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Translesional Synthesis through the dG-C8-PhIP Adduct

tion was terminated by adding 8.8 ul of the gel loading solution
and a further incubation at 95°C for 3 min. The reaction of
REV1 was performed in the same manner as the reaction of pol
x with the exception that the standard reaction time was 5 min.
For pol 1, a X10 reaction buffer containing 400 mum Tris-HCl
(pH 8.0), 10 mm MgCl,, 100 mm DTT, 1 mg/ml bovine serum
albumin, and 450 mm KClI was used instead of the X10 TLS
buffer. The 32P-labeled fragments were denatured and electro-
phoresed in a 9.5% polyacrylamide gel containing 8 M urea. The
radioactivity of the fragments was determined using a Bio-Im-
aging Analyzer (BAS2500, Fuji Photo Film, Kanagawa, Japan).
Kinetic parameters were determined by steady-state gel kinetic
assays under similar conditions as described above. The incu-
bation time for pol x was changed to 10 min. K, and k_,, were
evaluated from the plot of the initial velocity versus the dCTP or
dGTP concentration using a hyperbolic curve-fitting program
in SigmaPlot 11 (Systat Software, Inc.). Data from two or three
independent experiments were plotted together.

RESULTS

Construction of Template Oligonucleotides Containing a
PHIP Adduct—We designed oligonucleotides containing a
dG-C8-PhIP adduct at specific sites for use as templates in in
vitro DNA synthesis analyses. For this purpose, we selected the
5'-TCCGGGAAC-3' sequence as: 1) it corresponds to codon
868 —870 of the rat Apc gene, one of three mutation hot spots (a
single base deletion of G) in PhIP-induced colon tumors (21),
and could thus be used as a model template that would recon-
stitute mutations of this gene; 2) two other mutation hot spots
in the rat Apc gene and many mutated sites induced by PhIP in
cultured cells and animal models contain 5'-GGGA-3' as a core
sequence (17-20). We thus speculated that the 5’-TCCGG-
GAAC-3' sequence could be used as a model sequence for these
GGGA to GGA mutations to some extent; and 3) some muta-
genic compounds forming dG adducts, including PhIP, are
expected to react preferentially with the 5'-G of a GG dinucle-
otide site when compared with a single G residue (31). We thus
selected a sequence containing GGG as a template for our ini-
tial analysis.

We have recently synthesized three 9-mer oligonucleotides
separately harboring a PhIP adduct on each G within the
sequence 5'-TCC GGG AAC-3' (22). Three 32-mer template
oligonucleotides, p32B, p32C, and p32D, were constructed in
our present study by ligation of these 9-mer oligonucleotides
containing the dG-PhIP adduct with a 23-mer oligonucleotide,
p23a, (Table 1 and supplemental Fig. S1). The purities of these
oligonucleotides were tested after resolution by electrophore-
sis. In our present study, we principally describe the resulits of
our in vitro DNA synthesis analysis using p32C as the template
to avoid complexity.

In Vitro DNA Synthesis by A- and B-family DNA Polymerase—
Many of the chemical compounds that can form DNA adducts
in vivo and that show mutagenicity have been reported to
impede the progress of DNA synthesis to different extents. The
molecular size of PhIP is greater than most other mutagenic
chemicals that form adducts. Hence, dG-PhIP was expected to
block DNA synthesis to a considerable extent. To examine the
effects of the dG-C8-PhIP adduct upon DNA synthesis, primer
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TABLE 1
Oligonucleotide templates and primers
Oligonucleotide

Sequence”

p32A LA Yoo GACTCGTC GTGACTGGS AAAAC-13’
p32B 5'-TCC TGACTCOTC GTGACTGGG AARAC-3'
p32C &'-TCC TGACTCATC GTGACTGGS AAAAC-3'
p32D S -TCC TGACTCGTC GTGACTGGE ARARC-3
p29 5’ %, GTCRCGACG AGTCAGTTC Co-3'
p28 13 GTCACGACS AGTCAGTTC -3

p27 5’ GTCACGACG BGTCAGTTC-3'

p6 S'-GTT TTC OCA GTCACGACS AGTCRGTT-3

p22 §'-GTT TTC CCAR GTCTACGACG AGTC-3

pl7 5'~-3TT TTC CCA GTCACGAC-3'
“ The bold G indicates the site of the PhIP-C8-dG adduct. Underlined sequences
correspond to codon 868 - 870 at nucleotides 2602-2610 of the rat APC gene.

A B C D
A-p17 () B-p17 (+) C-pi7 {+) D-p17 (+)
1234|1234 1223 4 1234
pol . el ol |  eonmll sl
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Primer Wb - - - -

FIGURE 2.Invitro DNA synthesis using Klenow fragment. Gel electrophore-
sis indicating the primer extensions obtained using the 32-mer oligonucleo-
tide templates, p32A (A}, p32B (8), p32C(C), and p32D (D), which have no PhiIP
adduct, and a PhiP adduct on the first, second, and third G within the triple G
sequence, respectively. The 3’ complementary 17-mer sequence, p17, was
used as the extension primer. The final concentration of each template-
primer complex was 12.5 nm. Concentrations of Klenow fragment were 0 (fane
13}, 7.8 {lane 2), 23 {lane 3}, and 78 units/ml (fane 4).

extension experiments using p32B, p32C, and p32D as tem-
plates were carried out (see Table 1). The length of each pro-
duced fragment was precisely determined using ladders of oli-
gonucleotide fragments as markers (data not shown). The
Klenow fragment of E. coli DNA polymerase I, a member of
the A-family DNA polymerases, was first used in this analysis.
The production of a 28-, 27-, and 26-mer from these primer
extension reactions using B-pl17, C-pl17, and D-p17, respec-
tively, using a template-primer complex, and lack of longer
fragments indicated that the Klenow fragment stalled just
before the dG-C8-PhIP adduct (Fig. 2). On the other hand, con-
trol experiments using p32A without the adduct as a template
produced a 32-mer fragment (Fig. 24). Similar results were
obtained with E. coli DNA polymerase I (exo*) and B-family
DNA polymerases, such as the thermophilic bacterial DNA po-
lymerases, rTag and Tth, and human DNA polymerase « (data
not shown) (supplemental Fig. 52), suggesting that stalling at
the dG-C8-PhIP adduct occurs for all replicative DNA poly-
merases. Stalling of rTag and Tth at the PhIP adduct was
observed at 65 °C, as well as at 37 °C, indicating that this is the
result of a physical hindrance of the adduct itself and not from
secondary DNA structures. Moreover, there was no difference
found between the stalling of E. coli DNA polymerase I {(exo™)
and that of the Klenow fragment (exo™). This indicates that the
physical blocking of DNA polymerases at the dG-C8-PhIP
adduct does not depend upon their proofreading function.
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Finally, DNA synthesis analyses with human DNA polymerase
8 (pol §), a member of the B-family DNA polymerases and a
truly replicative polymerase, were carried out. In the case of

A-p22 C-p22 A-pt7  C-pi7

7 8 9101112

123 456

-
<—32nt

FIGURE 3.In vitro DNA synthesis using pol  in the presence orabsence of
PCNA. Gel electrophoresis indicating the primer extensions obtained using
the 32-mer oligonucleotide templates, p32A (A), and p32C (C), which have no
PhiP adduct, and a PhiP adduct on the second G within the triple G sequerice,
respectively. The 3’ complementary 22-and 17-mer sequences, p22 and p17,
were used as the extension primer. The final concentration of each template-
primer complex was 12.5 nim. Concentrations of pol Swere 0 {lanes 1,4,7,and
10) and 16 nm {fanes 2,3, 5,6, 8,9, 11, and 12). Concentrations of PCNA as a
trimer were 0 (fanes 1, 2,4, 5,7, 8, 10, and 11) and 20 nm (lanes 3,6, 9, and 12).
Large arrows indicate the positions of primers (17- or 22-mer}, full-length
products (32-mer), and the products pausing just before the PhiP adduct
(27-mer). Smallarrows indicate the minor products thatincorporated an addi-
tional 1 nucleotide (nt) to a full-length product or the pausing product.

using p32C and p17 (C-p17) as a template-primer complex, the
production of 27-mer fragments indicated the stalling of pol &
just before the PhIP adduct (Fig. 3, lane 11). From a control
reaction using A-pl7, a template-primer complex without the
PhIP adduct, a full-length product of 32-mer was generated
(Fig. 3, lane 8). In addition to these major products, minor prod-
ucts extended one nucleotide further (28- and 33-mer) and lad-
ders of bands indicating degradation of primer (<17-mer) were
observed (Fig. 3), corresponding with previous results reporting
terminal dA transferase and exonuclease activities of pol 6 (32).
PCNA, an accessory protein acting as a sliding clamp for pol 8,
was previously reported to promote DNA synthesis by pol &
past several template lesions, including abasic sites, 8-oxo-dG,
and aminofluorene-dG (32). In the case of dG-C8-PhIP, how-
ever, PCNA was unable to promote the bypass synthesis of pol &
beyond the lesion (Fig. 3, lane 12). Extension reaction from the
longer 22-mer primer, p22, also paused completely just before the
PhIP adduct in the presence or absence of PCNA (Fig. 3, lanes 5
and 6). These results strongly suggest that the dG-C8-PhIP adduct
on genome DNA in the living cells induces the complete block of
replication forks including pol 8, PCNA, and pol «.

Translesional DNA Synthesis by Y-family DNA Polymerases—
Translesional DNA synthesis at the dG-C8-PhIP adduct by
the Y-family DNA polymerases, pol %, pol k, pol , and REV1
was next examined. Two substrates, C-p27 and C-p28, and
their counterparts without a PhIP adduct, A-p27 and A-p28,
were used in these experiments (Fig. 4). Substrate C-p27 was
prepared by annealing the p32C template (see Table 1) to its
3'-complimentary 27-mer sequence, p27, and was used to iden-

tify the nucleotides that are inserted

C-p27 C-p28 opposite the dG-C8-PhIP adduct
PhIp phrp (Fig. 4). Similarly, substrate C-p28
5'«PCCGGGAAC 3’ 5’-9CCECGAAC — 3’ was used to analyze the extension
CTTG * CCTTG %  reaction from the 3'-end of the dC

bases opposite the dG-C8-PhIP

A-p27 A-p28 adduct (Fig. 4). We found that
recombinant human DNA polym-

5’ TCCGGGAAC 3’ 5/-pCCRGGAAC 3’  erase 7 {pol m) could insert a dC
CTTG * CCTTG %  opposite the dG-C8-PhiP adduct,

FIGURE 4. Template-primer complexes. Substrates C-p27 and C-p28 (series-C) have a PhiP adduct on the
second dG within a GGG sequence. Substrates A-p27 and A-p28 (series-A) are control substrates withouta PhiP
adduct. The corresponding 3' complimentary 27- and 28-mer sequences, p27 and p28, were used as extension
primers. The template-primer complexes, C-p27 and C-p28, were used to monitor the nucleotide insertions
into the site opposite dG-C8-PhIP and the extension reactions from the 3'-dC opposite dG-C8-PhIP,

respectively.

