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{Amersham Pharmacia). The plasmid was then used to
wransform Escherichia coli BL21, and expression of the
fusion profein was induced by adjusting the culture to 1 mM
Isopropyl-f-p-thiogalactopyranoside (IPTG). The fusion pro-
tein was purified using a glutathione—Sepharose 4B column
(Amersham Pharmacia). The kinase reaction products were
boiled in sample buffer and analyzed by SDS-PAGE.

Antibodies

Antibodies to Mus81 (N-20), cyclin A (C-19), cyclin E (C-19),
cyclin B1 (GNS1), Cdec2 (Cdkl) (17), Cdk2 (D-12), Chk2
(A-12), Chk] (G-4), ATR (N-19) and actin (C-2) were from
Santa Cruz Biotechnology. Antibodies to phospho-Chk2
{Thr-68), phospho-Chkl (Ser-317) and p21 (DCS60) were
from Cell Signaling Technology. The antibody to ATM
(NB100-104) was from Novus Biologicals.

Immunofluorescence

Cells were grown overnight on coverslips and fixed for
10 min in 4% paraformaldehyde. Cells were blocked with
10% horse seram and incubated with primary antibodies
at Toom temperature for 1 h and with secondary antibodies
for 30 min. Finally, cells were counterstained with 4/,6'-
diamidino-2-phenylindole {DAPI) and mounted.

siRNA transfection

Eight hours prior to transfection, cells for the assay of ATM
and ATR expression were seeded ina 100 om dishat 1 x 108
cells/dish. Celis for immunoflucrescence were seeded on
coverslips at 1 x 10° cells/coverslip. The siRNA sequences
for ATM used in the study were 5'-CAUCUAGAUCGGC-
AUUCAGH-3 and 5-UGGUGCUAUUUAACGGAGCUR-3'.
The siRNA sequence for ATR was 5'-AACCHUCCGUGAU-
GUUGCUUGAM-3'. These siRNAs were synthesized by
Sigma Genosys. A siCONTROL nontargeting siRNA from
Dharmacon was used as a negative control. Tramsfection
was performed using Lipofectamine 2000 transfection reagent
(Invilrogen) according to the manufacturer’s instructions.
For western blot analysis, the Lipofectamine—siRNA complex
was not removed during incubation. Cells were harvested at
48 h post-transfection. For immunofinorescence after double-
thymidine block, the transfection mixtire was removed after
the first thymidine block.

Ectopic expression of Cdkl

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

RESULTS
Generation of Mus§I.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 dismpted by promoterless
antibiotic-resistance fgenes (Fignre 1A). We obtained iwo
independent Mus§I™~ clones from 744 neomycin-resistant
colonies and two Mus81™"~ clones from 2380 neomycin-
and blasticidin-resistant colonies derived from a single
Mus8I*"™ clone (#653). Southern blot analysis using
both §'- and 3'-probes confirmed that both wild-type alleles
had been correctly inactivated by gene targeting in the
Mus81™"" cells (Figure 1B). Northern blot analysis revealed
no expression of the gene in these clones (Figure 1C). Because
no additional bands were detected using the full-length Mus81
c¢DNA as a probe, it is unlikely that aberrant transcripts were
generated by the disruption of exon 3. The correct targeting
events were confirmed by western blot analysis (Figure 1D).
Levels of expression comparable to or much higher than that
of endogenous expression were achieved in these mutants by
the introduction of the buman Mus8l cDNA.

(Generation of Emel-deficient HCT116 cells

To compare the role of Mus81 in human cells with that of
Emel, exon 2 of Emel was distupted 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
cndogenous expression was achieved by the expression of
human Emel cDNA in Emel™™ cells,

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

We next examined the sensitivity of Mus81 or Emel mutant
cells to DNA damage by measnrirg their ability to form
colonies following exposure to DNA-damaging agents.
Becanse knockout 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 Mus81™™ cells (1.5-fold) and
Mus817'"" cells (4fold) (Figure 2A). We noted a similar
mild sensitivity to cisplatin in Mus81™" cells. Mus81 defi-
ciency resulted in a slight sensitivity to UV radiation, MMS,
hydroxyurea and ionizing radiation (Figure 2B-G). The
expression of Mus81 ¢DNA in Mus81™'~ cells restored the
sensitivities to DNA-damaging agents to the wild-type levels.
A slight increase in sensitivity to cisplatin, UV radiation and
hydroxyurea was observed in Mus87%~ cells. A similar sens-
itivity to MMC and hydroxyurea was found in Emel™'™ cells.
The expression of Emel only padially complemented the
sensitivity to MMC. This is probably explained by the level
of Emel expression in complemented cells: even if levels
comparable to the endogencus levels are achieved by con-
stitulive expression, they may not be sufficient for inll com-
plementation in response to DNA damage. Furthermore, the
level of Mus81 expression s strictly dependent on the cell
cycle (24), and the peak of Mus81 expression occurs in the S
and G, phases. Like Mus81 expression, Emel expression may
vary according to the stage of the cell cycle. These resulis
indicate that Mus81 and Emel contribute to the resistance

—299~



Nucleic Acids Research, 2006, Vol. 34, No. 3 883

A Witd-type allele
| 1t X XIEXB
BamHt Sacl HeamrIVYY Vi VI Vil IX Sacl
Targeting vaclors o
1kb
Targeted alleles
Sarpl-il Sr[acl
= 5' probe
BarlnHI Sacl
& o & & &
o 5
kb \“6 \'Q \\‘Q kb kb S A - kb
4.0
s g 82 =37
53— W sy - 59 a4 :
Sacl BamHI
3 probe 5' probe
M
& &
& o
® & «a&"@@ ® @"“
R K A
N LY "
$ L FHL
FFFITF TS
i s - s

