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Localization and dynamic relocalization of mammalian Rad52
during the cell cycle and in response to DNA damage
Yilun Liu*, Ming-jie Li*†, Eva Y-H.P. Lee‡ and Nancy Maizels*§

The importance of RAD52 in establishment and
maintenance of genomic structure has been established
by genetic experiments in the yeast Saccharomyces
cerevisiae, where mutation of RAD52 has been shown to
diminish DNA repair and recombination of a variety of
markers, including the rDNA [1–3]. Biochemical analysis
has shown that yeast and mammalian Rad52 proteins
have some identical functions in vitro [4–6], but targeted
deletion of Rad52 in vertebrates has little effect on repair
and recombination [7,8]. These results raise the question
of whether mammalian Rad52 does indeed function in
recombination and/or repair. Here we show that Rad52
is distributed throughout the nucleoplasm in actively
cycling mammalian cells and is localized specifically to
the nucleoli in S phase. In response to ionizing radiation,
Rad52 relocalizes to form distinctive foci which are
distributed throughout the nucleus and which colocalize
with Rad50 foci in the DNA damage response. These data
suggest that rDNA recombination and DNA repair are
functions shared by mammalian Rad52 and its
S. cerevisiae homolog, and provide evidence for the
coordinated action of Rad50 and Rad52 in DNA repair.
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Results and discussion
The subcellular distribution of Rad52 was studied using
antibodies to the endogenous protein and by visualizing
the localization of a fusion protein comprising the green
fluorescent protein and Rad52 (GFP–Rad52). Immuno-
fluorescence microscopy identified prominent Rad52 foci

in primary murine spleen cells stained with anti-Rad52
antibodies. Rad52 foci were present within the nucleus of
essentially every cell, both before activation and follow-
ing culture in vitro with the polyclonal mitogen,
lipopolysaccharide (LPS; Figure 1a). Double staining
with antibodies against Rad52, and antibodies against the
abundant nucleolar protein, nucleolin, showed that Rad52
localized to the nucleoli in both quiescent (left) and acti-
vated (right) primary cells. The green GFP–Rad52 signal
was visualized by fluorescence microscopy of stable trans-
ductants of the murine fibroblast line, PE501. The
compact, granular nucleoli in the same cells were visual-
ized by transmitted light microscopy; when the trans-
mitted light and fluorescent images were merged,
GFP–Rad52 was found to be concentrated predominately
within the nucleoli (Figure 1b, left). Nucleolar localiza-
tion of GFP–Rad52 was further verified by staining with
anti-fibrillarin antibodies (Figure 1b, right).

We established that Rad52 relocalizes in response to cell-
cycle controls by monitoring GFP–Rad52 localization in
PE501 cells that had been transduced with GFP–Rad52
and then synchronized with nocodozole, which causes
M-phase arrest. During the first two hours after removal of
nocodozole, most cells were in M phase (Figure 2a). As
the nuclear envelope disassembles during M phase, it was
not surprising to find GFP–Rad52 throughout the cells at
this time (Figure 2b). Between 2–8 hours after removal of
nocodozole, most cells were in G1, and GFP–Rad52 local-
ized to the nucleoplasm in more than 98% of cells ana-
lyzed at this time. At this stage of the cell cycle,
GFP–Rad52 appeared to be excluded from the nucleoli,
which were typically visible as dark holes in both the
DAPI and GFP–Rad52 staining patterns. The peak of
DNA synthesis occurred at 11 hours after release from the
nocodozole block (S phase; Figure 2a). The number of
cells in which GFP–Rad52 localized to the nucleoli
increased dramatically at this time: during S phase,
GFP–Rad52 was localized to the nucleoli in about 80% of
all cells emitting a green fluorescent signal (Figure 2b).
Thus, the localization of Rad52 underwent dramatic
changes in response to cell-cycle controls. In G1,
GFP–Rad52 was evenly distributed throughout the
nucleus; during S phase, when DNA synthesis occurred,
Rad52 localized to the nucleoli; and during M phase,
when the nuclear envelope had broken down, the Rad52
signal was evident throughout the cell.

Nucleolar localization of Rad52 was evident not only in
S phase but also in quiescent (G0) cells. Rad52 may be
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sequestered in the nucleoli of quiescent cells, poised to
function in recombination upon re-entry into the cell
cycle or in response to DNA damage. The fact that Rad52
localized to the nucleolus in both S phase and in quies-
cent cells explains why Rad52 localized to the nucleoli in
essentially all cells in the primary splenocyte culture
(Figure 1a). Cells in this population are either quiescent
or carrying out very rapid cell division, with most of the
cell cycle devoted to S phase. In contrast, in asynchronous

cultures of transformed cell lines, most cells are in G1,
consistent with the nucleoplasmic localization of Rad52 in
the majority of cells in such cultures.

