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Figure 2 Activation of DSB-induced cellular signaling. (a) Expres-
sion profiles of Vpr in MIT-23 cells. Vpr expression was induced
in 48h with 3 ug/ml DOX in MIT-23 cells. The Vpr expression
level in MIT-23 cells was analysed by Western blotting with the
Vpr-specific antibody 8D1. (b} Focus formation of phasphorylation
of ATM (ATM-p) and y-H2AX following Vpr expression. The cells
were stained with specific antibodies against ATM-p and y-H2AX.
The signals for ATM-p and y-H2AX are depicted as red spots in
the nucleus (blue). () Western blot analysis of proteins involved in
the DSB-induced signal pathway. Cell lysates of MIT-23 cells
(lanes 1 and 2) were subjected to analysis. As a positive control,
HT1080 cells were irradiated at 7.5 Gy, collected after 30min, and
subjected to analysis.

ATM-p or y-H2AX in DOX-treated AVpr cells, in
which only the vpr gene was eliminated from vectors
that were utilized for the establishment of MIT-23 cells
(data not shown). Western blot analysis also detected
that DNA-damage-sensing signals were induced by
Vpr expression (Figure 2c¢). Interestingly, Chk2, a
substrate of ATM, was highly phosphorylated at
threonine 68 by Vpr expression (Figure 2c, lane 2).
Additionally, p53 expression as well as its phosphoryla-
tion also increased as a downstream response of
these molecules. Consistent with the previous

Dotble-strand DNA breaks and homologous recombination by Vpr
C Nakai-Murakami ef a/

report showing that Chkl, a substrate of ATR, is
activated by Vpr (Roshal er ai,, 2003), we observed the
presence of the slowly migrating band of Chkl as its
phosphorylated form under Vpr expression (data not
shown).

To compare the Vpr-induced DSB-dependent
signals with those by X-.ray irradiation, HT1080
cells were jrradiated with 7.5Gy of X-rays, and
the evoked signals were analysed. As shown in
Figure 2b (right panels), X-ray-induced DSBs generated
focus formation of ATM-p (Figure 2b, upper panel)
and y-H2AX (lower panel). Additionally, Western
blot analysis clearly demonstrated the phosphory-
lation of both Chk2 and p533 (lane 3 and 4). Data
suggest that Vpr-induced DNA-damage signals are
quite similar to those triggered by a well-characterized
DSB inducer.

Mobilization of cellular factors that are involved in repair
of DSBs

To ~further characterize the molecules activated
as a cellular respomse to Vpr-induced DSBs, we
investigated BRCAIl, RPA and Rad5! mobilized for
repair of DSBs (West, 2003). As shown in Figure 3, the
immunchistochemical analysis carried out under Vpr
expression clearly detected focus formation of
these molecules (Figure 3). In contrast, control
cells did not show remarkable modification of these
molecules. Again, X-ray irradiation also induced the
same modification of the molecules (Figure 3, right
panels).

It has been proposed that during the DSB repair
process, Rad5] is released from a complex of p33
and becomes competent for HR (Linke et al,
2003; Bertrand et al,, 2004). To address this possibility,
we compared the physical association of Rad51 and
p53 in the insoluble chromatin fraction before and
after the induction of Vpr expression. The interaction
of these molecnles was eliminated following Vpr
expression (Figure 4a, lanes 3 and 4; arrow). The level
of the complex formation of p53 and Rad51 decreased
by 35% compared to the control. TThis
finding is reproducibly observed, implying the possibi-
lity that Vpr binds either Rad51 or p53 and ceases
their interaction. We examined the direct interaction of
Vpr and Rad531 by using recombinant proteins, but
did not obtain positive results {data not shown). As it
has been shown that Vpr does not interact with p53
(Sawaya et al., 1998), the mechanism of dissociation of
P53 and Rad5] in Vpr-expressing cells remains to be
clarified.

We also compared this molecular change with that
induced by X-ray irradiation. HTI080 cells were
irradiated, and the subsequent change of the interaction
of Rad5] and p53 was examined. As observed in
Figure 4a, the interaction between Rad5! and p53 in
the insoluble chromatin fraction was also abolished
(Figure 4b, compare lanes 3 and 4, arrow). Data suggest
that Vpr modifies Rad5]l in the same way as
X-ray irradiation.
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Vpr Xeray
BRCAI1
RPA
Rad&1
Fignre3 Involvement of BRCAI, RPA and Rad5] in Vpr-induced signaling, MIT-23 cells were culured in the presence or absence of
3 pg/mi XOX for 48 h. Focus formations of BRCA1, RPA and Rad51 during Vpr expression are shown. These signals are visualized as
red spots in the nucleus (blue).
a Soluble Insoluble b Soluble Insoluble
Vpr - + -+ Xray - 4+ -~ +
IPip53  p53| *= P g5 T IP:p53 P53 4
WB:  Radst — e WB: pagsy
fnput p53| s ! Input  p53
Rad51 [ s asmwipd | Rad51 [ -
HH3 | | HH3 | e
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Tigure 4 Dissociated interaction of p53 and Rad$1 in a chromatin fraction during Vpr expression. The Llysates of the soluble (lanes 1
and 2} and insoluble chromatin fractions (lanes 3 and 4) subjected to analysis. Proteins that were immunoprecipitated (IP} with the
anti-p53 antibody (ap53) were analysed by Wester blot analysis (WB) with the ¢p53 and zRad51 antibodies, respectively. Input
Iysates were also analysed by the same antibodies and ahistone H3 (HH3). The cell lysate with {lanes 2 and 4) or without {lanes | and 3)
Vpr expression are shown (). The same analysis was performed on X-ray irradiated cells (b). Arrowheads indicate Rad51 recovered by
«p53 antibody.
Increased rate of HR by ¥Vpr After 72h of transfection, the EGFP- and EBFP-
DSBs must be correctly repaired, or genome integrity  positive cells were counted by flow cytometry
cannot be maintained (West, 2003). As Vpr induces  {Figure 5a, regions a and b, respectively). Then, the
DSBs and cellnlar factors such as Rad51 and BRAC1  frequency of HR was calculated as a ratio of pumber of
are mobilized under Vpr expression, we hypothesized  cells positive for EGFP and EBFP. It increased about
that the rate of HR increased in Vpr-expressing cells. To  2.5-fold by co-transfection of a plasmid encoding Vpr.
measure the rate of HR, we first utilized a system  Vpr-induced enhancement of HR was reproducibly
invented by Slebos and Taylor (2001) that could  observed (P<0.05), and the representative results are
monitor extrachromosomal recombination within a  shown in Figare Sb.
plasmid DNA (pBHRF). pBHRF contains a truncated Although the experiments with pBHRF strongly sug-
EBFP cassette, which forms a functional EGFP following  gested that Vpr increases HR, it has been demonstrated
intramolecular HR (Slebos and Taylor, 2001). We co-  that an extrachromosomal HR does not correlate
transfected HT1080 with pBHRF and a plasmid DNA  with intrachromosomal HR. Waldman and Liskay
encoding Vpr and cxamined the effects of Vpr on HR. (1987} clearly demonstrated that the frequency of
Oncogene
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Figure 3 Increased rate of extrachromosomal HR by Vpr. (a} A
representative result of three independent experiments with
pBHRF. HT1080 cells were co-transfected with pBHRF and
pcDNAS3. 1 /Vpr (see Materials and methods section). The ceils were
subjected to anatysis by flow cytometry after 72b. Regions a and b
were tentatively determined in 2 control sample. These indicate the
areas where cells positive for EGFP (region a) or EBFP (region b}
were not present in untreated samples. After treatment cell
numbers in these areas were counted and compared. (b} Increase
of GFP-positive cells by Vpr. The zatio of GFP-positive ceils to
BFP-positive cells, which are indicative of HR frequencies {Slebos
and Taylor, 2001), were counted. Each sample was analysed twice
in triplicate; bars+-s.d.

extrachromosomal and intrachromosomal recombina-
tion rates are differentially influenced by the mismatch
of the nucleotides. To measure the rate of intrachromo-
soml HR under Vpr expression correctly, we prepared
stable transfectants derived from HTI080 cells that
had been introduced with pDR-GFP. pDR-GFP is a
reporter construct that will generate an intact EGFP
gene by gene conversion after digestion with a rare
cuiting enzyme, I-Seel (Pierce et al., 1999). We obtained
two independent transfectants, HT/DR-GFP-1 and -2,
that possessed an integrated exogenous plasmid DNA
competent for a short tract gene conversion (Supple-
mentary information la) (Pierce et l., 1999). Then, HT/
DR-GFP cells were infected with adenoviruses of either
Adfgal or Ad-Scel-NG and subjected to analysis of
GFP-positive cells after 72h. After infection with Ad-
Scel-NG, both clones gave increased numbers of GFP-
positive cells (about 0.5%) (Supplementary information
1b and c¢). In conmtrast, Adfigal, control adenovirus,
induced very few cells positive for GFP (<0.1%)
{Supplementary information 1b and ¢).

