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Introduction

PTEN is a tumor suppressor gene whose importance in pro-
tection of mammalian cells from malignant transformation is 
second only to that of p53.1,2 The PTEN tumor suppressor is 
frequently mutated in cancer cells, and inherited PTEN muta-
tions cause cancer-susceptibility conditions.1,2 The PTEN level as 
well as its activity in an organism profoundly influences tumor 
susceptibility, because PTEN+/− mice also develop tumors in mul-
tiple organs.3,4

PTEN functions as a lipid and protein phosphatase.1,2 The 
PTEN protein consists of an N-terminal phosphatase domain, 
a lipid-binding C2 domain, and a C-terminal “tail” domain. 
The N terminus contains a PIP2-binding motif spanning from 
residues 6–15; the C tail contains PEST motifs which com-
monly serve as molecular signals for rapid proteolytic cleavage.5 
Biochemically, PTEN dephosphorylates the lipid second-messen-
ger phosphatidylinositol 3, 4, 5-trisphosphate (PIP3) to gener-
ate phosphatidylinositol 3, 4-bisphosphate (PIP2) and, by doing 
so, antagonizes the PI3K/Akt signaling pathway. PTEN also 
has nuclear functions, since a fraction of PTEN is consistently 
detected in the nucleus.6,7 Several independent studies have 
shown that nuclear PTEN plays a significant role in the main-
tenance of genomic stability through the modulation of DNA 
repair, chromosomal segregation, and cell cycle arrest.8-12

PTEN is extensively phosphorylated at the C-tail region by 
several protein kinases. Phosphorylation of several Ser/Thr resi-
dues, including S370 in the C-tail region of PTEN by casein 
kinase 2 (CK2), is essential for the tail-dependent regula-
tion of stability as phospho-defective mutant proteins exhibit 
decreased stability.13-15 GSK3β phosphorylates PTEN at S362 
and T366.13 PTEN can be modified by mono- or polyubiqui-
tination, which regulates its nuclear localization and stability, 
respectively.5 NEDD4-1 and WWP2 and RFP are 3 reported 
ubiquitin E3 ligases that mediate PTEN ubiquitination,16-18 
although NEDD4-1 appears to be dispensable for the regulation 
of its subcellular localization and stability.19 PTEN also contains 
atypical nuclear localization sequences.20,21

Rad52 is a key component in DNA double-strand break repair 
and homologous recombination in yeast.22,23 Rad52 homologs in 
mammals are also identified and characterized as having simi-
lar biochemical activities to those of the yeast counterpart.22,23 
Intriguingly, mammalian Rad52 plays a more modest role in vivo 
as Rad52 knockout in mice results in neither lethality, nor overt 
adverse phenotypes. However, Rad52 inactivation is synthetically 
lethal with BRCA2 deficiency,24 strongly suggesting that BRCA2 
perform functions similar to those of Rad52 in vivo. Rad52 is 
regulated by sumoylation, which is induced by DNA damage and 
involved in regulating Rad52 stability and activity.25,26
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A pool of PTEN localizes to the nucleus. However, the exact mechanism of action of nuclear PTEN remains poorly 
understood. We have investigated PTEN’s role during DNA damage response. Here we report that PTEN undergoes chro-
matin translocation after DNA damage, and that its translocation is closely associated with its phosphorylation on S366/
T370 but not on S380. Deletional analysis reveals that the C2 domain of PTEN is responsible for its nuclear translocation 
after exposure to genotoxin. Both casein kinase 2 and GSK3β are involved in the phosphorylation of the S366/T370 
epitope, as well as PTEN’s association with chromatin after DNA damage. Significantly, PTEN specifically interacts with 
Rad52 and colocalizes with Rad52, as well as γH2AX, after genotoxic stress. Moreover, PTEN is involved in regulating 
Rad52 sumoylation. Combined, our studies strongly suggest that nuclear/chromatin PTEN mediates DNA damage repair 
through interacting with and modulating the activity of Rad52.
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In the current study, we report that a significant fraction of 
PTEN underwent time-dependent nuclear translocation after 
DNA damage induced by reactive oxygen species, and that the 
accumulation of chromatin PTEN was associated with its phos-
phorylation on S366/T370. Deletional analysis coupled with 
ectopic expression shows that the C2 domain was responsible for 
chromatin translocation of PTEN. PTEN specifically interacted 
with Rad52, and the interaction was enhanced after treatment 
with H

2
O

2
. Our further study revealed that nuclear PTEN was 

involved in regulating sumoylation of Rad52, a process essential 
for Rad52 function in DNA homologous recombination.