A B
A-p27 (-PhiP) C-p27 (+PhIP)

-AT GC ~-ATGC - GAT

FIGURE 5. Translesional DNA synthesis by pol 5 using substrates C-p27 and C-p28. Control reactions were
performed using substrates without the PhIP adduct, A-p27 (A} and A-p28 (C). An insertion reaction was
performed with substrate C-p27 (B) and an extension reaction with substrate C-p28 (D). AsingledNTP (G, A, T,
C) was added into the reaction mixture as indicated by G, A, T, and C above each lane. The lanes indicated by —
are controls without any nucleotides. Concentrations of pol n and each dNTP were 1.9 nm and 100 um,

respectively.
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A-p28 (-PhiP)

although at low efficiency compared
with control experiments without
the PhIP adduct (Fig. 5, 4 and B).
Extension reactions catalyzed by pol
7 from the 3'-end of dC opposite
the adduct were barely detectable
(Fig. 5D), although an excessive
amount of pol i produced byprod-
ucts that incorporated a mismatch
nucleotide, dG, dA, or dT (supple-
- mental Fig. S4). In the case of dG,
incorporation of one to three dG
nucleotides was observed (supple-
mental Fig. §4). In control experi-
ments without the PhIP adduct,
minor products were produced that
incorporated mismatch nucleo-
tides, in addition to a major product
that incorporated a dC (Fig. 5C).

D
C-p28 (+PhiP)
C -G ATC
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c A-p28 (-PhlP)
GATOC - GATC|-

A Ap27(-Phip) B c-p27 (+PhIP)
-GATC |-

D ¢_pos (+Phip)
GATC

FIGURE 6. Translesional DNA synthesis by pol « using substrates C-p27 and C-p28, Control reactions were
performed using substrates without the PhlP adduct, A-p27 (A) and A-p28 (C). An insertion reaction was
performed with substrate C-p27 (B) and an extension reaction with substrate C-p28 (D). A single dNTP (G, A, T,
C) was added into the reaction mixture as indicated by G, A, T, and C above each lane. The lanes indicated by —
are controls without any nucleotides. The concentrations of pol k were 250 (A and C), 500 (B), and 1000 nm {D),
respectively. The concentration of each dNTP was 100 um.

A B C D E
A-p27 (-PhIP) C-p27 (+PhIP)  C-p27 (+) A-p28 (-PhIP) C-p28 (+PhiP)

- GATCN

-G AT CN

- GATCN|C ~

~-GATCN

FIGURE 7. Translesional DNA synthesis by REV1 using substrates C-p27 and C-p28. Control reactions were
performed using substrates without the PhiP adduct, A-p27 (A} and A-p28 (D). Insertion reactions were per-
formed with substrate C-p27 {8 and ) and an extension reaction with substrate C-p28 {£). A single dNTP (G, A,
T, and C) or a mixture of each was added into the reaction mixture as indicated by G, A, T, C, and N above each
lane. The lanes indicated by — are controls without any nucleotides. The concentrations of REV1 were 5.2 (A
and D) and 26 nm (B, C, and £), respectively. The concentrations of each dNTP were 100 uMm (A4, B, D, and £) and
320 um (C), respectively. The N mixture contained each dNTP at a concentration of 25 um.

at a higher efficiency compared with
pol « and pol n (Fig. 7, B and C).
REV1 was, however, unable to cata-
lyze the extension reaction from the
dC opposite the PhIP adduct in
C-p28 (Fig. 7E and supplemental
Fig. S5, lane 5). REV1 incorporated
only dC nucleotides into A-p27 and
A-p28 substrates without the
adduct (Fig. 7, A and D). Neither
nucleotide insertion nor extension
reactions for the templates contain-
ing the PhIP adduct were detected
using human pol ¢ (data not shown).

Kinetic Analyses of Translesional
DNA Synthesis by pol x and REVI—
To evaluate translesional DNA syn-
thesis beyond the dG-C8-PhIP
adduct in further detail, additional
quantitative analyses for pol « and
REV1 were performed. Insertion
reactions catalyzed by pol « for dC
(Fig. 8, B, lanes 2-5, and C, closed
diamonds) and dG (Fig. 8, B, lanes
6-9, and C, closed triangles) into
substrate C-p28 were analyzed in
the same way. Kinetic parameters
for pol k were determined using

We next examined translesional DNA synthesis beyond the
PhIP adduct using a truncated form of human DNA polymerase
Kk containing the N-terminal 559 amino acids. One or two dCs
were inserted opposite the dG-C8-PhIP adduct by this poly-
merase, and misinsertions of three other nucleotides were also
observed to a certain extent (Fig. 6B). pol « incorporated two
dCs and misincorporated dG, dA, and dT into the A-p27 sub-
strate without the PhIP adduct at a low efficiency (Fig. 64).
Misincorporations of dG, dA, and dT into the A-p28 substrate
without the adduct were also observed (Fig. 6C). In the case of
the extension reaction from 3'-dC opposite the dG-PhIP
adduct, pol « also. incorporated dC and misincorporated dT
into the C-p28 substrate at low efficiency (Fig. 6D). Interest-
ingly, one- and two-base incorporations of dG into the sub-
strate C-p28 by pol k dominated the incorporation of a dC (Fig.
6D). In the extension reaction with pol k in the presence of all
four dNTPs, fragments of 29 and 30 nucleotides were observed
as major products, and a small amount of the 31-nucleotide
fragment was observed (see supplemental Fig. S5, lane 6). Full-
length products of 32 nucleotides were observed only when an
excess amount of pol k was present (data not shown). This poor
extension activity of pol « after adding two nucleotides was
probably caused by the shortness (~4 nucleotides) of the 5’
region to the lesion in the template oligonucleotide. Extension
with pol k, pol 5, and pol 8 from the mismatched primers,
where the 3’-terminal nucleotide of the p28 primer, dC, was
substituted with another nucleotide, could not be observed
(data not shown). REV1 inserted a dC opposite the PhIP adduct

“BEHEN
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steady-state kinetic assays (Table 2).
The catalytic efficiency (k../K,,) of
dC insertion into C-p28 (0.039 min™! mm~?) was found to be
4-fold greater than that into C-p27 (0.011 min™! mm ™). These
results indicate that pol « catalyzes the extension reaction from
the 3'-terminal of dC opposite the dG-C8-PhIP with a higher
efficiency than the insertion reaction opposite the adduct. The
k!X, values of the dC insertion opposite the adduct were
roughly 4 orders of magnitude less than those into counterparts
without the adduct (see Table 2). The k_,,/K,;, value of the dG
incorporation into C-p28 was slightly higher than that of dC,
and more than 8-fold higher than that of dG into C-p27 (see
Table 2). This result indicates that pol « skipped over the dG
site just 5’ of dG-C8-PhIP on the template and incorporated dG
opposite dC on the template strand of substraté C-p28 with a
high efficiency. The k_, /K|, values of the dC incorporation into
D-p27 (0.19 min™* mm ™) were over 4-fold greater than into
C-p28 (0.039 min~! mm ') and over 8-fold higher than that of
dG into B-p29 (0.023) (see supplemental Table $1). These
data indicate that the efficiencies of the extension reaction
by pol k are the highest for template p32D containing the
PhIP adduct in the third G of the triple G run, next for tem-
plate p32C containing the PhIP/adduct in the second G, and
lowest for template p32B containing the PhIP adduct in the
first G.

Even at higher concentrations of dNTPs, extension reactions
catalyzed by REV1 for substrate C-p28 could not be monitored
(Table 3, Fig. 7E). The k_, /K, value of the dC incorporation by
REV1 into substrate C-p27 was more than 2,000 times greater
than that by pol k, and 1/44 of the values for counterparts with-
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A  C-p27 (+PhiP) B
123 456789

L
&
#

100

C-p28 (+PhiP)
123 4567 89

reaction catalyzed by REV1 among
the three templates was the most
efficient for template p32D contain-
ing the PhIP adduct at the third G,
similar to the extension reaction by
pol k.

DISCUSSION

In Vitro TLS Analysis Reconstitut-
ing PhiP-induced Mutations—HCAs
are food-borne carcinogens pro-
duced when cooking meat (1, 9,

(¢

33). The most significant aspect of
these molecules is that they exist
normally in cooked food and are
thus ubiquitous carcinogens (32).
The mutagenicity and carcinoge-
nicity of HCAs are mainly attrib-
uted to C8- and N2-dG adducts
(9). Both excision repair and trans-
lesional DNA synthesis play criti-

Nucleotide Incorporation (%)

cal roles in the mutagenesis steps
induced by HCAs. However,

dNTP (uM)

FIGURE 8. Translesional DNA synthesis by pol . Nucleotide incorporation by pol « for substrates C-p27 (A)
and C-p28 (B). Either dCTP (lanes 2-5) or dGTP {lanes 6-9) was added into the reaction mixture. Lane 1 indicates
a control without any nucleotides. The concentration of pol k was 910 nm. The concentrations of dCTP or dGTP,
respectively, were 25 {lanes 2 and 6), 12.5 (lanes 3 and 7), 6.25 (lanes 4 and 8), and 3.13 um {lanes 5 and 9).
¢, incorporation efficiencies of dCTP and dGTP into substrate C-p27 and C-p28. Incorporations of dCTP into
C-p27,dGTPinto C-p27, dCTP into C-p28, and dGTP into C-p28 are indicated by open diamonds, open triangles,
closed diamonds, and closed triangles, respectively. Each data point represents the mean of two separate exper-

iments. The error bars represent residuals.