We then examined the influence of Vpr on the rate of
HR. First, we introduced a plasmid DNA encoding Vpr
or its control plasmid DNA, but it was not possible to

Double-strand DNA breaks and homologous recembination by Vpr
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assess the effects of Vpr correctly because transfection of
plasmid DNA by itself influenced the rate of HR (data
not shown). It has been well reported that Vpr enters
cells and expresses its biological activity when added to
the cell colture (Jenkins et al, 1998; Henklein er al.,
2000; Huang et al., 2000; Taguchi et al., 2004). These
observations encouraged us to perform the experiments
by adding Vpr to cells exogenously with subsequent
measurement of GFP-positive cells. We prepared a
recombinant Vpr (rVpr) (Hoshino ef 4l., submitted), and
we first checked whether exogenously added rVpr
induces DSB-triggered cellular response. rVpr (50 ng/
ml; 3.7nM) added to the medivm induced DSB-
dependent signals (Figure 6a), whereas glutathione §
transferase (GST), an irrelevant recombinant protein
that was expressed in bacteria and purified, did aot
(right panels). Interestingly, the addition of the ATM
inhibitor KU55937 abolished rVpr-induced focus for-
mation of ATM-p and y-H2AX (Figure 6a).

When rVpr was added to HT/DR-GFP-1 (clone-1),
HR especially after infection with Ad-Scel-NG-infected
was definitely enhanced (about 1.5%), whereas it was
not remarkably changed by the addition of GST (Figure
6b and c, left panel). The difference in GFP-positive
numbers after treatment with rVpr and GST was
statistically significant (P<0.01). As more striking
evidence, the addition of K1J55933 significantly attenu-
ated the increased number of GFP-positive cells caused
by rVpr (Figure 6c, right panel) (P <0.01). Data indicate
that ATM is a critical molecule for the Vpr-induced
enhancement of HR.

Discussion

Vpr induces DSBs and enhances HR
In this study, we showed that Vpr activates the ATM-
dependent signal pathway involving Chk2 phosphoryla-
tion with focus formation of Rad51l, BRCAl and
y-H2AX. We previously reported that Vpr increases the
rate of gene amplification (Shimura ef /., 199%a), and a
subsequent analysis by fluorescence in situ hybridization
of ampliied DNA suggested that a bridge-breakage
fusion cycle, possibly triggered by DSBs (Ishizaka er al.,
1995), was a relevant mode of Vpr-induced gene
amplification. Data shown in the present study well
supports our expectation that Vpr enhances gene
amplification by causing DSBs (Shimura er al., 199%a).
We observed that the frequency of HR increased in
response to Vpr. We examined the rate of HR by two
systems measuring extrachromosomal recombination
(Slebos and Taylor, 2001} and intrachromosomal
recombination (Pierce et al., 1999). Both systems detect
cells that are positive for GFP generated by gene
conversion. Although it has been claimed that these
two modes of HR do not always equally detect cellular
recombinogenic conditions, our present data revealed
that both systems detected the effects of Vpr on HR. It is
interesting to note that the intrachromosomal recombi-
nation system used in the current study detects HR at
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the specific site in the genome, where DSB is induced by  indicating that DBSs at one locus contribute to trans-
expressing [-Scel, a rare-cutting enzyme (Anglana and  activation of HR at a different site.
Bacchetti, 1999). We used two cell lines, both of which In response to Vpr-induced DSBs, BRCAI and RPA
contained reporter constructs that were competent  accummlated as foci (Figure 2b), and the association of
for a short tract gene conversion (Pierce er al, 1999;  Rad51 and p33 in the chromatin fraction was eliminated
Supplementary information 1), and we reproducibly  (Figure 3a and b). It has been reported that p53
detected enhancemnent of HR after treatment with Vpr.  associates with several proteins including BLM,
Data suggest that Vpr has an indirect effect on HR, BRCAIL, BRCA2, Rad52 and RPA (Yamaguchi-Iwai
a Centrol Vpr Vpr/ATMI GST
ATM-p
+H2AX
b Control Vpr GST
Ad-tac
i
2.
g
g
£
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et al., 1998; Marmorstein et al., 1998; Zhang et al., 1998;  purified Vpr possessed DNA binding activity, but it did
Linke et al., 2003; Sengupta et al., 2003} and inhibits the  not show any nuclease activity or activity of nicking
Rad51-dependent HR (Cromie et al., 2001; Linke er al., DNAs. Additionally, Vpr is present in the chromatin
2003). When DSBs were induoced, the association of p53  fraction (Ishizaka, unpublished results, Lai et al., 2005),
and Rad5] was prevented by an unknown mechanism.  implying the possibility that Vpr induces DSBs by
As the reduction of Rad51 and p53 interaction was also  modifying a chromatin structure to allow nucleases easy
observed after irradiation (Figure 3¢}, it is likely that the  access. Another possibility is that Vpr associates with
Vpr-activated DNA-damage signaling overlaps with the  uncharacterized nuclease and recrnits its activity to the
cellular signals evoked by irradiation. vicinity of chromosomes. Studies are ongoing to identify
cellular factor(s) that facilitate recruitment of Vpr to
Bislogical relevance of Vpr-induced DSBs and HR for chromatin and induction of DSBs.
HIV-1 infection Itis co‘mmloniy accepted that Vpr-induced cell cycle
Vpr expression ephances the rate of HR, but several ~ abnormality is observed at the G2/M phase but not at
reports suggest that NHEJ rather than HR contributes  the G1/8 phase (Mahalingam et al., 1998). Actually, we
to viral infection (Daniel er al., 1999; Li et af,, 2001;  observed cellular accumulation at the G2/M phase in
Jeanson er al., 2002; Lau er al., 2005). Additionally, ~MIT-23 cells when Vpr expression was initiated
Rads52, a celiular component of HR, was shown to work ~ (Shimura ez al, 1999b). Our present observation on
as a suppressive factor for HIV-1 transduction (Lau  the activation of ATM-dependent signal pathway by
et al., 2004). Together with data that the deletion of  Vpr envisages that Vpr-induced cell cycle abnormality
genes involved in HR, such as XRCC2 or XRCC3, did  depends on ATM activation. A recent study, however,
not alter the rate of viral integration (Chan et al., 2004),  has shown that the ATR-Chk] pathway, but not ATM-
it seems that upregulation of HR by Vpr does not by ~ Chk2, is necessary for Vpr-induced G2 arrest (Roshal
itself contribute to viral transduction. et al., 2003; Zimmerman et al, 2004). One possible
In contrast, chemical compounds that generate DSBs  explanation is that DSB-induced G2 arrest, for example,
increase the rate of integration of viral DNA into the by X-ray irradiation largely depends on ATR-dependent
host genome (Groschel and Bushman, 2005). This  Signaling (Brown and Baltimore, 2003). The molecular
phenomenon has been explained by delayed progression  linkage between ATM activation by Vpr and Vpr-
at the G2/M phase due to DSBs. Additionally, caffeine  induced cell cycle abnormality, however, needs to be
and caffeine-related methylxanthines are known to  carefully investigated.
impair HIV-1 infection (Nunnari ez al., 2005), and an
ATM inhibitor, KU55933, is known to decreasc the  Impact of Vpr-induced DSBs on the mechanism of tumor
integration of viral DNA into host genome (Lav et al.,  development in HIV-1-positive patients
2005). These observations suggest that a DSB-induced  We showed that DSBs and an increased rate of HR were
cellular signal, not HR, is important for viral integra-  induced when rVpr was added to the culture medivm
tion, and that Vpr-induced DSB contributes to efficient  exogenonsly (Figure 6). Recently, we also found that
viral integration in an ATM-dependent manner. An  Vpris present in serum of HIV-1-positive patients (Levy
important issue to clarfy is how cellular signals o g4f, 1994) at the comcentration of about 0.7nM
activated by ATM contribute to increased viral inte-  (Hoshino et af., submitted). In the current study, we
gration. used 3.7oM of rVpr to obtain the definite activity
inducing DSBs, but it would be possible that the high
Possible mechanism af Vpr-induced DSBs and cell cycle concentration of Vpr is present in the foci of HIV-1
abnormality infection, suggesting that DSBs can be generated in the
The mechanism of Vpr-induced DSBs is presenfly  cells within HIV-1-positive patients. The finding that
obscure. In the previous work, we showed that DSBs  Vpris present in serum impacts the understanding of the
are induced by incubating isolated nuclei with purified  mechanism of tumor development in HIV-1 positive
recombinant Vpr protein (Tachiwapa et al, 2006). A  patients. As reported by Biggar et al., the relative risk of
<4
Figure 6 Increased rate of intrachromosornal HR after treatment with rVpr. (8) Focus formation of y-H2AX in cells treated with or
without r¥Vpr. HT1080 cells were incubated for 48h in the presence of 3.7nM of rVpr {sez Materials and methods section), and
subjected to immunchistochemical analysis by antibodies against ATM-p and p-H2AX. Effects of K1J55933 on rVpr-induced focus
formation of these molecules are shown. As contrals, the effects of the same concentration of GST, as an irrelevant bacteria-derived
recombinant protein, are depicted (right panel). Their signals are shown as red spots in the nucleus (blue), (b) Effects of rVpr on HR.
HT/DR-GFP cells {clone-F)} were infected with Adfgal or Ad-Scel-NG with or without the addition of 3.7aM of rVpr {middle panel).
As a control, the same amount of GST was added to the culture {right panel). A region where no GFP-positive cells were present in
control sample was first determined (upper left panel). Then nurmbers of cells in the gated areas were counted in the specimens after
viral infection with or without treatment of recombinant proteins. {¢) Vpr-induced increase of HR. depends on ATM. Data obtained in
Figure 6b were summarized (left panel). The addition of rVpr reproducibly enhanced the number of GFP-positive cells (P<0.01).
Effects of ATM inhibitor (ATMi) were analysed by the same procedures shown in Figure 6b (right panel). KUS55933 (ATMi) was
added at a concentration of 1 mM at the same time that r'Vpr was added. As a control, the corresponding amount of dimethyisulfoxide
{final concentration: 0.1% volume), which was used as a solvent for the compound, was included. ATMi significantly inhibited the rate
of HR (P<0.01}.
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malignancy in AIDS patients was estimated to be 60-
to1000-fold higher than healthy controls (Mayer ez al.,
1905; Biggar er al., 1996; Straus, 2001). Aithough it has
been thought that an impaired cellular immunity under
AIDS conditions permits the development of tumori-
genesis (Knowles, 2003), recent observations indicate
that non-AIDS-defining malignancies, tumors found in
HIV-1-positive patients who have no deteriorated
cellular immunity, are frequently observed in HIV-1-
positive patients (Herida et al., 2003; Burgi et al., 2005;
Lim and Levine, 2005). As antiretroviral therapy can
effectively protect patients from severe infectious
diseases (Chadburn and Cesarman, 1997; Elenitoba-
Johnson and Jaffe, 1997), development of malignant
tumors will be a critical prognostic factor of HIV-1
positive patients in the future, More precise study is
required to clarify the molecular linkage of Vpr and
malignant transformation.

