repair-
related factors once DNA repair has been completed.

Results

CycG2, but not CycG1, is recruited to PML-NBs following IR. 
It remains unclear whether CycG1 and CycG2 play similar or 
distinct roles in the DDR. To examine whether the subcellular 
localizations of CycG1 and CycG2 are altered following DNA 
damage, we performed immunostaining of endogenous CycG1 
and CycG2 in human osteosarcoma U2OS cells after IR. In 
non-treated (NT) cells, CycG2 was detected in the cytoplasm 
and nucleus in dispersed dots (Fig. 1A, NT panels). However, 
CycG2 was also detected in large and intense nuclear foci 2 h and 
4 h after IR (Fig. 1A, left-most panels). Since these nuclear foci 
resembled PML-NBs, cells were co-labeled with an anti-PML 
antibody (Fig. 1A, middle panels). A proportion of the CycG2 
foci co-localized with PML (Fig. 1A, right-most panels, and 
Fig. 1B). This experiment was repeated using the TIG-1 cell line 
(normal human fibroblasts), and CycG2 was again detected in 
nuclear foci after IR (Fig. 1B). A representative magnified view 
of the nucleus of a U2OS cell 4 h after IR revealed that 54 and 
63% of CycG2 foci and PML foci were co-localized, respectively 
(Fig. 1C). The degree of co-localization between CycG2 nuclear 
foci and PML nuclear foci in TIG-1 cells increased in a time-
dependent manner following IR (Fig. 1D).

By contrast, CycG1 was localized in the nuclei of NT cells, and 
this did not change after IR (Fig. S1A). It was previously reported 
that mitomycin C treatment induces the recruitment of CycG1 
DNA replication/repair foci that contain anti-proliferating cell 
nuclear antigen (PCNA) in NT cells.38 Notably, CycG1 foci 
did not co-localize with PML foci (Fig. S1B). Moreover, unlike 
CycG1, CycG2 did not co-localize with PCNA (Fig. S2A). This 
suggests that CycG2 plays a role at PML-NBs in the response to 
IR, whereas CycG1 does not. CycG2 did not co-localize with 
PML-NBs following UV radiation (Fig. S2B). Consequently, we 
focused on the function of CycG2 in PML-NBs following IR.

including transcriptional regulation, post-translational modifi-
cation, DNA repair, apoptosis, senescence and viral infection.9 
The PML-NB is a dynamic structure, and the size and num-
ber of PML-NBs varies during the cell cycle and following cel-
lular stress.9,10 After DNA damage, the number of PML-NBs 
increases via a supermolecular fission mechanism.11 PML is 
the main component of PML-NB and acts as a scaffold for the 
other components. PML-deficient mice and cells are resistant to 
a variety of apoptotic stimuli such as IR.12 PML enhances p53 
function by regulating post-translational modifications, such as 
CBP-dependent acetylation and CHK2-dependent phosphoryla-
tion.13,14 PML binds and activates CHK2 by mediating its auto-
phosphorylation, thereby regulating the CHK2-p53 apoptotic 
pathway.15 PML recruits PP2A to the PML-NB, which prevents 
the nuclear localization and activation of phosphorylated AKT. 
Thus, PML activates FOXO3-dependent transcription of several 
pro-apoptotic and cell cycle-inhibitory genes.12,16 PML is phos-
phorylated by several kinases that are activated by DNA dam-
age or stress, such as ATM, ATR and CHK2. This may regulate 
PML stability, PML-NB biogenesis and the association of PML 
with particular proteins.9

PP2A is a ubiquitously expressed Ser/Thr phosphatase that 
targets a wide range of substrates that have important roles in 
diverse cellular processes. PP2A is a heterotrimeric holoenzyme 
complex consisting of a catalytic subunit (PP2A C), a scaffold-
ing subunit (PP2A A) and a regulatory subunit (PP2A B).17 The 
A and C subunits are each encoded by two genes (PPP2R1A 
and -B for PP2A A, PPP2CA and -B for PP2A C). By contrast, 
the B subunit is classified into four families: B (B55/PR55), B’  
(B56/PR61), B” (PR48/PR72/PR130) and B”’ (PR93/PR110), 
and each family consists of several isoforms that are generated by 
alternative splicing. The B subunit controls the substrate specific-
ity, phosphatase activity and subcellular localization of PP2A.18 
The mammalian B’ family includes five groups: B’α, -β, -γ, -δ 
and -ε. The B’γ (PPP2R5C) group consists of three splice iso-
forms called B’γ1, B’γ2 and B’γ3. B’γ3 is the longest isoform 
and is localized to the nucleus via its nuclear localization signal.19 
PP2A containing B’γ is associated with p53-pS15, which is phos-
phorylated by ATM and dephosphorylates the Thr55 residue 
of p53, thereby promoting stabilization of p53 following DNA 
damage.8