Regulated localization of Rad52 to the nucleoli during S
phase is likely to reflect participation of Rad52 in rDNA
recombination. In S. cerevisiae, Rad52 is essential for
rDNA recombination, and DNA replication is required for
Rad52-dependent Holliday junction formation [2]. Our
data suggest that the function of mammalian Rad52 in
rDNA recombination may be similarly coordinated with
DNA replication.

Colocalization of Rad52 and Rad50 in response to DNA
damage provided evidence of Rad52 function in repair. In
asynchronous cultures of untreated cells, GFP–Rad52 was
evenly distributed throughout the nucleus; but within
8 hours following treatment with ionizing radiation
(5 Grays, 5 Gy), GFP–Rad52 had become redistributed
among many distinct foci scattered throughout the nucleus
(Figure 3). Similar relocalization was evident following
treatment with methylmethanesulfate or hydroxyurea
(data not shown). The mammalian recombination/repair
factors Rad50 and Mre11 form foci in response to ionizing
radiation, apparently by migrating to regions of DNA
damage [9–11]. Staining with anti-Rad50 antibodies
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Figure 1

Rad52 localizes to the nucleolus.
(a) Examples of resting (day 0, left) and
LPS-activated (day 3, right) murine primary
splenocytes stained with 4′,6-diamidino-2-
phenylindole (DAPI, blue) and immunostained
with anti-Rad52 (green) and anti-nucleolin
(red) antibodies. In the merged images, yellow
signals indicate colocalization of Rad52 and
nucleolin. (b) Examples of PE501 cells
tranduced with GFP–Rad52. Nucleoli were
visualized by transmitted light microscopy
(left), or fluorescence microscopy (right)
subsequent to anti-fibrillarin antibody staining
(red). The green GFP–Rad52 signal was
concentrated predominantly in nucleoli.
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Figure 2

Dynamic relocalization of GFP–Rad52 during the cell cycle. (a) Murine
fibroblast PE501 cells transduced with GFP–Rad52, and synchronized
with nocodozole, were monitored by [3H]thymidine labeling (line graph)
to establish the timing of the S phase and by microscopy to localize
GFP–Rad52. Bars indicate the percentage of cells in which
GFP–Rad52 was localized to the nucleoli, relative to all cells that
expressed GFP–Rad52. (b) Examples of GFP–Rad52-transduced
PE501 cells seen at M, G1 and S phases of the cell cycle. The merged
images show colocalization of the DAPI stain (blue) and GFP–Rad52
signal (green). 
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showed that the majority of Rad52 and Rad50 foci colocal-
ized. This provides additional evidence for Rad52 function
in a pathway of ionizing-radiation-induced double-strand
break repair that is recombination-dependent [12]. There
were also significant numbers of Rad52 foci that did not
colocalize with Rad50 foci, and vice versa. This raises the
possibility that Rad52 may also be involved in Rad50-inde-
pendent pathways of DNA repair.

Materials and methods
Cloning
To facilitate visualization and to avoid any possible artefacts due to anti-
body cross-reactivity, we generated a construct in which Rad52 was
fused to GFP (reviewed in [13]). Sequences encoding the GFP tag
were inserted at the 5′ end of the murine Rad52 cDNA because other
tags (GST, His6 and the Myc epitope) expressed at the amino terminus
of Rad52 have been shown not to interfere with Rad52 function in vitro
and in vivo [4,14,15]. The GFP–Rad52 construct was carried in pLX-
GR52, a retroviral shuttle vector that also carried the gene for
neomycin resistance as a positive selection marker. These genes were
flanked by retroviral packaging signals and coexpressed under control
of the retroviral LTR. To generate pLX-GR52, a Rad52 cDNA was first
amplified from total RNA isolated from murine primary B cells by
reverse transcription (RT) followed by PCR (RT-PCR), using a primer
complementary to the 3′ untranslated region (UTR) for reverse tran-
scription (5′-AGAGTTCAGCATGAGCCAAGG-3′) and two additional
primers for PCR (5′-ATGGCTGGGCCTGAAGAAGCAG-3′ and 5′-
TCAGGATGGATCTAGTTTCC-3′). The 1263 bp PCR product, which
spans the murine Rad52 gene (GenBank accession number U12135)
from the ATG start codon through the TGA stop codon (italicized in the