Materials and methods

Cell culture and establishment of HT{DR-GFP

HTI1080, a human fibrosarcoma cell line (JCRB9113; the
Healthy Science Research Resources Bank), and its sublines
were maintained at 37°C and 5% CO, in Dulbecco’s medified
Eagles medium (D-MEM) that was supplemented with 10%
fetal bovine serum (FBS). The MIT-23 cell line was derived
from HT1080 cells, in which Vpr expression is controllad by a
tetracycline promoter, as described by Shimura ez al. (1999b).
For Vpr induction, 3 pg/ml DOX (Sigma, St Louis, MO, TISA)
was used. To obtain HT/DR-GFP, HTI080 cells were
transfected with an inactive GFP cxpression cassette plasmid
(PDR-GFP) and selected by puromycin (1 pg/mi), and clonal
cell lines were established.

HIV infection

We used pseudotyped viruses that were defective for an
envelope protein with wpr (R*) or without vwpr (R-). HIV
vectors were produced by transient transfection of 2937 cells
{Tokunaga et al., 2001; Shimura er al., 2005). The pNL-Luc-
E-R* or pNL-Luc-E-R- plasmid was co-transfecied with
pHIT/G using the transfection reagent Fugene-6 {Roche,
Tokyo, Japan). Virus supernatants were collected at 48 h posi-
transfection. The harvested supernatants were centrifuged at
120 g for 5min and stored at —80°C. Viral titers were measured by
p24 ELISA (ZeptoMetrix). The virus was diluted in D-MEM
supplemented with 10% FBS and used to infect HT1080 celis
at a multiplicity of infection (MOT) of 0.8, which yielded
about 80% of cells that were positive for luciferase expression
{data not shovm).

Protein analyses

The cells were washed with phosphate-buffered saline (PBS)
and resuspended in radio-immunoprecipitation assay buffer
composed of 50mM Tris-HCl, 1% NP-40, 0.25%. sodium
deoxycholate, 150mM NaCl, 1mM EGTA, 1mM phenyl-
methysuifonyl fluoride, I ug/ml protease inhibitor mix, 1 mM
NapVO; and 1 mM NaF. The cell suspension was sonicated. To
fractionate chromatin fractions, cells were suspended in Buffer
N (15muM Tris-HCI (pH 7.5), 60mM KCl, 15mM NaCl, 5mM
MgCl,, 1mM CaCly;, 1mM DTT, 2mM NaVO,, 250 mM
sucrose, protease inhibitors}) with 0.6% NP-40. Cells were
incubated on ice for 5min followed by centrifugation {2000 g)
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to separate cytoplasmic proteins from nuclei. Isolated nuclei
were then washed twice with Buffer N followed by resuspen-
sion in Lysis buffer (10mm PIPES (pH 6.5), 10mM EDTA,
protease inhibitors) and centrifugation {6000g) to extract
soluble nuclear proteins. Finally, chromatin was resuspended
in Lysis buffer and shared by sonication on ice to extract
chromatin-bound proteins. The protein concentration was
determined using the BCA protein assay reagent kit (Pierce). A
100-pg aliquot of protein from each cell extract was separated
on 10% SDS-PAGE. Specific primary antibodies of p53
(Calbiochem), Chk2, ATM-S1981 (ATM-p), H2AX-5139
(y-H2AX) and histone H3 (Upstate}, Chk2-T68 (Chk2-p)
and p53-815 (p53-p) (Cell Signaling) were used for analysis. A
menoclonal antibody to Vpr, 8D1 (IgG2a) was raised by
immunization of & fuil-length Vpr peptide (Peptide Institute).

Immunoprecipitation was performed using 500 ug of protein
mixed with 2ug of anti-p53 protein-specific IgG-beads.
Ternary complexes of protein A-antibody-antigen were
collected by centrifugation and washed three times. The
immunoprecipitates were subjected to SDS-PAGE followed
by Western blot analysis. To obtain a rabbit antibody to
RADS1, the human Rad5] protein was expressed as a
recombinant protein in the Escherichia coli strain IMI1(09
(DE3) (Kagawa et al, 2001), and was purified as described
previously (Kurumizaka ef al, 1999). Detection of target
proteins was with an enhanced chemiluminescence detection
system (Amersham Biosciences).

Immunostaining

The cells were washed with PBS and fixed with 2%
paraformaldehyde in PBS and ice-cold methanol. The fixed
cells were permeabilized with 0.2% Triton X-100 in PBS for
Smin. After treatment with PBS containing 10% goat serum
for 30'min, the cells were incubated with primary antibodies
that included rabbit polycional antibodies against Rad5l
(1:400), mouse monoclopal antibodies against ATM-p
(1:100) and y-H2AX (1:100) (Upstate) and mouse monoclonal
antibodies against BRCA1 (1:300) and RPA (1:1000) (Lab
Vision}. After 1h of incubation at 37°C, secondary antibodies
conjugated with Alexa 546 (1:1000; Molecular Probes, Eugene,
OR, USA) were added for 1h at 37°C. The slides were
mounted in an anti-fade solution (KPL) and analysed by
fiuorescence microscopy.

Homologous recombination assay

The rate of extrachromosomal HR was assessed as previously
described (Slebos and Taylor, 2001). HT1080 cells were co-
transfected with pBHRF and pcDNA3.1/Vpr or pcDNA3.1
(Invitrogen). pBHRF encodes both a truncated GFP and full-
length BFP. In the absence of HR, only BFP is expressed.
However, HR between the BFP and truncated GTP results in
the creation of a functional GFP. The green and blue
fluorescence levels were examined simultanecusly wsing a
Vantage flow cytometer {Becton-Dickinson) equipped with a
488-argon laser (GFP) and a UV (350-360nm) laser (BFP).
vpr was derived from a NL4-3 clone (Adachi et al., 1986). Each
experiment was performed at least three times, and statistical
analysis was carried out by Student’s r-test.

The rate of intrachromosomal HR. was assessed as reported
in human glioma cells (Pierce er al., 1999). Upon infection with
Ad-I-Sce-]l, a kind gift from Dr F Graham (McMaster
University, Canada) or Ad-Lac$ (a gift from Dr I Saito, Tokyo
University} as a control, GFP-positive cells as a result of HR
were analysed. K1J55933, a gift from Dr M O’Connor (KuDOS
Pharmaceuticals, England), was dissolved in dimethylsulfoxide
(DMSO). GFP was analysed with laser scanning cytometer



(LSC; Olympus, Tokyo, Japan) (Huang et al., 2006). Cells
cultured in cover slide were immersed in 0.2% Triton X-100 in
PBS for 10min. The slides were then incebated with anti-GFP
antibody (1:100; Molecular Probes) before adding Alexa Fuor
488 conjugated secondary antibody (1:400; Molecular Probes).
Green fiuorescence emission was measured with LSC. The
integrated fuorescence was measured in 10000 cells for eack
sample. Each experiment was repeated three times, and
statistical significance was examined.