Witd-type allele |' Ll WWVIVINS X Sphl
T

Targeting vector s
Spht Targeted allele
L]

— 5 probe

Sphl Sphi
3 probe 5 prabe

Figure 1. Generation of HCT116 cell lines deficient inMus81 or Emel by gene targeting. (A) Schematicrepresentation of the Mus81 locus, the targeting vectors, and
the targeted alleles. Relevant restriction sites and the position of the probes used for Southern blot analysis are shown. (B) Southem blot analysis confinning targeted
integration at the Mus81 locus. DNAs were digested with Sacl or BamHI and hybridized with the probes depicted in {A). {C} Northern blet apalysis confirming the
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aclin was also camried out to confirm equal loading. (E) Schematic representation of the Emel locus, the targeting vector and the targeted aliele. Relevant restriction
sites and the position of the probesused for Soutkern biot analysisare shown. (F) Southern blot analysis confirming targeted iniegration at the Entel locus. DNAs were

digested with Sphl and hybridized with the probes depicted in (E). (G)Northern blot analysis confirming the expression tevels of Emel. Poly{A) RINAs were isolated
and hybridized with the foll-length Emel ¢cDNA.
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Figure 3. Chromosomal aberrations in Mus81 ™ (#150) cells. The amrow in the left panel indicates a chromosome break. The arrow in the middle parel indicates a
chromatid gap. Rereplication is shows in the right panel. In the left and middle panets, only a part of metaphase chromosome image is shown.

Table 1. Chromoesomal abemrations

Cell line* Clromatid-type® (%)

Chmmosomc-typc" (%) Abgommat cells® {excluding tetraploidy) (%) Tetraploidy®
Mus8I™ 2505 2411 4.5+ 1.0 0.67% {23/3413)
Mus8I*'~ 49+132 62=11 104 = 1.3 1.88% (39/2077)
Mus8I™™ + Mus81 32x16 45+ 15 6.7 0.8 0.58% (6/1041)
Mus81~"~ 013 100 = 2.0 145 > 0.5 2.46% (37/1503)
Mus81™'" + Mus8!1 24 =06 35+15 57221 0.88% (27/305%)
Mus8 ™" + CdkI#1) 62230 9.4 4.1 129+19 0.50% (10/2000)
Mus8I~= + CdkI(#1) 40x09 100+05 1.2+ 0.3 0.54% (6/1105)
Mus8IM* 4 Cdki 25x05 59+16 69 +0.3 0.67% (27300)
Emel*- 6416 65«15 10.7 + 0.3 2.16% (63/2919)
Emel™ + Emel 3509 5212 74+13

1.20% (15/1248)

“Mus8I= (H653), Mus817'~ (#150) and Emel ™~ (#376) cells wers nsed.

YA total of 200 cells were scored for each line. Results represent the means + SD of three independent experiments.
°The frequency of tetraploidy is shown as a percentage of tetraploid cells to the total number of metaphase cells analyzed; absolute numbers are given jn parentheses,

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

Rad5] plays a central role in the early stages of homo-
logons recombination and forms nuclear foci in 2 DNA
damage-dependent manner (25). 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 homologons recombination by dissociating Rad51
from pucleoprotein filaments formed on double-stranded DNA
(28), and it forms nuclear foci that colocalize with foci of
Rad5]1 (29). To investigate the role of Musg1 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 § Gy of ionizing radiation. We
found no difference in focus formation between wild-type and
Mus8I™'~ cells (data not shown), snggesting 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 (30). We examined chromosomal aberra-
tions in the presence of colcemid using metaphase spreads.
The frequency of abnormal cells harboring ¢hromatid- and
chromosome-type aberrations such as gaps and breaks
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(Figure 3) was 4.5% in wild-type cells, whereas it increased
to 104% in Mus8I™'" cells and 14.5% in Mus81™'" cells
(Table 1). Expression of the Mus8] ¢DNA partiaily comple-
mented these phenotypes (6.7 and 5.7%, respectively), The
number of cells showing abnormalities was also increased in
Emel™' cells (10.7%), and it was reduced by the expression of
the Emel ¢cDNA (7.4%).

In addition 1o these abermrations, the numbers of tetraploid
cells resulting from DNA rereplication (Figure 3) were signi-
ficantly increased in the muiant cells {Table 1). The frequency
of terraploidy in wild-type cells was 0.67%, whereas it
increased to 1.88% (Mus81™") and 2.46% (Mus81~'") in
the mutants. Differences in frequency were statistically signi-
ficant between wild-type and Mus81* cells (P < 1.0 x 1074
and Mus8]™'" cells (P < 1.0 x 107°). The differences were
statistically evalnated wusing multiple logistic regression ana-
lysis taking Poisson errors into account. The expression of the
Mus81 cDNA in the mutants reduced the number of tetraploid
cells to a level that was comparable to wild-type cells, The
frequency of tetraploid cells was also increased to 2.16% in
EmeI* cells (P < 1.0 % 1077), and this value was reduced to
1.20% by the expression of the Emel c¢cDNA. Increases in
DNA content resulting from DNA rereplication were not
detected by FACS analysis, as only a small proportion of
cells underwent rereplication.
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Figure 4. Effects of Mus8&] or Emel deficiency on cell cycle progression.
Mus8I"~ (¥65%), Mus81~"™ (#150) and Emel"'~ (#376) wore examined.
(A) Growth curves. The results show the means * the standard emror of the
mean fos three independent experiments. (B) Cell cycle distribution. The cells
were synchronized in Gy/S by double-thymidine block and released. Samples
were taken at the indicated time points and subjected to FACS anatysis.