TABLE 2
k_./K, values for pol k
Substrate K, Kear kK.,
it > 1073 min~! min™ mart
C-p27
dCTP 70 0.76 0.011
dGTP 47 0.24 0.0050
C-p28
dCTP 8.0 0.32 0.039
dGTP 11 0.48 0.042
A-p27
dCTP 0.035 4.4 130
dGTP 0.26 1.3 5.0
A-p28
dCcTp 0.027 37 140
dGTP 21 8.8 4.1
TABLE3
k., /K, values for dCTP-insertion by REV1
Substrate K, Ko kel K,y
] %1073 mint min™ !
C-p27 12 320 27
C-p28 ND* ND ND
A-p27 0.36 390 1100

“ ND, not detectable,

out the adduct (Table 3). The k_,/K,,, values of the dC insertion
by REV1 into three substrates, B-p28, C-p27 and D-p26, were
39, 27, and 73 min~! mM ™!, respectively. Thus, the insertion

25590 JOURNAL OF BIOLOGICAL CHEMISTRY

despite the importance of HCAs as
common environmental muta-
gens, there have been very few pre-
vious reports regarding the stall-
ing of DNA polymerases and TLS
caused by the DNA adducts they
form. This is mainly because of
the difficulty in preparing tem-
plate DNA with introduced HCA
adducts at specific sites. Choietal.
(34) have recently undertaken a biochemical study of TLS at
adducts of the HCA 2-amino-3-methylimidazo[4,5-flquino-
line (IQ) using purified human polymerases. In our current
study of TLS, we describe our findings for adducts of PhIP, the
most abundant HCA in cooked foods (4).

A rat colon cancer model induced by PhIP shows profiles
of cancer development similar to the multistep model of
colon carcinogenesis in humans (35). In this rat model, p53
and K-ras mutations are rarely observed, whereas mutations
in Apc and its downstream gene B-catenin have been fre-
quently observed (21, 36 -38). Hence, mutations in Apc or
B-catenin have been speculated to play a critical role in PhIP-
induced colon carcinogenesis. Five mutations in the Apc
gene were previously detected in four of eight PhIP-induced
rat colon tumors, and all of these mutations involved a single
guanine deletion in the 5'-GGGA-3’ sequence (21). This
characteristic mutation induced by PhIP, 5'-GGGA-3’ to
5'-GGA-3’, was also observed in other in vivo mutation anal-
yses using transgenic animals harboring introduced reporter
genes, such as lacl (18 -20). Hence, the 5'-TCCGGGAAC-3’
sequence corresponding to a mutation hot spot within the
rat Apc gene, which we utilized to introduce the PhIP adduct
and employed as the template for in vitro DNA synthesis
analyses, could be a suitable model for revealing the molec-
ular mechanisms associated with PhIP-induced mutations.
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As discussed later, our results indicate a possible molecular
mechanism for the 5'-GGGA-3' to 5'-GGA-3’ mutation
induced by PhIP.

DNA Polymerases Involved in TLS through the dG-PhiP
Adduct—TLS through many DNA lesions requires the action
of two different polymerases, an “inserter” and an “extender,”
the former to perform nucleotide insertions opposite the lesion
site and the latter for subsequent extensions (39). The catalytic
efficiency of the dCTP-insertion reaction opposite the dG-PhIP
adduct by REV1 was found to be more than 2,000-fold greater
than that by pol & (see Tables 2 and 3). This result strongly
suggests that REV1 functions in vivo as an inserter polymerase
for TLS through the dG-PhIP adduct. This insertion step by
REV1 is.also error free. REV1 has been reported previously to
insert dCTP opposite abasic sites and various N2-dG adducts
(26,39 —41). However, our current study is the first to show that
REV1 inserts dCTP opposite a large size C8-dG adduct. We
used a shorter (C-terminal deleted) form of pol  in our current
experiments and an intact pol k may be more effective for this
insertion reaction. As for pol n, a detailed kinetic analysis was
not performed. Hence, the possibility cannot be excluded that
pol k and pol 7 also function as inserter polymerases.

In addition to the Y-family DNA polymerases, DNA poly-
merase { (pol £}, belonging to the B-family DNA polymerases, is
considered to be involved in TLS through various lesions as an
extender DNA polymerase (39, 42, 43). We have not carried out
a primer extension assay with pol ¢ and thus the possibility
cannot be completely excluded by our current data that pol {
functions in vivo as an extender polymerase for TLS through
the dG-PhIP adduct. In our present study, we provide evidence
that pol k can extend from dC opposite the dG-C8-PhIP adduct
in vitro. 1t is, therefore, possible that pol «, at least partially,
functions as an extender polymerase in vivo for TLS through
the dG-PhIP adduct. Further study about cooperation between
two or more DNA polymerases, including pol {, is necessary to
verify which DNA polymerases are involved in the bypass syn-
thesis through the PhIP lesion.

The catalytic efficiency of pol « for a dGTP insertion into
substrate C-p28 was a little higher than that for dCTP inser-
tions (see Table 2 and Fig. 6D). The former generates a single
guanine deletion, and the latter is an error-free extension. Con-
sequently, our data suggest that the extension reaction with pol
« from the nucleotide opposite the dG-C8-PhIP adduct causes
frequent single-guanine deletions from the GGG stretch. It has
been reported that one characteristic feature of pol k homologs,
from bacteria to humans, is their propensity to generate single-
base deletions (44—47). The crystal structure of Dpo4, a ther-
mophilic archaea homolog of pol «, in ternary complexes with
DNA and an incoming nucleotide supports the model that a
single base deletion by pol k is generated through a misaligned
intermediate complex where the template dG forms an extra-
helical looped out structure and the incoming dGTP skips this
extrahelical base and pairs with the next template base dC (48)
(see supplemental Fig. S6). It is reasonable to speculate there-
fore that, in the case of TLS through dG-C8-PhIP, mammalian
pol k generates the single guanine deletion via a similar inter-
mediate where the PhIP-adducted dG is looped out and tem-
plate-primer slippage occurs. However, further analyses for
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determining whether the one-base skipping of pol k beyond the
lesion observed by us is dependent on the nucleotide placed 5’
to the lesion or not, are necessary to clarify the detailed molec-
ular mechanism underlying one base skipping of pol k.

Molecular Mechanisms Underlying Mutation Induction by
PhIP—VWe have demonstrated herein by in vitro DNA synthesis
analyses using oligonucleotide templates containing dG-PhIP
that: 1) replicative DNA polymerases stall at the PhIP adduct
and cannot perform translesional DNA synthesis beyond this
point; 2) REV1 inserts a dC opposite the dG-PhIP with a much
higher efficiency than other TLS polymerases, including pol
and pol n; and 3) pol « has a potential ability to catalyze an
extension reaction from the 5'-dC opposite the adduct and
often skips over one dG in the template during this extension
step. A working model for the induction of mutations at the
PhIP adducts based on the results shown in the present study is
illustrated in supplemental Fig. S6. This model could be
adopted for other sequences containing a G repeat stretch lon-
ger than GGG.
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ABSTRACT

Rad51C is a central component of two complexes
formed by five Rad51 paralogs in vertebrates. These
complexes are involved in repairing DNA double-
strand breaks through homologous recombination.
Despite accumulating evidence suggesting that the
paralogs may prevent aneuploidy by controlling
centrosome integrity, Rad51C’s role in maintaining
chromosome stability remains unclear. Here we
demonstrate that Rad51C deficiency leads to both
centrosome aberrations in an ATR-Chk1-dependent
manner and increased aneuploidy in human cells.
While it was reported that Rad51C deficiency did
not cause centrosome aberrations in interphase
in hamster cells, such aberrations were observed
in interphase in HCT116 cells with Rad51C dysfunc-
tion. Caffeine treatment and down-regulation of
ATR, but not that of ATM, reduced the frequency
of centrosome aberrations in the mutant cells.
Silencing of Rad51C by RNA interference in
HT1080 cells resulted in similar aberrations.
Treatment with a Chk1 inhibitor and silencing of
Chk1 also reduced the frequency in HCT116
mutants. Accumulation of Chk1 at the centrosome
and nuclear foci of yYH2AX were increased in the
mutants. Moreover, the mutant cells had a higher
frequency of aneuploidy. These findings indicate
that the ATR-Chk1 pathway plays a role in increased
centrosome abermrations induced by Rad51C
dysfunction.

INTRODUCTION

Homologous recombination, along with nonhomologous
end-joining, plays a major role in the repair of DNA
double-stranded breaks (DSBs) (1). Rad51 is a key
player in homologous recombination by exerting homol-
ogous pairing and strand exchange activities. Rad51 para-
logs are assumed to be involved in the early stages of
homologous recombination by assisting Rad5! function
(2). Five members of the Rad51 paralog family constitute
two protein complexes: Rad51B-Rad51C-Rad51D-
XRCC2 (BCDX2) and Rad51C-XRCC3 (3,4). Thus,
Rad51C is a central component among five members
in vertebrates.

The centrosome serves as the microtubule-organizing
center, ensuring correct chromosome segregation to pre-
vent aneuploidy (5). Accumulating evidence suggests
that centrosome dysfunction, typically represented by
abnormal numbers of centrosomes, is involved in human
diseases, particularly in cancers (6). More than 100 pro-
teins have been reported to be localized in the centrosome
(7). Deletion of these proteins often leads to centrosome
aberrations.

Mutations of XRCC2, XRCC3, Rad51B and Rad51D
were shown to increase centrosome fragmentation and
aneuploidy (8-10). Despite these observations, the role
of Rad51C in the maintenance of centrosome integrity
and chromosome stability remains unclear. Initially,
Rad51C-deficient Chinese hamster ovary (CHO) cells,
CL-V4B, were shown to exhibit no increase in centro-
some aberrations (11). A recent study, however, demon-
strated that centrosome numbers were increased only in
mitosis and not in interphase in CL-V4B cells (12).
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Moreover, although increased numbers of centrosomes
are assumed to generate aneuploidy, no studies using
mammalian cells have demonstrated that Rad51C defi-
ciency leads to increased aneuploidy.

The mechanisms underlying centrosome aberrations
observed in cells with a defect in homologous recombi-
nation are controversial. In chicken DT40 cells with a
conditional mutation of Rad5l, the ATM-dependent
checkpoint pathway was proposed to be responsible for
centrosome amplification at the G2 phase (13). However,
the results of a study using CHO cells with the dominant-
negative Rad51 protein argued against this result (14).
The hereditary breast cancer susceptibility protein
BRCAL is also involved in homologous recombination.
Recent evidence suggests that HMMR, encoding the
hyaluronan-mediated motility receptor, is a substrate of
BRCA1-BARD1 E3 ubiquitin ligase activity and plays a
role in centrosomal function (15).

Supernumerary centrosomes induced by ionizing radia-
tion were shown to be caused by the Chkl-mediated path-
way, indicating that the DNA damage response signal is
involved in centrosome amplification (16). Treatment with
cafleine, an inhibitor of ATM and ATR kinases, reduced
centrosome amplification induced by ionizing radiation,
suggesting that either or both kinases may be involved
in centrosome amplification. However, caffeine treatment
in ATM- or ATR-deficient cells also reduced centrosome
amplification. Thus, the roles of ATM and ATR in pro-
moting centrosome amplification induced by ionizing
radiation appear to be complementary.

