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14% in RAD5IB*~"/~ cells (Table 1), The expression of the
RAD5IB ¢DNA in the mutant reduced the frequency of such
aberrations to 5%. Similarly, in metaphase, the frequency was
6% in WT cells, 13.5% in RADSIB"*~/~ cells, and 255% in
RAD51B*~/~~ cells. The expression of the RAD51B ¢DNA in the
mutant reduced the frequency to 10.5%. Thus, haploinsufficiency
of RAD51B leads to increased centrosome fragmentation.
RAD51B haploinsufficiency leads to increased aneuploidy.
Extra centrosome-like structures can unequally distribute chromo-
somes to daughter cells, which is thought to cause aneuploidy. We
therefore examined the frequency of aneuploidy by fluorescence
in situ hybridization (FISH) using two independent chromosome-
specific centromere probes (Fig. 4C; Table 2), At chromosome 7, the
frequencies of aneuploidy represented by one or three signals were
54% in WT cells, whereas the corresponding frequency was 9.8% in
RADSIB**~'~ cells and 14% in RAD51BY~"~'~ cells. At chromo-
some 17, the frequencies of aneuploidy were 3.8% in WT cells,
whereas the corresponding frequency was 7.4% in RADSIB/*/~"~
cells and 10.2% in RAD51B” ™"~ cells. The differences between
WT cells and the mutant cells were statistically significant
(P < 0.05, Fisher’s exact test). Expression of the RAD5IB ¢DNA in
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Figure 4. Centrosome fragmentation and aneuploidy in the r=ds1b-mutant
calls. 4, iMerphase RADSIBY""~ cst with multiple centrosomes. DAPY,

4 6-diamidiro-2-phenylindole. B, mataphase RADSIB*~** cell showing
multiple centrosomes and bipolar spindles. G, FISH on RADS18%~“" calisusing
a probs for chromosome 7 {orirge) and a probe for chromosome 17 (green).

- Table 1. Distribution of centrosome numbers - -
Cell line 102 3 4 =4 % Abnormality
Interphase

HCT116
RAD51B// 190 8 2 o0 5
RAD5IB/~/~ 177 135 7 1 115
BADSIB 172 2 4 2 14
RADSIB " + 190 8 1 1 5
RAD51B
HT1080
Control sIRNA 197 1 2 0 15
RAD51B siRNA 192 6 2 0 4
Metaphase
HCT116
RAD51BY*** 188 m 1 o 6
RAD5IBY~/~ 173 2 4 1 135
RAD5IBY~"/- 149 4 18 o 255
RADSIBY~™" 4 17 19 2 0 105
RAD51B
HT1080
Control siIRNA 195 3 2 0 25
RAD5IB siBNA 167 % 7 O 165
NOTE: A total of 200 celis were scored for each line.

the mutant reduced the frequency of aneuploidy to 64% at
chromosome 7 and 4.2% at chromosome 17 (# < 0.05). Thus,
hapleinsufficiency of RAD5IB leads to increased aneuploidy.

It is possible that RAD5IB™ ™™~ cells will zcquire more copies
of the WT aliele and form significant subpepulations due to
increased aneuploidy. To investigate this possibility, we examined a
difference in RADS51B expression levels between originally isolated
cells and cells passaged 25 times by Northern blot analysis and
found no difference. Thus, despite the problem of chromosome
segregation, the RADSIB™ ™"~ status is stable.

A reduaction in RADSIB levels leads to eentrosome fragmen-
tation in HT1080 cells. To confirm that a reduction in RAD51B
levels leads to centrosome fragmentation in other human cells, we
knocked down the gene in HT1080 cells by small interfering RNA
(5iRNA) transfection. Real-time PCR analysis revealed that the
mRBNA ratic of RADSIB/GAPDH was 2.5 % 0.6 X 107 (mean + 8D;
n = 3) in cells transfected with a control vector, whereas it was
12 + 01 % 107 in cells transfected with a Rad51B knockdown
vector. Thus, an ~ 50% reduction in RADS5IB mRNA levels was
achieved by RNAL The frequency of aberrant numbers of interface
centrosomes was 1.5% in cells transfected with the contreol vecter,
whereas it was 4% in cells transfected with the RADSIB knockdown
vector (Table 1). In metaphase, the frequency was 2.5% in the control
cells and 165% in RAD5IB knockdown cells. Thus, like the
haploinsufficiency of RAD5IB in HCT116 cells, the 50% reduction
in RAD5IB mRNA levels in HTI1080 cells leads to centrosome
fragmentation.

Discussion

In the present study, we have shown that haploinsufficiency of
RADS5IB leads to centrosome fragmentation and increased
aneuploidy in the human cancer cell line HCT116. In addition,
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we have confirmed that Rad51B plays a role in homelogeus
recombination repair in concert with Rad5] in human cells, which
is consistent with the previous finding in DT40 cells {22). However,
the absence of RAD518 haploinsufficiency in kneckout mice and
DT40 mutants may argue against this interpretation of the findings
(22, 23). This apparent discrepancy may be the result of species
differences and/or differences between cell types. One finding of
the present study, that a 50% reduction in RAD51B mRNA levels by
RNAi in HT1080 cells also leads to centrosome fragmentation,
supgests that the effects of RAD51E haploinsufficiency may not be
specific to HCT116 cells. Furthermore, the present findings are also
supported by evidence of haploinsufficiency for XRCCZ in mouse
cells (40). XRCC2~ mice and XRCC2”™ DT40 cells have been
shown to exhibit no apparent abnormalities (37, 41), whereas
haploinsufficiency for the gene was cleatly observed in chromo-
some aberrations and centrosome fragmentation in XRCCZ™~
mouse embryonic fibroblasts. Rad51B forms a complex with
Rad51C, Rad51D, and XRCC2 (BCDX2), suggesting & functonat
similarity between these Rad51 paralogues {42, 43), These subtle
effects of haploinsufficiency on genomic instability, even if they are
much weaker than the effects of homozygous mutations, are likely
to be of considerable importance in carcinogenesis when they
confer a growth advantage,

Although centrosome aberrations have been ohserved in cells
defective in other recombination genes, the molecular mecha-
nisms underlying these aberrations are unclear, Centrosome
amplification has been shown to arise from a DNA damage-
induced mechanism during the prolonged G, phase in Rad5i-
deficient DT'40 cells (14). Deletion of ATM reduced, but did not
completely abolish, Gy-phase centrosome amplification, thus
indicating ATM-dependent and ATM-independent mechanisms.
However, a recent study using CHO cells argues against this
interpretation (44).

Centrosome aberrations found in cells deficient in a member of
the Rad51 paralogue family seem to be centrosome fragmenta-
tions (13, 15). A recent observation has indicated that centro-
somes split into fractions containing only one centriole, which
leads to the formation of multipolar spindles with exira
centrosome-like structures in the presence of incompletely
replicated or damaged DNA during mitosis (45). This result is

also observed in CHO cells deficient in XRCCS3, suggesting that
aneuploidy in this cell line arises from extra centrosome-like
structures. It is therefore possible that centrosome fragmentation
resulting from haploinsofficiency of RAD51B could be explained
by centrosome splitting.

Aneuploidy is a hallmark of genetic instability observed in
human cancers, although the direct cause remains a matter of
debate (46). Extra centrosome-like structures are likely to lead to
the assembly of multipolar spindles, which may in tumn lead to the
unequal distribution of chromosemes to daughter cells. However,
supernumerary centrosomes do not always result in multipolarity,
as shown by a recent finding that dynein plays a role in the
prevention of multipolar spindles by centrosomal clustering {47).
Consistent with this finding, multipolar spindles are rarely detected
in the rad5lb mutant, despite the increase in the incidence of
supermumerary cenfrosomes. It is therefore unlikely that multipo-
lar spindles play & causal role in increased aneuploidy in this
mutant This raises the question of how supernumerary centro-
somes lead to aneuploidy. A possible clue may come from the
characterization of the practical conseguences of centrosome
amplification in 53~ mouse embryo fibroblasts (48, 49). In cells
with two centrosomes at one spindle pole, a small fraction of
chromosomes can be bioriented between incompletely separated
centrosomes. Although these cells may divide in a bipolar fashion,
this abnormal mitosis is likely to lead to the loss or gain of a few
chromosomes,

