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ell cycle checkpoints prevent mitosis

from occurring before DNA replica-
tion and repair are completed during S
and G2 phases. The checkpoint mecha-
nism involves inhibitory phosphorylation
of Cdkl, a conserved kinase that regu-
lates the onset of mitosis. Metazoans
have two distinct Cdk1 inhibitory kinases
with specialized developmental func-
tions: Weel and Mytl. Ayeni et a/ used
transgenic  Cdkl  phospho-acceptor
mutants to analyze how the distinct bio-
chemical properties of these kinases
affected their functions. They concluded
from their results that phosphorylation
of Cdk1 on Y15 was necessary and suffi-
cient for G2/M checkpoint arrest in
imaginal wing discs, whereas phosphory-
lation on T14 promoted chromosome
stability by a different mechanism. A
curious relationship was also noted
between Y15 inhibitory phosphorylation
and TI161 activating phosphorylation.
These unexpected complexities in Cdkl
inhibitory phosphorylation demonstrate
that the checkpoint mechanism is not a
simple binary “off/on” switch, but has at
least three distinct states: “Ready”, to
prevent chromosome damage and apo-
ptosis, “Set”, for developmentally regu-
lated G2 phase arrest, and “Go”, when
Cdc25 phosphatases remove inhibitory
phosphates to trigger Cdkl activation at
the G2/M transition.

Progression through the eukaryotic cell
cycle is catalyzed by the activities of con-
served cyclin-dependent kinases (Cdks).
The master mitotic regulator Cdkl is
responsible for initiating the early events
of mitosis, phosphorylating proteins that
are involved in mitotic processes such as
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nuclear envelope breakdown, chromo-
some condensation, spindle assembly and
the disassembly of the Golgi and ER
membranes. Cell cycle checkpoints that
promote inhibitory phosphorylation of
Cdkl by Weel-related inhibitory kinases
are therefore needed to prevent aberrant
mitotic events from occurring prematurely
during S and G2 phases (Figure 1). There
are two types of Cdkl inhibitory kinases
in metazoans: Weel and Mytl. Nuclear
Weel kinases catalyze inhibitory phos-
phorylation of Cdkl on tyrosine residue
15, whereas cytoplasmic Mytl kinases
localize to Golgi and endoplasmic reticu-
lum membranes and phosphorylate both
Y15 and the adjacent threonine (T'14) res-
idue. Together, these Cdkl inhibitory
kinases ensure that cells complete DNA
replication and repair before mitosis
begins. Otherwise, checkpoint defects
instability ~ and
lethal mitotic catastrophe.’ Paradoxically,
human cancer cells with G1/S checkpoint

result  in  genome

defects are often resistant to chemotherapy
because they over-express Weel and rely
instead on G2/M checkpoint responses to
withstand DNA damage that would other-
wise trigger apoptosis.>> To exploit the
unique vulnerability of these cancers,
treatment with Weel inhibitors is cur-
rently being tested and encouraging results
suggest that this will be an effective new

. 4,
therapeutic strategy .*

Developmental Regulation of
Cdk1 Inhibitory Phosphorylation
by Wee1 and Myt1 Kinases

Drosophila researchers have made many
important contributions to understanding

how Cdkl regulation by inhibitory
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Figure 1. Current view of how cyclin-dependent kinase 1 (Cdk1) activity is regulated by inhibitory and activating phosphorylation. Stable Cdk1 kinase
subunits are bound by newly synthesized mitotic cyclins during S and G2 phases and subject to activating phosphorylation on threonine-161 (T161) resi-
due by CAK kinases, but kept inactive via inhibitory phosphorylation on Y15 and T14 residues by Wee1-like inhibitory kinases (Myt1 and Wee1, in meta-
zoans). During interphase, these Cdk1/cyclin complexes can shuttle between the cytoplasm and nucleus. To initiate mitosis, Cdk1/cyclin complexes must
be activated by Cdc25 phosphatases that remove inhibitory phosphates from Cdk1. Active Cdk1 can then initiate a positive feedback loop that inacti-
vates Wee1 and Myt1 kinases and further activates Cdc25 phosphatases, creating a burst of Cdk1 activity that initiates mitosis. This mechanism is re-set
during mitosis by Cdk1 activation of the APC/C complex, extinguishing Cdk1 activity via ubiquitin-mediated cyclin proteolysis.