Cyclin G2 (CycG2) is encoded by the CCNG2 gene and 
belongs to a family of cyclins that are homologous to Cyclin 
G1 (CycG1).20 CycG1 expression is directly correlated with 
the presence of active p53, and CycG2 expression is induced by 
p53-dependent and -independent mechanisms.21-23 Expression of 
CycG2 increases during mid-S to early G

2
 phase to regulate cell 

cycle progression.22 CycG2 expression is also induced during cell 
cycle arrest in response to hypoxia, endoplasmic reticulum stress 
and inhibitory growth signals.24-26 Moreover, expression of CycG1 
and CycG2 is induced by DNA damage.27,28 Ectopic expression 
of CycG2 induces growth inhibition.28,29 Interestingly, CycG2 
expression is downregulated in several cancers, including thyroid 
and oral cancers.30,31 Antitumor agents induce CycG2 expression 
in cancer cells and inhibit cell proliferation.32-34 CycG1 binds to 
PP2A through the B’γ subunit and recruits PP2A to its target 
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Figure 1. For figure legend, see page 4.
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intensity and number of CycG2 foci decreased 4 h after IR, simi-
lar to γH2AX foci (Fig. 2A). These results suggest that at least a 
fraction of CycG2 accumulates at DNA repair foci after IR.

Generation of CycG2-knockout mice. To understand the 
physiological role of CycG2 in more detail, we generated CycG2-
knockout mice by performing homologous recombination to dis-
rupt Ccng2, the CycG2 gene. To avoid confusion, we will refer to 
the mouse CycG2 gene as “Ccng2” and to the mouse CycG2 pro-
tein as “mCycG2” hereafter. A region from exon 2 to exon 4 in 
the genome was disrupted by insertion of a neomycin resistance 
cassette (PGK-neo), as illustrated in Figure 3A. Heterozygous 
embryonic stem (ES) cells (129S2) were screened using genomic 
Southern blot analysis, and three positive clones were obtained 
(Fig. 3B). These clones were independently injected into 
C57BL/6 blastocysts, which were then transferred to pseudo-
pregnant females to generate chimeric mice.

Heterozygous Ccng2 mutant mice were obtained by crossing 
chimeric mice with C57BL/6 mice, which were then screened by 
RT-PCR analysis. Homozygous Ccng2-knockout mice (Ccng2−/−) 
were obtained by mating heterozygous mice, and the genotypes 
of the offspring were analyzed by PCR using genomic DNA 
isolated from the tail (Fig. 3C). Ccng2−/− mice were healthy and 
fertile and had a normal lifespan. These mice were maintained 
until they were 12-mo-old, and they displayed no evidence of ill-
ness or spontaneous carcinogenesis, suggesting that the absence 
of Ccng2 does not increase the incidences of disease, including 
cancer (data not shown). MEFs were established from embryos 
at embryonic day 12.5–14.5, and expression of Ccng2 mRNA 
was analyzed by RT-PCR. Ccng2−/− MEFs did not express Ccng2 
mRNA (Fig. 3D).

CycG2 regulates dephosphorylation of γH2AX following 
DNA damage. PP2A is required to dephosphorylate γH2AX, 
which promotes DNA repair.5 Since CycG2 binds the B’γ sub-
unit of PP2A, CycG2 may regulate the function of PP2A.36,37 To 
examine whether CycG2 regulates dephosphorylation of γH2AX 
following DNA damage, we performed immunostaining of 
γH2AX in Ccng2−/− MEFs following IR. γH2AX foci appeared 
rapidly following IR in both wild-type (Ccng2+/+) and Ccng2−/− 
MEFs, and the signal intensity persisted for up to 8 h following 
IR (Fig. 3E). The percentage of cells containing γH2AX foci 
gradually decreased in wild-type cells, indicating γH2AX was 
gradually dephosphorylated (Fig. 3E and F). This occurred at a 
slower rate in Ccng2−/− MEFs, suggesting that dephosphorylation 
of γH2AX was significantly delayed in these cells. This result was 
confirmed by western blot analysis under the same experimental 