From the viewpoint of tumor biclogy, it is of great importance
that at least one allele of RADS5IB is altered in some benign tumors,
although the key pathologic alteration is still unclear. It is
noteworthy that functional domains of Rad51B, such as Walker A
and B motifs, are often lost as a consequence of the chromosome
translocation, in contrast to the translocation partner HMGAS2, the
coding region of which is not rearranged by the translocation {28).
It is well established that benign tumors do not usually develop
into malignant tumors, However, a small proportion of benign
tumors transforms into malignant tumors; <1% of uterine
leiomyomas progress into uterine sarcomas. Given that the
chromosome translocation involving RAD51B results in the loss
of one functional RADSIB allele, the present finding that
haploinsufficiency of the gene leads to aneunploidy implies
chromosome instability in tumors harboring these translocations.
The present study indicates that rad5Ib-mutant cells grow at a

slightly slower rate than WT cells, implying that centrosome
fragmentation and aneuploidy are not directly linked to a growth
Cell line 1 2 3 4 >4 143 advantage. Aneuploidy is likely to contribute to a growth advantage
only when genes that control cell growth are altered by the
Chromosame 7 accumulation of chromosome instabilities. These observations lead
RADSIB*Y 17 469 10 4 0 a7 to the hypothesis that the haploinsufficiency of RAD51B, even if not
RAD5IB™ = 27 42 22 8 1 49 directly linked to malignant transformation, may play a role in the
RADSIBY ™7~ 52 419 18 9 2 70 early steps of tumor development by inducing chromosome
RADSIB+ 18 45 14 3 0 32 instahility. To verify this hypothesis, a detailed analysis of BAD5IB
RAD5IB in association with patholopic and clinical studies in tumors
Chromosome 17 i : :
involving 14g23-24 will be needed,
RADSIB™"* 16 47 3 5 0 19 4
RADSIBY 23 452 14 10 1 37
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ABSTRACT

The MusB1-Emel complex is a structure-specific
endonuclease that preferentially cleaves nicked
Holliday junctions, 3"-flap structures and aberrant
replication fork structures. Mus87~'~ mice have
been shown to exhibit spontaneous chromosomal
aberrations and, in one of two models, a predis-
position to cancers. The molecuiar mechanisms
underlying its role in chromosome integrity, however,
are largely unknown. To clarify the role of Mus81 in
human cells, we deleted the gene in the human
colon cancer cell line HCT116 by gene targeting.
Here we demonstrate that Mus81 confers resistance
to DNA crosslinking agents and slight resistance to
other DNA-damaging agents. Mus31 deficiency spon-
taneously promotes chromosome damage such as
breaks and activates the intra-S-phase checkpoint
through the ATM-Chk1/Chk?2 pathways. Furthermore,
Mus81 deficiency activates the G./M checkpoint
through the ATM-Chk2 pathway and promotes DNA
rereplication. Increased rereplication is reversed by
the ectopic expression of Cdk1. Hapleinsufficiency of
Mus81 or Eme1 also causes similar phenotypes. These
findings suggest that a complex network of the
checkpoint pathways that respond to DNA double-
strand breaks may parlicipate in some of the pheno-
types associated with Mus81 or Emei deficiency.

INTRODUCTION

Precise replication of the entire genome during the S phase of
the cell cycle is essential for cell survival. The progresston of

replication forks can be stalled in response to exogenous and
endogencus sources, including depletion of deoxyribonuc-
leotide pools, inhibition of replication proteins and aberrant
DNA structures. Stalled replication forks can degenerate into
broken forks, leading to chromosomal rearrangements and
deletions (1). To avoid such deleterious events, all cukaryotes
have evolved cell cycle checkpoint machinery and DNA repair
pathways (2). The homologons recombination repair pathway
contributes 1o the accurate repair of DNA damage; however, to
promole cell survival, homologous recombination also parti-
cipates in chromosomal rearrangements when replication
forks are stalled (3).

Mus8] was originally idemtified as a member of the
XPF family of endonucleases that physically interacts with
Rad534 in Saccharemyces cerevisiae and Cdsl (Chk2} in
Schizosaccharomyces pombe (4,5). The gene confers resist-
ance to agents that lead to replication fork stalling or collapse.
including ultraviolet (V) radiation, methylmethane sulfonate
(MMS), hydroxyurea and camptothecin, suggesting a role for
Mus8] in the rescue of stalled and collapsed replication forks
{6). In contrast, Mus81-deficient murine cells are not hyper-
sensitive 1o camptothecin (7), The funciional binding partner
of the protein is MMS4 in S.cerevisiae (8) and Bmel in
S.pombe {9) and mammals (10-13). The synihetic lethality
of mus8l (or mms4) sgsi (or top3) double mutants suggests
a functional link between Mus81 and Sgs1 helicases in the late
steps of recombination (4.8). In vitro, the Mus81-Emel com-
plex preferentially cleaves 3'-flap structures, varions aberram
replication fork structures, and nicked Holliday junctions, sug-
gesting that the complex plays a role in stalled replication fork
processing and DNA repair by homeologous recombination
(14-16).

Loss of Mus81, MMS4 or Emel results in a reduction in
sporulation and spore viability in yeast (8,9,17). Poor spore
viability in mus&l or emel mutants of S.pombe is suppressed
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by eliminating Rec6 or Reci2, proteins required for the forma-
tion of donbie-strand breaks (IDSBs), which initiates meiotic
recombination. Expression of the bacterial Holliday junction
resolvase RusA has besn found 10 rescue the muusé] meiotic
defect (9). Thus, Mus81, MMS4 and Emc 1 have been implic-
ated in the processing of homologous recombination interme-
diates in yeast meiosis. The role of the Mus81-Emel complex
in mitotic homologous recombination in mammals. however,
remains uncertain (10,11,18). Remarkably, hoth Mus&I™™ and
Mus81™" mice exhibit a profound predisposition to lympho-
mas and other cancers (18}, although a subseguent study found
no increased susceptibilily to cancer in a different Mus8/ ™"
model (7).

The rote of Mus81 in genome integrily in response to
replication siress has been proposed to be related to s
physical association with Cdsl (Chk2) in fission yeast (19).
Cdsl-dependem phosphorylation of Mus8] prevents it from
cleaving stalled replication forks that lead to replication fork
breakage and chromosomal rearrangements by dissociating it
from chromatin in cells exposed to hydroxyurea, Spontaneous
and mitomycin C (MMC)-induced DNA damage such as
breaks and wrivadial exchanges is increased in Mus&I™™ and
Mus81™" mouse cells. In addition to these aberrations, the
mutant cells have been shown to have an increased rate of
aneuploidy (18).

Despite accumulating evidence that Mus81 plays a role in
the processing of aberrant replication fork structures, the
molecuiar mechanisms underlying its role in chromosome
stability remain unclear. To clarify the role of Mus81-
Emel in human cells, we deleted the genes in the human
colon cancer cell line HCT116 by gene 1argeting. The advant-
ages of using this cell lire are that it allows efficient gene
targeting in the presence of an imact p533 gene (20) and the
cellular ploidy is stable. Here we show that Mus81 deficiency
activates the intra-3-phase and Gz/M checkpoints and pro-
motes DNA rereplication. This promotion of DNA rereplica-
tion was reversed by the forced cxpressior of Cdkl. These
findings provide new insight into the role of the Mus81-Emel
complex in the control of human cell ploidy.

MATERIALS AND METHODS
Gene targeting at the Mus81 and Emel loci in HCT116

Targeting veclors were designed for in-frame insertion of
promoterless drug resistance genes in exon 3 of Mus8! or
in exon 2 of Emel. A 2.5 kb 5-homology arm of Mus8]
was amplified by PCR from the isogenic DNA of HCTI116
cells using primers 5'-GCCATGTCCAACGTCAGTA-3 and
5-ATCGATTCTCTCCAGATGGTGAGT-3. A 17 kb
F-homology arm of Mus8! was amplified using primers
5-ATCGATACTTGCGGAAGTCCA-3" and 5-AGGCAG-
AGGGOGACAACACAG-3. A 2.6 kb 5-homology arm of
Emel was amplified using primers 5'-TTCACAGCACTTGC-
CAGTCT-¥ and 5-ATCGATAATCCAGTGAGGGTGAT-
GAC-3. A 1.8 kb 3-homology arm of Emel was amplified
using prmers 5-ATCGATTGTGAAGCCTCCTGTCCT-3
and 5'-GGAACTGTCCTGTGTTACTG-3'. Both arms were
cloned mto pCR2.1 (Invitrogen) by the TA cloning method.
The ¥-arms of Mus81 and Fmel were excised by digestion
with Clal/Spel and Clal/xhol, respectively, and subcloned
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into the veclors containing the 5™-arms. Neomycin and
blasticidin sesistance cassettes were inserted into the Clal
site of the vector containing both arms. Gene 1argeting in
HCT116 was performed as described previously (21).