phosphorylation coordinates the timing of
mitosis to avoid interference with dynamic
developmental processes. For example,
during Drosophila gastrulation bursts of
Cdc25 phosphatase expression (encoded
by the szg gene) activate Cdkl, driving an
intricate pattern of “mitotic domains”®®
that is controlled by complicated tran-
scriptional and post-translational mecha-
nisms which temporally and spadally
restrict. Cdc25°® activity.”"? Regulation
of Cdkl by inhibitory phosphorylation
also coordinates cell division with terminal
cell fate differentiation later in develop-
ment,"* by mechanisms that are not yet
well understood.

Most animal models have multiple
Weel paralogs, however Drosophila only
has a single representative of each type of

Cdkl inhibitory kinase: dWeel and
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dMytl. The Drosophila weel homolog
was cloned by genetic complementation
of fission yeast weel mikl mutants, dem-
onstrating strong functional conserva-
tion.'® The weel gene is expressed
throughout development, however studies
of maternal effect mutants revealed an
essential function during the first two
hours of early embryonic development,
when nuclei rapidly cycle between S and
M phases in a common syncytium.'”
Maternal Weel collaborates with the Dro-
sophila Chk1 and ATR-related checkpoint
kinases, Grp and Mei-41 (I8, 19" ina
conserved checkpoint mechanism that
lengthens S phase to accommodate the
onset of late replicating origins during the
late syncytial cycles.””*" Although embry-
onic development initiates normally with-
out this checkpoint mechanism, weel
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mutants undergo lethal mitotic catastro-
phe in cycle 11-12."7 Studies of injected
live embryos have also shown that Weel
and Grp are also required for DNA con-
densation and metaphase checkpoint
mechanisms that respond to DNA dam-
age in the early embryo.”” Curiously,
inhibitory phosphorylation of Cdkl on
Y15 is extremely difficult to detect in early
embryos compared with later stages of
development,”**  implying that the
checkpoint for controlling Cdk1 activity
in syncytial embryos operates by a novel
mechanism. Weel is also essential for
genome stability and cell viability in early
mammalian embryos, suggesting that the
embryonic checkpoint mechanism may be
conserved in other animals.”

The Drosophila mytl gene was cloned
by its similarity to human and Xenopus
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Mytl dual specificity kinases.'>?%® Null
myt] mutants are male sterile with defects
in the development of certain sensory bris-
tles as well as G2/M checkpoint responses
to DNA damage.'>?** Drosophila Mytl is
also required for male meiosis in Drosoph-
ila, in contrast with C. elegans and X. laevis
where it is essential for female meiosis.””"
2 In spite of these specialized develop-
mental roles however, the zygotic func-
tions of Drosophila Weel and Mytl are
redundant for viability throughout most
of development.'”

Experimental Hypothesis
and Approach

The significance of the dual phosphor-
ylation  checkpoint that
evolved for regulating Cdk1 in metazoans

mechanism

remains poorly understood. In fission
yeast where Weel was first discovered for
its role in cell size control, phosphoryla-
tion of Cdk1 on Y15 by Weel is both nec-
essary and sufficient for checkpoint arrest
responses to DNA replication or DNA
damage.’ 3% In metazoans, Mytl-medi-
ated dual phosphorylation of Cdkl on
two adjacent residues (T14 and Y15)
produces three different inhibited Cdkl
phospho-isoforms:  T14p, Y15p and
T14pY15p. These phospho-isoforms can
all be detected in cycle 14 Drosophila
embryos as newly formed cells enter their
first. G2 phase cell cycle arrest.” Our
hypothesis is that the unique biochemical
properties of Weel and Mytl kinases are
central to understanding their specialized
developmental functions in wvive. For
example, dual phosphorylation may make
Cdk1 more refractory to de-phosphoryla-
tion by Cdc25 than Cdkl phosphorylated
on Y15 or T14 alone. This could make
for a more robust “developmental switch”
mechanism for timing mitosis or meiosis,
consistent with evidence that Mytl serves
an important role in cells which undergo
prolonged G2 phase arrest as part of their
developmental program,'>*?21%7 1
contrast, phosphorylation of Cdkl on
either T14 or Y15 could influence Cdk1
activity by non-canonical mechanisms, for
example recent evidence that T14 phos-
phorylation can facilitate T161 activating
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phosphorylation under certain
circumstances.”®