To investigate Rad51C’s role in the maintenance of
chromosome stability, we knocked out the gene in the
human colon cancer cell line HCT116. We also silenced
the gene by RNA interference in the human fibrosarcoma
cell line HT1080. Supernumerary centrosomes in these
cells with Rad51C dysfunction were increased at both
interphase and metaphase in an ATR-Chkl-dependent
manner. Consistent with this observation, aneuploidy
was increased in HCT'116 cells with Rad51C dysfunction.
Our observations suggest that the ATR-Chkl pathway
plays a role in increased centrosome aberrations induced
by Rad51C dysfunction in human cancer cells.

MATERIALS AND METHODS
Cell culture

HCT116 cells were cultured in McCoy’s SA medium sup-
plemented with 10% fetal bovine serum (FBS). HT1080
cells were cultured in the minimum essential medium
Eagle (MEM) supplemented with 10% FBS. These cells
were obtained from the American Type - Culture
Collection. 2-Morpholin-4-yl-6-thianthren-1-yl-pyran-
4-one (KU55933) and 7-hydroxystaurosporine (UCN-01)
were purchased from Merck Calbiochem.

Generation of RadS1C mutant cells

The 8-kb left arm and 1.5-kb right arm of the RADSIC
genomic fragments were isolated from the EMBL3 SP6/T7
human genomic library (Clontech) and inserted into
pBluescript SK for neomycin and blasticidin selection.

The shorter genomic fragment was isolated from the geno-
mic DNA of HCT116 by PCR amplification for puromy-
cin selection. The 2.4-kb left arm was amplified using
primers 5-TTTGGCTGCTCCGGGGTTA-3 and 5-CA
GAGTTTCTAAGGCTTCTGC-3'. The 1.5-kb right arm
was amplified using primers 5-CTCGAGTGGAGTGCC
CTTAAT-3 and 5-CTCGAGTCAACAGAAAGATGA
C-3'. Promoterless neomycin-, blasticidin- and puromy-
cin-resistant genes were inserted into the Dra 1 site in
exon 2. Gene targeting in HCT116 was carried out as
previously described (17).

Complementation experiments

The RAD5IC ¢cDNA was amplified from normal human
¢DNA using primers 5-TTTGGCTGCTCCGGGGTTA-
3’ and 5-CATTCATGCCATAGTGTG-Y, and cloned
into pCR2.1 (Invitrogen) by the TA cloning method.
After the sequence was confirmed, the cDNA was inserted
into an expression vector under the control of the MSV
enhancer and the MMTYV promoter. The generation of the
XRCC3 expression vector has been described earlier (18).

Sensitivity to DNA-damaging agents

After 1 x 107 cells were cultured in a 60 mm dish for 24 h,
they were exposed to mitomycin C (MMC) (Kyowa
Hakko Kogyo) for 10min, hydroxyurea (HU) (Sigma-
Aldrich) for 24h or y-ray irradiation. They were further
cultured for 9 days, and the colonies were counted.

Sister chromatid exchange (SCE) and gene targeting
frequency

SCEs were analyzed essentially as previously described
(17). Cells were cultured in 16 pM S-bromodeoxyuridine
(BrdU) for 36 h (wild type), 42h (RADSIC* /") or41h
(RADSIC*!=I=I= + c¢DNA), and pulsed with 0.1 pg/ml
colcemid for the last 1h. To examine the effect of
MMC, cells were incubated in the presence of 0.8 pg/ml
MMC for 8 h before harvest. Harvested cells were treated
with 75mM KCl:1% sodium citrate (4:1) for 20 min and
fixed with methanol:acetic acid (3:1). Cells were fixed on
slides and incubated with 12.8 ug/ml Hoechst 33258 for
20min. The slides were irradiated with ultraviolet for 1h
at 60°C and stained with Giemsa solution. Gene targeting
frequencies at the RADS54B locus were examined as pre-
viously described (17).

Antibodies

Anti-ATM (5C2), ATR (N-19), Chk1 (G-4 and DCS-310)
and Cdk2 (M2) antibodies were from Santa Cruz
Biotechnology. Anti-y-tubulin (T3559 and T6557) and
B-actin (A1978) antibodies were from Sigma-Aldrich.
The anti-XRCC3 antibody (NB100-165) was from
Novus Biologicals. Anti-phospho-H2AX  Ser 139
(07-164) and Chk2 (05-649) antibodies were from Upstate
Biotechnology. The anti-Chk2 antibody (IDCS-273) was
from Medical & Biological Laboratories. The anti-
Rad51B antibody was obtained from rabbits immunized
with the recombinant Rad5IB protein (19). The anti-
Rad51C antibody (ab3669) was from Abcam.
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Immunofluorescence

Cells grown on coverslips were fixed for 10min in 4%
paraformaldehyde. Then. they were permeabilized with
0.5% Triton X-100 and 0.1% SDS/PBS for 5min. Cells
were blocked with 10% horse serum at 4°C for 30 min
and incubated with primary antibodies at 37°C for 1h
and with secondary antibodies for 30 min. Finally, cells
were counterstained with 4',6-diamidino-2-phenylindole
(DAPI) and mounted. Slides were analyzed using
Olympus BX51-DP70, Carl Zeiss AxiolmagerZl/
Apotome and Nikon Confocal Laser Microscope
system Al.

Fluorescence in situ hybridization analysis

Chromosome-specific centromeric probes were obtained
from Vysis. DNA in cells was denatured in 70% forma-
mide/2x SSC at 73°C for Smin. Hybridization was per-
formed in a CEP hybridization buffer (Vysis) at 42°C for
1 h. Slides were washed in 0.4x SSC/0.3% NP40 at 73°C
for 2min and in 2x SSC/0.1% NP40 at room temperature
for 1 min. Cellular DNA was stained with DAPI.

RNA interference

siCONTROL, RadS5SIC siGENOME set of 4, ATM
SMARTpool, ATR SMARTpool, Chkl SMARTpool
and Chk2 SMARTpool small interference RNAs
(siRNAs) were purchased from Dharmacon. Cells were
transfected with 100nM siRNA and Dharmafectd
(Dharmacon) according to the manufacturer’s instruc-
tions. Cells were harvested at 72 h post-transfection.

Cell-cycle analysis

Cells treated with siRNAs were harvested 72h after
transfection. EPICS XL (Beckman Coulter) was used for
cell-cycle analysis.

Kinase assay

Cells were dissolved into a lysis buffer (50mM Tris—HCl
pH 7.5, 150mM NaCl, 1% Nonidet P40, 10% glycerol
and 2mM EDTA) containing phosphatase inhibitors
(50 nM cantharidin, 5 nM microcystin and 25 mM bromo-
tetramisole  oxalate), 2mg/ml aprotinin and 0.5mM
PMSF for 15min on ice and lysed by sonication. After
centrifugation (12000rpm, 5min), the supernatant was
collected and precleared by incubation with normal IgG
for 1h and Protein G for 30min. Precleared lysate was
incubated with anti-Chkl or anti-Chk2 antibody for 1h.
After incubation with Protein G, immunoprecipitates were
washed three times each with the lysis bufféer and 25 mM
Hepes. The washed precipitate was incubated in a kinase
reaction buffer (25mM Hepes pH 7.4, I5mM MgCl,,
80mM EGTA and 1mM DTT) with 0.1mM ATP,
3uCi[y-**PJATP and 10pg glutathione S-transferase
(GST)-Cdc25C (200-256) at 30°C for 30 min. The reaction
was stopped by the addition of the sample buffer and
subjected to SDS-PAGE. GST-Cdc25C (200-256) was
prepared as previously described (20).

Nucleic Acids Research, 2009, Vol.37, No. 12 3961

RESULTS

Rad51C is involved in homologous recombination in
human cells

To investigate the role of Rad51C in human cells, the
gene was sequentially knocked out in HCT116 cells
(Figure 1A). In accordance with the finding that
RADSIC was frequently amplified in human cancer
cells, Southern blot analysis demonstrated that this cell
line harbors four alleles of the gene (Figure 1B) (21,22).
Two independent RAD5SIC™/~/=/~ cell lines (#1 and #2)
were isolated. The levels of Rad51C expression in propor-
tion to targeting events were confirmed by northern and
western blot analyses (Figure 1C and D). These cells were
used in function analysis as Rad51C mutant cells because
clear phenotypes indicating defective homologous recom-
bination in comparison with wild-type HCT116 cells were
observed. Complementation experiments were performed
using cells transfected with the exogenous Rad51C expres-
sion vector.

The mean of the frequency of SCE induced by MMC
per cell was 5.8 in the Rad51C mutant cells, a value that
was significantly lower than 8.3, the mean value for wild-
type cells (Table 1). The SCE frequency increased to a
level comparable to that of the wild-type cells in cells
transfected with the Rad51C expression vector. Gene tar-
geting frequency was examined at the RADS54B locus,
because it was assumed that Rad54B is not functionally
related to RadSIC (17). The frequency in the Rad5IC
mutant cells was 1.16%, which was significantly lower
than 12.0%, the wild-type value. These results indicate
that Rad51C plays a role in homologous recombination,
a finding that is in accord with the observations in DT40,
CHO and HelLa cells (11,12,23,24).

Homologous recombination is required for the repair of
DSBs induced by DNA-damaging agents. The Rad51C
mutant cells were hypersensitive to ionizing radiation,
MMC and HU; which was complemented by the exoge-
nous expression of the gene; indicating that Rad51C plays
a role in DSB repair (Figure 2A-C). A defect in homolo-
gous recombination leads to an increase in chromosome
aberrations such as gaps and breaks. Giemsa staining
using a metaphase spread revealed that both chromosome-
and chromatid-type aberrations were increased in Rad51C
mutant cells, indicating that spontaneously arising DSBs
were not properly repaired (Table 2). These observations
suggest that Rad51C plays a role in the repair of DSB
through homologous recombination in human cells.