PML is required for CycG2 to be localized to PML-NBs fol-
lowing IR. We next investigated whether CycG2 and PML func-
tion cooperatively in PML-NBs. We examined if the depletion of 
CycG2 interferes with the localization of PML to PML-NBs or 
vice versa. We performed siRNA-mediated depletion of CycG2 
and studied the localization of PML before and 2 h after IR. PML 
was not detected following depletion of CycG2 (turquoise and 
orange arrows in Fig. 1E). This suggests that CycG2 is required 
for proper formation of PML-NBs by PML. Similarly, when PML 
was depleted and cells were observed at several time points after 
IR, the recruitment of CycG2 to PML-NBs decreased (Fig. 1F 
and G). CycG2 nuclear foci were only detected in cells in which 
PML was not fully depleted (right cell of Fig. 1G). Since the 
signal intensity of PML was attenuated by depletion of CycG2, 
we investigated the expression level of PML in cells treated with 
siCycG2 by western blotting (Fig. 1H). Interestingly, we found 
that the protein level of PML was decreased following depletion of 
CycG2. Furthermore, we analyzed the mRNA level by RT-PCR 
to examine whether CycG2 contributes to the regulation of the 
expression of PML mRNA (Fig. 1I). The results showed that 
the PML mRNA level in CycG2-depleted cells (siCycG2) was 
lower than that in the negative control cells (GL2). These results 
suggest that CycG2 regulates the PML gene transcription and 
PML-NB formation. Thus, CycG2 and PML might function 
together to form a positive feedback loop following IR.

CycG2 and γH2AX co-localize following IR. PML-NBs 
partially co-localize with γH2AX foci.9 Since we observed that 
CycG2 is recruited to PML-NBs, at least some CycG2 foci 
should co-localize with γH2AX foci. γH2AX foci represent sites 
of DNA repair following IR. Therefore it is possible that CycG2 
accumulates at DNA repair foci in response to DNA damage.

To determine whether CycG2 foci co-localize with γH2AX 
foci before or after IR, we co-labeled U2OS cells with an anti-
CycG2 antibody and an anti-γH2AX-pS139 antibody, which 
specifically detects H2AX-pS139 that accumulates at DNA 
repair foci. No co-localization was observed in NT cells, because 
very few γH2AX foci were present (NT in Fig. 2A). As expected, 
γH2AX foci rapidly appeared 0.5 h after IR, and this signal per-
sisted for up to 2 h after IR, after which the signal decreased. 
Approximately 25% of γH2AX foci co-localized with CycG2 
foci 0.5 h after IR (Fig. 2A and B). Almost all γH2AX foci co-
localized with CycG2 foci 2 h after IR (Fig. 2A and B), when 
the intensity and number of CycG2 foci had increased (Fig. 2B). 
It should be noted that a proportion of CycG2 foci were not co-
localized with γH2AX foci at this time point (Fig. 2A). The 

Figure 1 (See previous page). CycG2, but not CycG1, is recruited to PML-NBs following IR. U2OS (A) or TIG-1 (B) cells treated with IR (10 Gy) were fixed 
after 0.5, 2 or 4 h. NT cells were used as a negative control. Cells were immunostained with anti-CycG2 and anti-PML antibodies. (C) A representative 
magnified image of a U2OS nucleus 4 h after IR; CycG2 (green), PML (red) and merged image (yellow). The numbers below the images represent the 
number of CycG2 foci, PML foci and co-localized foci. A differential interference contrast (DIC) image is shown to illustrate the cell shape. (D) The graph 
shows the percentage of foci that were co-labeled with CycG2 and PML (purple) or with CycG1 and PML (red) vs. the total number of PML foci at differ-
ent time points following IR in TIG-1 cells. More than four cells were observed in each case. The error bars denote the standard deviation (SD). (E and F) 
Cells were transfected with siRNA targeting CycG2 (E) or PML (F) and treated with IR (10 Gy). Cells were immunostained with anti-CycG2 and anti-PML 
antibodies. The turquoise and orange arrows in (E) indicate cells in which CycG2 was depleted. (G) A magnified image of cell at 4 h shown in (F). PML 
was not fully depleted in right cell, while PML was fully depleted in left cells. Bar = 10 μm. (H) Protein levels of PML in TIG-1 cells treated with GL2 or 
siCycG2. Western blot analysis was performed using anti-PML and anti-CycG2 antibodies. GAPDH was used as a loading control. (I) The mRNA level of 
PML in TIG-1 cells treated with GL2 or siCycG2.
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6Myc-mCycG2 (C1 and C2 cell lines), the percentage of cells with 
γH2AX foci 24 h after IR was reduced as compared with parent 
Ccng2−/− MEFs (Fig. 4B and C). This suggests that exogenous 
expression of mCycG2 in Ccng2−/− MEFs at least partly rescued 
the disappearance of γH2AX foci following IR. This result was 
confirmed by western blot analysis (Fig. 4D). The band intensity 
of γH2AX in Ccng2−/− MEFs expressing 6Myc-mCycG2 disap-
peared 16 h after IR (lanes 22–24), similar to the result observed 
in wild-type MEFs (lanes 6–8). The γH2AX signal in Ccng2−/− 
MEFs was still detected 16–32 h after IR (lanes 14–16). These 
results indicate that the delay in dephosphorylation of γH2AX in 
Ccng2−/− MEFs is due to the absence of CycG2.