To test the hypothesis that biochemical
differences in Weel and Mytl phosphory-
lation mechanisms underlie the specialized
as well as redundant roles of Cdk1 inhibi-
tory kinases during Drosophila develop-
ment, Ayeni et al. constructed transgenic
strains for expressing VFP-tagged versions
of Cdk1 wild type and phospho-acceptor
mutant variants.” Experiments with these
new transgenic strains revealed that G2
phase checkpoint responses used to delay
mitosis in response to developmental cues
and to DNA damage could be uncoupled
from a mechanism that promotes cell sur-
vival by preserving chromosome stability.
Their study provides
insights into the regulatory mechanisms
used to regulate Cdkl during Drosophila
development that may also be relevant to
other muldcellular organisms.

therefore new

Drosophila G2/M Checkpoint
Regulation Depends on
Y15 Phosphorylation

Transgene expression of non-inhibit-
able Cdk1 (Cdk1-AF) has previously been
shown to drive G2 phase-arrested cells
prematurely into mitosis, either by direct
phosphorylation of mitotic Cdkl sub-
strates or by triggering “all or none”
amplification mechanisms for activating
Cdk1.“%%" Using  Gal4-
inducible expression, Ayeni er al. exam-
ined the effects of wild type and phospho-
acceptor mutant Cdkl variants to investi-
gate how each aspect of the dual Cdkl
phosphorylation checkpoint mechanism

endogenous

affected imaginal development.”® Because
these transgenic Cdkl proteins were
tagged with a fluorescent reporter (VEP),
they were able to directly compare proper-
ties of different Cdkl phospho-isoforms,
in vivo and in vitro. Cdkl1-VFP fusion
proteins expressed in imaginal wing discs
could bind endogenous mitotic cyclins A
and B and were phosphorylated by endog-
enous Weel and Mytl kinases;”” see
Figure 1). Ubiquitous expression of wild
type Cdk1-VFP or the T14A mutant
could also rescue the pupal lethality of
temperature-sensitive cZc2 mutants, dem-
onstrating that these proteins were fully
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functional % vive. In contrast, the Y15F
and T14AY15F mutants that could not be
phosphorylated on Y15 were not able to
rescue the ¢de2 mutants, implying that
phosphorylation of Cdkl on this residue
was specifically required for cell cycle
checkpoint responses during Drosophila
development.

Expression of non-inhibitable Cdk1
(T14AY15F)-VFP in wing or eye imaginal
produced adult morphological
defects that were not observed with any of
the other Cdkl variants (Figure 2;.%
When the wing discs were examined
directly, however, we observed that
expression of either YI5F or T14AY15F
caused elevated mitotic index and ectopic

discs

apoptosis that was not observed with the
T14A or WT variants.”” The Y15F and
T14AY15F mutants were also both effec-
tive at bypassing G2 phase checkpoint
arrest induced by ionizing radiation-
induced DNA damage or a developmen-
tally-regulated G2 phase checkpoint arrest
that is characteristic of cells at the pre-
sumptive wing margin (see Figure 3,37
We therefore concluded from these results
that phosphorylation of Cdkl on Y15 is
necessary for normal development.” This
interpretation also accounts for the func-
tional redundancy of Drosophila Weel
and Mytl for most aspects of zygotic
development, since both kinases phos-
phorylate Cdk1 on Y15."

Myt1-Mediated T14
Phosphorylation Prevents DNA
Damage and Genome Instability

If phosphorylation of Cdkl on Y15 by
either Weel or Mytl is sufficient for G2/
M checkpoint arrest, then what is the sig-
nificance of Mytl phosphorylation of
Cdkl on T14? One important clue was
the observation that expression of non-
inhibitable T14AY15F mutants caused
developmental defects that were not seen
with the Y15F mutant (*%; Figure 2) even
though these mutants were equally effec-
tive at bypassing G2/M checkpoint arrest
(Figure 3). These differences were elimi-
nated when the YI5F mutant
expressed in a myrl mutant background,

