


Downloaded from cancerres.aacrjournals.org on June 24, 2019. © 1997 American Association for Cancer Research.



Cdc2 ACTIVITY AND DNA DAMAGE

of WeelHu in vitro after DNA damage in mammalian cells, consistent
with the fission yeast data. We have not checked whether Mytl
activity is changed in cells with DNA damage, although it has been
shown that Mytl1, like Weel, is not activated by unreplicated DNA in
Xenopus egg extracts (20).

In the absence of any evidence that a Thr'*/Tyr'® kinase is up-
regulated by DNA damage, it is reasonable to hypothesize that DNA
damage decreases Cdc25C activity, leading to increased Thr'*/Tyr'*
phosphorylation. This effect may be accentuated by the fact that as
Cdc2 activity decreases, less Cdc25C is activated. The change in
Cdc25C phosphatase activity measured in vitro was relatively small,
and it is not clear whether this could account for the increase in Cdc2
Thr'*/Tyr'® phosphorylation in vivo. It may be that the in vitro assay
we used is not sufficiently sensitive; alternatively, other factors may
be involved in the regulation of Cdc2 kinase activity after DNA
damage. With regard to the mechanism of DNA damaged-induced
Cdc25C inactivation, we did not observe any change in the kinase
activity of Plk1 toward GST-Cdc25C, suggesting that other regulators
of Cdc25C may be the target of the DNA damage checkpoint (and
possibly for caffeine). In this connection, the recently identified
mammalian Chk1 homologue is activated in response to DNA damage
downstream of the ATM protein,” and, like its yeast counterpart,
mammalian Chk1 might act to down-regulate Cdc25C.

A useful comparison can be drawn between the cell cycle check-
point activated by DNA damage and that activated by incomplete
DNA replication. In fission yeast, it is known that the unreplicated
DNA and DNA damage checkpoint control pathways are related but
distinct, with Chk1 being unique to the DNA damage control pathway
(92). Phosphorylation of Cdc2 Tyr'* is required for the checkpoint
that couples completion of DNA replication with entry into mitosis in
fission yeast (93) and Aspergillus (94). In fission yeast, Weel/Mik1
and Cdc25 regulate Tyr'> phosphorylation and are the key players in
this checkpoint; combined loss of Weel and Mik1 or overexpression
of Cdc25 overcomes this checkpoint (7, 95, 96). Inactive Cdc25
accumulates to a very high level in fission yeast cells arrested in S
phase, and Cdc2 activity is low in cells arrested in S phase by the
cdc22 mutation (97). However, when cells are arrested in S phase with
hydroxyurea, Cdc2 activity remains high (98). In contrast, in budding
yeast, the phosphorylation of Cdc28 Tyr'® (equivalent to Cdc2 Tyr15)
is not required for the DNA replication checkpoint (99, 100), but it is
used in a bud morphogenesis checkpoint (101). In Xenopus egg
extracts, the block imposed by unreplicated DNA can be overcome by
expression of Cdc25 (22, 102), which implies that Thr'4/Tyr'S phos-
phorylation does play a regulatory role. However, when Xenopus egg
extracts are arrested with aphidicolin, the activities of Weel and Mytl
(20, 103) and Cdc25 (104) are not altered significantly. Moreover,
unreplicated DNA reduces the capacity of an Ala'4/Phe'® mutant
Cdc2 to induce mitosis, and this has led to the idea that an as-yet-
unidentified Cdc2 inhibitor is involved in the suppression of cyclin
B-Cdc2 activity in the presence of unreplicated DNA in Xenopus
(104, 105). However, we obtained no evidence that DNA damage
increases the level of an inhibitor that is stably associated with Cdc2
in mammalian cells.