Rad51C dysfunction leads to increased centrosome
aberrations

Since Rad51C’s role in maintaining centrosome integrity
has been controversial (11,12), we examined centrosome
aberrations by immunostaining y-tubulin. Cells with more
than two centrosomes are observed more frequently in
two independent Rad51C mutant clones than in wild-
type cells (Figure 3A). The frequency of aberrant numbers
of interphase centrosomes (more than two) was 7.0% in
wild-type cells, whereas it was 28.0% (#1) and 30.3% (#2)
in the Rad51C mutant cells. RADSIC ¢cDNA expression
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Figure 1. Generation of Rad51C mutant cells by gene targeting. (A) Strategy for gene targeting at the RADSIC locus. The targeting vectors,
restriction sites and the position of the probe used for the Southern blot analysis are shown. (B) Southern blot analysis of DNA digested with
Dra L. The size of the wild-type allele is 4.5kb. Insertion of drug-resistance genes changes the size to 5.1, 5.2 and 5.4 kb. (C) Northern blot analysis of
polyadenylated RNAs hybridized with the full-length RAD5IC ¢cDNA. (D) Western blot analysis. The Rad51C protein was immunoprecipitated with
the rabbit polyclonal antibody and visualized by western blot analysis using the mouse monoclonal antibody.

Table 1. Sister chromatid exchanges and targeting frequency

Cell line SCEs per cell® Targeted
integrationb
Spontaneous MMC- RAD54B-
induced hygro
RADSIC* *!*i* 42402 8.3+04 12.0% (13/108)
RADSICH =7 43+03 58103 1.16% (1/86)%
RADSICH ™/~ +cDNA  5.0£0.2 8.2:04 ND°

"Number of SCEs per cells represents the mean+SEM from 100
mitotic cells.

5The frequency of targeted integration is shown as a percentage of the
targeted clones relative to the total number of hygromycin resistant
clones; the numbers of clones are given in parentheses.

P < 1.0 x 107, based on Mann—Whitney U-tests, comparing wild-type
cells with RADSIC™ /™' cells.

9p = (.0025, based on Fisher's exact tests, comparing wild-type cells
with RADSICH /717 cells.
°N.D., not determined.

in the mutant cells reduced the frequency to 16.3% (#2).
In mitosis, the frequency was 8.0% in wild-type cells, and
24.0% (#1) and 32.8% (#2) in the mutant cells. cDNA
expression in the mutant cells reduced the frequency to

21.5% (#2). Thus, unlike CHO cells with Rad51C muta-
tion, in which centrosome aberrations were observed only
at mitosis, the corresponding HCT116 cells demonstrated
centrosome aberrations at both interphase and mitosis.

To confirm that a reduction in Rad51C levels leads to
centrosome aberrations in other human cells, we silenced
the gene in HT1080 cells by RNA interference. Western
blot analysis showed that Rad51C expression was not
altered in wild-type HT1080 cells and was reduced in
the cells transfected with RadS1C siRNA (Figure 3B).
The frequency of aberrant numbers of interphase centro-
somes was 4.6% in cells transfected with control siRNA,
whereas it was 9.1% in cells transfected with RadS1C
siRNA (Figure 3C). Thus, supernumerary centrosomes
were also increased in HTI1080 cells with Rad5IC
dysfunction.

Rad51C affects XRCC3 levels

Since Rad51C is a central component of protein com-
plexes formed by Rad51 paralogs, we investigated the
effect of Rad51C dysfunction on the BCDX2 and
Rad51C-XRCC3 complexes by measuring levels of
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Table 2, Spontaneous chromosomal aberrations

Cell line Chromatid’ Chromosome  Abnormal
type type cells
RADSICH/* i+ 2 3 3
RADsICH == 12 7 17
RADSIC*™"I"+cDNA 4 4 7

A total of 100 cells were scored for each cell line.

Rad51B and XRCC3. Western blot analysis revealed that
XRCC3 levels but not Rad51B levels were reduced in the
mutant cells (Figure 4A). The previous report that
XRCC3 was destabilized in Rad51C-deficient human
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the expression of Rad51C in HT1080 cells treated with either control
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controls. (C) Centrosome aberrations in HT1080 cells. Cells were trea-
ted with either control or Rad51C siRNA and stained with the anti-
y-tubulin antibody. For each siRNA treatment at interface, 100 cells
were counted. In (A) and (C), the results represent the means & SEM of
three independent experiments.

cells is in accord with this finding (24). Next, we investi-
gated the effect of reduced XRCC3 levels on centrosome
aberrations by expressing the XRCC3 cDNA in the
Rad51C mutant cells (Figure 4B and C). The frequency
of centrosome aberrations was not changed by stable
expression of XRCC3. Thus, centrosome aberrations
induced by Rad51C dysfunction are unlikely to result
from the destabilization of other Rad51 paralogs.

ATR is involved in promoting centrosome aberrations

We next examined the roles of ATM and ATR in centro-
some aberrations in Rad51C mutant cells by a treatment
with 2mM caffeine (Figure 5A). FACS analysis confirmed
that caffeine treatment at this concentration did not affect
cell-cycle progression (data not shown). This treatment
reduced the frequency of centrosome aberrations in the
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mutant from 29.0% to 15.8% (P <0.01, paired r-test),
indicating that ATM and/or ATR may be involved in
the generation of supernumerary centrosomes.

ATM’s effect on the centrosomes was examined by
treatment with the ATM-specific inhibitor, KU55933
(Figure 5B). This treatment did not change the frequency
of supernumerary centrosomes, indicating that ATM was
not involved in the damage-dependent increase in super-
numerary centrosomes. Next, the effects of ATM and
ATR on the centrosomes were examined by using RNA
interference to silence the genes. Western blot analysis
demonstrated that each protein was down-regulated by
RNA interference (Figure 5C). Treatment with ATM
siRNA slightly affected the cell-cycle distribution of the
mutant cells, whereas treatment with ATR siRNA did not
affect the distribution (Figure 5D). In accord with the
finding using the ATM inhibitor, the silencing of ATM
did not affect the frequency, whereas the silencing of
ATR reduced the frequéncy from 23.3% to 14.7%
(P <0.01) (Figure 5E). This observation was also con-
firmed in HT1080 cells with Rad51C dysfunction. The
silencing of ATR reduced the frequency from 11.8% to
5.8% (P <0.01) (Figure 5F). These results indicate that
ATR but not ATM was involved in the generation of
supernumerary centrosomes. Because treatment with
ATR siRNA rescued centrosome aberrations related to
Rad51C depletion, ATR is likely to promote the genera-
tion of supermumerary centrosomes in the damage
response signaling pathway rather than in a pathway
directly associated with Rad51C.

Chk1 is involved in promoting centrosome aberrations

Since Chkl is activated by ATR in response to DNA
damage, we examined the effect of Chkl inhibition
on centrosome aberrations by treatment with the Chkl
inhibitor UCN-01 at the concentration of 100nM in the

mutant cells. This treatment reduced the frequency of cen-
trosome aberrations from 33.0% to 19.7% (P <0.01)
(Figure 6A). Although UCN-01 was originally shown to
inhibit Chkl rather than Chk2, a subsequent study using
GST-Cdc25C (200-256) as a substrate showed that the
drug inhibited the immunoprecipitated kinase activities
of Chkl and Chk2 from wild-type HCT116 cells after
exposure to ionizing radiation (25). We examined inhibi-
tion ofboth kinases by the drug using GST-Cdc25C
(200-256) as a substrate in the mutant cells. In accord
with the previous result, UCN-01 inhibited both kinases
(Figure 6B). To determine which kinase is involved in the
generation of supernumerary centrosomes, we examined
the effect of RNA interference of the kinases on the cen-
trosome aberrations (Figure 6C). Treatment with Chk1 or
Chk2 siRNA did not affect the cell-cycle distribution of
the mutant cells (Figure 5D). Silencing of Chkl by RNA
interference reduced the frequency from 30.0% to 17.3%,
whereas silencing of Chk2 did not affect the frequency
(Figure 6D). These results indicate that the ATR-Chkl
pathway was involved in the generation of supernumerary
centrosomes.

Rad51C dysfunction prometes centrosomal
accumulation. of Chk1

Chk! was shown to localize to centrosomes in response
to the DNA damage induced by ultraviolet irradiation
or HU treatment (26). This observation suggested that
accumulation of Chkl at centrosomes contributes to its
checkpoint functions. We examined centrosomal localiza-
tion of Chkl by double immunofluorescence of Chkl and
pericentrin in HCT116 cells (Figure 6E and F). In accord
with the previous report, ultraviolet irradiation or hydro-
xyurea treatment promoted ChkI’s centrosomal localiza-
tion in HCT116 cells. The frequency of cells in which
Chk1 localizes to centrosomes was 12.0% in wild-type
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were counted.

cells, whereas it was 25.8% in the mutant cells (P < 0.01).
We next examined focus formation of phosphorylated
form of histone H2AX (yH2AX) in the nucleus by immu-
nofluorescence of the protein. YH2AX is recruited to
DSBs in response to DNA - damage. YH2AX-positive
cells were defined as cells harboring the discrete large-
sized foci of the protein. The frequency of yH2AX-
positive cells was 4.3% in wild-type cells, whereas it was
increased to 55.7% in the mutant cells (Figure 6G). These
observations indicate that Chkl accumulates at centro-
somes in response to unrepaired DNA damage caused
by Rad51C dysfunction in the absence of exogenous
insults. In addition, localization of Chkl at centrosomes
in response to DNA damage induced by ultraviolet

irradiation or hydroxyurea treatment was promoted by
Rad51C dysfunction.” Together with our observation
that the Rad51C mutant cells were hypersensitive to HU
(Figure 2C), these results suggest that Rad51C dysfunc-
tion may lead to prolonged replication fork arrest.

RadS1C dysfunction leads to increased aneuploidy

Supernumerary centrosomes are assumed to play a role
in the generation of aneuploidy by inducing aberrant
chromosome segregation. The frequency of aneuploidy,
characterized by one or three chromosomes, was investi-
gated by FISH using two independent chromosome-
specific centromere probes (Figure 7A). The frequencies
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of aneuploidy at chromosomes 7 and 17 were 3.3% and
3.4%, respectively, in wild-type cells, whereas they were
increased to 7.4% and 7.6% in the Rad51C mutant cells
(P <0.01, Fisher's exact test) (Figure 7B). This indicates
that RadS1C, like other Rad5!1 paralogs, maintains chro-
mosome stability.

DISCUSSION

We have shown here that Rad51C dysfunction
leads to increases in supernumerary centrosomes in an
ATR-Chkl-dependent manner and to aneuploidy in
human cells. This observation indicates that the DNA
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damage-response signal activated by Rad51C dysfunction
causes chromosome instability by affecting centrosome
integrity.