was

indicating that T14 phosphorylation of
the Y15F mutant was the relevant factor.
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Figure 2. UASp-Cdk1-VFP transgenes expressed in imaginal wing or eye discs with sd-Gal4 or ey-Gal4, respectively, cause distinct phenotypic effects.
Panels A to D show adult wings of progeny expressing the indicated transgenes in an otherwise wild-type background. Expression of Cdk1(WT), Cdk1
(T14A) or Cdk1(Y15F) caused no detectable defects in adult wing morphology (A-C), whereas expression of Cdk1(T14A,Y15F) resulted in wing margin
defects (D). (E-H) Scanning electron micrographs of adult eyes. Expression of Cdk1(WT), Cdk1(T14A) or Cdk1(Y15F) did not affect adult eye development
(E-G), however Cdk1(T14A,Y15F) produced severe defects in adult eye and head structures resulting in pharate adult lethality. © Genetics Society of
America. Reproduced with permission from Genetics Society of America. Permission to reuse must be obtained by the copyright holder.>°

Measurements of in vitro H1 kinase activ-
ity showed that the catalytic activity of the
Y15F mutant proteins was intermediate
between T14AY15F and Cdk1(WT) or
T14A, demonstrating that T14 phosphor-
ylation partially inhibited Cdk1 activity of
the Y15 mutant.”” From these results we
concluded that T14 inhibitory phosphory-
lation was capable of promoting cell sur-
vival by a distinct molecular mechanism,
even though it was insufficient for G2/M
checkpoint arrest.

Another clue to the significance of
Mytl-mediated T14 phosphorylation
came from studies of type I larval neuro-
blasts, where expression of the T14AY15F
mutant caused mitotic defects and gross
chromosomal aberrations not observed
with any of the other mutant Cdk1 trans-
genes (Figure 4; 3. Collectively, these
results showed directly that Mytl phos-
phorylation of Cdkl on T14 protects
chromosomes and promotes genome sta-
bility by a mechanism that is distinct from
the canonical G2/M checkpoint. The
most likely explanation is that T14 phos-
phorylation of Cdk1 is sufficient for an S
phase checkpoint mechanism that protects
cells when they are replicating or repairing

www.landesbioscience.com

their DNA.*? Since defects in the S phase
checkpoint are already known to trigger
chri)zmosome rearrangements and apopto-
sis,
with our data showing more severe defects
caused by expression of the T14AY15F
mutant than the Y15F mutants. We there-
fore concluded that checkpoint-mediated
inhibitory phosphorylation of Cdkl on
either T14 or Y15 can make cells “Ready”
for mitosis, but by distinct mechanisms.
As mitotic cyclins accumulate during G2
phase cells become “Set” by dual T14 and
Y15 inhibitory phosphorylation, building
up a large pool of inhibited Cdkl com-
plexes that can then be rapidly activated to
coordinately initiate mitosis (“Go”), once

Cdc25 phosphatases are expressed.

3 this interpretation is consistent

A Curious Relationship Between
Inhibitory and Activating
Phosphorylation of Cdk1

Activation of Cdk1 requires both bind-
ing to a mitotic cyclin and T-loop phos-
phorylation.  In  Drosophila, T-loop
phosphorylation at residue T161 is con-
trolled by a Cdk1-activating kinase (CAK)

Fly

called Cdk7, which is also part of the tran-
scription machinery.**> In a recent study
of mammalian cells, T14 phosphorylation
was reported to facilitate T161 activating
phosphorylation as a mechanism for pro-
tecting cells from prematurely activated
Cyclin B-Cdk1.?® We therefore examined
how T161 phosphorylation was affected
in our transgenic Drosophila Cdkl pro-
teins expressed in wing discs. As predicted,
T161 phosphorylation was undetectable
on T14A mutant Cdkl proteins that
could not be phosphorylated on T14 (see
Figure 1B in *). Results with the
T14AY15F mutant proteins that also
lacked T14 phosphorylation were puz-
zling, however, because in this case the
T161 residue was phosphorylated as well
as Cdk1(WT) controls. To explain these
paradoxical results, we propose that phos-
phorylation of the T14A mutant on the
Y15 residue has a disruptive effect on
CdkI-cyclin complex stability.