Ectopic expression of the Mus81 and Emel ¢DNAs

The human MusS8I cDNA was amplified by PCR from cDNA
derived from normal human cells using primers 3-TGAT-
CTCAACGGTCCTGC-3 and 5-GGGCTGTTTCACGGC-
ATAA-3. The human Emel ¢DNA was amplified wsing
primers 5-AGTTGAAAGAGTGGCGGGA-3 and §-CTCA-
TCCCTGAGGGCTAGAA-3 . The cDNAs were inserted inlo
pCR2.1, and the sequences were confirmed. The expression
vectors were designed to inserl the genes under the control
of the MSV enhancer and the MMTV promoter. Transfected
cells were selected in the presence of 900 plg/ml Zeocin™
{Invitrogen).

Sensitivity to DNA-damaging agents

Sensitivity 1o MMC was measured as described previously
(22). To measure semsitivity to hydroxyurea, we plaied the
cells at a density of 2 x 107 cells per 60 mm dish, treated
them with the agent for 6 h, and washed them three times
with phosphate-buffered saline (PBS). To measore the sens-
itivity to UV treatment, we plated the cells at the same density
and irradiated them. Afier 7 days of culturing, colonies were
counted. Sensitivity to other DNA-damaging agents was meas-
vred as described previously (21). When knockout or comple-
mented cells showed slow growth compared 10 wild-type cells,
colonies were further cultured for 2 to 3 days and counted.

Facas formation of Rad51 and Rad34

Radiation-induced focus formation of Rad31 and Rad54 was
performed as described previously (21). MMC-induced focus
formation was examined by treatment with 0.8 pg/ml MMC
for 1 h.

Cell cycle analysis

Celi synchronization by double-thymidine block was per-
formed as described previously (23). Flow cytomelry was
performed with a FACSCalibur (Becton Dickinson) using
the CellQuest software package.

Kinase assay

Immunoprecipitation was performed in the presence of phos-
phatase inhibitors (3 pM cantharidin, 5 nM microcystin LR
and 25 iM bromoteframisole oxalate) essentially as described
(22). Immunoprecipitates were washed three times in lysis
buffer and three times in 25 mM HEPES (pH 7.4). The kinase
1eaction was performed at 30°C for 20 min in a total of 40 pi
of reaction buffer {25 mM HEPES (pH 7.4). 15 mM MgCl,,
80 mM EGTA. 1 mM DTT, 0.1 mM ATP and 3 uGi
[y-P]ATP). Histone H1 (10 pg) was used as a substrate for
the cyclin E, eyclin A and cyclin B kinase assays. Glutathione
S-transferase (GST)-Cdc25C (200-256) was used as a sub-
strate for the Chk?2 kinase assay and was prepared as follows.
The Cde25C (200-256) fragment was amplified by PCR from
c¢DNA derived from normal human cells using primers
5-GAAAGATCAAGAAGCAAAGGTGAGC-3 and 5-TA-
AGCCCTTCCTGAGCTT-3' and inserted into pGEX-5X-1
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(Amersham Pharmacia). The plasmid was then uwsed to
transform Escherichia cofi BL21, and expression of the
fusion protein was induced by adjusting the culture to 1 mM
Isopropyl-f-p-thiogalactopyranoside (IPTG), The [usion pro-
tein was purified using a glatathione-Sepharose 4B column
(Amersham Phammacia). The kinase reaction productls were
boiled in sample buffer and analyzed by SDS-PAGE.

Antibodies

Antibodies to Mus81 (N-20), eyclin A (C-19), cyclin B (C-19),
cyclin Bl (GNS1), Cde2 (Cdk1) (173 Cdk2 (D-12), Chk?2
(A-12), Chk1 (G-4), ATR (N-19) and actin (C-2) were from
Santa Cruz Biotechnology. Antibodics 1o phospho-Chk2
(Thr-68). phospho-Chkl (Ser-317) and p21 (DCS60} were
from Cell Signuling Technology. The amibody 1o ATM
(NB100-104) was from Novus Biologicals.

Immunofluorescence

Cells were grown overnight on coverslips and fixed for
10 min in 4% paraformaldelyde. Cells were blocked with
10% horse serum and incubaled with primary antibodies
at room temperature for 1 h and with secondary antibodies
for 30 min. Finally. cells were counterstained with 4',6-
dianidino-2-phenylindole (DAPT) and mounted.

SiRNA transfection

Eight hours prior to transfection. cells for the assay of ATM
and ATR cxpression were seeded ir a 100 mm dish at I % 10°
cells/dish. Cells for immunofivorescence were seeded on
coverslips at 1 % 10° cells/coverslip. The siRNA sequences
for ATM used in the study were 5-CAUCUAGAUCGGC-
AUUCAGH-¥ and 5-UGGUGCUAUVUUAACGGAGCUNR-3'.
The siRNA sequence for ATR was 5'-AACCUCCGUGAU-
GUUGCUUGAN-Y. These siRNAs were synthesized by
Sigma Genosys. A siCONTROL nomargeting siRNA from
Dharmacon was used as a negative control, Transfection
was performed nsing Lipofectamine 2000 transfection reagent
{(Invitrogen) according to the manufacturer’s nstructions.
For wesiern blot analysis. the Lipofeclamine—siRNA complex
was not removed during incobation. Cells were harvested at
48 h post-transfection. For immunofluorescence afier double-
thymidine block, the transfection mixture was removed afler
the first thymidine block.

Ectopic expression of Cdkl

The human Cdk] cDNA was amplified by PCR from cDNA
derived from normal human cells vsing primers 5-GCTCTT-
GGAAATTGAGCGGA-3 and 3-AGAAGACGAAGTACA-
GCTGAAGT-¥. The ¢DNAs were inserted into pCR2.1, and
ihe sequences were confirmed. The Cdkl expression vector
was designed 1o insert the gene under the control of the MSV
enhancer and the MMTV promoter. Cdkl-overexpressing
cells were selected in the presence of 900 pg/ml Zeocin™
(Invitrogen),

RESULTS
Generation of Mus81-deficient HCT116 cells

To investigate Mus81 function in human cells, we inactivated
its gene in HCT116 cells by gene targeting. Targeting vectors

were designed such that exon 3 was disrupted by promoterless
antibictic-resistance penes (Figure 1A). We obtained two
tirdependent Mus87*" clones from 744 neomycin-resistant
colontes and 1wo Mus&7 ™'~ clones from 2380 neomycin-
and blasticidin-resistant colonies derived from a single
Mus817 clone (#653). Sonthern blot analysis using
both 5'- and 3'-probes confirmed that both wild-type alleles
had been correctly inactivated by gene targeting in the
Mus81™"" cells (igure 1B). Northers blot analysis revealed
no expression of the gene in these clones (Figure 1C). Because
no additional bands were detected vsing the full-length Mus&/
cDNA as a probe, it is unlikely that aberrant transcripls were
generated by the disruption of exon 3. The correct targeting
events were confirmed by western biot analysis (Figure 1D).
Levels of expression comparable to or much higher than that
of endogenous expression were achieved in these mrants by
the introduction of the human Mus87 cDNA,

Generation of Emel-deficient HCT116 cells

To compare the role of Mus81 in human cells with that of
Emel. exon 2 of £mel was disrupted by a neomycin resistance
gene (Figure 1E). We obtained two independent Emel™” cells
from 5250 neomycin-resistant colonies. Emel ™ cells were
not successfully generated because Emel™  cells grow
slowly; however. Emel™ ™ cells were sufficient for the purpose
of comparing the roles of these proteins. Southern and northern
blot analyses confirmed the disruption of one allele of the gene
(Figure 1F and G). A level of expression comparable to that of
endogenous expression was achieved by the expression of
human Emel cDNA in Emel™™ cells.