Mus81 or Emel deficiency affects cell cycle progression

The growth rates of Mus81*", Mus81™"" and Emel™™ cells
were significantly lower than that of wild-type cells
(Figure 4A). The doubling time of wild-type cells was 17 h,
whereas the times for Mus81**", Mus81~'~ and EmeI*'™ cells
were 21, 22 and 21.5 h, respectively. Expression of the
Mus81 or Emel cDNA partially complemented this pheno-
type. To examine the profiles of cell cycle progression,
we performed FACS analysis vsing 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 Mus817 = cells (F gurc 4B). There was
a peak in Go/M phase accumulation 6 h after release in wild-
type cells, whereas G»/M phase accumulation was found 6
and 8 b after release in Mus81 ™'~ cells,

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

Cell cycle progression through § phase is regulated by cyclin
E/Cdk2 and cyclin A/Cdk2. We therefore investigated the
effects of Mus81 deficiency on the S phase progression by

performing cyclin E and cyclin A kinase assays using lysates
from cells synchronized in the G,/S phase (Figure 5A). The
cyclin E and cyclin A kinase activities were apparently lower
in Mus8I™"" cells than in wild-type cells at 0 and 0-8 h after
release, respectively. Quantitative analysis revealed that
Mus81™'"" cells had a 40% reduction in cyclin E kinase activity
at O h and a 50% reduction in cyclin A kinase activity at 4 h
compared to wild-type cells. The levels of cyclin E and cyclin
Ain Mus81™'" cells were almost the same as in wild-type cells
at this stape of the cell cycle, indicating that 8 phase check-
point activation was responsible for the reductions in cyclin
kinase activities.

Because the mutant cells showed a spontaneous delay of
cell cycle progression during the 8 phase, we first investigated
the effect of Mns81 deficiency on the ATR-Chkl pathway,
which regulates the basal turnover of Cdc25A (31). Western
blot analysis using an anti-phospho-Chk] antibody (Ser-317)
revealed that levels of phospho-Chkl were high in the early
S phase and that the levels in Mus87 ™' cells were the same as
in wild-type cells (Figare 5B). This finding is consistent
with the proposed role of Chk] activation in the maintenance
of ihe physiclogical tumover of Cde25A.

However, the involvement of Chkl in a DNA damage-
dependent checkpoint cannot be evaluated by this method
because the basal levels of phospho-Chk1 were high during
the S phase. We therefore examined the damage-dependent
Chkl activation at the single-cell level by immunofinores-
cence using the same antibody (Figure 5C). Clear staining
in the nuclens indicating the damage-dependent phosphoryla-
tion of Chkl on Ser-317 was observed in a small proportion of
cells, This staining pattern was found in 0.3 £+ 0.1%
(mean + SD) of wild-type cells and in 1.9+ 0.1% of
Mus8I™"" cells (n = 500). The frequencies of the Staining
ranged from 0.9 = 0.1% to 1.5+ 0.2% in Mus8I™" and
Emel™" cells.

To investigate whether ATM or ATR regulates Chkl activa-
tion by phosphorylation in the S phase, ATM and ATR were
knocked down by siRNA (Figare 5D). SHemncing of ATM
reduced the frequency to 0.5 = 0.3% in Mus81~'" cells,
whereas silencing of ATR or fransfection of control siRNA
did not affect the frequency, indicating that the ATM-Chk1
pathway was activated in the S phase in Mus8I~'~ cells
(Figure 5C). This pathway has been shown to be activated
in response to DSBs induced by ionizing radiation (32).

The intra-S-phase checkpoint in responsc to DSBs was
first shown to be mediated by the ATM-Chk2-Cdc25A-
Cdk2 pathway (33). Next, we investigated Chk2 activation
in the S phase by immanofluorescence using an anti-
phospho-Chk2 (Thr-68} antibody (Figere 5E). Phosphoryla-
tion of Chk2 on Thr-68 is required for the initiation of
Chk2 activity, Clear staining of phospho-Chk?2 in the nuclens
was not observed in wild-type cells, but it was observed in
2.3 + 0.3% of Mus81 ™'~ cells (n = 500). The frequency of the
staining ranged from 1.0 = 0.2% 1o 1.6 = 0.2% in Mus8I™~
and Emel™" cells, respectively. Silencing of ATM reduced
the frequency to 0.7 + 0.5%, whereas silencing of ATR or
transfection of contro] siRNA did not affect the frequency,
indicating that ATM acted as an upstream kinase for Chk2
activation. Thus, both the ATM-Chkl and ATM-Chk?2 check-
point pathways were activated during the S phase in the Mus81
and Emel mutant cells.
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Mus81 or Emel deficiency activates the
G2/M checkpoint