Expression and purification of rVpr

rVpr was expressed ie BL-21 codon plus (Stratagene) as a GST
fusion protein and purified using glutathione column chroma-
tography, as described (Hoshino et al., submitted). Vpr eluted
after precision treatment was applied to an affinity column
coupled with a monocional antibody to Vpr, 8D1. After
washing, Vpr was eluted with 1060mM Hepes buffer (pH 2.5),
and immediately neutralized with 1M Hepes buffer (pH 8.0}
The concentration of rVpr was measured by an enzyme-linked
immunosorbent assay version-1 by using two antibodies
against Vpr, a monocloral antibody (8D1), and a polyclonal
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ABSTRACT

The process of homologous recombination s indis-
pensable for both meiotic and mitotic cell division,
and is one of the major pathways for double-strand
break (DSB) repair. The human Rad54B protein,
which belongs to the SWI2/SNF2 protein family,
plays a rofe in homologous recombination, and may
function with the Dmc1 recombinase, a meiosis-
specific Rad51 homolog. In the present study,
we found that Rad54B enhanced the DNA strand-
exchange activity of Dme1 by stabilizing the Dme1-
single-stranded DNA (ssDNA) complex. Therefore,
Rad54B may stimulate the Dme¢l-mediated DNA
strand exchange by stabilizing the nucleoprotein
filament, which is formed on the ssDNA talls produ-
ced at DSB sites during homologous recombination.

INTRODUCTION

Chromosomal DNA is exposed to various DNA-damaging
agents and sustains damage that induces genomic instability.
A double-strand break (DSB) is caused by ionizing radiation,
cross-linking reagents, oxidative stress and DNA replication
failure. If the DSB is left unrepaired, then cell death occurs
{(1-4). Homologous recombination is one of the major DSB
repair pathways. This repair pathway is essentially ermror-
free, since a homologous region of the undamaged sister
chromatid is used as the template for repair. In contrast
to the mitotic DSB repair pathway, meiotic cell division
involves homologous recombination between homologous

chromosomes, bot not between sister chromatids. This prefer-
ential recombination between homologous chromosomes is
initiated by the formation of a programmed DSB and ensnres
comrect chromosomal segregation at meiosis I through the
formation of chiasmata, which physically connect home-
logous chromosomes (5,6). Thus, homologous recombination
is important to maintain the integrity of the chromosome in
both mitotic and meiotic cells.

In homologous recombination, a single-siranded DNA
(ssDNA) tail, produced at the DSB site, is incorporated into
a nucleoprotein complex called the presynaptic filament. This
presynaptic filament catalyzes horologous pairing and strand
exchange with an intact homologons region of the double-
stranded DNA (dsDNA) molecnle. The bacterial RecA pro-
tein is known to form helical presynaptic filaments and to
play central roles in homologous recombination (7-12). In
cukaryotes, two homologs of RecA, the Rad31 and Dmcl
proteins, which are conserved from yeast 1o human, are
assumed to fulfill this role. Rad51 is expressed in both
meijotic and mitotic cells, whereas the expression of Dmel
is restricted to meiotic cells (13-16). Althongh previous bio-
chemical studies demonstrated that Rad51 and Dmcl have
recombinational activities similar to those of RecA (17-22),
other siudies have also revealed that many ancillary factors,
such as replication protein A (RPA), RadS2 and Rad34,
significantly affect the activities of Rad51 and Dmel (23,24).

Rad54 is a member of the SWI2/SNF2 family of proteins,
which have DNA-dependent ATPase activities and are
involved in chromatin remodeling (25-31). Genetic studies
revealed that RadS4-deficient cells are sensitive to DNA-
damaging agents, such as ionizing radiation, methyl methane-
sulfonate (MMS) and mitomyein C (32). Rad54 utilizes the
fice energy from ATP hydrolysis to generate superhelical
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torsion into dsDNA by translocating on the DNA (33,34).
Furthermore, yeast Rad34 promotes the assembly and disas-
sembly of the Rad51 nucleoprotein filament, and both yeast
and human Rad54 stimulate the Rad51-mediated homologous
pairing activity by directly binding to Rad51 (35-37).

Recent studies showed that the human Rad54B protein,
a homolog of Rad54, interacis with the human RadSland
Dme] proteins, and stimnlates the homologous pairing acti-
vity mediated by these proteins (22,38). Similar to Rad54,
human Rad54B is & DNA-dependent ATPase (39) and is
expressed in both mitotic and meiotic cells (40). However,
genetic studies revealed that human Rad54B-deficient cells
are not overly sensitive to ionizing radiation, MMS and cis-
platin (41). Furthermore, the human Rad54B-deficient cells
are also proficient in mitotic sister chromatid exchange
{41). On the other hand, a severe reduciion in targeted inte-
gration frequency was detected in the Rad54B-deficient
cells (41). These characteristics are different from those of
Rad54, indicating that Rad54B may have a unique role in
homologous recombination.

To understand the function of Rad54B in homologous
recombination, in the present study, we purified the human
Rad54B protein, which was overexpressed in imsect cells
and biochemically characterized it. The purified Rad54B pro-
tein bound to the ATPase domain of Dmecl. Furthermore,
Rad54B stimulated the DNA sirand exchange mediated by
Dmel and stabilized the Dmel-ssDNA complex. Therefore,
Rad34B may stimulate the Dmcl-mediated strand exchange
by stabilizing the Dmecl-ssDNA nuclecprotein filament
during homologous recombination.

MATERIALS AND METHODS
Protein purification

The human Rad54B cDNA was subclored from pFastBac
HTC (Invitrogen) into pFastBac 1 (Invitrogen), and a recom-
binant human Rad54B baculovirus was generated as descri-
bed previonsly (39). High Five insect cells were infected
with human Rad54B at a multiplicity of infection of 1, and
were harvested after 72 h. The cells were resuspended in
buffer A (pH 7.5), containing 50 mM Tris-HCl, 0.6 M KCI,
2 mM 2Z-mercaptoethanol (ZME), 10% sucrose and 10 mM
EDTA, and were disropted by sonication. The cell debris
was removed by centrifugation for 40 min at 100000 g, and
the lysate was treated with ammoninm sulfate (0.21 g/ml).
The protein precipitate was redissolved in 50 ml of buffer
B (pH 7.5), containing 20 mM HEPES-KOH, 0.2 M K(CJ,
0.5 mM EDTA, 2 mM 2ME, 10% glycerol and 0.01%
NP-40. The protein solution was mixed with 8 m! of phospho-
cellulose column matrix at 4°C for 1 h, and then the mixmre
was packed into an Econo-column (Bio-Rad). After washing
with 20 CV of buffer B, the Rad54B protein was eluted by &
20 CV linear gradient from 0.2 10 1.0 M KCl. The Rad54B
protein was dialyzed against buffer C (pH 7.4), containing
20 mM potassinm phosphate, 0.15 M KCl, 2 mM 2ME,
10% glycerol and 0.01% NP-40, and then was mixed with
6 ml of Q-Sepharose (GE Healthcare) column matrix at 4°C
for 1 h. The proteins in the Q-Sepharose How-through frac-
tion were mixed with 6 m] of SP-Sepharcse (GE Healthcare)
colomn matrix at 4°C for 1 h, and then the mixture was
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packed into an Econo-column. The column was washed
with 20 CV of buffer C and was eluted with a 20 CV linear
gradient from 0.15 to 1.0 M KCl. The peak fractions were
dialyzed against buffer D (pH 7.4), containing 20 mM potas-
sivm phosphate, 0.2 M KCl, 2 mM 2ME, 10% glycerol and
0.01% NP-40, and were loaded on to a 1 ml hydroxyapatite
column. The column was washed with 20 CV of buffer D
and was eluted with a 20 CV linear gradient from 20 to
300 mM potassium phosphate. The peak fractions of the
Radj4B proteins were collected, dialyzed against buffer B
and stored at —80°C.

The human Rad51 protein was purified as described previ-
ously (42), with the inclusion of a spermidine precipitation
purification step. Briefly, after the removal of the Hisg-tag,
the Rad51 protein was dialyzed at 4°C against buffer E
(pH 7.5), containing 100 mM Tris-acetate, 7 mM spermidine
HCI and 5% glycerol. The Rad51 precipitate was collected by
centrifugation and resuspended in buffer ¥ (pH 7.0), which
coniained 100 mM potassium phosphate, 0.15 M NaCl,
1 mMEDTA, 2 M 2ME and 10% glycerol, ard was purified
on & 1 ml Mono Q column (GE Healthcare) as described
previously.

The human Dmcl, Dmc182-340 and RPA proteins were
purified as described previously (43—45). The concentrations
of the purified proteins were determined with a Bio-Rad
protein assay kit, using BSA as the standard.

DNA substrates

The ¢X174 circular ssDNA (5386 bases) and replicative form
I DNA were pmchased from New England Biolabs and Life
Technologies. For the assays of strand exchange and protein
transfer between DNA molecules, the replicative form I DNA
was linearized with ApaL 1. To perform the gel mobility shift
assay for the protein transfer between ssDNA molecnles, the
0X174 circular ssDNA was cut to ~3500 base fragments by an
incubation at 98°C. The 120mer oligonucleotide, called SAT-
120 (8"-ATTTC TTCAT TTCAT GCTAG ACAGA AGAAT
TCTCA GTAAC TYCTT TGTGC TGTGT GTATT CAACT
CACAG AGTGG AACGT CCCIT TGCAC AGAGC
AGATT TGAAA CACTC TTTTT GTAGT-3'), was used in
the pull down assay for the protein transfer between ssDNA
molecules. All DNA concenirations are expressed as molar
nucleotide concentrations.