In contrast to previous studies using CL-V4B cells
(11,12), the present study demonstrated that centrosome
aberrations were induced by Rad51C dysfunction at both
mitosis and interphase in two independent human cell
lines. Since centrosome aberrations in interphase are
likely to be generated at the S and G2 phases, such a dif-
ference may be explained by a mechanism that regulates
centrosome integrity at these phases of the cell cycle.
Given that the DNA damage response is involved in the
maintenance of centrosome integrity, the absence of a pro-
tein involved in the signaling in response to unrepaired
DNA damage may explain the lack of centrosome aberra-
tions in interphase in CL-V4B cells.

A defect in the mismatch repair pathway has been
shown to interfere with the DNA damage response (27).
Since MLH1, a mismatch repair protein, is mutated in
HCT116 cells, some phenotypes observed in the deriva-
tives of this cell line are likely to be affected by a defect
in mismatch repair. However, ATR-dependent centro-
some aberrations in interphase were also observed in
mismatch-proficient HT1080 cells, thus excluding this
possibility.

The present results, together with those of previous
studies (8-10,12), strengthen the role of Rad51 paralogs
in the maintenance of centrosome integrity. However, it is
unlikely that Rad51 paralogs directly regulate centrosome
functions. There is no evidence to suggest that any
member of the Rad51 paralog family localizes to the cen-
trosome (7). We confirmed that Rad51C does not localize
to the centrosome by exogenous expression of the
RADS5IC cDNA fused with the green fluorescent protein
in Rad51C mutant cells (data not shown). Since Rad51C
participates in the formation of two protein complexes
consisting of five members of the Rad51 paralog family,
these complexes are unlikely to localize to the centrosome.

Evidence that the DNA damage response plays a role in
centrosome functions has been accumulating. ATM,
ATR, ATRIP, Chkl and Chk2 were shown to localize
to the centrosome in HeLa cells (28). Supernumerary cen-
trosomes in human lymphoblastoid cells exposed to ioniz-
ing radiation were cancelled by treatment with 2mM
caffeine or by the depletion of Chkl, suggesting that the
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ATM/ATR-Chk1 pathway may be involved in promoting
centrosome amplification induced by DNA damage (16).
The ATR-Chk!1 pathway’s role in regulating centrosome
functions has been proposed from the identification of
mutations in pericentrin, a centrosomal protein, in
Seckel syndrome as well as in Majewski osteodysplastic
primordial dwarfism type 11 (MOPD II) syndrome
(29.30). These rare genetic disorders share dwarfism
and microcephaly. Since ATR mutations are responsible
for Seckel syndrome (31), the ATR-dependent DNA
damage response signaling pathway might be associated
with the pericentrin-dependent pathway. Although the
exact role of ATR in centrosome functions remains to
be elucidated, these results support the present finding
that ATR is involved in increased supernumerary centro-
somes. It is also noteworthy that caffeine treatment in
Rad51C mutant cells did not reduce the frequency of cen-
trosome aberrations to the wild-type levels, suggesting
that an ATR-independent pathway may play a minor
role in promoting centrosome aberrations in the mutant
cells.

Defective homologous recombination causes prolonged
replication fork arrest. Increased centrosome numbers
that arise spontaneously in Rad51C mutant cells are
likely to be attributable to prolonged arrest at replication
forks or at the G2/M boundary. Furthermore, the present
finding that ATR or Chk!1 depletion reduced centrosome
aberrations suggests that prolonged checkpoint arrest may
cause supernumerary centrosomes. The previous finding
that centrosome amplification induced by Rad51 deletion
was:caused during the prolonged G2 phase in an ATM-
dependent manner supports. this model (13). However,
ATM is unlikely to be involved in the DNA damage
response that increases centrosome numbers in Rad51C
mutant cells. Although the interplay between ATM and
ATR was shown to function in the DNA damage response
(32,33), Rad51C dysfunction appears to activate the ATR-
specific pathway. The DNA damage response signaling
pathway activated by Rad51C dysfunction may be differ-
ent from the pathway activated by depletion of Rad51.
Rad51C may play a role in the DNA repair process that
does not depend on Rad51. Rad51C or its associated pro-
teins have been proposed to have a resolvase activity for
Holliday  junctions, suggesting that Rad51C may be
involved in the late phase of homologous recombination
(34). Thus, discrimination in the choice of the DNA
damage response signal in their mutant cells may reflect
functional differences between Rad51 and Rad51C in DSB
repair through homologous recombination.
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The RAD51 protein is a central player in homologous recom-
binational repair. The RAD51B protein is one of five RAD51
paralogs that function in the homologous recombinational
repair pathway in higher eukaryotes. In the present study, we
found that the human EVL (Ena/Vasp-like) protein, which is
suggested to be involved in actin-remodeling processes, unex-
pectedly binds to the RAD51 and RAD51B proteins and stimu-
lates the RAD51-mediated homologous pairing and strand
exchange. The EVL knockdown cells impaired RAD51 assembly
onto damaged DNA after ionizing radiation or mitomycin C
treatment. The EVL protein alone promotes single-stranded
DNA annealing, and the recombination activities of the EVL
protein are further enhanced by the RAD51B protein. The
expression of the EVL protein is not ubiquitous, but it is signif-
icantly expressed in breast cancer-derived MCF7 cells. These
results suggest that the EVL protein is a novel recombination
factor that may be required for repairing specific DNA lesions,
and that may cause tumor malignancy by its inappropriate
expression.

Chromosomal DNA double strand breaks (DSBs)? are poten-
tial inducers of chromosomal aberrations and tumorigenesis,
and they are accurately repaired by the homologous recombi-
national repair (HRR) pathway, without base substitutions,
deletions, and insertions (1-3). In the HRR pathway (4, 5), sin-
gle-stranded DNA (ssDNA) tails are produced at the DSB sites.
The RADS1 protein, a eukaryotic homologue of the bacterial
RecA protein, binds to the ssDNA tail anid forms a helical nucle-
oprotein filament. The RAD51-ssDNA filament then binds to
the intact double-stranded DNA (dsDNA) to form a three-
component complex, containing ssDNA, dsDNA, and the
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cation, Culture, Sports, Science, and Technology, Japan.

The on-line version of this article (available at http://www jbc.org) contains
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bovine serum albumin; siRNA, small interfering RNA.
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RAD51 protein. In this three-component complex, the RAD51
protein promotes recombination reactions, such as homolo-
gous pairing and strand exchange (6-9).

The RAD51 protein requires auxiliary proteins to promote
the homologous pairing and strand exchange reactions effi-
ciently in cells (10-12). In humans, the RAD52, RAD54, and
RADS54B proteins directly interact with the RAD51 protein
(13-17) and stimulate the RAD51-mediated homologous pair-
ing and/or strand exchange reactions in vitro (18~21). The
human RAD51AP1 protein, which directly binds to the RAD51
protein (22), was also found to stimulate RAD51-mediated
homologous pairing in vitro (23, 24). The BRCA2 protein con-
tains ssDNA-binding, dsDNA-binding, and RAD51-binding
motifs (25-33), and the Ustilago maydis BRCA2 ortholog,
Brh2, reportedly stimulated RAD51-mediated strand exchange
(34, 35). Most of these RAD51-interacting factors are known to
be required for efficient RAD51 assembly onto DSB sites in cells
treated with ionizing radiation (10-12).

The RAD51B (RAD51L1, Rec2) protein is a member of the
RADS51 paralogs, which share about 20-30% amino acid
sequence similarity with the RAD51 protein (36 ~38). RAD51B-
deficient cells are hypersensitive to DSB-inducing agents, such
as cisplatin, mitomycin C (MMC), and y-rays, indicating that
the RADS51B protein is involved in the HRR pathway (39 -44).
Genetic experiments revealed that RADSIB-deficient cells
exhibited impaired RAD51 assembly onto DSB sites (39, 44),
suggesting that the RAD51B protein functions in the early stage
of the HRR pathway. Biochemical experiments also suggested
that the RAD51B protein participates in the early to late stages
of the HRR pathway (45—47).

In the present study, we found that the human EVL (Ena/
Vasp-like) protein binds to the RAD51 and RAD51B proteins
in a HeLa cell extract. The EVL protein is known to be involved in
cytoplasmic actin remodeling (48) and is also overexpressed in
breast cancer (49). Like the RAD51B knockdown celis, the EVL
knockdown cells partially impaired RAD51 foci formation after
DSB induction, suggesting that the EVL protein enhances
RADS51 assembly onto DSB sites. The purified EVL protein
preferentially bound to ssDNA and stimulated RAD51-medi-
ated homologous pairing and strand exchange. The EVL pro-
tein also promoted the annealing of complementary strands.
These recombination reactions that were stimulated or pro-
moted by the EVL protein were further enhanced by the
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RADS51B protein. These results strongly suggested that the EVL
protein is a novel factor that activates RAD51-mediated recom-
bination reactions, probably with the RAD51B protein. We
anticipate that, in addition to its involvement in cytoplasmic
actin dynamics, the EVL protein may be required in homolo-
gous recombination for repairing specific DNA lesions, and it
may cause tumor malignancy by inappropriate recombination
enhanced by EVL overexpression in certain types of tumor
cells.