Because FACS profiles revealed a difference in the accumu-
lation of cells in G-/M, we investigated the effects of Mus81
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 activity was increased 6 h after release in
wild-type cells, whereas an increase in the kinase activity was
not obvious al 6 h bot was clear at 8 h after release in the
mutant. Repeated experiments demonstrated that such a
difference between the wild-type and mutant cells conld be
observed either 6 or 8 h after release, consistent with the results
from the FACS analysis. There were no apparent differences in
cyclin B and Cdk1 levels between wild-type and Mus81 '~
cells, excluding the possibility that reduced cyclin B kinase
activity was due to repression of these proteins. In addition, we
noticed that the level of cyclin B expression was high even in
the (; phase at 10 h 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 association with cyclin B is essential
for the initiation of the M phase. The delay of cyclin B activity
in Mus81™"" cells may simply indicate that the cell cycle
progression was delayed by the preceding S phase delay.
Alternatively, Gz/M checkpoint activation may be involved
in the delay of cyclin B activity. Chk1 and Chk2 play a role in
the Go/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
recombinamt GST-Cdc25C (200-256) fusion protein as a sub-
strate. These kinases preferentially phosphorylate Cdc25C on
Ser-216 (36). We examined the difference in Chk?2 kinase
activity in synchronized cells. Chk2 kinase activity was
significantly increased in the Mus81 mutant 6 h after 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 ohserved in two Mus81*"~ cell lines as weH as in two
EmelI*™ cell lines, excluding the possibility that activation
of Chk2 was due to a clonal variation (Figure 6C). Expression
of Mus8] or Emel cDNA reduced this increase in Chk2
activity in the mutant cells (Figure 6C). Chk2 kinase phos-
phorylation of Cdc25C was not clearly observed before 6 b,
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
Mus8I"" cells from 0 to 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 due to the delay in cell eycle progres-
sion. Because caffeine inhibits ATM and ATR kinase activ-
ities (38-40), 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 61}, Chk2 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 increase in Chk2 activity in Mus81™"" cells. In contrast,
there was no clear difference in the phosphorylation of GST-
Cde25C (200-256) by Chk]1 in wild-type and Mus8! " cells
(Figure 6E). There was also no difference in p21 expression in
wild-type and Mus81 ™" cells (Figure 6F).

1t is assumed that the p21-dependent G»/M checkpoint leads
1o sustained cell cycle amest, whereas the Cdc25-dependemt
checkpoint leads to transient delay (41). Consistent with this
idea, many delayed cells eventnally proceeded into the M
and G, phases. These results show that, in addition to the
intra-S-phase checkpoint, the Go/M checkpoint was activated
in the Mus81 mutani cells via the ATM-Chk2 pathway.

Overexpression of Cdk1 prevents rereplication

Because deletion of Cdkl promotes DNA rereplication in
human cells (42), reduced cyclin B kinase activity is likely
to cauvse increased rereplication in Mus81 mutants. We
examined this possibility by overexpressing Cdkl in the
Mus81 mutants. Cdk1 kinase activity is regulated by accumn-
lation of Cdkl-associated cyclin B and removal of inhibitory
protein  phosphorylations. Western blot analysis revealed
that levels of cyclin B were hiph in Go/M in Mus8I™""
cells while the levels of Cdkl were constant, suggesting
that overexpressed Cdkl may be associated with endogenons
cyclin B. Given that overexpiessed Cdkl is not phos-
phorylated on inhibitory phosphorylation sites by overcoming
Weel and Mytl kinase activities, Cdkl activity is expected
10 be increased. Because we showed that p21 is not induced
in Mus81™'", it is not necessary to consider direct inhibition
of Cdk2 activity by p21. Consistent with this hypathesis, the
reduction of cyclin B kinase activity was reversed by the
overexpression of Cdkl (Figure 6(3). The increase in
cyclin B activity by ectopic expression of Cdk! reduced the
frequency of tetraploidy from 2.46 to 0.50% and 0.54% in the
two Mus81™'" cell lines (P < 1.0 x 107%) (Table 1). Thus,
flie increased rereplication in Mus81 mutants was reversed
by ectopic expression of Cdkl.

DISCUSSION

In the carrent studies, we demonstrated that Mus81-Emel
deficiency activates the intra-S-phase and Go/M checkpoints
in response to DNA damage and promotes DNA rereplication.
In addition, we confirmed that the Mus8I-Emel complex
contributes to the resistance against DNA-damaging agents
in human cells. These assays show quite small differences,
suggesting that there may be functional redundancy between
the Mus81-Emel complex and other repair proteins in the
response to DNA damage. Consistent with extensive genetic
studies in yeast, the resnlts of the present study indicate that
there is no functional difference between Mus81 and Emel in
human cells,