Reles of the Mus81-Emel complex in the sensitivity
to DNA damage

We next examined the sensitivity of Mus81 or Eme! mutant
cells to DNA damage by measuring their ability 1o form
colonies following exposure to DNA-damaging agents.
Because knockont cells and some complemented cells grew
slowly, we took the growth rate into account in the counting
of colonies (see Materials and Methods). Modest sensitivity
to MMC was observed in Mus8I™" cells (1.5-fold) and
Mus81 7' cells (4-fold} (Figure 2A). We noted a similar
mild sensitivity to cisplatin in Mus8/™"" cells. Mus81 defi-
ciency resulted in a slight sensitivity to UV radiation, MMS,
hydroxyurea and ionizing radiation (Figure 2B-G). The
expression of Mus8! cDNA in Mus81™" cells restored the
sensitivities to DNA-damaging agemts to the wild-type levels.
A slight increase in sensitivity to cisplatin, UV radiation and
hydroxyurea was observed in Mus8™™ cells. A similar sens-
ftivity to MMC and hydroxyurea was found in Emel™™ cells.
The expression of Emel only partially complemented the
sensitivily to MMC. This is probably explained by the level
of Tmel expression in complemented cells: even if levels
comparable to the endogenous levels are achieved by con-
stitulive expression, they may not be sufficient for full con-
plementation in response to DNA daimage, Furthermore. the
level of MusBl expression is strictly dependent on the cell
cycle (24), and the peak of Mus81 expression occers i the S
and G, phases. Like Mus81 expression, Emel expression may
vary according to the stage of the cell cycle. These results
indicate that Mus81 and Emel contribuie to the resistance
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Figure 1. Generation of HCT 116 cell lines deficient in Mus81 or Eme1 by gene targeting. {A) Schematic representalion of the Mus& ] locus, the targeting vectors, and
the targeted alleles. Relevant restriction sites and the position of the probes used for Seuthern blot asalysis are shown. (B} Southem blot analysis confirming targeted
integration it the Mus87 locus. DNAs were digesied with Sacl er BamHi and hybridized with the probes depicted in (A, (C) Nosthern blot analysis confimming the
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Figure 2. Sensitivity to DNA-damaging agents. (A~F) Sensitivities to MMC, MMS., cisplatin, UV radiation, jonizing radiation and hydroxyurea. Values represent
the means * the standard czror of the mean for three independent experiments, Afus@I* ™ (#653), Mus81™ (#150) and Emel*™™ #376) cells were used. (G) D37
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Figure 3. Chromosomal aberrations in Mis81~ " (#150) cells. The arrow in the left panel indicates a chromosome break. The arrow in the middle pavel indicates a
chronutid gap. Rereplication is shown in the right panel. In the left and middle paneis. only a part of metaphase clromosome image is shown.

Tahle I. Cliromosomal abesrations

Cell line® Clromatid-typs® (5

Chromusome-:yp&b (5%} Abnormal cells® {excluding tetraploidy) (%5) Tetraploidy®

Mus81+* 25059 24+ 1.1 4.5+ 1.0 0.67% (23/3413)
MBI Ju 1.2 6.2 = 1.] 104£11 1.88% (3972077
MusSI*'™ + MusS! 32«16 35+ 1.5 6.7 = 0.8 0.58% (6/1041)
AMus&l™ 70=x1.35 10.0 2.0 14505 2.46% (37/1503)
Mus81 7 + Mus81 14 = 0.0 3515 57 %21 0.88% (27/3059)
Mus81™" + Cdld(#tly 6.2 =30 54+ 4.1 12919 0.50% (10/2000)
Mus81™'"" + CdbIGH#T 4.0+ 08 10.0 + 0.5 11.2£03 0,54% 16/1105)
Mus81™ + Cdbl 2505 57+ L6 6.9 =03 D.67% (2/300)
Entel*- 64x186 0.5= 1.3 107 =03 2.16% (63/2919)
Emel*™ + Emel 3isx09 524 1.2 T4 =13 120 (15/1248)

ansSIYT (#6533, MsST™'™ #1500 and Emel™™ (#376) cells were used.

& total of 200 cells were scored for each line. Resulls represent the means + SD of three independent experiments.
“The frequency of tetraploidy is shown as a peroentage of tetraploid cells 16 the total sumber of metaphase cells analyzed; absoluie numbers are given in parentheses.

of human cells to DNA-damaging agents such as DNA
crosslinking agents.

Rad51 plays a central role in (he early stages of homo-
logous recombination and forms nuclear foci in 3 DNA
damage-dependent manner (23). impaired Rad51 focus forma-
tion has been reported in chicken and mammalian cells with
defective homologous recombination (22,26,27), Rad54 plays
a role in homologous recombination by dissociating Rad51
from nucleoprotein filaments formed on double-stranded DNA
(28), and it forms nuclear foci that colocalize with foci of
Rad31 (29). To investigate the role of Mus8l in the Rad51-
dependent recombination pathway, we examined damage-
dependent focus formation of Rad51 and Rad54 by treating
cells with 0.8 pg/ml MMC or 8§ Gy of jonizing radiation. We
found no difference in focus formation between wild-type and
Mus81™" cells (data not shown), suggesting that Mus81 isnot
required for focus formation by these proteins.

Mus81-Emel is required for chromosome stability

A defect in homologous recombination repair leads to chro-
mosome instability (303 We examined chromosomal aberra-
tions in the presence of colcemid using metaphase spreads.
The frequency of abnormal cells harboring chromatid- and
chromosome-type aberrations such as gaps and breaks

(Figore 3) was 4.5% in wild-type cells. whereas it increased
10 104% in Mus81™ cells and 14.5% in Mus81" celis
(Table 1). Expression of the Mus8] cDNA partially comple-
mented these phenotypas (6.7 and 5.7%, tespectively). The
number of cells showing abnormalities was also increased in
Emel™ cells (10.7%). and it was reduced by the expression of
the Finel cDNA (7.4%).

In addition to these aberrations, the numbers of tetraploid
cells resulting from DNA rereplication (Figure 3) were signi-
ficantly increased in the mutant cells (Table 1}. The frequency
of tetraploidy in wild-lype cells was 0.67%. whereas it
increased to 1.88% (Mus8777) and 2.46% (Mus§1™") in
the mutants. Differences in frequency were statistically signi-
ficant between wild-type and Mus8I™" cells (P < 1.0 x 1079
and Mus817'" cells (P < 1.0 % 107%). The differences were
statistically evaluated nsing muoltiple logistic regression ana-
Iysis taking Poisson errors into account. The expression of the
Mus8&1 ¢DNA in the mutanis reduced the number of tetraploid
cells 1o a level that was comparable to wild-type cells. The
frequency of tetraploid cells was also increased to 2.16% in
Enel™ cells (P < 1.0 % 107%), and this value was reduced to
1.20% by the expression of the Emel c¢DNA. Increases in
DNA content resulting from DNA rereplication were not
detected by FACS analysis. as only a small proportion of
cells underwent rereplication.

~— 287 —



886  Nucleic Acids Research, 2006, Vol. 34, No. 3

A GO o+ e eremmmoms mermmseesionie et et e s s
250 ¢ ot
= i -8B~ Mus81-
= 200, 0| a MusBi! }
B D afer WMUSB™+ MusBl |
£ 150 B e MusBiv+ Muset |
e . . :
= @ | & Emet
& 100 $/§ : -0~ Emel1*-+ Eme?
144

57 33 Y 51 23 2%

Figure 4. Effects of Mus8l or Emel deficiency on eefl cycle progression.
Mus8I'V (#633), Mus817"" (#150) and Emel™™ (#376) were examined.
{A} Growth curves. The resulls show the means + the standard error of the
mean for three independent experiments. (B) Cell cyele disiribution, The cells
were synchronized in G4/S by double-thymidine block ard released. Samples
were taken at the indicated time points and subjected (o FACS analysis.

Mus81 or Emel deficiency affects cell ¢ycle progression

The growth rates of Mus8/™", Mus81 ™" and Emel™™ cells
were  significantly lower than that of wild-type cells
(Figure 4A). The doubling time of wild-type cells was 17 b,
whereas the times for Mus8I™™, Mus8! ™ and Emel™™ cells
were 21, 22 and 215 h, respectively. Expression of the
Mus81 or Emel cDNA parfially coroplemented this pheno-
type, To examine the profiles of cell eycle progression,
we performed FACS analysis wsing cells synchronized by
double-thymidine block. We observed a small difference in
the kinetics of accumulation of cells in the S and Go/M phases
between wild-type and Mus§7 ™ cells (Figure 4B). There was
a peak in Go/M phase accumulation 6 b alter release in wild-
type cells, whereas Go/M phase accumulation was found 6
and § b after release in Mus81 ™' cells.

Mus81 or Emel deficiency acfivates the
intra-S-phase checkpoint

Cell cycle progression through 5 phase is regulated by eyelin
E/Cdk2 and eyclin A/Cdk2. We therefore investigated the
effects of MusZ] deficiency on the S phase progression by

performing cyclin I and cyclin A kinase assays using lysates
from cells synchronized in the Gy/S phase (Figure 5A). The
cyclin B and cyclin A kinase activities were apparently lower
in Mus81™" cells than in wild-type cells at ¢ and 0-8 b after
release, respectively. Quantitative analysis revealed that
Mus817" cells had a 40% reduction in cyclin E kinase activity
at 0 h and a 50% reduction in cyclin A kinase activity at 4 h
compared to wild-type cells. The levels of cyclin E and eyclin
A in Mus81™"" cells were almost the same as in wild-type cells
at this stage of the cell cycle, indicating that § phase check-
point activation was responsible for the reductions in eyelin
kinase activities.