Protein—protein binding assay

Rad51, Dmel, Dme182-340 and BSA were covalently conju-
gated to Affi-Gel 15 beads (100 pl; Bio-Rad), according to
the manufacturer’s instructions. The unbound proteins were
removed by washing the beads for five times with binding
boffer G (pH 7.5), which contained 20 mM HEPES-KOH,
0.15 M KCl, 0.5 mM EDTA, 2 mM 2ME, 10% glycercl
and 0.05% Triton X-100. To block the residual active ester
sites, ethanolamine (pH 8.0) was added to a final concenira-
tion of 100 mM, and the resin was incubated at 4°C for 1 h.
After washing the resin three times with 500 u} of buffer G,
the Affi-Gel 15-protein matrices were adjusted to 50%
slurries with buffer G and were stored at 4°C.

For the binding assay, the Affi-Gel 15-protein slumy
(20 pl) was mixed with 20 pg of Rad54B at room temperature
for 2 h. The Affi-Gel 15-protein beads were then washed five



times with 500 ul of buffer G. SDS-PAGE sample buffer
(2-fold) was mixed directly with the washed beads. After
heating the mixture at 98°C for 5 min, the proteins were
fractionated by 4-20% gradient SDS-PAGE. Bands were
visualized by Coomassie brilliant blue staining.

Immunoprecipitation experiments

The human Dmel and Rad54B ¢DNA were subcloned into
the same pFastBac Dual vector (Invitrogen), and a recombi-
nant bacolovirus containing both the Dmcl and Rad34B
genes was generated as described previously. Si% insect
cells were infected with this baculovirus, and were harvested
after 48 h. The cells were then resuspended in buffer G, and
were disrupted by sonication. The resulting cell lysate was
incubated with 10 p of anti-Dmcl or Rad54B antibody con-
jugated to rProtein A-Sepharose Fast Flow (GE Healthcare)
at 4°C for 1 h. The beads were washed five times with
500 pl of phosphate-buffered saline containing 19 NP-40,
and were eluted by the addition of SDS-PAGE sample baffer
{2-fold). The eluted fractions were separated by 4-20%
pradient SDS-PAGE, and were blotted on 1o a poly-
vinylidene fluoride membrane. The proteins transferred on
the membrane were analyzed by immunoblotting. The rabbit
anti-Dmel antibody was prepared in this smdy, and the pre-
paration of the rabbit anti-Rad54B antibody was described
previously (46).

DNA strand exchange assay

All of the experiments were performed in a final volume of
10 pl of buffer H, containing 35 mM Tris~HCI (pH 7.8),
1 mM DTT, 2 mM ATP, 2.5 mM MgCl,, 20 mM creatine
phosphate and 75 |tg/ml creatine kinase. The reactions were
started by incubating 7.5 pM Dmel with 30 pM ¢6X174
circular ssDNA at 37°C for 5 min. Then, 2 uM RPA and
200 mM KCi were added, and after a 5 min incubation at
37°C, 22 uM X174 linear dsDNA and 0.025-1.6 pM
Rad54B were incorporated to initiate the reaction. After incu-
bations at 37°C for the indicated times, the 1eactions were
terminated by the addition of 0.5% SDS and 700 pug/mi pro-
ieinase K, followed by an incubation at 37°C for 20 min.
After 10-fold loading dye was added, the products were
resolved by 1% agarose gel electrophoresis in TAE buffer
at 3.3 Viem for 2.5 h, and were visualized by staining with
ethidinm bromide.

Protein transfer assay (1): using biotinylated-ssDNA
molecules and streptavidin beads

Dmel (5 pM} was incubated for 5 min at 37°C with 20 uM
SAT-120 (120mer) labeled with biotin at the 5’ end, in 80 ul
of buffer I, conmtaining 35 mM Tris-HCl (pH 7.8),
1 mM DTT, 2 mM ATP and 2.5 mM MgCl,. The reaction
mixture was then divided in two, and a 5 pi aliquot of
Rad54B (200 nM) or buffer B was added. After an incubation
at 37°C for 5 min, & 5 pl aliquot of $X174 circular ssDNA
(2 mM) was added, and the reaction was incubated at
37°C for 2 h. The DNA~protein complexes were captured
with 50 yl of ImmunoPure Immobilized Streptavidin Gel
(PIERCE) equilibrated with buffer I with 0.1% Triton
X-100. After an incubation at 4°C for 1 h, the reaction
mixture was divided into the beads and the supernatant by
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centrifugation, After adding 2-fold SDS-PAGE sample buffer
and heating the mixture at 98°C for 3 min, the supernatant
was fractionated by 4-20% gradient SDS-PAGE. Bands
were visualized by Coomassie brilliant blue staining.

Protein transfer assay (2): resolving protein~DNA
complexes on agarose gels

For the assay, 10 pM Dmecl was incubated with 20 pM
©X174 circular ssDNA at 37°C for 5 min, in 80 Wl of buffer
H. The reaction mixture was then divided in two, and a 5 pl
aliquot of Rad54B (200 nM) or buffer B was added. After an
incubation at 37°C for 5 min, these mixtares were incuobated
with various concentrations of ¢X174 ssDNA fragments
(0200 pM) at 37°C for 2 h. After 10-fold loading dye was
added, the products were resoived by 1% agarose gel
electrophoresis in TAE buffer at 3.3 Viem for 2.5 h and
were visualized by staining with ethidinm bromide.

Electron microscopic analysis

Dmel (10 pM) was incubated with 15 pM SAT-120
{120mer} at 37°C for 5 min, in 10 pl of buffer J, containing
25 mM Tris~HCI (pH 7.5), 1 mM DTT, 2 mM ATP and
5 mM MgCls. Then, 200 mM KCI was added, and after a
5 min incubation at 37°C, 0.4 uM Rad54B was incorporated.
The protein-DNA complexes were fixed with 0.2% glutar-
aldehyde at 37°C for 10 min. After a 100-fold dilation with
buffer J, the reaction mixture was negatively stained with
2% wuranyl acetate. The complexes were observed with a
JEOL JEM 2000FX electron microscope.

RESULTS

Purification of RadS4B and its interactions with Rad51
and Dmecl

First, we examined whether Rad54B physically interacts with
Rad5] and Dmel, becanse recent studies revealed that
Rad54B interacts with these proteins (22,38), in contrast to
our previous results (39). To do so, we newly subcloned
Rad34B into pFastBacl, which Jacks a Hise-tag site, and
employed an improved Rad54B purification method.
Rad54B was expressed in baculovirus-infected High Five
insect cells. The cell lysate was treated with ammonivm
sulfate (Figure 1A, lane 2). The precipitate was redissolved
and further purified by phosphoceliulose column chromato-
graphy (Figore 1A, lane 3), Q-Sepharose column chromato-
graphy (Figure 1A, lane 4), SP-Sepharose colamn
chromatography (Figure 1A, lane 5) and hydroxyapatite col-
umn chromatography (Figure 1A, lane 6). Abomt 1 mg of
purified Rad54B was obtained from 3 liters of High Five
insect cell suspension culture.

To examine the interaction, Rad51 and Dmecl, separately
conjugated on Affigel 15 beads (Rad51-beads and Dmel-
beads, respectively), were incubated with purified Rad54B,
and the protein bound to either the RadS51 beads or the
Dmcl beads was detected by SDS-PAGE. As shown in
Figure 1B, Rad54B interacted with both Dmcl and RadSl
(lanes 3 and 4). These results are consistent with the previous
data (22.38,46). Furthermore, Rad54B interacted with a
Pmel mutant (Dmelgs 340) lacking 81 amino acid residues
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Figure 1. Rad54B purification and complex formation. {A) $DS-PAGE of
the column fractions containing Rad54B. The proteins precipitated by
ammonium sulfate (lane 2), the phosphocellulose peak fraction (lane 3), the
Q-Sepharose flow-through (lane 4), the $P—Sepharose peak fraction {lane 5)
and the hydroxyapatite peak fraction (lane 6) were fractionated on a 4-20%
SDS-PAGE gel and stained with Coomassie brilliant blue. Lane 1 indicates
the molecular mass markers. (B) Protein~protein interaction assay of Rad54B
with Rad31, Dmcl and Dinclgy a49. Rad348 was mixed with either Rad$t,
Dmcl or Dmels 34 that was covalently cogjugated to an Affi-Gel 15 matrix.
Affer an imcubation at room temperature, the Affi-Gel 15 mattices weme
washed with binding buffer, directly mixed with 2-fold SDS-PAGE sample
buffer and fractionated on a 4-20% gradient SDS-PAGE gel. Lane 1 is one-
tenth (2 pg) of the input proteins, lane 2 is the negative control using the
Affi-Gel 15 matrix conjugated with BSA, lane 3 is the Affi-Gel 15 matrix
conjugated with Rad51, lane 4 is the Affi-Gel 15 matrix conjugated with
Dincl aed lane 5 is the Affi-Gel 15 matrix conjugated with Pmclg, 340. The
bands were visualized by Coomassie brilliant blue staining. Notably, the
Rad51, Dmel and Dmclgy agp proleins form multimers and thus, these
proteins can indirectly associate with the Affi-Gel matrix via interactions with
proteins crosslinked to the matrix. Rad51, Dmel and Dmclg, 340 detected in
lanes 3-5 represent fractions that were pot covalently conjugated to the
Affi-Ge! beads. In contrast, BSA was not detected (lane 2), since BSA does
not form multimers, and all proteins were covalently conjugated to the beads.
(C) Enmunoprecipitation (IP) experiments of Rad54B and Dmecl. 59 insect
cells were infected with 2 becolovirus centaining both the Dmel and Rad54B
genes. The cells were lysed and subjected to immunoprecipitation with anti-
Rad54B antibody (lanc 3) or anti-Dimcl antibody (lane 6). The precipitates
were analyzed by immunobletting. As negative control experiments, the cell
lysate was incubated with nommal IgG (lanes 2 and 5). Lanes 1 and 4 are
one-tepth of the input cel lysate.