Results

PTEN has been implicated in DNA damage responses.27 
To understand how PTEN is regulated during DNA damage 
responses, we first examined PTEN subcellular localization after 
treatment with adriamycin, etoposide, and H

2
O

2
, chemical com-

pounds that cause DNA double-strand breaks. We observed that 
at high concentrations, both adriamycin and H

2
O

2
, but not etopo-

side, induced chromatin association of PTEN (Fig. 1). The pres-
ence of chromatin-PTEN was inversely correlated with the amount 
of cytoplasmic PTEN, especially after H

2
O

2
 treatment, suggesting 

its subcellular translocation under severe genotoxic stress. Both 
adriamycin and etoposide induced cleavage of PARP-1 at high 
concentrations, indicating apoptosis caused by these agents. On 
the other hand, H

2
O

2
-induced chromatin translocation was not 

associated with PARP-1 cleavage. Moreover, chromatin-associ-
ated PTEN was phosphorylated at the epitope of T366/S370, as 
revealed by probing with a phospho-specific antibody.

We next analyzed the time course of PTEN subcellular trans-
location after treatment with H

2
O

2
, given its strong effect on 

inducing chromatin association (Fig. 1). Immunoblotting anal-
ysis revealed that PTEN underwent a time-dependent decrease 
in the cytoplasm with a concomitant increase on chromatin 
(Fig. 2). PTEN phosphorylation on epitope T366/S370, but not 
epitope S380, was increased after exposure to H

2
O

2
, and its level 

was closely associated with chromatin translocation. Moreover, 
DNA double-strand breaks as revealed by phospho-H2AX signals 
peaked at about 2 h after H

2
O

2
 treatment. The p-H2AX signals 

were inversely correlated with the increase of chromatin PTEN.
To determine which domain of PTEN mediated chromatin 

translocation, we made a series of deletion mutants as depicted 
in Figure 2. PTEN mutants, as well as the wild-type counter-
part, were expressed as GFP-tagged fusion proteins. After trans-
fection, HeLa cells were treated with or without H

2
O

2
 for 12 h. 

Immunoblotting revealed that deletion constructs C and D with 
an intact C2 domain underwent nuclear translocation in a man-
ner similar to that of wild-type PTEN (Fig.  3). Phosphatase 
domain appeared to suppress the chromatin translocation, 
because mutants with the phosphatase domain alone or with the 
C2 domain failed to be associated with chromatin with or with-
out H

2
O

2
 treatment. C tail domain was constitutively present 

in both cytoplasmic and chromatin fractions, and the genotoxic 
stress did not significantly change the amount of the mutant pep-
tide on chromatin. This may be due to fact that the fragment is 
small, which could freely diffuse between compartments.

Given that T366/S370 phosphorylation was associated with 
chromatin translocation of PTEN, we next determined potential 
protein kinases that might mediate the translocation. We treated 
cells with chemicals that specifically inhibited CK2 or GSK3β, 
because it is known that GSK3β and CK2 phosphorylates T366 
and S370, respectively.13 Immunoblotting revealed that both 
CK2 and GSK3β inhibitors, but not CK1 inhibitor, significantly 
reduced phosphorylation of the T366/S370 epitope, which was 
correlated with a reduced amount of PTEN on chromatin after 
treatment with H

2
O

2
 (Fig.  4A and B), strongly implicating 

the phosphorylation of the epitope in the positive regulation of 
PTEN chromatin association.

To elucidate the function of chromatin PTEN, we next sought 
a potential binding partner(s) of chromatin PTEN. HeLa cells 
transfected with Flag-tagged PTEN or vector alone were lysed, 
and equal amounts of lysates were immunoprecipitated with the 
anti-Flag antibody. Immunoblotting showed that Rad52, but 
not ATR or Rad50, was present and enriched in Flag immuno-
precipitates (Fig. 5A), suggesting a physical interaction between 
PTEN and Rad52. To determine whether PTEN co-localized 
with Rad52 during DNA damage responses, HeLa cells treated 
with or without H

2
O

2
 were fixed and stained with antibodies to 

PTEN and Rad52 and examined under a fluorescence micro-
scope. PTEN signals were detected primarily in the cytoplasm 
and the cell surface membrane before H

2
O

2
 treatment (Fig. 5B). 

After the genotoxic stress, strong nuclear, punctuate signals 
of PTEN, as well as Rad52, were detected. PTEN signals sig-
nificantly co-localized with Rad52 in cells treated with H

2
O

2
. 