respective primers), was then cloned into the PCR cloning vector,
pGEM-T (Promega). The sequence of the Rad52 cDNA was confirmed
by DNA sequencing throughout its length. Plasmid pAFS144, which
contains sequences encoding GFP fused to the Escherichia coli lacI
gene [16,17], generously provided by A. Straight, UC San Francisco,
was modified by excising lacI by EcoRI and BamHI digestion, and
replacing it with a 34 bp polylinker with EcoRI–BamHI ends and inter-
nal ApaI and SalI cleavage sites. The Rad52 cDNA was digested with
ApaI and SalI, which cut within the pGEM-T polylinker at sites flanking
the PCR cloning site, to release the Rad52 gene, which was then
cloned into the corresponding sites of the modified pAFS144 plasmid
to generate an in-frame GFP–Rad52 fusion. The GFP–Rad52 cassette
was then excised with XhoI and BamHI and transferred to the corre-
sponding sites of the retroviral vector, LXSN, derived from the MoMLV
and MoMSV viruses [18], generously provided by A.D. Miller and
G.J. Rosman, Fred Hutchinson Cancer Research Center, Seattle.

Cell culture
Primary splenocytes were cultured as described previously [19,20].
Briefly, spleens were removed from 8–12-week-old BALB/c mice
(Jackson Laboratory), disaggregated, and the cells washed twice with
RPMI 1640 (Gibco) and then treated with 144 mM NH4Cl, 17 mM
Tris–HCl pH 7.4, for 5 min to lyse erythrocytes. Recovered lympho-
cytes were washed once with phosphate-buffered saline (PBS;
137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, 1.5 mM KH2PO4,
pH 7.4) and cultured for 3 days in RPMI 1640 supplemented with 10%
fetal bovine serum, 20 µM β-mercaptoethanol, 100 U/ml penicillin,
100 µg/ml streptomycin and 40 µg/ml LPS (Sigma). LPS activates only
primary B lymphocytes to proliferate, so whereas at day 0 of culture
approximately 70% of the cells are B cells and 30% are T cells, most of
the cells surviving after 3 days of culture are B cells. PD31, a murine
pre-B-cell line, was cultured under the same conditions but without
added LPS. The murine fibroblast cell line, PE501, derived from
NIH3T3 TK cells [18], was cultured in DMEM (Gibco), 10% fetal
bovine serum, 100 U/ml penicillin and 100 µg/ml streptomycin. All cells
were cultured at 37°C in 5% CO2.

DNA transfection and selection of stable cell lines
To generate retroviral virions carrying the LXSN-GR52 genomic RNA,
cells of the PE501 packaging line (5 × 105 cells per 25 cm2) were
transfected with 5 µg pLX-GR52 DNA by incubation for 24 h with DNA
treated with calcium phosphate (Gibco). The transfection medium was
then removed and PE501 stable transfectants were selected by
growth in medium containing 1 mg/ml G418; this medium was
changed every 24 h for the first 4 days after transfection to remove
dead cells and every 2–3 days thereafter to maintain stable transduc-
tants. The murine pre-B-cell line, PD31, was infected with LXSN-GR52
by overnight co-culture with PE501/GFP–Rad52 stable transfectants
in the presence of 8 µg/ml polybrene (Sigma). PD31 pre-B cells, which
grow in suspension, were separated from the adherent PE501 fibro-
blast cells by aspiration, and PD31 cells stably transduced with
GFP–Rad52 were selected by culture in 1 mg/ml G418, as above.

Cell staining and immunofluorescence microscopy
To visualize nucleolar structure using transmitted light, cells were
grown on chamber slides, washed once with PBS and examined
without further fixation. For staining with anti-Rad52 or anti-nucleolin
antibodies, primary splenocytes were prepared as described previously
[20], washed once with PBS and resuspended at 4 × 105 cells per ml,
and 0.5 ml aliquots were then centrifuged onto glass slides at 800 rpm
for 4 min in a Cytospin 3 (Shandon). Cells were fixed in 3.7%
paraformaldehyde for 30 min at room temperature, then in methanol for
30 min at –20°C. The slides were incubated with rat anti-human
recombinant Rad52 antiserum (generously provided by E. Golub and
C. Radding, Yale University) and rabbit anti-human recombinant nucle-
olin (residues 284–709) antiserum [20] for 30 min at room tempera-
ture (1:50 dilution in PBS with 1% bovine serum albumin (BSA)). After
three washes with PBS, 10 min per wash, the slides were incubated
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Figure 3