Because the mutant cells showed a spontaneous delay of
cell cycle progression during the 5 phase, we first investigated
the effect of Mus81 deficiency on the ATR-Chkl pathway,
which regulates the basal turnover of Cdce25A (31). Westemn
blot analtysis using an anti-phospho-Chk] antibody (Ser-317)
revealed that levels of phospho-Chkl were high in the carly
S phase and that the Tevels in Mus81™'~ cells were the same as
in wild-type cells (Figore 3B). This finding is consistent
with the proposed role of Chk] activation in the maintenance
of the physiological turnover of Cde25A.

However, the involvement of Chkl in a DNA damage-
dependent checkpeini cannot be evaluated by this method
because the basal levels of phospho-Chkl were high during
the 8 phase. We therefore examined the damage-dependent
Chkl activation at the single-cell level by immunofluores-
cence using the same antibody (Figure 5C). Clear staining
in the nucleus indicating the damage-dependent phosphoryla-
tion of Chkl on Ser-317 was observed it a small proportion of
cells. This staining pattiern was found in 0.3 = 0.1%
(mean + SD) of wild-type cells and in 1.9+ 0.1% of
Mus817'" cells (n = 500). The frequencies of the staining
ranged from 0.9+ 0.1% 1o 1.5+ 0.2% in Mus8I™" and
Emel™™ cells.

Toinvestigate whether ATM or ATR regulates Chkl activa-
tion by phosphorylation in the S phase, ATM and ATR were
knocked down by SiRNA (Figure 5D). Silencing of ATM
reduced the frequency to 0.5+ 0.3% in Mus®l™" cells,
whereas silencing of ATR or transfection of control siRNA
did not affect the frequency, indicating that the ATM-Chk]
pathway was activated in the S phase in Mus87™" cells
(Figure 5C). This pathway has been shown to be activated
in Tesponse to DSBs induced by lonizing radiation (32).

The intra-S-phase checkpoint in response 10 DSBs was
first shown 10 be mediated by the ATM-Chk2-Cde25A-
Cdk2 pathway (33). Next, we investigated Chk2 activation
in the 5 phase by immunofluotescence using an anti-
phospho-Chk2 {Thr-68) antibody (Figure 5E). Phosphoryla-
tion of Chk? on Thr-68 is required for the initiation of
Chk?2 activity. Clear staining of phospho-Chk?2 in the nucleus
was not observed in wild-type cells, but it was observed in
2.3 £ 0380 of Mus81 ™"~ cells (n = 500). The frequency of the
staining ranged from 1.0 + 0.2% 1o 1.6 = 0.2% in Mus81%™
and Emel™ cells, respectively. Silencing of ATM reduced
the frequency to 0.7 + §.5%, whereas silencing of ATR or
transfection of control siRNA did not affect the frequency,
indicating that ATM acted as an upstream kinase for Chk?2
activation. Thas, both the ATM-Chk1 and ATM-Chk?2 check-
point pathways were activated during the S phase in the Musg1
and Emel mutant cells.
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Mus81 or Emel deficiency activates the
G2/M checkpoint

Because FACS profiles revealed a diffesence in the accumu-
lation of cells in Go/M. we investigated the effects of Musg1
deficiency on the Go/M delay by running a cyclin B kinase
assay using cells synchronized in the G/S phase (Figure 6A).
Cyclin B kinase activily was increased 6 h after release in
wild-type cells, whereas an increase in the kinase activity was
nol obvious al 6 Iy but was clear at 8 I after refease in the
motant. Repeated experiments demonstrated thal such a
difference between the wild-type and mutant cells could be
observed either 6 or 8 h after release, consistent with the rasults
from the FACS analysis. There were no apparent differences in
cyelin B and Cdk1 levels between wild-type and Mus87™™
cells, excluding the possibility that reduced cyclin B kinase
activity was due to repression of these proteins. In addition, we
noficed that the level of cyclin B expression was high even in
the G, phase at 10 b in the HCT116 cell line. This aberrant
expression of cyclin B has been observed in some human
cancer cells, suggesting that it may be associated with abnor-
mal proliferation of cancer cells (34). The high level of cyclin
B may account for the sustained cyclin B kinase activity
during the early G; phase in wild-type cells.

Activation of Cdk1 by associztion with cyclin B is essential
for the initiation of the M phase. The delay of cyclin B activity
in Mus87°"" cells may simply indicate that the cell eycle
progression was delayed by the preceding S phase delay.
Alternatively, G./M checkpoinl activation may be involved
in the delay of cyclin B activity, Chk1 and Chk2 play a role in
the G./M checkpoint as effector kinases (35). To investigate
whether the Go/M checkpoint was activated in the mutants, we
therefore examined Chkl and Chk? kinase activities using a
recombinant GST-Cde25C (200-256) fusion protein as a sub-
strate. These kinases preferentially phosphorylate Cde23C on
Ser-216 {36). We examined the difference in Chk2 kinase
activity in synchronized cells. Chk2 kinase activily was
significantly increased in the Mus81 mutant 6 h afier release,
whereas an increase was not evident in wild-type cells
(Figure 6B). There were no differences in the levels of
Chk2. A more than 3-fold increase in Chk2 activity was
also observed in two Mns&1™™ cell lines as well as int two
Emel* cell lines, excluding the possibility that activation
of Chk2 was due to a ¢lonal variation (Figure 6C). Expression
of Mus87 or Emel cDNA reduced this increase in Chk2
activity in the mutant cells (Figure 6C). Chk? kinase phos-
phorylation of Cde25C was not ¢learly observed before 6 h,
indicating that the increase in this activity at 6 h reflected the
Go/M checkpoint activation rather than a delay of the cell
cycle progression. The S phase checkpoint was activated in
Mus81™" cells from 0 1o 4 h after release.

The increase in Chk2 kinase activity was abolished in the
presence of 0.5 mM caffeine (Figure 6C). Treatment with
0.5 mM caffeine for 1 h has little effect on DNA synthesis
(37). excluding the possibility that the elimination of Chk2
activity by caffeine was doe 1o the delay in cell cycle progres-
sion. Because caffeine inhibits ATM and ATR kinase activ-
fties (38-30), they are likely required for this increase in Chk2
kinase activity. For this reason, we further investigated the
effect of siRNA silencing of ATM and ATR on Chk?2 activity
(Figures 5D and 6D). Chk?2 activity was reduced by silencing

of ATM but not by silencing of ATR, indicating that the acti-
vation of ATM in response to DNA damage is responsible for
the ircrease in Chk? activity in Mus81™ " cells. In contrast,
there was no clear difference in the phosphorylation of GST-
Cde25C (200-256) by Chk! in wild-type and Mus8I ™" cells
(Figure 6E). There was also no difference in p21 expression in
wild-type and Mus81™"" cells (Figure 6F).

H is assumed that the p21-dependent G-/M checkpoint leads
o sustained cell cycle arrest, whereas the Cde25-dependent
checkpoint leads 1o transient delay (41). Consisient with this
idea, many delayed cells evenuwally proceeded into the M
and G, phases. These resnlts show that, in addition 1o the
intra-S-phase checkpoint, the Go/M checkpoint was activated
in the Mus81 mutant cells via the ATM-Chk2 pathway.

Overexpression of Cdkl prevents rereplication

Because deletion of Cdkl promotes DNA rereplication in
human cells (42}, reduced cyclin B kinase activity is likely
to cause increased rereplication in Mus81 mutants. We
examined this possibilily by overexpressing Cdkl in the
Mus81 mutants. Cdkl kinase activity is regulated by accumu-
lation of Cdkl-associated cyclin B and removal of inhibitory
protein phosphorylations. Western blot analysis revealed
that levels of cyclin B were high in Gu/M in Mus8f™"
cells while the levels of Cdkl were constant, suggesling
that overexpressed Cdkl may be assoctated with endogenous
cyclin B. Given that overexpressed Cdkl is not phos-
phorylated on inhibitory phosphorylation sites by overcoming
Weel and Mytl kinase activities, Cdkl activity is expected
to be increased. Because we showed that p21 is not induced
in Mus877/~, it is not necessary to consider direct inhibition
of Cdk2 activity by p21. Consistent with this hypothesis, the
reduciion of cyclin B kinase activity was reversed by the
overexpression of Cdkl (Figure 6G). The increase in
cyclin B activity by ectopic expression of Cdk1 reduced the
frequency of tetraplotdy from 2.46 10 0.50% and 0.54% in the
two Mus877' eell lines (P < 1.0 % 1072 (Table 1). Thus.
the increased rereplication in Mus81 mutants was reversed
by ectopic expression of Cdkl.