Moreover, nuclear signals of PTEN co-localized with γH2AX 
signals after genotoxic stress (Fig. 5C), strongly suggesting a role 
of nuclear/chromatin PTEN in DNA damage responses.

Figure  1. Chromatin localization of PTEN in response to genotoxic 
stresses. HeLa cells were treated with adriamycin (Adr), etoposide (Eto), 
and hydrogen peroxide (H2O2) at various concentrations for 24 h. Cells 
were then collected at the end of the treatment. Both cytoplasmic and 
chromatin-bound fractions of cell lysates, as well as total cell lysates, 
were obtained. Equal amounts of the lysates were blotted for phospho-
PTEN(T366/S370), total PTEN, PARP-1, and/or actin.
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Rad52 is a sumoylated protein, and the sumoylation is essen-
tial for mediating its activity in DNA damage responses.25,28 To 
determine whether PTEN was involved in regulating Rad52, we 
downregulated endogenous PTEN via transfection of PTEN 
siRNAs. Immunoblotting analysis revealed that Rad52 was 
sumoylated in a time-dependent manner after treatment with 
H

2
O

2
 (Fig.  6A). Significantly, downregulation of PTEN com-

promised sumoylation of Rad52. Given the data described in this 
work, we propose the following model to explain the mode of 
action of chromatin-associated PTEN during the DNA damage 
response (Fig. 6B). PTEN is phosphorylated by both CK2 and 
GSK3β after genotoxic stress, and the phosphorylation facilitates 
chromatin translocation of PTEN. In the nucleus, PTEN inter-
acts with Rad52 and regulates its sumoylation, which, in turn, is 
essential for mediating homologous recombination during DNA 
damage repair.

Discussion

PTEN is arguably the second most commonly lost tumor sup-
pressor in human cancer, behind only to p53.1,2,29 During tumor 
development and progression, PTEN functions are lost or com-
promised, which leads to uncontrolled cell proliferation. Thus, 
further elucidation of PTEN regulatory pathways will lead to 
the identification of new targets for cancer drug development. 
The PTEN tumor suppressor is a central negative regulator of 
the PI3K/PDK1/Akt signaling axis that controls multiple cel-
lular functions, including cell growth, survival, proliferation, 
and angiogenesis.1,2,30 However, many independent studies have 
demonstrated that a pool of PTEN is nuclear-bound, and that 
nuclear/chromatin-associated PTEN plays a significant role in 
the maintenance of genomic stability through modulating DNA 
repair, chromosomal segregation, and cell cycle progression.6-9,11 
Our current study reveals that PTEN chromatin translocation is 
regulated by phosphorylation after exposure to genotoxic stress, 
and that chromatin PTEN is involved in regulating Rad52, 

thus an integral component of the DNA damage response path-
way. Supporting this, it has been recently shown that nuclear 
PTEN functions to control DNA damage repair and sensitivity 
to genotoxic stress.31

Rad52 is a key component in DNA double-strand break repair 
and homologous recombination in yeast.22,23 Rad52 homologs in 
mammals are also identified and characterized as having simi-
lar biochemical activities as those of the yeast counterpart.22,23 
Intriguingly, mammalian Rad52 plays a more modest role in 

Figure 2. Time-dependent increase of chromatin-associated PTEN. HeLa 
cells were treated with 1 mM H2O2 for various times as indicated. Cells 
were collected and cytoplasmic and chromatin-bound fractions were 
obtained. Equal amounts of lysates from each fraction were blotted for 
phospho-PTEN (epitopes T366/S370 and S380, respectively), total PTEN, 
phospho-H2AX, and actin.

Figure 3. C2 domain of PTEN contains a signal for chromatin localization. (A) HEK293T cells were transfected with plasmids expressing GST-PTEN or 
individual deletion fragments, as indicated, for 24 h. Cells were then treated 1 mM H2O2 for 24 h. Cytoplasmic and chromatin-bound proteins were 
obtained at the end of treatment. Equal amounts of lysates from both fractions were blotted with the anti-GST antibody. (B) Schematic presentations 
of PTEN domains and various mutant constructs, as well as the summary of their chromatin localization. Plus (+) or minus (−) signs denote the presence 
and absence of a chromatin localization signal, respectively.
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vivo, as Rad52 knockout in mice results in neither lethality 
nor overt adverse phenotypes. However, Rad52 inactivation is 
synthetically lethal with BRCA2 deficiency,24 strongly suggest-
ing that BRCA2 performs functions similar to those of Rad52 
in vivo. Rad52 is regulated by sumoylation, which is induced 
by DNA damage and involved in regulating Rad52 stability 
and activity.25,26 Our finding that PTEN is involved in Rad52 
sumoylation opens up a new avenue of research in the elucidation 
of the function of PTEN in DNA damage responses.