B’γ is required for dephosphorylation of γH2AX. To exam-
ine whether B’γ contributes to the dephosphorylation of γH2AX 
in our experimental system, we depleted B’γ and stained for 
endogenous γH2AX. In control cells, γH2AX was first detected 

conditions. γH2AX expression persisted for longer in Ccng2−/− 
MEFs than in wild-type MEFs after IR (Fig. 3G and H).

Exogenous expression of mCycG2 rescues dephosphoryla-
tion of γH2AX in Ccng2−/− MEFs. We next examined whether 
the delay in dephosphorylation of γH2AX in Ccng2−/− MEFs is 
due to the absence of CycG2. A rescue experiment was performed 
using Ccng2−/− MEFs that stably expressed 6Myc-mCycG2. The 
expression level of exogenous mCycG2 was confirmed by west-
ern blot analysis with an anti-myc antibody, and two cell lines 
expressing different levels of 6Myc-mCycG2 were selected (Fig. 
4A). Nuclear γH2AX foci were observed 2 h after IR in almost 
all cells in both these cell lines, whereas γH2AX was not detected 
in NT cells. Ccng2−/− MEFs with γH2AX foci were still observed 
24 h after IR, whereas almost no γH2AX foci were detected in 
wild-type MEFs at this time point (Fig. 4B). When the same 
experiment was performed using Ccng2−/−, MEFs expressing 

Figure 2. CycG2 co-localizes with γH2AX after IR. (A) Cells treated with IR were immunostained with anti-CycG2 and anti-γH2AX antibodies. DNA was 
stained with Hoechst 33258. DIC images are shown to illustrate the cell shape. Bar = 10 μm. (B) The graph shows the percentage of foci that were co-
labeled with CycG2 and γH2AX vs. the total number of γH2AX foci during the IR time course. The error bars denote the SD.
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in the nucleus 0.5–1 h after IR. The signal peaked at 2 h after 
IR, after which it gradually disappeared (Fig. 5A, uppermost 
panels). When B’γ was depleted, γH2AX expression appeared 
and peaked at similar time points (Fig. 5A, third row panels); 
however, the decrease in γH2AX signal was perturbed. Whereas 
γH2AX expression began to decrease 4 h after IR in control cells, 
this was not observed following depletion of B’γ (Fig. 5A, third 
row panels). This observation was quantified by calculating the 
percentage of cells containing γH2AX foci at various time points 
following IR in cells treated with GL2 (a negative control) or B’γ 
siRNA. Depletion of B’γ delayed the decrease in the γH2AX 
signal following IR (Fig. 5A and B). These results indicate that 
B’γ is required for dephosphorylation of γH2AX. Furthermore, 
we examined whether CycG2 and B’γ function together in 
dephosphorylation of γH2AX. We performed immunostain-
ing of γH2AX in wild-type MEFs and Ccng2−/− MEFs treated 
with GL2 or siB’γ following IR (Fig. 5C and D). If CycG2 and 
B’γ mutually regulate dephosphorylation of γH2AX in different 
pathways, depletion of B’γ in Ccng2−/− MEFs would be expected 
to prolong the delay of γH2AX dephosphorylation. γH2AX foci 
appeared rapidly following IR in each cell. In agreement with 
the result observed in U2OS, knockdown of B’γ in wild-type 
MEFs induced the delay of decrease in the γH2AX foci follow-
ing IR as compared with GL2 (Fig. 5D, first and second bars 
from left). Moreover, in Ccng2−/− MEFs treated with GL2, the 
percentage of cells containing γH2AX foci was increased than 
that in wild-type MEFs treated with GL2 (first and third bars 
from left). Although knockdown of B’γ in wild-type cells also 
delayed dephosphorylation of γH2AX, knockdown of B’γ in 
Ccng2−/− cells prolonged this delay (second and fourth bars from 
left), suggesting that CycG2 and B’γ coordinately act in the same 
pathway to dephosphorylate γH2AX following IR.