Colocalization of GFP–Rad52 and Rad50 foci induced by ionizing
radiation. GFP–Rad52-transduced murine PD31 pre-B cells were
either not irradiated (top panels), or irradiated with 5 Gy (and
visualized 24 h later), stained with DAPI (blue) or anti-Rad50 antibody
(red). The GFP–Rad52 fluorescent signal (green) and merged images
are indicated.
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with the secondary antibody, which was either fluorescein isothio-
cyanate (FITC)-conjugated goat anti-rat IgG (Pierce; 1:50 dilution in
PBS, 1% BSA) or Texas-red-conjugated anti-rabbit Ig (Pierce; 1:100
dilution in PBS, 1% BSA), washed three times with PBS, counter-
stained with DAPI and mounted in antifade solution. For fibrillarin stain-
ing, PE501 cells transduced with GFP–Rad52 were grown on tissue
culture chamber slides (Nalge Nunc International). Cells were fixed as
described above, then incubated with mouse anti-fibrillarin monoclonal
antibodies (72B9, generously provided by J.A. Steitz, Yale University)
at 1:100 dilution for 40 min in PBS containing 1% BSA, washed twice
with PBS for 10 min per wash, then incubated for 40 min with Texas-
red-conjugated anti-mouse Ig (Pierce; 1:100 dilution in PBS, 1% BSA).
Slides were washed again and treated with DAPI and antifade as
described above. Rad50 immunostaining was carried out with culture
supernatant [21] diluted 1:2, with other procedures as described
above except that slides were incubated overnight at 4°C. In all cases
where secondary antibodies were used in staining, controls were
carried out to show that the secondary antibody alone gave no signal.

Cell synchronization and treatment with ionizing radiation
For nocodozole synchronization, PE501 cells stably transfected with
GFP–Rad-52 (3 × 104 cells per cm2) were incubated in growth medium
containing 100 ng/ml nocodozole (Sigma) for 15 h, then released from
cell-cycle arrest by washing twice with 4 ml pre-warmed DMEM followed
by culture in medium lacking nocodozole. For hydroxyurea synchroniza-
tion, 1 mM hydroxyurea (Sigma) was added to the culture for 15 h and
removed as described above. Cell-cycle progression was monitored by
labeling with 10 µCi/ml [3H]thymidine (76 Ci/mmole; Amersham) for 1 h,
then washing cells with PBS, and harvesting by trypsinization followed by
centrifugation. To assay [3H]thymidine incorporation, 5 × 104 cells were
lysed by incubation for 20 min in 0.5 ml 10 mM EDTA, 0.1 N NaOH,
0.1% SDS at 70°C, then 0.5 ml 20% trichloroacetic acid was added, the
lysate incubated on ice for 20 min and the precipitate collected and
incorporated label measured by scintillation counting. PD31 cells trans-
duced with GFP–Rad52 were cultured at 5 × 105 cells per ml for 1 h
before treatment with ionizing radiation, then irradiated at 5 Gy using a
cesium (137Cs) irradiator at 4.28 Gy/min, and visualized 24 h later.

Acknowledgements
We are grateful to Mei-hua Song for producing anti-Rad50 antibodies. We
thank A.D. Miller for providing the LXSN construct, A. Straight for providing
pAFS144, E. Golub and C.M. Radding for anti-Rad52 antibodies, and M-D.
Shu and J.A. Steitz for the mouse anti-fibrillarin monoclonal antibody. This
research was supported by an HHMI Predoctoral Fellowship to Y.L., NIH
R01 GM39799 to N.M., and Texas Advanced Research/Advanced Technol-
ogy Program ATP3659-034 and NIH R01NS378381 to E.Y-H.P.L.

References
1. Petes TD, Malone RE, Symington LS: Genomic dynamics, protein

synthesis and energetics. In The Molecular and Cellular Biology of
the Yeast Saccharomyces. Edited by Broach J, Pringle J and Jones E.
Cold Spring Harbor, New York: Cold Spring Harbor Laboratory Press;
1991:407-521.

2. Zou H, Rothstein R: Holliday junctions accumulate in replication
mutants via a RecA homolog-independent mechanism. Cell 1997,
90:87-96.