from the N-terminus (Figure 1B, lane 5). The region encom-
passing amino acids 82340 of D¢l corresponds to the care
ATPase domain (43), which is structurally conserved among
the RecA-family proteins, such as eukaryotic RadS1 and
Dmecl (43.47.48), archacal RadA (49,50) and bacterial
RecA (51). Therefore, the data suggest that the core ATPase
domains of Rad51 and Dmel are a common target for
Rad54B binding. Notably, when we perforrned this assay
using Hisg-tagged Rad54B purified according to the present
purification method, which differs from that deseribed
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previously (39), the same results were observed (data not
shown). Hence, our previous resuli was not related to the
Hisg-tag fused to the N-terminus of Rad54B. Instead, the dif-
ference was probably due to the difference in the purification
methods.

To gain forther evidence that Rad54B actually interacts
with Dmc1, Rad54B and Dmecl were co-expressed in Sf9
insect cells, and immunoprecipitation was performed.
When the cell lysate was mixed with anti-Rad54B antibody-
conjugated beads, Dmel co-precipitated (Figure 1C, lane 3).
Similarly, Rad54B was co-precipitated by anti-Dmcl
antibody-conjugated beads (Figure 1C, lane 6). Therefore,
these results demonstrate that Rad54B and Dmel can interact
in living cells.

Stimulation of the Dmcl-mediated DNA strand
exchange by Rad54B

We next examined whether Rad54B affects the DNA strand
exchange activity of Dmcl. In this assay, $X174 circular
ssDNA and homologous linear dsDNA were used as sub-
strates (Figure 2A), and the reactions were conducted in the
presence of RPA. Dmel was first incubated with ssDNA,
and then dsDNA was added into the reaction mixture (stan-
dard procedure, Figure 2B, lane 2). A nicked cirenlar duplex
is generated when complete strand transfer takes place
(Figure 2A), Rad54B itself did not promote strand exchange
(Figure 2B, lane 7). When Rad54B was added to the reac-
tion mixture along with the linear dsDNA substrate in the
standard procedure, the Pmcl-mediated strand exchange
was significantly enhanced (Figure 2B-E). In the experiments
presented here, we observed that only sub-stoichiometric
amounts of Rad54B (0.025 pM) were required to stimulate
the Dmcl-mediated strand exchange (7.5 UM Dmc1). There-
fore, Rad54B may act as a trigger in the conversion of the
Dmcl-DNA complex from an inactive to an active form.

Rad54B stabilizes the Dmcl-ssDNA complex

Mazin et al. (52) demonstrated that Rad51 filaments on
ssDNA are stabilized by Rad54, and proposed that this is
essential for the stimmlation of the Rad5i-mediated strand
exchange. We therefore investigated whether Rad54B stabi-
lizes the Dmcl-ssDNA complex, by monitoring the transfer
of Dmel molecules preassembled on ssDNA 10 a competitor
DNA, using two different experimental procedures.

First, we performed a pull down assay uvsing biotinylated
DNA and streptavidin beads. In this assay, Dmc? was assem-
bled on a biotinylated 120mer ssDNA (SAT-120), and was
incobated in the presence or absence of Rad54B, followed
by the addition of $X174 circular ssDNA as a competitor.
After SAT-120 was immobilized on the streptavidin beads,
the reaction mixture was divided into the beads and the super-
natant (Figure 3A). The supernatant was fractionated on a
4-20% gradient SDS-PAGE gel (Figure 3B). When we per-
formed this assay without competitor DNA, there was essen-
tially no Dmcl detected in the supernatant (data not shown),
indicating that Dmel was bound to SAT-120. In the presence
of competitor DNA, Dmc] was detectable in the supernatant,
indicating that Dmcl transferred from the preassembled
Dmcl-ssDNA complex to the competitor DNA. The amount
of Dmel transferred in the presence of RadS4B was ~3-fold
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Figure 2. Stimuiation of the Dmcl-mediated DNA strand cxchange activity by Rad54B. (A) Schematic representation of the DNA strand sxchange assay. The
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A nicked circular duplex (nc) and linear ssDNA arc then generated by completing strand exchange over the length of the DNA molecules. (B) Dmcl-mediated
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dsDNA (22 pM), RPA (2 uM), KCl {200 mM) and increasing concentrations of Rad54B (0, 0.025, 0.1, 0.4 and 1.6 p in lanes 26, respectively), in the order
described for the procedure at 37°C. In lane 1, ssDNA and dsDNA were incubated in buffer with RPA and KCL, but without other recombinant proteins, and in
lane 7, ssDNA and dsDNA, were incubated in boffer with RPA, Kl and Rads4B (1.6 pvD), but no Dimel. The reaction mixtures were deproteinized, fractipaated
on a 1% agarose gel and staiped witk ethidium bromide. {C) Graphic representation of the experiments shown in (B). The amounts of nicked circular duplex are
presented, (D) Time course experiments for DNA strand exchange. Dmel (7.5 uM) was incubated with $X174 circular ssDNA (30 pM), 6 X174 linear dsDNA
(22 V), RPA (2 pM) and KC1 (200 mM), in the presence (open squares) or absence {closed squares) of Rad54B (0.4 1M), in the onder described for the

procedure at 37°C, for the indicated times. (E} Grophic representation of the experiments shown in (D). The amounts of nicked circular duplex are graphically
presented.

less than that in the absence of Rad54B (Figure 3C), implying  of the competitor DNA, indicating that Rad54B inhibited

that Rad54B prevented the Dmcl-ssDNA complex from  the transfer of Dmcl from the preassembled complex to the

dissociating,. competitor DNA (Figure 4, lanes 7-11). Therefore, Rad54B
Second, a gel mobility shift assay was carried ont to stabilizes the Dmcl-ssDNA complex.

confirm that Rad54B actually stabilizes the Dmcl-ssDNA

complex. Dmcl was assembled on ¢X174 cizenlar ssDNA, . . "

and was incubated in the presence or absence of Rad54B, gﬁ:‘;ﬁsﬁf&"ﬁf&:ﬁﬁiﬁrmmus of the

followed by the addition of $X174 ssDNA fragments

(~500 bases) &s a competitor. In this assay, by monitoring  We next used electron microscopy to examine whether the

the migration distance of the $X174 circular ssDNA, we  nature of the Dmcl-ssDNA complex would change by the

investigated whether the transfer of Dmecl occwred.  addition of Rad54B. In both the absence and presence of

In the absence of Rad54B, increasing the concentration of  Rad34B, the Dmel-ssDNA helical filament was observed

the competitor DNA resulted in the faster mobility of  (Figare 5A and B). However, in the presence of Rad54B,

the Dmcl-ssDNA complex on the agarose gel (Figure 4, we observed Dmcl-ssDNA filaments with a mass of

lanes 2-6). This resulf indicates that the Dmcl had trams- ~20 nm associated with the termini (Figure 5C, closed

ferred from the preassembled Dincl-ssDNA complex 1o the  arrow). We did not detect snch protein-DNA complexes

competitor DNA. In contrast, in the presence of Rad54B, without Rad54B, implying that Rad54B associated with

the migration distances of the Dmcl-ssDNA-Rad54B  the terminns of the Dmcl-ssDNA filament. Interestingly,

complexes did not change upon tittation with excess amounts  Rad34 preferentially associates with the terminus of the
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divided into the beads and supereatant. (B) Dmel (5 pM) was incubated with
SAT-120 (20 uM) labeled with biotin at the 5’ end in the absence (lane 2) or
presence {lape 3) of Rad54B (200 oM), followed by an ircubation with
$X174 circular ssDNA (2 mM). After immobilization on streptavidin beads
for £ h at 4°C, the reaction mixture was divided into the beads and the
supermatant by centrifugation. Then, ope-ienth of the supernatant was
fractionated on 3 4-20% gradient SDS-PAGE gel. Lane } is one-tenth of
the input prodein, {C) Graphic representation of the experiments shown in (B).
The amounts of Dmc] within the supernatant are presented.

Rad51-dsDNA helical filament (53). This termina] associa-
tion of Rad54B may stabilize the Dmcl-ssDNA filament.