The Smc5–Smc6 complex is essential for normal growth, as 
well as coping with genotoxic stress through regulating chroma-
tid cohesion and homologous recombination.32 It has been shown 
that cells with an Smc6 mutation display an increased level of 
Rad52 foci at centromeres.33 Nse2/Mms21, a SUMO ligase, is a 

component of the Smc5/6 complex.32,34 Given that PTEN is 
reported to reside at centromeres,8 it is tempting to speculate that 
PTEN may affect the activity of Smc5–Smc6 complex, which, in 
turn, modulates sumoylation of Rad52.

Rad52 is also involved in mitotic recombination. Mitotic 
recombination is a frequent yet poorly understood event in 
eukaryotic cells. Mitotic recombination within the centromere 
has been documented in yeast and mammalian cells.35,36 Proteins 
that are key to homologous recombination, such as BRCA1 and 
BRCA2, also have mitotic functions,37-41 although available 
information about their molecular basis in mitosis is fragmen-
tary. Independent studies have also shown that PTEN exhibits 
centromere localization.8,9 Given our recent observation that 
PTEN interacts with Rad52 (Fig. 4), we propose that PTEN may 
have a function in mitotic recombination through modulating 
the activity and/or stability of Rad52.

Materials and Methods

Cell culture and transfection
HeLa and HEK-293T cell lines obtained from the American 

Type Culture Collection were cultured in DMEM supplemented 
with 10% fetal bovine serum (FBS, Invitrogen) and antibiotics 
(100 μg/ml of penicillin and 50 μg/ml of streptomycin sulfate, 
Invitrogen) at 37 °C under 5% CO

2
. Transfection of 293T cells 

was achieved with Lipofectamine 2000 (Invitrogen) following 
the manufacturers’ protocol. Transfection efficiency was esti-
mated to be between 80–100% in all cases through transfecting 
a GFP expressing plasmid.

Antibodies and reagents
Antibodies to PTEN p-PTENS380, β-actin, ATR, Rad50, 

Rad52, and Flag were purchased from Cell Signaling 
Technology. Antibody to GFP was purchased from Santa 
Cruz Biotechnology. Antibody to phospho-PTENT366/T370 
(p-PTENT/S) was purchased from Epitomics. CK2 inhibitor 
(4,5,6,7-Tetrabromobenzimidazole abbreviated as TBBz) was pur-
chased from Sigma Aldrich. CK1 (4-[4-{2,3-Dihydrobenzo[1,4]
dioxin-6-yl}-5-pyridin-2-yl-1H-imidazol-2-yl] benzamide as 
D4476) and GSK3β inhibitor (6-[2-{4-(2,4-Dichlorophenyl)-
5- (4-methyl-1H-imidazol-2-yl) -pyrimidin-2-ylamino}

Figure 4. Regulation of PTEN chromatin localization by CK2 and GSK3β. 
(A) HeLa cells were treated with specific inhibitors for CK1 (CK1i), CK2 
(CK2i), or GSK3β (GSKi) for 30 min, and then either left untreated or 
treated with H2O2 for 24 h. Cells were then lysed and chromatin-bound 
proteins were extracted. Equal amounts of cell lysates were blotted for 
phospho-PTEN(T366/S370), phospho-PTEN(S380), total PTEN, and actin. 
(B) Quantification of relative amounts of chromatin association of PTEN 
(blue) or phospho-PTEN (red).

Figure 5. PTEN specifically interacts with Rad52. (A) HEK293T cells were transfected with plasmid expressing Flag-tagged PTEN for 48 h. Equal amounts of 
cell lysates prepared from various transfection samples were immunoprecipitated with the antibody to Flag. Immunoprecipitates, along with lysate inputs, 
were then blotted for Flag. ATR, Rad50, and Rad52. (B) HeLa Cells were treated 1 mM H2O2 for 24 h and then fixed and stained with antibodies against PTEN 
(green) and Rad52 (red). DNA was stained with DAPI. Representative images are shown. (C) HeLa Cells were treated 1 mM H2O2 for 24 h and then fixed and 
stained with antibodies against PTEN (green) and phospho-H2AX (γH2AX, red). DNA was stained with DAPI. Representative images are shown.
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ethyl-amino]-nicotinonitrile as GSK-3 Inhibitor XVI) were pur-
chased from Calbiochem. Adriamycin, etoposide, and hydrogen 
peroxide (H

2
O

2
) were purchased from Sigma.