DISCUSSION

in the current studies, we demonstrated that Mus81-Fmel
deficiency activates the intra-S-phase and Go/M checkpoints
in response {0 DN A damage and promotes DNA rereplication.
In addition, we confirmed that the Mus81-Emel complex
contribules 10 the resistance against DNA-damaging agents
in human cells. These assays show guite small differences,
suggesting that there may be functional redundancy between
the Mus8]-Emel complex and other repair proteins in the
response to DNA damage. Consistent with extensive genetic
studies in yeast. the resulis of the present study indicate thai
there is no functional difference between Mus81 and Emel in
human cells.

Identification of the physiological substrates of the
Mus81-Emel complex has Iong remained elusive. However,
a study showing the presence of resolvase activities in two
separate fractions from human cell exiracts has significantly
enhanced our understanding of this complex system (43.44),
The Mus81-Emel complex shows a greater activity for the
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¥-fap and three-wiy branched fork structures, whereas the
Rad51C complex shows specific activity for Holliday junc-
tions. These findings suggest that replication forks or 3'-faps
may be the in vive substraes of the Musg1 endonuclease. The
present finding that the Mus81-Emel complex confers resist-
ance to DNA crosshinking sgents, MMS and hydroxyurea
supporls this idea because these agents cause stalled replica-
tion forks. However, it is also possible that recombination
imermediates such as D-loops and Holliday junctions are
the in vive substrates of the endonuclease. This possibility
is supperted by the observation thal mutations in genes
such as RADSI, RADS52, RADSS and RADS7 that play early
roles in recombination suppress the synthetic lethality of
mus81 (or munsd) sgsl (or top3) mutants (45.46). If Mus81-
Mms4 directly cleaves replication forks and does not play a
late role, synthetic lethality would not be rescued by a defect in
these genes. The physical interaction of Mus81 with Rad54 in
yeast is consistent with this tdea (5), Furthermore, Mus81 has
been shown to play a key role in the Rhp5I-independent
recombination repair pathway in fission yeast by resolving
D-loops formed by Rad22 (47).

We observed spontancous activation of the intra-S-phase
checkpoint through two independeni cascades in Mus8/ ™"
cells. The ATM-Chk2-Cdc23A-Cdk2 pathway has been
shown to play a role in the irtra-S-phase checkpoint in
response to DSBs. In addition, the damage-dependent Chkl
pathway was activated by ATM but not by ATR. This finding
strongly suggesis that the Mus81-Eme! complex is involved
in the processing of DSBs. This notion is also supporied by the
present finding that Mus81 or Emel deficiency led to the
activation of the Go/M checkpoint through the ATM-Chk2
pathway. DSBs that escape the intra-S-phase checkpoint
and/or DSBs generated in G- can activate the G+/M check-
point. Thus, the recombination intermediates are likely 1o be
the in vivo targel of the Mus8]1-Emel complex. It is also
possible that stalled replication forks, if unprocessed, generate
DSBs, which counld activate the ATM-dependent checkpoint
pathway. In contrast io ATM. ATR kinase activity is activated
by several kinds of DNA damage, including those caused by
UV radiation and chemicals that make bulky base lesions, as
well as by stalled replication forks (48). Although the present
study demonstrated that Chkl is not activated by ATR, it is
very likely that ATR was activated in Mus81 ™" cells. Despite
the fact that cyclin A activity was strongly repressed, activa-
tion of Chkl and Chk2 could account for the S phase delay
only in a small proportion of the Muos8] and Emel mulant
cells. In addition fo the intra-S-phase checkpoint, the replica-
iton checkpoint initiated by ATR is likely 10 play a major role
in the S phase delay resulting from Mus81 or Emel deficiency.
ldentification of the effectors that protect the replication fork
will address this issue.

Mus81 has been shown to be physically associated with
Cds] {Chk2) in yeast and in human cells, suggesting a fune-
tional link between these proteins. We found that ionizing
radiation- or MMC-induced phosphorylation of Chk2 on
Thr-68 is not affected by a deficiency of Mus81 (data not
shown), suggesting that Mus81 does not directly regulate
the function of Chk2. Conversely, phosphorylation of
Mus81 by Chk2 has been shown to be required for the main-
tenance of genome miegrity during replication stress (19).

Evidence for the molecular mechanisms underlying check-
point activation in response 1o DNA damage has largely come
from studies in cells exposed to DNA-damaging agents. In
contrast to these studies, our results provide new insight into
the mechanism of checkpoint activation in response to DNA
damage that spontaneously arises from a defect in a single
process of DINA repair where there is no exogenous DNA dam-
age. Reactive cellnlarmetabolites are assumed to become endo-
genous genotoxic insults. Becaunse the cells were more sensitive
1o DNA crosslinking agents than other agents, it is of interesi to
identify the sources of endogenons DINA interstrand crosslinks.

In addition to increased chromosomal aberrations such
as gaps and breaks, we found increased frequencies of
tetraploidy in the Mus81-Emel mutants. In yeasl, B-type
cyclin-dependent kinases prevent rereplication by several
overlapping mechanisms, including phosphorylation of
ORC, down-regulation of Cdc6 and nuclear exclusion of
MCM proteins (49). The ability of these kinases to prevent
rereplication is also supporled by the finding that cyclin B/
Cdk1 is associated with replication origins (50). In human
cells, deletion of Cdkl by gene targeting results in increased
levels of tetraploidy (42). It is therefore likely that reduced
cyclin BACdk] kinase activity caused increased rereplication
in the Mus8] mutants. This model is supporied by our finding
that the overexpression of Cdkl prevents rereplication in
Mus81 mutants, aithough we cannot exclude the possibility
that Cdk1 overexpression plays an indirecl role in prevent-
ing rereplication. Chromosomes in tetraploid cells are very
unstable. as demonstrated by the finding that tetraploid-
derived mouse tumors have numerical and structural chromo-
somal aberrations (31). The aneuploidy observed in mouse
Mus817' cells may result from chromosome instability in
tetraploid cells. Recent evidence has suggested that aneuploid
cells proceed through a tetraploid state (52). This possibility
may also account for the absence of a clear peak of 8C DNA
content in Mus81™"" cells in FACS profiles. We observed
extremely low frequency of DNA contenis ranging from 4C
to 8C at high magnification, which apparently concealed a
small peak at 8C.

Haploinsufficiency of Mus87 was found to cause pheno-
types similar to those of a complete loss of the gene. Similar
results were observed for Mus81™ ™ and Mus81 ™" mice. Loss

Figure 6. Activation of the Go/M checkpoint. {(A) Cyclin B kinase activity with kistone H1 as the substmte. Wild-type and Mns&] ™' (i1150) cells were synchronized
in (/S by double-thymidine block and released. (B) Chik2 kinase activity using GST-Cde25C (200-256) as the substrate and whole-cell extracts from wild-type and
MusSI™'™ (#150 cells synchronized in Gy/S and released. The experiments in (A} and (B) were performed five times. (C) Chk?2 Kinase activity on GST-Cde25C
(200-256) of synchronized cells harvested 6 kafter release. For caffeine treatment, cells were incubaled in the preseace of 0.5 mM caffeine for 1 b prior 1o cell lysis.
(D} The effects of ATM and ATR on Chk? activity. Shown is the Chk2 kinase activity using GST-Cdc25C (200-236) as a subsuaie in extracts of Afus87 ™ ¢ti50)
ceils harvested 48 h after transfection with siRNA. (E) Chk1 kinuse activity using GST-Cde25C (200--256) a5 a substrate in extracts from wild-type and Mus8} e
(#1503 celis synchronized in Gy/5 and refeased. Cells treated with UV radiation are used as positive controls. The treated cells were hanvested 5 b after UV radiation
(40 1/mv*). The experiments in {C), (D) and (E) were performed twice, and representative resultsare shown, (F) Western blot analysis of extracts from unsyncheonized
ceils using ar anti-p21 antibody. (G) Cyclin B kinase activity with hissone IFE as 2 substrate in extracts from unsynclronized cells. In (F and (G, Mus81™"™ (#150}

colls were used.
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of heterozygosity is commonly observed in tumors. The
human Mus87 gene maps 1o chromosome 11q13.1. Although
loss of heterozygosity at the Mus&/! locus in tumors has not
been reported, normal or precancerous cells have 4 chance to
lose one allele of Mus8/. Given that cells lose one copy of
Mus81 during tumor progression, aberrant replication fork
structures and recombination intermediates are expected to
accumnulate and eventually lead to further genemic instability.
Haploinsufficieney of Mus87 may contribute 1o twmor progres-
sion through this mechanism. It is noteworthy that predisposi-
tion to cancer was not observed over 15 months in another
Mus8!™ mouse model (7). This discrepancy may be
explained by a difference in strains. However, it is most likely
that Mus81 deficiency does not directly contribuie 1o tumor
formation but rather induces chromosome aberrations such as
anenploidy that do not directly lead to cancer. A long latency,
during which chromosomal aberrations accumulate, may be
reqeired for tumor formation in such a situation. It is also
possible that additional modifiers thal promote different
types of genomic instability are required for tumor formation.