CycG2 regulates the phosphorylation status of CHK2. The 
T68 residue of CHK2 is phosphorylated by ATM and is dephos-
phorylated by PP2A following DNA damage.39,40 We examined 
whether CycG2 is also involved in the dephosphorylation of 
CHK2-pT68 after DNA damage. We immunostained Ccng2−/− 
MEFs with an anti-CHK2-pT68 antibody and counted the num-
ber of cells with CHK2-pT68 foci at various time points after 
IR. CHK2-pT68 signal appeared 1 h after IR, and formation of 
foci peaked 4 h after IR in both wild-type and Ccng2−/− MEFs 
(Fig. 6A, fourth panels from top). CHK2-pT68 foci were not 
observed in wild-type MEFs 24 h after IR but were still detected 
in Ccng2−/− MEFs (Fig. 6A, bottom panels). This indicates that 

Figure 3 (See opposite page). CycG2 is required for dephosphorylation of γH2AX during DDR. Generation of Ccng2-knockout mice. (A) The targeting 
construct and mutant allele used to generate the knockout mice. Exons are indicated by open boxes. Coding sequences are indicated by filled boxes. 
(B) Southern blot analysis of ES cells following digestion of DNA with AseI. Probe A, which is indicated by the black bar in (A), detected 9.2 and 6.1 kb 
bands, representing the mutant and wild-type alleles, respectively. D3 is a negative control ES cell. (C) Genotype analysis of mice generated by mating 
Ccng2 heterozygotes. Genomic mouse DNA was analyzed by PCR using two sets of primers, one recognizing the wild-type gene (7637 Fw and 8684 Rv; 
1,048 bp) and the other recognizing the gene with the neomycin insertion (7637F w and pMulti PGK-1; 668 bp). (D) RT-PCR analysis of mRNA isolated 
from MEFs. The equivalent amount of RNA samples loaded in each lane (24 or 4.8 ng) was used for Ccng2 and for analysis. GAPDH was used as a positive 
control; 12 or 2.4 ng of RNA samples was loaded in each lane. (E) IR-treated MEFs were incubated for up to 32 h and fixed at the indicated time points. 
Cells were stained with an anti-γH2AX antibody and Hoechst 33258. Bar = 10 μm. (F) The graph shows the percentage of cells that contained more than 
10 γH2AX foci at various time points following IR. Three independent regions of the coverslip (50 cells per area) were counted to calculate the SD. The 
error bars denote the SD. (G and H) Wild-type MEFs (G) or Ccng2−/− MEFs (H) were treated with IR for up to 48 h and harvested at the indicated times. The 
phosphorylation of H2AX was assessed by immunoblotting with anti-γH2AX and anti-H2AX antibodies. GAPDH was used as a loading control.

dephosphorylation of CHK2-pT68 was delayed in Ccng2−/− 
MEFs. Moreover, the percentage of cells containing CHK2-pT68 
foci 24 h after IR was similar in wild-type MEFs and Ccng2−/− 
MEFs expressing 6Myc-mCycG2 (C2 cell line). This suggests 
that exogenous expression of mCycG2 restored the disappearance 
of CHK2-pT68 foci in Ccng2−/− MEFs (Fig. 6A, bottom fifth 
panel from left). This was confirmed by quantitative analysis of 
the data (Fig. 6B). These results suggest that CycG2 is required 
for dephosphorylation of the T68 residue of CHK2, which regu-
lates CHK2 activity.

Discussion

CycG2 expression increases in response to various growth-
inhibitory signals, including DNA damage. The level of CycG2 
mRNA increased in U2OS and MEF cells following IR, and this 
was sustained for up to 24 h after IR (data not shown). Although 
some reports suggest that CycG2 contributes to the G

1
/S and 

G
2
/M checkpoints,28,37 the precise role of CycG2 in DDR is still 

unclear. The co-localization of CycG2 with PML and γH2AX 
following IR indicates that CycG2 localizes to DNA repair foci 
following DNA damage (Figs. 1 and 2). In addition, CycG2 
failed to localize to nuclear foci when PML was depleted and vice 
versa (Fig. 1E and F). Moreover, depletion of CycG2 reduced 
the mRNA expression of PML (Fig. 1H and I). These results 
indicate that CycG2 and PML require each other to be local-
ized to PML-NBs (Fig. 1E and F). Furthermore, CycG2 controls 
the dephosphorylation of the DNA repair-related factors γH2AX 
and CHK2-pT68 at DNA repair foci (Figs. 3 and 6).