Identification of the physiological substrates of the
Mus81-Emel complex has long remained elusive. However,
a study showing the presence of resolvase activities in two
separate fractions from human cell extracts 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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3'-flap and three-way branched fork structures, whereas the
Rad51C complex shows specific activity for Holliday junc-
tions. These findings suggest that replication forks or 3'-flaps
may be the in vivo substrates of the Mus81 endonuclease. The
present finding that the Mus81-Emel complex confers resist-
ance to DNA crosslinking agents, MMS and hydroxyurea
supports this idea because these agents cause stalled replica-
tion forks. However, it is also possible that recombination
intermediates such as D-loops and Holliday junctions are
the in vive substrates of the endomuclease. This possibility
is supported by the observation that mutations in genes
such as RADSI, RADS2, RADS5 and RADS57 that play early
roles in recombination suppress the synthetic lethality of
mus81 (or mms4) sgs! (or top3) mutants (45,46). If Mus81-
Mms4 directly cleaves teplication forks and does not play a
Iate 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 idea (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 spomtaneous activation of the intra-S-phase
checkpoint through two independent cascades in Mus81 ™'~
cells. The ATM-Chk2-Cde25A-Cdk? pathway has been
shown 1o play a role in the intra-S-phase checkpoint in
respanse to DSBs. In addition, the damage-dependent Chkl
pathway was activaied by ATM but not by ATR. This finding
strongly suggests that the Mus81-Emel complex is invelved
in the processing of DSBs. This notion is also supported by the
present finding that Mus81 or Emel deficiency led to the
activation of the G»/M checkpoint through the ATM-Chk2
pathway, DSBs that escape the intra-S-phase checkpoint
and/or DSBs generated in G, can activate the Go/M check-
point. Thus, the recombination intermediates are likely to be
the in vivo target of the Mus81-Emel complex. It is also
possible that stalled replication forks, if unprocessed, generate
DSBs, which conld activate the ATM-dependent checkpoint
pathway. In contrast to ATM, ATR kinase activity is activated
by several kinds of DNA damage, including those cansed 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 Mus87 '~ cells. Despite
the fact that eyclin 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 Mus81 and Eme! mutant
cells. In addition to the infra-S-phase checkpoint, the replica-
tion checkpoint initiated by ATR s likely to play a major role
in the S phase delay resulting from Mus81 or Eme] deficiency.
Identification of the effectors that protect the replication fork
will address this issue.

Mus81 has been shown to be physically associated with
Cdst (Chk?) in yeasi and in human cells, snggesting a func-
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
MusB1 by Chk2 has been shown to be required for the main-
tenance of genome integrity during replication stress {19).

Evidence for the molecnlar mechanisms underlying check-
point activation in response to DNA damage has largely come
from studies in cells exposed to DNA-damaging agents. In
contrast to these studies, our resnlts provide new insight into
the mechanism of checkpoint activation in response to DNA
damage that spontaneonsly arises from a defect in a single
process of DNA repair where there is no exogenous DNA dam-
age. Reactive cellular metabolites are assumed to become endo-
genous genotoxic insults, Because the cells were more sensitive
to DNA crosslinking agents than other agents, it is of interest to
identify the sources of endogenous DNA interstrand crosslinks.

In addition to increased chromosomal aberrations such
as gaps and breaks, we found increased frequencies of
tetraploidy in the Mus8]-Emel mutans. In yeast, 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 supported 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 BACdkI kinase activity caused increased rereplication
in the Mus81 mutants. This model is supported by our finding
that the overexpression of Cdkl prevents rereplication in
Mus81 mutants, although we cannot exclude the possibility
that Cdk! overexpression plays an indirect 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 (51). The aneuploidy observed in mouse
Mus81™'~ cells may result from chromosome instability in
tetraploid cells. Recent evidence has suggested that anenploid
cells proceed through a tetraploid state (52). This possibility
may also account for the absence of a clear peak of 8C DNA
conlent in Mus81~'~ cells in FACS profiles. We observed
extremely low frequency of DNA contents ranging from 4C
to 8C at high magnification, which apparently concealed a
small peak at 8C.

Haploinsufficiency of Mus8! 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 G/ checkpoint. (A} Cyclin B kinase activity with histone H1 as the substrate, Wild-type and Mus8I™/~ (#150) cells were synchronized
inGy/8 by double-thymidine block and refeased. (B) Chk?2 kinase activity using GST-Cdc25C (200-256) as the subsimte and whole-celf extracts from wild-type and
Mus81" (#150) cells synchronized in G,/S and released. The experiments in {A) and {B) were performed five times. (C) Chk2 kinase activity on GST-Cdc25C
(200-256) of synchronized cells harvested 6 b after release. For caffeine treatment, cells were incubated in the presecce of 0.5 mM caffeine for I hpriorto cell lysis.
(D) The cffects of ATM and ATR oo Chk?2 activity. Shown is the Chk2 kinase activity using GST-Cdc25C (200-256) as a substrate in extracts of Mus81 ™'~ (#130)
cells harvested 48 h after transfection with siRNA. (E) Chk1 kinase activity using GST-Cdc25C (200-256) as a substrate in extracts from witd-type and Mus81 ~~
{#150) cells synchronized in G;/S and released. Cells treated with UV radiation are used as positive controls. The treated cells were barvested 5 h after UV radiation
{401/m™). The experiments in (C), (D) and (E) were performed twice, and representative results are shown. (F) Western blot analysis of extracts from unsynchronized
cells using an anti-p21 antibody. (G) Cyclin B kinase activity with histone H1 as a substrate in extracts from unsynchronized cells. In (F) and {G), Mus81~'~ (150}

cells were used,
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of heterozygosily is commonly observed in tumors. The
human Mus87 gene maps 1o chromosome 11q13.1. Although
Joss of heterozygosity at the Mus81 locus in tumors has not
been reported, normal or precancerous cells have a chance to
lose one allele of Mus8I. Given that cells lose one copy of
Mus81 during tumor progression, aberrant replication fork
structores and recombination intermediates are expected to
accumulate and eventually lead to further genomic instability.
Haploinsufficiency of Mus&8] may contribute to tumor progres-
ston through this mechanism. It is noteworthy that predisposi-
tion to cancer was not observed over 15 months in another
Mus817'~ mouse model (7). This discrepancy may be
explained by a difference in strains. However, it is most likely
that Mus81 deficiency does not directly contribute to tumor
formation but rather induces chromosome aberrations such as
aneuploidy that do not directly lead to cancer. A long latency,
during which chromosomal aberrations accumulate, may be
required for tamor formation in such a situation. It is also
possible that additional modifiers that promote different
types of genomic instability are reguired for tumor formation.