3. Park PU, Defossez P-A, Guarente L: Effects of mutations in DNA
repair genes on formation of ribosomal DNA circles and life span
in Saccharomyces cerevisiae. Mol Cell Biol 1999, 19:3848-3856.

4. Benson FE, Baumann P, West SC: Synergistic actions of Rad51 and
Rad52 in recombination and DNA repair. Nature 1998, 391:401-404.

5. New JH, Sugiyama T, Zaitseva E, Kowalczykowski SC: Rad52 protein
stimulates DNA strand exchange by Rad51 and replication protein
A. Nature 1998, 391:407-410.

6. Shinohara A, Shinohara M, Ohta T, Matsuda S, Ogawa T: Rad52
forms ring structures and co-operates with RPA in single-strand
DNA annealing. Genes Cells 1998, 3:145-156.

7. Rijkers T, Van Den Ouweland J, Morolli B, Rolink AG, Baarends WM,
Van Sloun PP, et al.: Targeted inactivation of mouse RAD52
reduces homologous recombination but not resistance to
ionizing radiation. Mol Cell Biol 1998, 18:6423-6429.

8. Yamaguchi-Iwai Y, Sonoda E, Buerstedde JM, Bezzubova O, Morrison
C, Takata M, et al.: Homologous recombination, but not DNA
repair, is reduced in vertebrate cells deficient in RAD52. Mol Cell
Biol 1998, 18:6430-6435.

9. Maser RS, Monsen KJ, Nelms BE, Petrini JHJ: hMre11 and hRad50
nuclear foci are induced during the normal cellular response to
DNA double-strand breaks. Mol Cell Biol 1997, 17:6087-6096.

10. Nelms BE, Maser RS, MacKay JF, Lagally M, Petrini JHJ: In situ
visualization of DNA double-strand break repair in human
fibroblasts. Science 1998, 280:590-592.

11. Petrini JHJ: The mammalian Mre11-Rad50-Nbs1 protein complex:
integration of functions in the cellular DNA-damage response.
Am J Hum Genet 1999, 64:1264-1269.

12. van Dyck E, Stasiak AZ, Stasizk A, West SC: Binding of double-
strand breaks in DNA by human Rad52 protein. Nature 1999,
398:728-731.

13. Tsien RY: The green fluorescent protein. Annu Rev Biochem 1998,
67:509-544.

14. Mortensen UH, Bendixen C, Sunjevaric I, Rothstein R: DNA strand
annealing is promoted by the yeast Rad52 protein. Proc Natl Acad
Sci USA 1996, 93:10729-10734.

15. Park MS, Ludwig DL, Stigger E, Lee SH: Physical interaction
between human RAD52 and RPA is required for homologous
recombination in mammalian cells. J Biol Chem 1996,
271:18996-19000.

16. Robinett CC, Straight A, Li G, Willhelm C, Sudlow G, Murray A, et al.:
In vivo localization of DNA sequences and visualization of large-
scale chromatin organization using lac operator/repressor
recognition. J Cell Biol 1996, 135:1685-1700.

17. Straight AF, Belmont AS, Robinett CC, Murray AW: GFP tagging of
budding yeast chromosomes reveals that protein–protein
interactions can mediate sister chromatid cohesion. Curr Biol
1996, 6:1599-1608.

18. Miller AD, Rosman GJ: Improved retroviral vectors for gene
transfer and expression. Biotechniques 1989, 7:980-990.

19. Li M-J, Maizels N: Nuclear Rad51 foci induced by DNA damage are
distinct from Rad51 foci associated with B cell activation and
recombination. Exp Cell Res 1997, 237:93-100.

20. Li M-J, Peakman MC, Golub EI, Reddy G, Ward DC, Radding CM,
Maizels N: Rad51 expression and localization in B cells carrying
out class switch recombination. Proc Natl Acad Sci USA 1996,
93:10222-10227.

21. Trujillo KM, Yuan S-SF, Lee EY-HP, Sung P: Nuclease activities in a
complex of human recombination and DNA repair factors Rad50,
Mre11, and p95. J Biol Chem 1998, 273:21447-21450.

978 Current Biology, Vol 9 No 17


	Localization and dynamic relocalization of mammalian Rad52 during the cell cycle and in response to DNA damage
	Results and discussion
	Materials and methods
	Cloning
	Cell culture
	DNA transfection and selection of stable cell lines
	Cell staining and immunofluorescence microscopy
	Cell synchronization and treatment with ionizing radiation

	Acknowledgements
	References

	Figures
	Figure 1
	Figure 2
	Figure 3