EXPERIMENTAL PROCEDURES

Purification of the Human EVL Protein—The human EVL
gene was isolated from a human ¢DNA pool (purchased from
Clontech) by polymerase chain reaction and was cloned in the
pET-15b vector (Novagen). In this construct, the hexahistidine
tag sequence was fused at the N-terminal end of the gene. The
EVL protein was expressed in the Escherichia coli JM109(DE3)
strain, which also carried an expression vector for the minor
tRNAs (Codon(+)RIL; Stratagene). The cells producing the
EVL protein were resuspended in buffer containing 20 mm
potassium phosphate (pH 8.5), 700 mym NaCl, 5 mu 2-mercap-
toethanol, 10 mm imidazole, and 10% glycerol and were dis-
rupted by sonication. The cell debris was removed by centrifu-
gation for 20 min at 30,000 X g, and the lysate was mixed gently
by the batch method with Ni** -NTA-agarose beads (8 ml; Qia-
gen) at 4 °C for 1 h. The EVL-bound beads were washed with 80
ml of buffer containing 20 mm potassium phosphate (pH 8.5),
700 mm NaCl, 5 mm 2-mercaptoethanol, 30 mm imidazole, and
10% glycerol. The beads were then washed with 80 ml of bufter
containing 20 mM potassium phosphate (pH 8.5), 700 mum NaCl,
5 m 2-mercaptoethanol, 60 mM imidazole, and 10% glycerol
and then were washed again with buffer containing 20 mM
potassium phosphate (pH 8.5), 700 ms NaCl, 5 mm 2-mercap-
toethanol, 30 mM imidazole, and 10% glycerol. The beads were
then packed into an Econo-column (Bio-Rad) and were washed
with 300 ml of buffer containing 20 mu potassium phosphate
(pH 8.5), 100 mm NaCl, 5 mm 2-mercaptoethanol, 30 mm imid-
azole, and 10% glycerol. The Hiss-tagged EVL protein was
eluted with a 30-column volume linear gradient of 30 ~300 mm
imidazole, in 20 mum potassium phosphate (pH 8.5), 100 mm
NaCl, 5 mm 2-mercaptoethanol, and 10% giycerol. The frac-
tions containing the His,-tagged EVL protein were diluted with
the same volume of buffer, containing 10 mM potassium phos-
phate (pH 8.5), 100 mm NaCl, 5 mm 2-mercaptoethanol, and
10% glycerol, and were mixed gently by the batch method with
hydroxyapatite resin (10 ml; Bio-Rad) at 4 °C for 1 h. The resin
was then washed with 80 ml of butfer, containing 20 mm potas-
sium phosphate (pH 8.5}, 100 mm NaCl, 5 mm 2-mercaptoeth-
anol, and 10% glycerol, and was packed into an Econo-column
(Bio-Rad). The resin was further washed with 300 ml of buffer,
containing 20 mM potassium phosphate (pH 8.5), 225 mm NaCl,
5 mu 2-mercaptoethanol, and 10% glycerol, and then the His,-
tagged EVL protein was eluted with a 30-column volume linear
gradient of 225-1000 mM NaCl and 10-300 mMm potassium
phosphate (pH 8.5). The His, tag was uncoupled from the EVL
portion by a digestion with 5.5 units of thrombin protease (GE
Healthcare) per mg of the Hiss-tagged EVL protein, and then
the protein was immediately dialyzed against buffer containing
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20 mM potassium phosphate (pH 7.5), 200 mm NaCl, 5 mm
2-mercaptoethanol, and 10% glycerol at 4 °C. After uncoupling
of the His, tag, the EVL protein was further purified by Super-
dex 200 gel filtration column (Hil.oad 26/60 preparation grade;
GE Healthcare) chromatography, followed by Mono S column
chromatography. The peak fractions were diluted with the
same volume of buffer, containing 20 mm potassium phosphate
(pH 7.5), 5 mm 2-mercaptoethanol, and 10% glycerol, and were
subjected to Mono$S (GE Healthcare) column chromatography.
The colamn was washed with 20 column volumes of buffer,
containing 20 mM potassium phosphate (pH 7.5), 100 mm NaCl,
5 mM 2-mercaptoethanol, and 10% glycerol, and the EVL pro-
tein was eluted with a 12-column volume linear gradient of
100-600 mM NaCl. The purified EVL protein was dialyzed
against butfer containing 20 mm HEPES-NaOH (pH 7.3), 100
mum NaCl, 5 mum 2-mercaptoethanol, and 30% glycerol and was
stored at —80 °C. The concentration of the purified EVL pro-
tein was determined by the Bradford method, using bovine
serum albumin (BSA) as the standard.

Purification of the Human RADS1, RADSIB, DMCI, and
RPA Proteins—The human RAD51 protein (50), human
RAD51B protein (47), human DMCI1 protein (51), and
human RPA protein (52) were purified by the methods
described previously.

DNA Substrates—Single-stranded ¢X174 viral (+) strand
DNA and double-stranded ¢$X174 replicative form I DNA were
purchased from New England Biolabs. The linear dsDNA was
prepared from the ¢$X174 replicative form I DNA by Pstl diges-
tion. In the D-loop formation assay, superhelical dsDNA
(pB5Sarray DNA) was prepared by a method to prevent irre-
versible denaturation of the dsDNA substrate by alkaline treat-
ment of the cells harboring the plasmid DNA. The cells were
gently lysed using Sarkosyl, as described previously (15). The
pB5Sarray DNA contained 11 repeats of a sea urchin 5 S rRNA
gene (207-bp fragment) within the pBlueScript II SK(+) vector,
For the ssDNA annealing assay, the following high performance
liquid chromatography (HPLC)-purified oligonucleotides were
purchased from Nihon Gene Research Laboratory: 5'-GTC
CCA GGC CAT TACAGA TCA ATCCTG AGC ATGTTT
ACCAAGCGCATT G-3' and 5'-CAA TGC GCT TGG TAA
ACA TGC TCA GGA TTG ATC TGT AAT GGC CTG GGA
C-3'. For the ssDNA substrate used in the D-loop assay, the
following HPLC-purified oligonucleotide was purchased:
50-mer, 5'-GGA ATT CGG TAT TCC CAG GCG GTC TCC
CAT CCA AGT ACT AAC CGA GCC CT-3'. The DNA
sequences used in the strand exchange assay with the oligonu-
cleotides are as follows: 63-mer, 5'-TCC TTT TGA TAA GAG
GTCATT TTT GCG GAT GGC TTA GAG CTT AAT TGC
TGA ATC TGG TGC TGT-3'; 32-mer top strand, 5'-CCA
TCC GCA AAA ATG ACC TCT TAT CAA AAG GA-3';
32-mer bottom strand, 5'-TCC TTT TGA TAA GAG GTC
ATT TTT GCG GAT GG-3'. The 5'-ends of the oligonucleo-
tide (32-mer bottom strand) were labeled with T4 polynucle-
otide kinase (New England Biolabs) in the presence of
[y->2P]JATP at 37 °C for 30 min. All DNA concentrations are
expressed in moles of nucleotides.

Pulldown Assays with EVL-conjugated Beads—The EVL pro-
tein was covalently conjugated to Affi-Gel 10 beads (100 pu};
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Bio-Rad), according to the manufacturer’s instructions. To
block the remaining active ester sites, ethanolamine (pH 8.0)
was added to a final concentration of 100 mM, and the resin was
incubated at 4°C overnight. The unbound proteins were
removed by washing the Affi-Gel 10-EVL beads three times
with 500 ul of binding buffer, which contained 20 mm HEPES-
NaOH (pH 7.3), 100 mum NaCl, 5 mm 2-mercaptoethanol, 30%
glycerol, and 0.05% Triton X-100. After washing the resin, the
Atti-Gel 10-protein matrices were adjusted to 50% slurries and
were stored at 4 °C.

For the RAD51B-binding and RAD51-binding assays, the
EVL beads were incubated with a HeLa whole cell extract (2 mg
of protein), and the beads were washed three times with 200 ul
of washing buffer, containing 50 mm potassium phosphate (pH
7.5), 100 mm NaCl, 5 mm EDTA, 0.5% Nonidet P-40, and pro-
tease inhibitor mixture (Nacalai Tesque). The proteins that
copelleted with the EVL beads were separated into two portions
for the RAD51 and RADS51B analyses and were fractionated by
12% SDS-PAGE. The RAD51 and RADS51B proteins were
detected with the RAD51-specitfic and RAD51B-specific rabbit
polyclonal antibodies, respectively.

Pulldown Assays with the Ni**-NTA-Agarose Beads—The
His,-tagged EVL protein (045 uM) was prepared and was
mixed with the RAD51 or RAD51B protein (2 pm) in 20 mM
HEPES buffer (pH 7.3), containing 95 mm NaCl, 0.1 mm EDTA,
0.045% Triton X-100, 1.8 mM ammonium sulfate, 2 mm 2-mer-
captoethanol, 4.5 mm imidazole, and 29% glycerol. After a
30-min incubation at room temperature, 1.5 pl of the Ni**-
NTA-agarose beads were added to the reaction mixture, and
the RAD51 or RAD51B protein bound to the Hisg-tagged EVL
protein was captured by the beads. The beads were washed two
times with 100 pl of washing buffer, containing 20 mm HEPES-
NaOH (pH 7.3), 90 mm NaCl, 0.1 mm EDTA, 0.05% Triton
X-100, 2 mM ammonium sulfate, 2 mm 2-mercaptoethanol, 5
my imidazole, and 30% glycerol. The proteins that copelleted
with the Ni2"-NTA beads were eluted with a buffer, containing
14 mm HEPES-NaOH (pH 7.3), 100 mm NaCl, 3.5 mm 2-mer-
captoethanol, 300 mum imidazole, and 21% glycerol. The eluted
fractions were analyzed by 12% SDS-PAGE with Coomassie
Brilliant Blue staining.

Surface Plasmon Resonance Analysis—The surface plasmon
resonance (SPR) signals were measured with a Biacore J instru-
ment (GE Healthcare). Flow cells were maintained at 25 °C dur-
ing the measurement, and the instrument was operated at the
mid-flow rate (~30 pl/min). The EVL protein was conjugated
to the activated surface of CM5 sensor chips (GE Healthcare),
using the standard amine coupling conditions recommended
by the manufacturer. The level of the conjugated EVL protein
was 3,860 resonance units. Reference SPR signals of the flow
cell containing a sensor chip without the EVL protein were
subtracted from those of the SPR signals of the flow cell con-
taining the EVL-conjugated sensor chip. The running buffer
was 20 mM HEPES-NaOH (pH 7.3), 150 mM NaCl, 2 mm ammo-
nium sulfate, 5% glycerol, and 0.05% Triton X-100. Before each
binding assay, the sensor chip was regenerated by a 1-min wash
with 10 mm NaOH and two 1-min washes with 20 mu citrate
buffer (pH 2.65), followed by a 25-min wash with the running
buffer. For each binding assay, 1 pum analyte solution (ie. the
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RAD51 protein, the RAD51B protein, the DMC1 protein, or the
BSA solution) was injected for 5 min.

Assays for DNA Binding—The X174 circular ssDNA (20
pM) or the linearized $X174 dsDNA (20 un) was mixed with
the EVL protein in 10 ul of a standard reaction solution, con-
taining 36 mm HEPES-NaOH buffer (pH 7.5) with 1 mm dithi-
othreitol, 4 mMm 2-mercaptoethanol, 80 mam NaCl, 1 mm MgCl,,
24% glycerol, and 0.1 mg/ml BSA. The reaction mixtures were
incubated at 37 °C for 15 min and were then analyzed by 0.8%
agarose gel electrophoresis in 1 X TAE buffer (40 mm 1'ris ace-
tate and 1 mm EDTA) at 3.3 V/cm for 2 h. The bands were
visualized by ethidium bromide staining.