CycG1 regulates the G
2
/M checkpoint, and CycG1 expres-

sion is increased following DDR.27 CycG1 associates with the 
MDM2-ARF complex, which disrupts the p53-MDM2 complex 
and activates p53 by preventing the degradation of p53.36 This 
is important for the accumulation of p53 in the initial period 
following IR. Degradation of p53 is promoted when CycG1 dis-
sociates from ARF and binds B’γ.36 CycG1, unlike CycG2, did 
not co-localize with PML, indicating that CycG1 is not localized 
to DNA repair foci (Fig. S1). Moreover, dephosphorylation of 
γH2AX and CHK2-pT68 was delayed following IR in Ccng2−/− 
MEFs, which express CycG1 (Figs. 3 and 6). These results sug-
gest that CycG1 cannot rescue the defects in DDR following 
IR in Ccng2−/− MEFs. CycG2 was not localized to PML-NBs 
after UV exposure, indicating that CycG2 specifically localizes 
to sites of double-strand breaks following IR (Fig. S2B). CycG1 
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Figure 4. Exogenous expression of mCycG2 in Ccng2−/− MEFs rescues the dephosphorylation of γH2AX. (A) Western blot analysis of exogenous 
mCycG2 expression in Ccng2−/− MEFs stably expressing 6Myc-mCycG2. (B) Representative images of wild-type MEFs, Ccng2−/− MEFs or Ccng2−/− MEFs 
expressing 6Myc-mCycG2 stained with an anti-γH2AX antibody at various time points following IR. DNA was stained with Hoechst 33258. Bar = 10 μm. 
(C) The graph indicates the percentage of cells containing γH2AX foci at various time points following IR. Data were calculated as described in the leg-
end to Figure 3F. The error bars denote the SD. (D) Changes in H2AX phosphorylation at various time points after IR. Western blotting was performed 
using anti-γH2AX and anti-H2AX antibodies. GAPDH was used as a loading control.
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IR, whereas CycG1 functions at replication foci during the cell 
cycle.

γH2AX and CHK2 are dephosphorylated by PP2A, PP4 and 
PP6 during DDR.8 CycG2 associates with PP2A containing B’γ 
and regulates PP2A function,36,37 similar to CycG1.35 Here, we 

localizes at replication foci after treatment with mitomycin C.38 
CycG2 did not co-localize with PCNA after mitomycin C treat-
ment in this study, indicating that CycG2 does not localize at 
replication foci (Fig. S2A). These results suggest that CycG1 and 
CycG2 have distinct roles; CycG2 functions in DDR following 

Figure 5. CycG2 cooperates with B’γ in dephosphorylation of γH2AX. (A) U2OS cells treated with B’γ siRNA (siB’γ) or control siRNA (GL2) were exposed 
to IR and fixed at various time points. Representative images of cells stained with an anti-γH2AX antibody and Hoechst 33258 are shown. Bar = 10 μm. 
(B) The graph indicates the percentage of cells containing γH2AX foci at various time points following IR. Data were calculated as described in the 
legend to Figure 3F. (C) Wild-type MEFs and Ccng2−/− MEFs treated with siB’γ or GL2 were exposed to IR and incubated for up to 24 h (only the images 
for NT, 1 and 24 h are shown here). Representative images of cells stained with an anti-γH2AX antibody and Hoechst 33258 are shown. Bar = 10 μm. 
(D) The bar graph indicates the percentage of cells containing γH2AX foci at 24 h after IR. Data were calculated as described in the legend to Figure 3F. 
Values significantly different from GL2-treated or siB’γ-treated wild-type MEFs are indicated (*, **, ***, ****). *p = 0.0053, **p = 0.0017, ***p = 0.00056, 
****p = 0.040 (Student’s t-test) Note: ns, non-significant. The error bars denote the SD.
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reported that GAK, a CycG binding protein, phosphorylates 
B’γ at Thr104. This phosphorylation increases the affinity of 
B’γ for PP2A C, thereby regulating the localization of PP2A 
A and promoting PP2A phosphatase activity. The appearance 
of this phosphorylated form of B’γ at DNA repair foci coin-
cides with dephosphorylation of γH2AX.41 These results sug-
gest that CycG2 recruits PP2A containing B’γ to its targets at 
DNA repair foci, and that GAK activates PP2A by phosphor-
ylating B’γ. Activation of PP2A promotes dephosphorylation 
of DNA repair-related factors such as γH2AX and CHK2 at 
the later stages of DDR.

Although the dephosphorylation of CHK2-pT68 was sig-
nificantly delayed in Ccng2−/− MEFs, the delay in γH2AX 
dephosphorylation was more pronounced. This is likely, 
because CHK2-pT68 is also dephosphorylated by Wip1, as 
well as PP2A.42 Alternatively, CycG2 may have an indirect 
role in the dephosphorylation of CHK2-pT68. Ccng2−/− mice 
were born healthy and had a normal lifespan under normal 
laboratory conditions. Previous reports revealed that CycG2 
plays a role in cell cycle arrest, and the data presented here 
suggest that CycG2 contributes to DNA repair. Negative reg-
ulation of DDR is important to prevent inappropriate check-
point signaling and to allow cell cycle progression when DNA 
damage has been repaired. These results suggest that CycG2 
has distinct functions in stressed and unstressed cells. CycG2 
negatively regulates DDR following DNA repair.