The present finding that small changes in the gene dosage
of MusB1-Emel promote rereplication implicates the signi-
ficance of small amounts of genotoxic insulis in chromosome
stability. Even in the absence of exogenous genotoxic sources,
endogenous insults can lead to chromosome instability by
damaging DNA. Aberran! fork structures and recombination
intermediates are expected to accumulate in cells exposed to
genotoxic insults. These cells suffer from increased rezeplica-
tion in response to DNA damage, which does not immediately
lead to tumor-associated genomic aberrations. Instead, this
pathway can contribute to tumor development by inducing
centrosome dysfunction and aneuploidy afier numerous
rounds of the cell eyele. 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 jonizing radiation (IR) caused biphasic activation of ERX as indicated by its phosphorylation at
Thr202/Tyr204. Specific epidermal growth factor receptor (EGFR) inhibitor AG1478 and specific Src inhibitor PP2 inhibited IR-induced
ERK1/2 activation but phosphatidylinosito}-3 kinase inhibitor wortmannin did not. TR caused EGFR tyrosine phosphorylation,
whereas it did not induce EGFR autophosphorylation at Tyr992, Tyr1045, and Tyr1068 or Src-dependent EGFR phosphorylation at
Tyr845. SHP-2, which positively regulates EGFR/Ras/ERK signaling cascade, became activated by IR as indicated by its phosphory-
lation at Tyr542. This activation was inhibited by PP2 not by AG1478, which suggests Src-dependent activation of SHP-2. Stc and PTPq,
which positively regulates Sre, became activated as indicated by phosphorylation at Tyr416 and Tyr789, respectively, These data suggest
that JR-induced ERK1/2 activation involves EGFR through a Src-dependent pathway that is distinct from EGFR ligand activation.

© 2006 Elsevier Inc. All rights reserved.
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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--3].
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
activates Src, and specific EGFR inhibitor AG1478, and
specific Src inhibitors PP1 and PP2 inhibit the activation
of EGFR and ERKI1/2 induced by hydrogen peroxide
[6-9] Ultraviolet (UV) 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.
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These results indicate the fundamental role of Src in the
activation of EGFR and ERK /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 PTPq as
indicated by their tyrosine phosphorylation and effects of
AGI478 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/? 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 (Thi202/Tyr204), anti-ERX1/2, anti-phospho-EGFR. (Tyr845, Tyr9s2,
Tyr1045, and Tyr1068}, anti-phospho-SHP-2 (Tyr542), anti-S5HP-2, anti-
phospho-Src (Tyr416), and anti-phospho-PTPu {Tyr789) antibodies were
purchased from Cell Signaling Technology (Beverly, MA). Anti-Src
antibody was from Oncogene Research Products (San Diego, CA). Anti-
EGFR antibody was from Transduction Laboratories (Lexington, KY).
Anti-p-actin antibody was from Sigma (St. Louis, MO}. A human breast
cancer celi line MDA-MB-468 was obtained from American Type Culture
Collection (Rockville, MD).

Cell culture, irradiation, and EGF treatment. Celis were cultured at
37°C, 5% CO, in minimum essential medium (MEM) containing 10%
fetal calf serum. Cells were plated at 5 x 10° cells in 60-mm dishes and
incubated for 4 days without changing the culture medium. Celis were
then treated with X-irradiation (200 XV, 20mA, 0.5mm Cu, and 1.0 mm
Al filters, 1.36 Gy/min: HF-350C, SHIMADZU, Kyoto, Japan) or 10 ng/
ml EGF. Cells were incubated at 37 °C for up to 6 h post the treatment
and lysates were subjected to immunoblotting.

Immunoblotting. Cells were lysed in the eclectrophoresis sample
buffer (62.5mM Tris (pH 6.8), 2% SDS, 5% glycerol, 0.003% bro-
mophenol blue, and 1% B-mercaptoethanol) and boited for 5min. The
cell lysate was resolved by 7.5% polyacrylamide gel electrophoresis and
was electrophoretically transferred to polyvinyiidene difluoride mem-
branes (Millipore, Bedford, MA). The membranes were then proved
with antibodies and the antigen-antibody complexes were detected by
the ECL Plus Western blotting detection reagents (Amersham Phar-
macia Biowch, Pisataway, NJ) with horseradish peroxidase-conjugated
antibodies.

Immunoprecipitation. Cells were washed with ice-cold Tris-bufiered
saline twice and incubated in fysis buffer (20 mM Hepes (pH 7.4), 150 mM
NaCl, 1 mM EDTA, I mM EGTA, 1.0% Triton X-100, 0.5% deoxycho-
late (sodium salt}, 1 mM sodium orthovanadate, 1 mM PMSF, and 1 uy/
ml leupeptin) for 20min on ice. Cell lysates were then centrifuged at
13,560g for 10min, the supematants were incubated with protein
G-Sepharose with primary antibody for 2 b. Following brief centrifuga-
tion, pellets were washed four times with lysis baffer and resuspended in
loading buffer (125 mM Tris (pH 6.8), 4% SDS, 10% giyceral, 0.006%
bromophenol blue, and 2% B-mercaptoethanol}.