The D-loop Formation Assay—The indicated amount of the
EVL protein was incubated in the presence or absence of the
RAD51 protein (0.1 um) at 37°C for 5 min in the reaction
butffer, containing 26 mm HEPES-NaOH (pH 7.5), 40 mm NaCl,
0.02 mm EDTA, 0.9 mum 2-mercaptoethanol, 5% glycerol, 1 mm
MgCl,, 1mMm DTT, 2 mm AMPPNP, and 0.1 mg/ml BSA. After
this incubation, the 3*P-labeled 50-mer oligonucleotide (1 penm)
was added, and the samples were further incubated at 37 °C
for 5 min. The reactions were then initiated by the addition
of the pB5Sarray superhelical dsDNA (60 pm) along with 9
mM MgCl, and were continued at 37 °C for 30 min. The
reactions were stopped by the addition of 0.2% SDS and 1.5
mg/ml proteinase K and were further incubated at 37 °C for
15 min. After adding 6-fold loading dye, the deproteinized
reaction products were separated by 1% agarose gel electro-
phoresis in 1X TAE buffer at 3.3 V/em for 2.5 h. The gels
were dried, exposed to an imaging plate, and visualized using
an FLA-7000 imaging analyzer (Fujifilm).

Assays for Homologous Pairing with Oligonucleotides—For
the homologous pairing assay with oligonucleotides, the
RAD51 protein and the indicated amounts of the EVL protein
were incubated with a 63-mer ssDNA (15 pMm) in 10 ul of stand-
ard reaction buffer, containing 28 mm HEPES-NaOH (pH 7.5),
50 mm NaCl, 1 mm ATP, 1 mm DTT, 0.1 mg/ml BSA, 1 mm
MgCl,, 1 mm CaCl,, 0.02 mm EDTA, 1.4 mm 2-mercaptoetha-
nol, 20 mM creatine phosphate, 75 pg/ml creatine kinase, and
8% glycerol at 37 °C for 10 min. The strand exchange reaction
was initiated by the addition of the 32-mer dsDNA (1.5 um),
which shared sequence homology with the 63-mer ssDNA.
After a 30-min incubation at 37 °C, the reaction was stopped by
the addition 0f0.2% SDS and 1.5 mg/ml proteinase K. The reac-
tion mixtures were further incubated for 10 min at 37 °C. After
6-fold loading dye was added, the reaction mixtures were sub-
jected to 15% polyacrylamide gel electrophoresis in 0.5X TBE
buffer (45 mm Tris, 45 mm boric acid, and 1 mm EDTA) at 10
V/cm for 5 h. The gels were dried, exposed to an imaging plate,
and visualized using an FLA-7000 imaging analyzer.

Assay for Strand Exchange—The RAD51 protein (1 pm) and
RPA (1 pm) were incubated with the indicated amounts of the
EVL protein and/or the RAD51B protein at 30 °C for 10 min, in
8 ul of reaction buffer, containing 28 mm HEPES-NaOH (pH
7.5),2.5 mM Tris-HCl (pH 7.5), 49 mm NaCl, 5 mm KCl, 0.03 mm
EDTA, 1.1 mum 2-mercaptoethanol, 9% glycerol, 0.2 mmM ammo-
nium sulfate, 0.005% Triton X-100, 1 mm MgCl,, 1 mm CaCl,,
1.1mmDTT, 1 mm ATP, 0.1 mg/mlBSA, 20 mMm creatine phos-
phate, and 75 ug/ml creatine kinase. After this incubation,
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$X174 circular ssDNA (20 pum) was added, and the samples
were further incubated at 30 °C for 10 min. The reactions were
then initiated by the addition of ¢$X174 linear dsDNA (20 um)
and were continued at 30 °C for 60 min. The reactions were
stopped by the addition of 0.2% SDS and 1.5 mg/ml proteinase
K (Roche Applied Science) and were further incubated for 20
min. After adding 6-fold loading dye, the deproteinized reac-
tion products were separated by 1% agarose gel electrophoresis
in 1 X TAE buffer at 3.3 V/em for 4 h. The products were
visualized by SYBR Gold (Invitrogen) staining.

ssDNA Annealing Assay—The ssDNA oligonucleotide
49-mer (0.2 um) was incubated with the indicated amounts of
the EVL protein at 30 °C for 5 min in 9 ul of reaction buffer,
containing 28 mm HEPES-NaOH (pH 7.5), 50 mm NaCl, 2 mm
2-mercaptoethanol, 12% glycerol, 0.1 mm MgCl,, 1 mm DTT,
and 0.1 mg/ml BSA. For the experiment with the RAD51B pro-
tein, the EVL protein was preincubated with the indicated
amounts of the RAD51B protein at 30 °C for 10 min, in 8 pl of
reaction buffer, containing 28 mm HEPES-NaOH (pH 7.5), 38
mM NaCl, 1.4 mM 2-mercaptoethanol, 12% glycerol, 0.4 mm
ammonium sulfate, 0.01% Triton X-100, 1 mm MgCl,, 1 mMm
DTT, 1mm ATP,and 0.1 mg/ml BSA, before the addition of the
ssDNA oligonucleotide. The reactions were initiated by the
addition of 0.2 pMm antisense 3?P-labeled 49-mer oligonucleo-
tide. At the times indicated, the reactions were quenched with
an excess of the unlabeled 49-mer oligonucleotide. The DNA
substrates and products were deproteinized by 0.2% SDS and
1.5 mg/ml proteinase K at 30 °C for 10 min. The products were
fractionated by 10% PAGE in 0.5X TBE. The gels were dried,
exposed to an imaging plate, and visualized using an FLA-7000
imaging analyzer.

EVL and RADS1B Knockdown Experiments—Rabbit poly-
clonal antibodies for the EVL and RADS51B proteins were
obtained with the purified recombinant EVL and RAD51B pro-
teins as antigens. The RAD51 antibody was purchased from
Calbiochem (anti-RAD51 Ab-1 rabbit polyclonal antibody),
and the Cdk2 antibody was purchased from Santa Cruz Bio-
technology (Anti-Cdk2 M2 rabbit polyclonal antibody). The
siRNA duplexes (Stealth™ RNAi) were designed by the
BLOCK-T™ RNAI Designer (Invitrogen) and were purchased
from Invitrogen. The siRNA sequences of EVL and RAD51B are
as follows: 5'-CCAGUAAGAAAUGGGUACCAAUCAA-
3' (for EVL) and 5'-GAGGUGUCCAUGAACUUCUAU-
GUAU-3' (for RAD51B). The sequence of the control siRNA is
5'-CCAAGAAGUAAAUGGAACCUUGCAA-3', in which the
EVL siRNA sequence was shuffled. The cells were seeded in a
6-well plate. A 15-ul aliquot of siRNA (20 pum) was diluted with
185 pl of serum-free Dulbecco’s modified Eagle’s medium. In a
separate tube, 2 pl of DharmaFECT 4 Transfection Reagent
(Dharmacon) were diluted with 198 ul of serum-free Dulbec-
co’s modified Eagle’s medium, and the mixture was incubated
at room temperature for 5 min, The diluted DharmaFECT 4
was combined with the diluted siRNA duplex, and the mixture
was incubated at room temperature for 20 min. A 2-ml aliquot
of Dulbecco’s modified Eagle’s medium was then added to the
DharmaFECT 4-siRNA complex. This mixture was applied to
the cells, which were then incubated at 37 °C for 48 h.
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Western Blotting—The cells were harvested and were resus-
pended in lysis buffer, containing 50 mm Tris-HCl (pH 7.5), 100
mu NaCl, 5 mm EDTA, 0.5% Nonidet P-40, 1.7 pg/ml aproti-
nin, 50 nM cantharidin, 1 mM phenylmethylsulfonyl fluoride,
and 10 nM microcystine. After a 30-min incubation on ice, the
cell lysates were sonicated and were centrifuged at 20,000 X g
for 5 min at 4 °C. The lysates (30 ug of protein/lane) were sep-
arated by 12% SDS-PAGE, and the proteins were transferred to
a nitrocellulose membrane. The membrane was probed with
anti-EVL rabbit polyclonal antibody, anti-RAD51B rabbit poly-
clonal antibody, or anti-Cdk2 rabbit polyclonal antibody and
was developed using a horseradish peroxidase-conjugated anti-
rabbit IgG antibody and the ECL Western blotting detection
reagent (GE Healthcare).

Immunostaining—MCF7 cells were grown on glass cover-
slips and were either nontreated or irradiated with 8 or 20 grays,
using the *3’Cs source in the Facilities for Biological Research,
Department of Nuclear Engineering and Management, Gradu-
ate School of Engineering, University of Tokyo. At 2 h after
irradiation, the cells were fixed in 4% paraformaldehyde for 10
min, washed with PBS, and permeabilized with 0.5% Triton
X-100 and 0.1% SDS in PBS for 5 min. The coverslips were
incubated for 1 h at 37 °C with an anti-RAD51 antibody diluted
with blocking buffer (1% BSA in PBS) and were then washed
again. The RAD51 foci were visualized by an incubation with a
fluorescein isothiocyanate-conjugated secondary antibody
diluted in blocking buffer for 30 min at 37 °C. The nuclei of the
cells were stained with 4',6'-diamidino-2-phenylindole.

For MMC treatment, the cells were incubated in medium
containing 0.8 pg/ml MMC (KYOWA) for 1 h at 37°C. The
cells were then washed with PBS, incubated for 24 h at 37 °C,
and immunostained as described above.

Sensitivity to MMC—MCF?7 cells were treated with MMC in
suspension for 1 h and were washed three times with PBS. The
cells were then plated at a density of 2 X 10? cells/60-mm dish.
After 12 days of culture, colonies were counted.

RESULTS

The EVL Protein Is Involved in RADS1 Assembly—T o identify
novel HRR factors, we screened a human cDNA library by the
two-hybrid method, with the human RAD51 protein and/or the
RAD51 paralogs as bait. We obtained 73 positive clones as puta-
tive RAD51B-interacting proteins and found that 30 clones
among them contained EVL gene fragments. Six clones encod-
ing the RAD51C protein, which is a known RAD51B-interact-
ing protein, were also found among these positive clones, sug-
gesting that the screening was properly performed.

Since RAD51B is known to be required for the RAD51
assembly onto DSB sites after exposure to ionizing radiation,
we then tested whether the EVL protein functions in RAD51
assembly in vive. To do so, we performed RNA interference
experiments. A treatment with a short interfering RNA
(siRNA) designed to target the EVL mRNA caused about a 90%
reduction in the EVL level in MCF?7 cells, as compared with the
cells treated with a control siRNA (Fig. 14). The siRNA
designed to target the RAD51B mRNA caused about an 80%
reduction in the RAD51B level, without influencing the EVL
level (Fig, 14).
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