Materials and Methods

Generation of CycG2-knockout mice. The targeting vector 
was designed to replace exons 2–4, including the initiation 
codon, with a PGK-neomycin gene (PGK-neo) as a positive 
selection marker. The 5' short arm including exon 1 (XhoI 
fragment) and the 3' long arm (AscI fragment), including 
exons 5–8, were cloned into the pMulti-ND plasmid. The 
targeting construct was electroporated into ES cells. Ccng2 
mutant cells obtained by homologous recombination were 
identified by Southern blot analysis and PCR. Targeted ES 
cell clones were microinjected into C57BL/6 blastocysts, 
which were re-implanted into pseudopregnant females to gen-
erate chimeric mice. These mice were mated with C57BL/6 
mice for germline transmission. Heterozygous offspring were 
intercrossed to generate homozygous embryos. All animal 
experiments were performed with the approval of the Animal 
Experiments Committee of Osaka University (permission 
number: BikenA-H19-36-0 and BikenA-H19-37-0).

Southern blot and PCR analysis. DNA extracted from 
embryos was digested with AseI and detected with probe A. 
The mutant and wild-type allele generated a 9.2 kb and a 6.1 

kb band, respectively (see Fig. 3A). Genotyping PCR was per-
formed using DNA extracted from tail snips with two sets of 
primers: one recognizing the wild-type gene (7637Fw, 5'-GGG 
CGC TGA GCC CCG CTG AGG AGC-3' and 8684Rv, 5'-CAA 
TCC GAA AAG CTG AAC CCC TTC-3'; 1,048 bp) and the 
other recognizing the gene with the neomycin insertion (7637Fw 
and pMulti PGK-1, 5'-GGC TGG ACG TAA ACT CCT CTT 

showed that CycG2 regulates dephosphorylation of γH2AX and 
CHK2 after DNA damage. Additionally, γH2AX foci (Fig. 5) 
and CHK2-pT68 foci (see ref. 41) persisted for longer after IR 
when B’γ was depleted. Notably, after IR, the delay in γH2AX 
dephosphorylation caused by B’γ depletion was prolonged in 
Ccng2−/− MEFs. These results suggest that CycG2 and B’γ func-
tionally cooperate following IR. Furthermore, we previously 

Figure 6. CycG2 is required for dephosphorylation of CHK2-pT68 after DNA 
damage. (A) Wild-type MEFs, Ccng2−/− MEFs or Ccng2−/− MEFs expressing 
6Myc-mCycG2 MEF were treated with IR for up to 32 h and fixed at various 
time points. Representative images of cells stained with an anti-CHK2-pT68 
antibody and Hoechst 33258. Bar = 10 μm. (B) The graph indicates the 
percentage of cells with CHK2-pT68 foci at various time points following IR. 
Data were calculated as described in the legend to Figure 3F. The error bars 
show the SD.
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[PBS(−)], 0.1% Triton X-100 in PBS(−) and 0.05% Tween-20 
in PBS(−). Cells were blocked with 5% FBS in TBS-Tw (20 mM 
TRIS-HCl [pH 7.5], 150 mM NaCl, 0.05% Tween-20) for 1 h. 
Cells were incubated with the indicated antibodies for 3 h, fol-
lowed by incubated with the appropriate secondary antibodies 
[AlexaFluor 488- and 594-conjugated anti-rabbit/mouse IgG 
(Molecular Probes)] for 90 min. Finally, the cells were stained 
with Hoechst 33258 (Sigma-Aldrich) to label the nuclei. All 
steps were performed at room temperature. Samples were imaged 
with a fluorescence BX51 microscope (Olympus) and a confocal 
laser scanning FV10i (Olympus) or LSM510 (Zeiss) microscope. 
Images were analyzed using Photoshop 7.0 software (Adobe).