Plasmids
Plasmid encoding Flag-tagged PTEN (pCMV Flag 

WT-PTEN) was purchased from Addgene. To make plasmids 
encoding GST-PTEN fusion proteins, PCR products encod-
ing human PTEN residues of 1–403, 1–347, 1–186, 186–347,  
186–403, or 347–403 were inserted into pGEX-3X (GE 
Healthcare Life Sciences). Individual deletion fragments of GST-
PTEN cDNA, as well as wild-type GST-PTEN cDNA, were 
subcloned into pcDNA3 plasmid, a mammalian expression vec-
tor. All deletion constructs were confirmed by DNA sequencing.

Lysate preparation and immunoblotting
Total cell lysates were prepared in a buffer (50 mM Tris-HCl 

[pH 7.5], 150 mM NaCl, 1% IGEPAL, 0.1% SDS, and 0.5% 
sodium deoxycholate) supplemented with a mixture of protease 
and phosphatase inhibitors. Chromatin and cytosolic/soluble 
extracts were obtained as previously described.42 In brief, cell 
extracts were prepared in the harvest buffer (10 mM HEPES 
[pH 8.0], 50 mM NaCl, 0.5 M sucrose, 0.1 M EDTA, 0.5% 
Triton X-100) containing both protease inhibitors (1 mM dithio-
threitol [DTT], 2 mg/ml pepstatin, 4 mg/ml aprotinin, 100 
mM PMSF) and phosphatase inhibitors [10 mM] tetrasodium 
pyrophosphate, 100 mM NaF, 17.5 mM β-glycerophosphate). 
The low-speed supernatant (500 g) containing cytoplasmic pro-
teins was collected and nuclear extracts were made by vortex-
ing the nuclei for 15 min at 4 °C in a buffer containing 20 mM 
HEPES (pH 7.9), 400 mM NaCl, 1 mM EDTA, 1 mM EGTA, 
0.1% IGEPAL CA-630, and protease inhibitors. For Flag-PTEN 
immunoprecipitation, cells were collected and lysed in a lysis buf-
fer (LB: 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 
50 mM NaF, 0.5% Triton X-100, plus protease and phosphatase 
inhibitors). Flag-PTEN was immunoprecipitated with anti-flag 
M2 agarose (Sigma), and the immunocomplexes were washed 
5 times with LB. After washing, the flag-beads were eluted at 
95  °C for 5 min in 1× laemmli buffer. Protein concentrations 
were measured using the bicinchoninic acid protein assay reagent 
kit (Pierce Chemical Co). Equal amounts of protein lysates from 
various samples were used for SDS–PAGE analysis followed by 
immunoblotting. Specific signals on immunoblots (polyvinyli-
dene difluoride) were visualized using enhanced chemilumines-
cence (Super-Signal, Pierce Chemical Co).

Immunofluorescence microscopy
Fluorescence microscopy was performed essentially as 

described.43 Briefly, cells were fixed with 4% paraformaldehyde 
(w/v) for 30 min, washed 3 times in PBS-T (PBS-Tween 0.1%), 
and permeabilized with 0.1% Triton X-100 in PBS before block-
ing with 4% Bovine serum albumin (BSA) in PBS-T for 30 min. 
Primary antibodies were incubated for 1 h, and secondary anti-
bodies conjugated to Alexa-Fluor 488 and 555 were incubated for 

30 min at room temperature in 4% BSA. DAPI staining was per-
formed for 10 min in PBS. After washing, coverslips were dried 
and mounted on glass slides. Fluorescence microscopy was per-
formed using a Leica Confocal Laser Scanning Microscopes SP2 
and SL2 using the 100× objective (1.4).

Statistical analysis
Each experiment was performed at least 3 times. The data 

were plotted as the mean ± SD. Student t test was used for all 
comparisons. A P value of less than 0.05 was considered statisti-
cally significant.
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Figure  6. PTEN mediated regulation of Rad52 sumoylation. (A) HeLa 
cells were transfected with luciferase siRNAs (siLuc) or PTEN siRNAs 
(siPTEN) for 24 h and then treated with 1 mM H2O2 for various times as 
indicated. Cells were collected and chromatin-bound proteins were 
obtained. Equal amounts of protein lysates were then blotted for Rad52, 
PTEN, and actin. (B) A model of PTEN regulation in response to DNA dam-
age induced by genotoxic stresses.
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