Resuits
Activation of ERK1/2 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 1/
2 actjvation 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 ERK1/2 activation (Fig. 1B).

Effects of AGI1478, PP2, and wortmannin on IR-induced
ERKI2 activation

To investigate the signal transduction pathway involv-
ing IR-induced ERKI/2 activation, we studied effects of
specific EGFR inhibitor 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 IR-induced BGFR activation
with the ligand-dependent one. AG1478 suppressed

A Time (min)
cC 2 5 15 30 o0 120 240 360
05Gy, -~ + + + + + + + +
P-ERK1/2 | o i cosss oo i it AR
ERK1/2
3Gy - + + + + + + + +
P-ERKI/Y | i SR .. S e e e SR
ERK1/2 | we g i - e 2
10Gy: = + + + + + + + +
p-ERK1/Z | - aiann oo s o . s i SR
ERK1/Z | dmauss
B Irradiation Dose (Gy)
0 0105 & 2 5 10 20
PERK1/2 | e 0000 S SR B SR i 5
ERK1/2

Fig. 1. ERK1/2 becomes phosphorylated at Thr202/Tyr204 in response to
0.1-20 Gy irradiation. (A} MDA-MB-468 cells were irradiated with 0.5,
2.0 or 10 Gy and incubated for 2-360 min at 37 °C. Whole cell lysates were
then prepared and immunoblotted for phospio-ERK1/2 (Thr202/Tyr204)
and ERK1/2. (B) MDA-MB-468 cells were irradiated with 0,1-20 Gy and
incubated for 2 min at 37 °C. Whole cell lysates were then prepared and
immunobloited similarky.

EGF-induced ERK1/2 activation at 2-5min 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
AG1478 and PP2 on IR-induced ERKI1/2 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 BRK1/2 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 ERK1/2 activation
observed 2-5min after irradiation is mediated by EGFR
and Sre.

IR-induced tyrosine phosphorylation of EGFR

Irradiation with 2 Gy induced immediate 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 uM AG1478, 10 pM PP2 or 200 nM wortmannin 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 min
at 37 °C. Whole cell lysates 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 Tyrl068

For further investigation of EGFR phosphorylation
after exposure to IR, we investigated IR-induced EGFR
phosphorylation at Tyr845, Tyr992, Tyrl045, and
Tyr1668 using antibodics specific to these phosphorylation
sites of the activated EGFR. The phosphorylation at
Tyr992, Tyri045, and Tyri068 has been reported to be med-
iated by EGFR tyrosine kinase and the phosphorylation at

Tisne (iin)
IPEGFR ¢ 57577 a6 60 120 240 360
2Gy; ~ + + + + 4+ + + +
[Bip-Tyr | v g e pov o - g e o grenp
IB:EGFR
B Time (min}
C 2 35 15 30 60 120 240 360
26y, -~ 4+ + + 4 + + + 4
p-EGFR(Tyr845)
p-EGFR(Ty1992)
1-EGFR(Tyr1045)
p-EGFR(Tyr!068) | - -

Fig. 3. Effects of IR on tyrosing 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 bysates were subjected to immunoprecipitation with anti-EGFR
antibody. The immuncprecipitaes were immunoblotted for phosphoty-
rosine (p-Tyr) and EGFR. (B) The whole cell ysates were immunoblotted
for phospho-EGFR (Tyr845, Tyr992, Tyr104$, and Tyr1068) and EGFR.

Tyr845 by Src [13,14]. Irradiation with 2 Gy caused a
prompt decrease of EGFR phosphorylation at Tyr845
and Tyr1068 observed 2-15 min after irradiation followed
by an increase of the phosphorylation observed 6h after
irradiation without obvious alteration of the phosphoryla-
tion at Tyr992 and Tyr1045 (Fig. 3B). In response to EGF
stimulation, EGFR became phosphorylated at Tyr845,
Tyrl068 (Fig. 4A), Tyr992, and Tyrl045 (data not shown).
These data indicate that IR-mediated ERK1/2 activation
involves an autophosphorylation-independent mechanism
that is distinct from EGFR ligand activation.

Effects of AG1478 and PP2 on EGFR phosphorylation after
EGF treatment 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 TyrB45 and Tyr1068 {13,14]. AG1478 partially sup-
pressed EGF-induced phosphorylation and it suppressed
TR-induced phosphorylation observed & 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 regnlates the ability of several receptor
tyrosine kinases (RTKSs) 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-458 cells were
treated with 0.5 uM AGI1478 or 10 yM PP2 30 min before the treatment
with 10 ng/ml EGF (A) or 2 Gy irradiation (B). After the treatment with
EGF or irradiation, cells were incabated for 2-360 min at 37 °C. Whole
cell lysates were then prepared and immunoblotted for phospho-EGFR
(Tyrd45, Tyrl068) and EGFR.

examined if IR affected SHP-2 activity becaunse 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). AG1478 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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EGF:_~ + + + + + -+ + +
PSHP-2Z | == . e difle it sasic 56 IS0 0%
EGF: - + + + + + + + +
AGI4TE, - + + + + + + + +
p-SHP-2 :
SHP-2
EGF: - + + + + + + + +
PP2._ - + + + + + + 4 +
PrSHP-2 | Mmoo s g i |