Western blot analysis. Cells were lysed in N08 buffer [25 
mM Tris-Cl (pH 7.6), 150 mM NaCl, 1% Nonidet P-40, 1% 
Na-deoxycholate, 1% sodium dodecyl sulfate] and samples 
were separated by SDS-PAGE and transferred onto a PVDF 
Immobilon-P membrane (Millipore). The membrane was 
blocked with 5% skimmed milk/TBS-Tw and probed with the 
relevant antibodies. Immunoreactive protein bands were visual-
ized using Western Lightning Plus-ECL (PerkinElmer, Inc).

siRNA. siTRIO full set siRNA duplex cocktails were used 
to knockdown CycG2 and PML in human cells (THF27A-226 
and THF27A-256, B-Bridge). To knockdown B’γ or GL2 the 
following chemically synthesized siRNA duplexes were used 
(Gene Design): GL2: 5'-CGU ACG CGG AAU ACU UCG 
Att-3' and 5'-UCG AAG UAU UCC GCG UAC Gtt-3'; B’γ: 
5'-UAC UGG CCA AAG ACU CAC Att-3', 5'-UGU GAG 
UCU UUG GCC AGU Att-3'. siRNA duplexes were trans-
fected using Oligofectamine (Invitrogen) according to the 
manufacturer’s protocol. Cells were exposed to IR 48 h after 
transfection.
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CAG-3'; 668 bp). PCR was performed using Ex Taq polymerase 
(Takara) with the PCRx Enhancer System (Invitrogen) under the 
following conditions: a pre-heating step (94°C for 3 min), 40 
reaction cycles (94°C for 30 sec, 58°C for 30 sec, 72°C for 1 min 
40 sec) and a final elongation step (72°C for 6 min).

Generation of MEFs. Mouse embryos were removed from the 
uterus at embryonic day 12.5–14.5, and a section of the embryo 
was used for genotyping. Primary MEFs were obtained as 
described previously.43 The seeding of trypsinized MEFs onto a 
60 mm dish was defined as passage 0, and the first re-plating onto 
a 100 mm dish was defined as passage 1. MEFs were cultured 
at 37°C in 5% CO

2
 in Dulbecco’s modified Eagle’s medium 

(DMEM) (Sigma-Aldrich) supplemented with 10% heat-inac-
tivated fetal bovine serum (FBS) (HyClone, SV30014.03), 100 
U/mL penicillin G, 100 mg/mL streptomycin sulfate (Nacalai 
Tesque) and 50 mM 2-mercaptoethanol (GIBCO).

RT-PCR. Total RNA was extracted from MEFs using an 
RNeasy kit (QIAGEN) and cDNA was synthesized from 3 μg 
of RNA using the High-Capacity cDNA Archive Kit (Applied 
Biosystems). PCR was performed with the following primer 
pairs: Ccng2: forward, 5'-GTG TCC AGG ATT GAG AAA 
TGC C-3', and reverse, 5'-GGC ACA AGG CTA ATA CAG 
ATG G-3'; PML: forward, 5'-ATG GAG CCT GCA CCC GCC 
CGA TCT-3', and reverse, 5'-TGG CTT TCT TGG ATA CAG 
CTG CAT-3', GAPDH: forward, 5'-TCA CCA TCT TCC AGG 
AGC GAG-3', and reverse, 5'-GCT GTA GCC GTA TTC ATT 
GTC-3'. PCR conditions were as follows: a pre-heating step (94°C 
for 2 min) followed by 30 reaction cycles [94°C for 30 sec, 55°C 
(PML; 58°C) for 30 sec, 72°C for 30 sec] and a final elongation 
step (72°C for 5 min). PCR products were subjected to agarose 
gel electrophoresis followed by ethidium bromide staining.

Antibodies. Polyclonal antibodies: anti-hCycG2 (MBL), anti-
CycG1 (UBI), anti-H2A.X (ab11175, Abcam) and anti-CHK2-
pT68 (#2661, Cell Signaling). Monoclonal antibodies: anti-PML 
(PM-G3), anti-γH2AX (JBW301), anti-GAPDH (Fitzgerald 
Industries International), anti-myc (PL14, MBL), anti-α-tubulin 
(B-5-1-2, Sigma) and PCNA (PC10).

Cells and transfection. U2OS and TIG-1 cells were main-
tained in DMEM supplemented with 10% FBS and penicillin/
streptomycin (Nacalai Tesque). Ccng2−/− MEFs stably expressing 
pCX4-bsr-6Myc-mCycG2 were maintained in MEF medium 
containing 5 μg/ml of blasticidin (InvivoGen). Plasmids were 
transfected using Lipofectamine Plus (Invitrogen) according to 
the manufacturer’s protocol. Cells were selected in the presence 
of blasticidin for 2 wk and the clones were isolated.

Immunostaining. Cells were cultured on coverslips and 
treated with 10 Gy of IR (Gammacell 40 Exactor), 60 J/m2 of 
UV irradiation (Stratalinker 2400, STRATAGENE, Agilent 
Technologies) or 10 μg/ml of mitomycin C. At the indicated 
times following treatment, cells were incubated for 10 min with 
4% formaldehyde in PBS without calcium and magnesium 
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