Caffeine. Caffeine can induce mitotic events in mammalian cells
when DNA replication is blocked with hydroxyurea (65), and time-
lapse videomicroscopy of hamster BHK fibroblasts revealed that
caffeine can induce multiple entries into mitosis when DNA synthesis
is blocked (106). Caffeine probably uncouples mitosis from DNA
synthesis and DNA damage by activation of preformed cyclin A/B-
Cdc2 complexes (67). We found that caffeine induced the activation

7 M. Hoekstra, personal communication.
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Fig. 9. Model of the modulation of cyclin-Cdc2 activity by the DNA damage and
spindle microtubule-assembly checkpoints.

of cyclin A-Cdc2 and cyclin B1-Cdc2 kinases, even when the cells
were arrested in G, by DNA damage. Unlike many human cell lines,
hamster cell lines and Swiss 3T3 cells contain high levels of cyclin
A/B-Cdc2 complexes when arrested in S phase or G,. We found that
caffeine induced dephosphorylation of Thr'4/Tyr'® in Cdc2 in DNA
damage-arrested cells, thus leading to its activation. When we delib-
erately blocked the Cdc2-positive feedback loop by using butyrolac-
tone-I to inhibit cyclin B-Cdc2 kinase activity, dephosphorylation of
Cdc2 still occurred. It should be noted, however, that the dephospho-
rylation of Cdc2 in the absence of Cdc2 activation was not observed
in a normal cell cycle (cells released from aphidicolin early S-phase
block).® Thus, we can conclude that the dephosphorylation of Cdc2
caused by caffeine in cells with DNA damage does not require Cdc2
kinase activity, and that for caffeine-induced activation of cyclin
B-Cdc2, the dephosphorylation of Thr'*/Tyr'* is a key control step. It
is likely that caffeine acts on Cdc25C or upstream regulators of
Cdc25C. Preliminary evidence indicates that caffeine causes activa-
tion of Cdc25C.*

Like caffeine, okadaic acid also overrides the cell cycle arrest
induced by unreplicated DNA (107); it is possible that caffeine and
okadaic acid activate Cdc2 through a common pathway. p53 may also
play a role in caffeine-induced uncoupling of DNA damage check-
point, because pS3~/~ cells are more sensitive than p53*/* cells to
UV irradiation in the presence of caffeine (108). Uncoupling of
normal DNA damage-induced cell cycle arrest by caffeine could
contribute to the increased risk of mutagenesis. The action of caffeine
appears to be specific for the DNA damage checkpoint; we did not
observe uncoupling of the microtubule-assembly checkpoint by caf-
feine.®

The Spindle Microtubule-Assembly Checkpoint. The signal
from damaged DNA that leads to the inactivation of Cdc2 may
intersect with the signal from improperly assembled spindle microtu-
bules, which stabilizes Cdc2 activity. The possible mechanisms that
underlie the spindle-assembly checkpoint are reviewed in Rudner and
Murray (42). The spindle-assembly checkpoint probably stabilizes
Cdc2 activity by preventing cyclin B1 destruction, whereas the DNA
damage checkpoint inactivates Cdc2 by causing Thr'#/Tyr'> phospho-
rylation. We found that inactivation of Cdc2 by DNA-damaging
agents is dominant over the stabilization of Cdc2 activity by nocoda-
zole or Taxol. This can be explained by the fact that the inhibition of
Cdc2 by Thr'¥/Tyr'® phosphorylation is dominant over the activation
of Cdc2 by cyclins (2). This is consistent with the observation that
when Cdc2 was inactivated by DNA damage in nocodazole or Taxol-
blocked cells, the cells still remained in G,-M and did not proceed into
G,.” The activity of WeelHu is suppressed during M phase, when
WeelHu is hyperphosphorylated and degraded (9-11). Hence, the
phosphorylation of Cdc2 in nocodazole-arrested cells induced by
DNA damage is likely to be carried out by Mytl or other as-yet-
unidentified Thr'4/Tyr'> kinases.
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In summary, we propose that DNA damage may inhibit the activity
of mitotic Cdc2 in part by reducing the phosphatase activity of
Cdc25C, thus leading to increased phosphorylation at Thr!*/Tyr'® in
Cdc2. The inactivation of Cdc25C may be accentuated by the lack of
the Cdc2-positive feedback loop. However, the activity of the only
known upstream activator of Cdc25C, Plk1, was not affected by DNA
damage; hence, other mechanisms, such as Chkl phosphorylation,
may regulate the activity of Cdc25C after DNA damage (Fig. 9).
Finally, it is worth noting that there are striking parallels between the
mechanisms of DNA damage-induced G, arrest in fission yeast and in
mammalian cells, implying that this is an evolutionary conserved
checkpoint.
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