The present finding that small changes in the gene dosage
of Mus81-Emel promote rereplication implicates the signi-
ficance of small amounts of genotoxic insults in chromosome
stability. Even in the absence of exogenous genotoxic sonrces,
endogenous insults can lead to chromosome instability by
damaging DNA. Aberrant fork structures and recombination
intermediates are expected to accumulate in cells exposed to
genotoxic insults. These cells suffer from increased rereplica-
tion in response to DNA damage, which does notl immediately
lead fo tumor-associated genomic aberrations. Instead, this
pathway can contribute 1o tumor development by inducing
centrosome dysfunction and aneuploidy after numerouns
rounds of the eell cyele. This scenario may explain cases of
radiation-induced carcinogenesis in which patients develop
tumors after long periods of exposure to low-dose radiation.
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Abstract

Exposure of MDA-MB-468 cells to ionizing radiation (IR) caused biphasic activation of ERK as indicated by its phosphorylation at
Thr202/Tyr204, Specific epidermal growth factor receptor (EGEFR) inhibitor AG1478 and specific Sre inhibitor PP2 inhibited IR-induced
ERK1/2 activation but phosphatidylinositol-3 kinase inhibitor wortmannin did not. IR caused EGFR tyrosine phosphorylation,
whereas it did not induce EGFR autophosphorylation at Tyr992, Tyrl045, and Tyrl068 or Src-dependent EGFR phosphorylation at
Tyrg4s. SHP-2, which positively regulates EGFR/Ras/ERK signaling cascade, became activated by IR as indicated by its phesphory-
lation at Tyr542. This activation was inhibited by PP2 not by AG 1478, which suggests Src-dependent activation of SHP-2. Src and PTP«,
which positively regulates Src, became activated as indicated by phosphorylation at Tyrd416 and Tyr789, respectively. These data suggest
that IR-induced ERK1/2 activation jnvolves EGFR through a Src-dependent pathway that is distinct fromm EGFR ligand activation.

© 2006 Elsevier Inc. All rights reserved,

Kevwords: Ionizing radiation; EGFR; Src; Transactivation; ERK; SHP-2; PP2; AGI478

Ionizing radiation {IR} has been shown to activate epi-
dermal growth factor receptor (EGFR) and extracellular
signal-regulated kinase (ERK) {1-3). EGFR activation by
IR initiates the Ras/Raf/ERK signaling cascade, stimulates
cell proliferation, and leads cells to be resistant to IR [1-5].
The molecular mechanisms underlying IR-induced activa-
tion of EGFR are not clear. One of the possible mecha-
nisms is activation of Src. IR induces production of
hydrogen peroxide. Treatment with hydrogen peroxide
actjvates Src, and specific EGFR inhibitor AG1478, and
specific Src inhibitors PP1 and PP2 inhibit the activation
of EGFR and ERKI/2 induced by hydrogen peroxide
[6-9%1 Ultraviolet {UVY) radiation induces intracellular
production of hydrogen peroxide and causes activation of
EGFR and ERK1/2 [10]. Both AG1478 and PP2 block
the UV-induced activation of EGFR and ERK1/2 [111.

" Corresponding author. Fax: +81 3 5841 3013.
E-mail address: hosoi@m.u-tokyo.ac.jp (Y. Hosoi).

0006-291X/$ - see front matter € 2006 Elsevier Inc. All rights reserved.
doi:10.1016/1.bbrc.2005.12.193

These results indicate the fundamental role of Src in the
activation of EGFR and ERK1/2 following treatment with
hydrogen peroxide and UV.

We considered the possibility that IR-induced intracel-
lular hydrogen peroxide caused activation of EGFR and
ERK1/2 through Src activation just as hydrogen peroxide
and UV did. To investigate this, we studied the effects of IR
on activities of ERK1/2, EGFR, SHP-2, Src, and PTPux as
indicated by their tyrosine phosphorylation and effects of
AG1478 and PP2 on them. In this report, we show IR-in-
duced activation of ERK1/2, SHP-2, Src, and PTPq, and
inhibition of IR-induced activation of ERKI1/2 and
SHP-2 by AG1478 and PP2, which suggests that IR-in-
duced ERK1/2 activation is mediated through activation
of Src/SHP-2 and EGFR.

Materials and methods

Reagents. Recombinant human epidermal growth factor (EGF) was
purchased from Wako Pure Chemical Industries (Osaka, Japan). AG1478
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and PP2 were obtained from Calbiochem (La Jolla, CA), Wortmannin
was obtained from Sigma--Aldrich {St. Louis, MO}. Anti-phospho-ERK1/
2 {Thr202/Tyr204), anti-ERK1/2, anii-phospho-EGFR (Tyrd4s, Tyr992,
Tyr1045, and Tyrl06R), anti-phospho-SHP-2 (Tyr542), anti-SHP-2, ant-
phospho-8r¢ (Tyr416), and anti-phospho-PTPu (Tyr789) anlibodics were
purchased from C¢ll Sigoaling Technology (Beverly, MA), Aunti-Src
antibody was from Oncogene Rescarch Produets {San Diego, CA). Anti-
EGFR amibody was from Transduction Laboratories {Lexington, KY).
Anti-B-actin antibody was from Sigma (St. Louis, MO). A human breast
cancer ¢ell line MDA-MB-468 was obtained from American Fype Culture
Collection (Rockvilie, MD).

Cell culture, irradiation, and EGF treamment. Cells were cultured at
37°C, 5% CO, in minimum cssential medivm (MEM) containing 10%
fetal calf serum. Cells were plated at 5% 10° cells in 60-mm dishes and
incubated for 4 days without chauging the culture medium, Cells were
then treated with X-irradiation (200 kV, 20 mA, 0.5 mm Cu, and 1.0 mm
Al filters, 1.36 Gy/min: HF-356C, SHIMADZU, Xyoto, Japan) or 10 ng/
m] EGF. Cells were incubated at 37 °C for up w 6 h post the treatment
and lysates were subjected to immunoblotting,

Tmmnnoblonting, Cells were lysed in the electrophoresis sample
buffer (62.5mM Tris (pH 6.8), 2% SDS, 5% plyecerol, 0.003% bro-
mophenol blue, and 1% {i-mercaptocthanol) and boiled for 5Smin. The
cell lysate was resolved by 7.5% polyacrylamide gel electrophoresis and
was clecirophoretically transferred to polyvinylidene difluoride mem-
branes (Millipare, Bedford, MA). The membranes were then proved
with antibodies and the aatigen-antibody complexes were detected by
the ECL Plus Westorn blotting detection reagents {Amersham Phar-
macia Biotech, Piscataway, NI} with horscradish peroxidase-conjugated
antibodies.

Dmmunoprecipitarian. Cells were washed with ice-cold Tris-buffered
saiine twice and incubated in lysis buffer (20 mM Hepes (pH 7.4}, 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 1.0% Triton X-100, 0.5% deoxycho-
late (sodium salt), | mM sodium orthovanadate, 1 mM PMSF, and 1 ug/
ml leupeptin) for 20min on ice. Cell lysates were then centrifuged at
13,500¢ for 10min, the supernatamis were incubated with protein
G-Sepharose with primary antibody for 2 h. Following brief centrifuga-
tion, pellets were washed four times with lysis buffer and resuspended in
loading buffer (123 mM Tris (pH 6.8}, 4% SDS, 10% glycerol, 0.006%
bromopheno! blue, and 2% f-mercaptocthanol).

Results
Aectivation of ERKIIZ by ionizing radiation

First, we examined the effects of IR on ERK1/2 activity
as indicated by its phosphorylation at Thr202/Tyr204. Irra-
diation with 0.5, 2, and 10 Gy caused an immediate ERK]/
2 activation observed 2--5 min after irradiation followed by
a late activation observed 6 h after irradiation (Fig. 1A). We
further investigated the effects of IR on ERK1/2 activity
with a wider dose range and found that irradiation with
0.1-20 Gy induced ERK.1/2 activation {Fig. 1B).