B Time (min)
C 2 5 15 30 60 120 240 360
el S S S e S S o 4

2Gy:
p-SHP-2

SHP-2

2Gy:
AG1478:
p-SHP-2

SHP-2

2Gy:
PP2:

p-SHP-2

SHP-2

Fig. 5. SHP-2 becomes phosphorylated in response to 2 Gy irradiation
and EGF, which is inhibited by PP2 and AG1478. MDA-MB-468 celis
were treated with 0.5 pM AGI1478 or 10pM PPZ 30 min before the
treatrent with 10 ngfnl 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 imrpunoblotted 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 b 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 PTPu

Since PP2 inhibited IR-indnced 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 Tyr416 (Fig. 6).
Next, we investigated the effect of IR on the activity of
PTPu that activates Stc by dephosphorylation at Tyr527
[19]. PTPa became activated 1-6 h after 2 Gy irradiation
as indicated by its phosphorylation at Tyr789 (Fig. 6).
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Fig. 6. Src and PTPa become phosphorylated in response to 2 Gy
irradiation. MDA-MB-468 cells were irradiated with 2 Gy and incubated
for 2-360min at 37°C. Whole cell lysates were then prepared and
immunoblotted for phospho-Src (Tyr416), Stc, phospho-PTPa (Tyr789),
and f-actin.

Discussion

In the present study, IR activated PTPa, Src, SHP-2,
EGFR, and ERK1/2. Src inhibitor PP2 suppressed activa-
tion of SHP-2 and ERK1/2, and EGFR inhibitor AG1478
suppressed activation of ERK1/2. These findings suggest
that Src is an upstream signal for IR-induced ERK1/2 acti-
vation and are consistent with abundant evidence indicat-
ing that hydrogen peroxide evokes Src-dependent EGFR
transactivation [20,21%

IR has been shown previously to activate EGFR, but
the mechanism of the activation is not clear [1-3,22]. Our
results indicate that IR activates EGFR via a mechanism
that is distinct from EGFR autophosphorylation (Figs. 3
and 4). Ligand-independent transactivation of EGFR has
been described with respect to a number of diverse stimuli
including G-protein-coupled receptors, cytokines, and cel-
lular stress [23]. The data presented here are in agreement
with reports of H>Os-induced EGFR transactivation [20].
In that study, Sre-activation by hydrogen peroxide induced
EGFR-transactivation  without  phosphorylation  of
Tyr1173, an autophosphorylation site of the activated
EGFR {20]. Our data indicate that IR induced EGFR tyro-
sine phosphorylation but does not involve EGFR phos-
phorylation at Tyr845, Tyr992, Tyrl045, and Tyrl068,
which might be incompatible with EGFR activation
(Fig. 3B). As Chen et al. [20] pointed out in their report,
undescribed actions of AG1478 against Src kinase activity
might be considered as potential explanations for these
observations.

An important mechanism for regulation of Src tyrosine
kinase activity is through control of its phosphorylation
status [24]. The two major phosphorylation sites are an
activating Tyr416 and an inhibiting Tyr527 [19,24]. PTP«
has been demonstrated to dephosphorylate Src at Tyr527
and activate Src kinase activity [25]. In the present study,
PTPa became activated 1-6 h after IR as indicated by its
phosphorylation on Tyr789, which might be a cause of
the Src activation observed 16 h after IR (Fig. 6). It is still
unknown how PTPu is rcgulated during physiological
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cellular signaling process. Protein kinase C is demonstrated
to phosphorylate PTPa, which results in stimulation of its
phosphatase activity [26,27). Another mechanism by which
regulates PTPa activity is dimerization that inhibits PTPa
activity [27]. However, no physiological mechanism has
been demonstrated through which the formation of the
dimers can occur.

SHP-2 is a well-known positive effector of EGFR signal-
ing [16,28,29]. In the present study, SHP-2 became activat-
ed 2 min and 1-6 h after irradiation and this activation was
inhibited by PP2 {Fig. 5). The time course of IR-induced
SHP-2 activation partially corresponds with that of IR-in-
duced ERK1/2 activation. These data suggest that TR-in-
duced ERK1/2 activation involves Src-dependent SHP-2
activation.

ERKI1/2 activation observed 2-5 min after irradiation is
suggested to be mediated through Src because PP2 inhibit-
ed the activation {Figs. 3B and 5B). However, Src became
activated only 1-6h after irradiation without apparent
activation at 2-5 min post irradiation as indicated by its
phosphorylation at Tyrd16 (Fig. 6). One possible mecha-
nism of this discrepancy is the Src activation by SHP-2
without increasing Src phosphorylation at Tyrd416. Walter
et al. [30] reported that SHP-2 activates Sre by a non-enzy-
matic mechanism without significant changes in phosphot-
ylation status of Src and that a phosphatase-inactive
mutant of SHP-2 can also activate Src. Src activates
SHP-2 by phosphorylating SHP-2 tyrosine residue with
physically association with SHP-2 [17,18]. In this study,
PP2 inhibited enhanced phosphorylation of SHP-2
observed 2 min after irradiation, which might indicate Src
activation at 2min after irradiation without increased
phosphorylation at Tyr416. Another potential explanation
for inhibition of IR-induced ERK1/2 activation by PP2
without increased Src phosphorylation at Tyr416 is unde-
scribed action of PP2 against unknown kinase activities
that mediate IR-induced ERK1/2 activation.

In summary, our data suggest that IR activates Src/
SHP-2. This Src/SHP-2 activation mediates EGFR trans-
activation that causes Ras/Raf/ERK signaling cascade
activation. However, it remains to be elncidated how Src
and SHP-2 become activated in response to IR.
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