DISCUSSION

The yeast and human Rad54 proteins stimulate strand
exchange by Rad51 (54,55), but, thus far, the activation of
Dmcl-mediated strand exchange by the RadS4 homologs
has not been reported. The present findings suggest that the
human Rad34B protein stimulates the Dmcl-mediated strand
exchange, probably through the stabilization of the presynap-
tic filament formed by ssDNA and Dmcl. Recent studies
have shown that Rad54B enhances D-loop formation by
Dmel ard Rad51 (22,38). Taken together, Rad54B assists
Dmel in the initial sirand invasion step (homologous pair-
ing), as well as in the extension of the heteroduplex region
(strand exchange). To stabilize the Dmcl-ssDNA complex,

competitor "] e
DNA - -

RadsdB - - - - - - + + + + +
Dmct

SSDNA -

1 2 3 4 5 6 7 8 9 10 14
Figure 4. Gel mobility shift assay for the protein transfer between ssDNA
molecules. A constant amount of Dme} (10 pM) was incubated with $X174
circular ssDNA (20 pM) in the absence {lanes 2-6) or presence (lanes 7-11)
of Rad54B (200 nM), followed by an incubation with increasing amounts of
0X174 ssDNA fragments (0, 25, 50, 100 and 200 pM in Janes 2—6 and lanes
7-11, respestively} at 37°C for 2 h. In lane 1, X174 circular ssDINA was
incubated in buffer without any recombinant proteins.

Figure 5. Electron microscopic images of Rad54B and Dmcl with ssDNA.
Emages of the Dmcl-ssDNA helical filament in the absenrce (A) or presence
(B} of Rad54B, and the Rad54B-Dincl-ssDMNA complex (C) were photo-
graghed after megative staining with wranyl acetate, The closed bar denotes
100 m

catalytic amounts of Rad54B were sufficient. Consistent
with this result, we observed that Rad54B associated with
the termini of the Dmcl-ssDNA filament, by an electron
microscopic analysis. These observations snggest that
Rad54B may stabilize the Dmcl-ssDNA complex by
interacting with the terminal region of the Dmcl-ssDNA
complex.

How could Rad54B stabilize the Dmcl-ssDNA
complexes? One possibility is that Rad54B could prevent
the Dmcl-ssDNA mucleoprotein filament from disassembling
by binding to one end of the filament. This may lead to the
unidirectional assembly of the Dmcl-ssDNA nueleoprotein
filament at the DSB site. The second possibility is that by
physically interacling with Dmecl, Rad54B could alter the
conformation of the Dmcl-ssDNA nucleoprotein filament
from an inactive form to an active form. Multiple studies
have indicated that the fundamental mechanism of Dmel-
mediated recombination is the same as that of the RecA
homologs, suggesting that Dmc] forms helical filaments when
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Figure 6. Medel of Rad54B converting the Dmel1-DNA complex from the
octameric ring form to the helical filament form. Rad548 imteracts with
terminus of the stacked octameric rings of the Dmcl-DNA complex, causing
a cenversion into the helicol-filament forxn. ‘Fhis conversion resulis in the
stabitization of the Dmcl-ssDNA complex, and the stimulation of the DNA
stvand exchange promoted by Dincl.

performing the strand exchange zeaction (22,45,48,56-58).
However, Dme] forms octameric rings alone and on DNA
(59), and the conversion from rings 1o filaments is probably
essential for the proper function of Dmecl. A recent study
indicated that ATP binding may act as a trigger in the conver-
sion of the Dmcl octameric ring form to the helical filament
form (43). We fonnd that Rad54B bound to the isolated
ATPase domain of Dmel, and this interaction may assist
in changing in the conformation of the Dmcl monomer to
favor the formation of the helical filament, thus stabilizing
the complex. Based on these possibilities, we propose the fol-
lowing model (Figure 6), which explains the mechanism of
DNA strand exchange promoted by Rad54B and Dmcl.
First, Rad54B associates with the terminus of the stacked
rings, and binds to the ATPase domain of Dmc1. This process
may catalytically prevent the Dmcl-ssDNA filament from
disassembling or promote the conversion of the Dmcl-
DNA complex from stacked octameric rings to helical
filaments. The Dmcl-ssDNA nucleoprotein filament, which
is probably the active form for the strand exchange reaction,
then invades the homologous duplex DNA, forming a hetero-
doplex DNA intermediate.

Recent studies have shown that Rad54 has a potent trans-
locase activity and stimulates the branch migration activity
of Rad51 (55,60). These activities suggest that Rad54 is

Nucleic Acids Research, 2000, Vol. 34, No. 16 4435

involved in the post-synaptic phase of recombination.
Although the previous and present Rad54B results have
suggested iis involvement in the presynaptic phase of
recombination, it is easy to imagine that Rad54B functions
in the post-synaptic phase of recombination, such as Rad34.
Further analyses of the effects of Rad54B on Dmcl com-
plexed with varions DNA structures representing recombina-
fion intermediates may provide clues toward understanding
the precise mechanism of the Rad54B-stimulated homo-
logous recombination.
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Abstract

The ataxia-telangiectasia group B complementing gene, 4 TDC, is located at 11923, where loss of heterozygosity (LOH) is frequently
observed in many kinds of cancers including breast cancer. Underexpression of ATDC in breast and prostate cancer has been reported
using serial analysis of gene expression (SAGE) and DNA microarray analysis. We previously reported that SV-40-transformation
down-regulates the expression of ATDC. In the present study, we investigated the roles of ATDCin carcinogenesis. First, we investigated
the expression of ATDC in 11 cancer cell lines. No detectable transcript was observed in 4 tumor cell lines, and no ATDC protein was
detected in & tumor cell lines. We transfected ATDC expression vector into Saos-2 and BT-549 that lacked detectable mRNA and protein
expression of ATDC. Colony-forming efficiency in soft agar was significantly suppressed in all of the ATDC transfectants. These results
suggest that suppressed ATDC expression is associzted with malignant phenotype.

© 2006 Elsevier Inc. All rights reserved.
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A candidate gene for ataxia-telangiectasia (AT) group D
{ATDC) has been cloned in 1992 {1]. AT is an auntosomal
recessive human genetic disease characterized by immuno-
logical deficiencies, neurological degeneration, develop-
mental abnormalities, and an increased risk of cancer [2].
Cells from AT patients show hyper-sensitivity to ionizing
radiation, radioresistant DNA synthesis, elevated recombi-
nation, cell cycle abnormalities, and aberrant eytoskeletal
organization [2]. ATDC partially restores resistance to jon-
izing radiation in cells derived from AT patients, although
it does not affect radioresistant DNA synthesis [3]. The
ATDC gene is located at 11923 and is closely Tinked to
THY1 and D118528 [1}. ATDC is likely to be a member
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0006-251X/3 - sce front matter © 2006 Elsevier Inc. All rights reserved.
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of a gene family whose proteins are characterized by zinc
finger and leucine zipper motifs [4]. Recently ATDC has
been reported to be a member of tripartite motif (TRIM)
protein family, which is characterized by three zinc-binding
domains, a RING, a B-box type 1, and a B-box type 2, fol-
lowed by a coiled-coil region [5-7]. The ATDC protein
physically interacts with the intermediate-filament protein
vimentin, which is a protein kinase C substrate, and with
hPKCI-1, which is an inhibijtor of protein kinase C [8,9)
We previously reported that SV-40-transformation
affects the expression of ATDC [10]. Because the large T
antigen of SV-40 binds with the products of suppressor
oncogenes such as p53 and the retinoblastoma gene (RE)
[11,12], the downregulation of ATDC expression, and the
change in the splicing pattern observed in SV-40-trans-
formed cells might have relevance to cellular transforma-
tion [10] Furthermore, high frequencies of loss of
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heterozygosity (LOH) at 1123, where ATDC is located,
have been observed in various malignancies, including
breast cancer [13] In addition, underexpression of ATDC
in breast and prostate cancer has been reported using serial
analysis of gene expression (SAGE) and DNA microarray
analysis {14,15]. These reports indicate that A7DC might
have relevance to carcinogenesis.

In the present study, we examined expression of ATDC
using 11 tumor cell lines. No ATDC transcripts were
observed in 4 tumor cell lines by Northern blot analysis,
no ATDC protein was detected in 8 tumor cell lines by
Western blot analysis. Transfection of ATDC into two
tumor cell lines lacking detectable mRNA and protein
expression of ATDC resulted in suppression of colony-
forming efficiency in soft agar, which suggests that sup-
pressed ATDC expression is associated with the malignant
phenotype in these tumor cell lines.

Materials and methods

Cell lines. LM217 is an SV-40-transformed cell line derived from
human fibroblast ceils HS27 {16]. We obtained the following 11 cancer celt
lines from American Type Culture Collection {Manassas, VA): a fibro-
sarcoma celt line HT-1080, a transitional cell carcinoma cell line T24, an
osteosarcoma cell line Saos-2, breast cancer cell lines BT-549, MDA-MB-
231, MDA-MB-436, MDA-MB-468, SK-BR-3, and MDA-MB-453, and
ratinoblastoma cell lines Y79 and WERL-Rb-1.