Effects of AGI478, PP2, and wortmmmin on IR-induced
ERKI2 activation

To investigate the signal transduction pathway involv-
ing IR-induced ERK1/2 activation, we studied eflects of
specific EGFR inhibifor AG1478 and specific Src inhibitor
PP2 on IR-induced ERK1/2 activation. We first examined
effects of AG1478 and PP2 on EGF-induced ERK1/2
activation to compare the [R-induced EGFR activation
with the ligand-dependent one. AGI1478 suppressed
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Fig. 1. ERK.1/2 becomes phosphorylated at Thr202/Tyr204 in response to
0.1-20 Gy irradiation. {A) MDA-MB-168 cells were irradiated with 0.5,
2.0 or 10 Gy and incubated for 2-360 min at 37 °C. Whole cell Iysates were
then prepared and immunoblotied for phospho-ERK1/2 (Thr202/Tyr204)
and ERK1/2. (B} MDA-MB-468 celts were irradiated with 0.1-20 Gy and
incubated for 2 min at 37 °C. Whole cell lysates were then prepared and
immunoblotted similarly.

EGF-induced ERK1/2 activation at 2-Smin after the
addition of EGF into the culture medium but it failed to
suppress the ERK1/2 activation later (Fig. 2A). PP2 did
not suppress EGF-induced ERK1/2 activation (Fig. 2A).
These results suggest that EGF-induced ERK1/2 activa-
tion is independent of Src. Next, we examined effects of
AGI1478 and PP2 on IR-induced ERKI/2 activation.
AG1478 suppressed IR-induced ERKI1/2 activation
(Fig. 2B). PP2 suppressed the ERK1/2 activation observed
2-5 min after irradiation and partially suppressed the acti-
vation observed 360 min after irradiation (Fig. 2B).
Although ERK1/2 activation has been linked to the activ-
ity of phosphatidylinositol-3 kinase (PI3K) in some system
[12}, we did not observe effects of PI3K-inhibition with
wortmannin on IR-induced ERK1/2 activation {Fig. 2B).
These results suggest that IR-induced ERX.1/2 activation
observed 2-5 min after irradiation is mediated by EGFR
and Src,

IR-induced tyrosine phosphorylation of EGFR

Irradiation with 2 Gy induced immedjate tyrosine phos-
phorylation observed 2--5 min after irradiation followed by
a late tyrosine phosphorylation observed 6 h after irradia-
tion (Fig. 3A). This time course of tyrosine phosphoryla-
tion corresponds to that of IR-induced ERKI1/2
activation (Fig. 1A).
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Fig. 2. Effects of AG1478, PP2 and wortmannin on ERK1/2 activation
induced by EGF treatment or 2 Gy irradiation. MDA-MB-468 cells were
treated with 0.5 pM AG1478, 10 pM PP2 or 200 oM wortmaanin 30 min
befora the treatment with 10 ng/mi EGF (A} or 2 Gy irradiation (B). After
the treatment with EGF or irradiation, cells were incubated for 2-360 min
at 37 °C. Whole cell iysates were then prepared and immunoblotted for
phospho-ERK1/2 (Thr202/Tyr204) and ERK1/2.

Effects of IR on EGFR phosphorylation at Tyr845, Tyr992,
Tyri045, and Tyri068

For further investigation of EGFR phosphorylation
after exposure to IR, we investigated IR-induced EGFR
phosphorylation at Tyr845, Tyr992, Tyrl045, and
Tyrl(68 using antibodies specific to these phosphorylation
sites of the activated EGFR. The phosphorylation at
Tyr992, Tyr1045, and Tyr1068 has been reported to be med-
iated by EGFR tyrosine kinase and the phosphorylation at

Time (i)
1536 60 120 240 26t

IP:EGFR 3 s
2Gy; - + +
[Bip-Tyr ;s s e gy -

IB:EGFR
B Time (min}
2003 158 3 60 120 240 360
24
p-EGFR(Tyr845)

p-EGFR(Tyr992)

P-FGFR{Tyr1045)

p-EGFR{Tvr1068)

Fig. 3. Effects of IR on tyrosine phosphorylation of EGFR. MDA-MB-
468 cells were irradiated with 2 Gy. After irradiation, cells were incubated
for 2-360 min at 37 °C. Whole cell lysates were then prepared. {A) The
whole cell ysates were subjected to imsnunoprecipitation with arti-EGFR
antibody. The immunoprecipitates were immuncbloited for phosphoty-
rosine {p-Tyr) and EGFR. (B) The whole cell lysates were immunoblotted
for phospho-EGFR (Tyr845, Tyr992, Tyr1045, and Tyr1068) and EGFR.

Tyr845 by Src [13,14] Irradiation with 2 Gy caused a
prompt decrease of EGFR phosphorylation at Tyr843
and Tyr1068 observed 2-15 min after irradiation followed
by an increase of the phosphorylation observed 6 h after
irradiation without obvious alteration of the phosphoryla-
tion at Tyr992 and Tyrl045 (Fig. 3B). In response to EGF
stimuiation, EGFR became phosphorylated at Tyr845,
Tyr1068 (Fig. 4A), Tyr992, and Tyrl045 (data not shown).
These data indicate that IR-mediated ERK.1/2 activation
involves an autophosphorylation-independent mechanism
that is distinct from EGFR ligand activation.

Effects of AGI478 and PP2 on EGFR phosphorylation after
EGF treaument or 2 Gy irradiation

Because EGFR phosphorylation at Tyr845 and Tyr1068
was affected by IR (Fig. 3B), we investigated effects of
AG1478 and PP2 on EGF- and IR-induced phosphoryla-
tion at Tyr845 and Tyrl068 [13,141 AGI1478 partially sup-
pressed EGF-induced phosphorylation and it suppressed
IR-induced phosphorylation observed 6 h after irradiation
(Figs. 4A and B). PP2 suppressed EGF- and IR-induced
phosphorylation at Tyr845 but it failed to suppress the
phosphorylation at Tyr1068 (Figs. 4A and B).

Irradiation with 2 Gy induces SHP-2 activation, which is
inhibited by PP2

SHP-2 positively regulates the ability of several receptor
tyrosine kinases (RTKs) to activate the Ras/Raf/ERK sig-
naling cascade, and it plays a fundamental role in the reg-
ulation of Ras/Raf/ERK signaling from RTKs [15,16]. We
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Fig. 4. Effects of AG1478 and PP2 on the phosphorylation status of
EGFR after EGF treatment or 2 Gy irradiation. MDA-MB-468 cells were
treated with 0.5 sM AG1478 or 10 uM PP2 30 min before the treatment
with 10 ng/mi EGF (A) or 2 Gy irradiation (B), After the treatment with
EGF or irradiation, cells were incubated for 2-360 mian at 37 °C. Whole
cell lysates were then prepared and immunoblotied for phospho-EGFR
(Tyr24s, Tyr1068) and EGFR.

examined if IR affected SHP-2 activity because Src and
RTKs activate SHP-2[16- 18], We first examined the effects
of EGF on SHP-2 activity and found that SHP-2 became
activated after EGF treatment as indicated by its phos-
phorylation at Tyr542 (Fig. 5A). AGl478 little affected
EGF-induced phosphorylation of SHP-2, whereas PP2
suppressed the increased phosphorylation (Fig. 5A). These
data indicate that EGF-induced SHP-2 activation is mainly
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Fig. 5. SHP-2 becomes phosphorylated in response to 2 Gy irradiation
and EGF, which is inhibited by PP2 and AG1478. MDA-MB-468 cells
were treated with 0.5 pM AG1478 or 10 M PP 30min before the
treatment with 10 ng/ml EGF (A} or 2 Gy irradiation (B). After the
treatment with EGF or irradiation, cells were incubated for 2-360 min at
37°C. Whole cell lysates were then prepared and immunoblotied for
phospho-SHP-2 (Tyr542) and SHP-2,

mediated by Src. Next, we examined effect of IR on SHP-2
activity. IR caused increased SHP-2 phosphorylation 2 min
and 1-6 h after irradiation (Fig. 5B). This enhanced phos-
phorylation was little affected by AG1478 and suppressed
by PP2, which suggests that IR-induced SHP-2 activation
is also mediated by Src (Fig. 5B).

IR induces activation of Src and PTPx

Since PP2 inhibited IR-induced ERK1/2 and SHP-2
activation (Figs. 2B and 4B), we examined effects of IR
on Src. Src became activated 1-6 h after 2 Gy irradiation
as indicated by its phosphorylation at Tyrd4lé (Fig. 6).
Next, we investigated the effect of IR on the activity of
PTPa that activates Src by dephosphorylation at Tyr527
{19]. PTPu became activated 1-6 k after 2 Gy irradiation
as indicated by its phosphorylation at Tyr789 (Fig. 6).
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