Northern blot analysis. mMRNA was prepared using Fast Track mRNA
isolation kits (Invitrogen, Carlsbad, CA). RNA gel clectrophoresis and
RNA blot apalysis were carried out using standard procednres. Ten
micrograms of mRNA was applied to each lane of the Northern blots, and
the blots were probed using the 3.0kbp tranmscript of ATDC [1]. For
detection of 188 and 288 ribosomal RNA, gels were stained with ethidium
bromide and illuminated with UV radiation before hybridization.

Western blot analysis. Celis were lysed in the electrophoresis sample
buffer (62.5 mM Tris, pH 6.8; 2% SDS; 5% glycerol; 0.003% bromophenol
blue; 1% P-mercaptoethanol) and boiled for 5min. The cell lysate was
resolved by 10% polyacrylamide gel electrophoresis and was electropho-
retically transferred to polyvinylidene difluoride membranes (Millipore
Corporation, Bedford, MA). Whole cell lysate prepared from 10° cells for
detection of ATDC protein or 3 % 10% cells for detection of p-actin protein
was loaded in each lane. The membranes were then probed with anti-
ATDC aatibody N-19 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA)
or anti-f-actin antibody AC-15 (SIGMA,, Saint Louis, MO). The antigen-
antibody complexes were detected by the ECL Plus™ Western blotting
detection reagents (Amersham Pharmaciz Biotech Inc., Piscataway, NI)
using horscradish peroxidase-conjugated antibodies.

Construction of a 3.0 kbp ATDC expression vector. The ATDC cDNA
was isolated from a commerciaily available library contained within a A
ZAPII vector (Stratagene, La Jolla, CA) as previously described [1]. The
cDNA was rescued from ZAPII and cloned into the Bluescript plasmid
(Stratagenc) [4]). The ATDC expression vector, pcD2E-1Bd, was con-
structed by ligating the ATDC cDNA into a mammalian expression vec-
tor, pcD2E, which contained the SV~40 promoter and neomycin-/
ampicilfin-resistant sequences {17]. The expression vector pcD2E was
obtained from Dr. C. A. Weber.

Stable wransfection in Saos-2 and BT-549 cells. The ATDC-containing
plasmid peD2E-1Bd and the control plasmid peD2E(~) were transfected
by the calcium phosphate method. Exponentially prowing cells were
subcultured onto 100-mm tissue culture dishes and incubated overnight at
35°C in a 5% CQ; incubator. Twenty micrograms of plasmid DNA per
dish mixed with 9.5 ml of 0.25 M CaCl, and ¢.5 ml of 2x BES-buffered
saline (50mM BES (N,N-bis[2-hydroxyethyi}-2-aminosthanesnlfonic
acid), 280 mM NaCl, and 1.5mM NaHPO;2H,0) was added to the

dishes, and cells were incubated for 24 h at 35 °C in a 3% CO; incubator.
After a 24 b incubation, the medium was removed and the cells were rinsed
twice with phosphate-buffered saline (PBS). Cells were incubated in fresh
medium for 24 b at 37°C in a 5% CO; incubator. The cells were replated
and incubated for 24 h at 37°C in a 5% CO, incubator. After a 24 h
incubation, the medium was changed to the selective medium containing
400 pg/m] G418 (LIFE TECHNOLOGIES, Rockville, MD). After 2-4
weeks, several colonies were observed in each dish, and each of the G418-
resistant colonies was transferred separately to ap individual well of 24-
well plates. Cells were subsequently maintained in G418 medium.

Reverse transcription-polymerase chain reaction {RT-PCR). Total
RNA was prepared using RNA STAT-60™ (TEL-TEST, Frienrdswood,
TX). Two micrograms of mRNA was reverse-transcribed with random
hexamer oligonuclcotides (Amersham Pharmacia Biotech, Uppsala, Swe-
den) to produce cDNAs. One-twenticth of ¢ach product was used for
amplification. PCR for amplification of ATDC or f-actin mRMNA had 35
cycles or 25 cycles, respectively. Primers used for amplification of ATDC
mRNA were as follows: 5 GGAGAAGCAAAAGGAGGAAGTG ¥
(sense); and 5 TTGGGGCTTTGGCTCCGCATGA 3 (antisense). The
expected size of the product is 699 bp. Primers used for ampiification of -
actin mRNA were as follows: 5 AAGAGAGGCATCCTCACCCT ¥
(sense); and 5 TACATGGCTGGGGTGTTGAA 3’ (antisense). The
expected size of the product is 218 bp,

Colony-forming efficiency in saft agar. Colony-forming efficiency was
determeined using a donble-fayer soft-agar method. In 60-mm tissue culture
dishes, 10°-10° cells were plated in 0.3% agar over a iaver of 0.5% agar.
Cells were incubated for 56 days in a CO, incubator and colonies that-
consisted of more than 50 cells were counted.

Cell proliferation rate. One huadred thousand Saos-2 celis or BT-549
cefls were plated in 60-mm tissue culture dishes. Saos-2 celis were treated
with 0.25% trypsin and 0.1% EDTA 2, 4, 6 or 8 days after subculturing,
and BT-549 celis were treated with them 1, 2, 3 or 4 days after subcul-
turing. Total cell number per dish was counted using the COULTER
COUNTER MODEL Zsl (Coulter Efectronics, Inc., Hialeah, FL), and
the proliferation rate was caleulated.

Resalts

mRNA expression of ATDC in cancer cell lines and a SV-40-
transformed cell line

First, we examined mRNA expression of ATDC in 11
cultured cancer cell lines and a fibroblast cell line
(Fig. 1A). Multiple transcripts were observed in LM217,
MDA-MB-436, MDA-MB-468, SK-BR-3, and MDA-
MB-453. The transcripts consisted chiefly of 3.0, 2.4, and
1.6 kbp mRNA. No transcript was observed in HT-1080,
Saos-2, BT-549, Y79, and WERI-Rb-1 in the Northern
blots shown in Fig. 1A. A 2.4 kbp transcript could be
observed in HT-10B0 after long exposure, however, no
transcript was observed in Saos-2, BT-549, Y79, and
WERI-Rb-1 even after long exposure (data not shown).

Protein expression of ATDC in cancer cell lines and a SV-
40-transformed cell line

ATDC protein expression was investigated using the
same cell lines. ATDC protein was detected as a band hav-
ing a molecular weight of approximately 65 kDa in MDA-
MB-436, MDA-MB-468, and SK-BR-3 cell lines (Fig. 1B).
Molecular weight of 65 kDa is the expected size for a pro-
tein predicted to have 588 amino acid residues coded in the
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Fig. 1. Northern blot analysis and Western blot analysis of 11 cancer cell lines and a fibroblast cell line. (A) Upper panels show Northern blot analysis
probed with the 3.0 kbp ATDC cDNA. Ten micrograms of mRNA from normal fibroblast 1L.M217, fibrosarcoma HT-1080, transitional cell carcinoma
T24, osteosarcoma Saos-2, breast cancer BT-549, MDA-MB-231, MDA-MB-£36, MDA-MB-468, SK-BR-3, and MDA-MB-453, and retinoblastoma Y79
and WERI-Rb-1 was loaded. Lower panels show RNA preperations prior to blotting. (B) ATDC and B-actin proteins were detected by Western, blot
analysis using anti-ATDC antibody N-19 or anti-B-actin antibody AC-15. Malecular weight of 65 kDa is the expected size for the ATDC protein.

3.0 kbp transcript [4,9]. No band was observed in LM?217,
HT-1080, F24, Saos-2, BT-549, MDA-MB-231, MDA-
MB-453, Y79, and WERI-Rb-1 (Fig. 1B). LM217, HT-
1080, T24, MDA-MB-231, and MDA-MB-453 had 2.4
and/or 1.6kbp transcript, but no ATDC protein was
detected in these cell lines (Fig. 1B). Anti-ATDC antibody
N-19 used in the present study is a polyclonal antibody
raised against a peptide mapping at the amino terminus
of the ATDC protein coded in 3.0 kbp transeript. In an
attempt to detect ATDC protein coded in 2.4 or 1.6 kbp
transcript, we used anti-ATDC antibody C-17 which is a
polyclonal antibody raised against a peptide mapping at
the carboxy terminus (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA). However, no ATDC protein was detect-
ed on Western blot with C-17 antibody in these cell Jines
(data not shown).

Stable transfection of ATDC expression vector in Saos-2 and
BT-549

Next, in order to elucidate the roles of ATDC gene in
carcinogenesis, we transfected the ATDC expression vector
pcD2E-1Bd or the contro! vector pcD2E(—) into Saos-2
and BT-549 which lacked detectable ATDC expression.
We chose Saos-2 and BT-549 for ATDC trapsfection
becanse Y79 and WERI-Rb-1 grew in suspension and it
was difficult to get stable transfectants of the gene. We
selected randomly 5 clones each from the Saos-2 or BT-
549 cells transfected with pcDZE-1Bd or peDZE(—). The
clones derived from the Saos-2 cells transfected with
peD2E-1Bd or pcD2E{—) were named S(+)1, 2, 3, 4, and
5 or 8(—)1, 2, 3, 4, and 5, respectively, and the clones
derived from the BT-549 cells transfected with pcD2E-
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