The model shown in Figure 5 sum-
marizes the findings of Ayeni ez al,
describing how we think that phosphor-
ylation of T14 and Y15 affects Cdkl
activity. In this model we propose that
Y15 phosphorylation can both inhibit
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Figure 3. G2/M checkpoint responses assayed in imaginal wing discs expressing Cdk1-VFP transgenes under control of engrailed-Gal4 or neuralized-Gal4.
(A-D) Expression of the VFP-tagged Cdk1 transgene (Green) in the posterior compartment of the wing disc, whereas (E-H) show transgene expression
in a subset of G2 phase developmentally-arrested sensory organ precursor cells at the presumptive wing margin.>? In panels A to D, DNA damage check-
point responses were assayed by dissecting wing discs from late third instar larvae 60 min after exposure to 40 Gy of ionizing radiation and labeling
them with PH3 antibodies to mark mitotic cells (white in A-D, red in A’-D’). A and A’ and B and B’ showed no PH3-positive cells in either compartment
of wing discs expressing Cdk1(WT) or Cdk1(T14A), demonstrating a functional G2/M checkpoint response to DNA damage. In C and C’' and
D and D’ however, wing discs expressing Cdk1(Y15F) or Cdk1(T14A,Y15F) showed PH3 labeling specifically in the posterior compartment, indicating
defects in the G2/M checkpoint response. In E and F the transgenes were expressed in sensory organ precursor (SOP) cells using neuralized-Gal4 to assay
developmentally regulated G2/M checkpoint responses. SOP cells expressing Cdk1(WT)-VFP and Cdk1(T14A) were PH3-negative as expected for G2
phase arrested cells. Cells expressing Cdk1(Y15F)-VFP or Cdk1(T14A,Y15F) appeared as a mixture of smaller, mitotic (PH3-positive) and non-mitotic cells
(G and H), indicating that many of the SOP cells were no longer arrested in G2 phase. E’~=H’ are controls, showing that each of the VFP-tagged transgenes
was expressed in the two rows of SOP cells. © Genetics Society of America. Reproduced with permission from Genetics Society of America. Permission to
reuse must be obtained by the copyright holder.®
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Figure 4. Mitotic phenotypes associated with expression of Cdk1-VFP transgenes in type 1 neuro-
blasts using prospero-Gal4. These data were derived from metaphase karyotypes of colchicine-
treated brain squashes labeled with Hoechst 33258 to identify mitotic chromosomes. At least 800
interpretable karyotypes were examined for each genotype. (A) Bar chart indicating the mitotic
index associated with each Cdk1 transgene, showing an elevated mitotic index associated with
Cdk1(Y15F) expression. In B-E, karyotypes of type 1 neuroblasts expressing Cdk1-VFP transgenes
are shown. (B and C) Neuroblasts expressing Cdk1(WT) or Cdk1(Y15F) had normal metaphase chro-
mosomes with cohered sister chromatids, whereas Cdk1(T14A,Y15F)-expressing neuroblasts exhib-
ited gross chromosomal aberrations, including poorly condensed chromosomes (D) and
chromosome breaks (E). © Genetics Society of America. Reproduced with permission from Genetics
Society of America. Permission to reuse must be obtained by the copyright holder.>°
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Cdk1 catalytic activity and de-stabilize
Cdk1/Cyclin complexes, consistent with
evidence from other systems that phos-
phorylation of Y15 specifically de-stabil-
izes Cdkl-cyclin B complexes whereas
T161 phosphorylation facilitates stable
interactions between cyclin B and
Cdk1.*%4“%” T14 phosphorylation can
partially inhibit Cdkl activity and
although this is not sufficient for G2
phase arrest, we propose that dual phos-
phorylation overcomes the proposed de-
stabilizing effect of Y15 phosphoryla-
tion on Cdkl-cyclin stability.

Our proposal that Y15 phosphoryla-
tion affects Cdkl-cyclin stability has
interesting implications for understand-
ing the maternal function of the Wee,
the Y15-directed kinase, during early
Drosophila development. Embryos lack-
ing maternal Weel activity
development normally but subsequently

initiate

undergo lethal “mitotic catastrophe” due
to absence of the checkpoint mechanism
that progressively lengthens S phase dur-
ing cycles 10-13."** How this Weel
embryonic checkpoint mechanism oper-
ates remains an enigma however, as Y15
phosphorylation of Cdkl is barely
detectable, unlike somatic cells.>* Curi-
ously, activating phosphorylation of
Cdkl on TI161 (and therefore Cdkl
activity) oscillates during interphase of
Drosophila  cycles 10-13,>>  transiently
disappearing during S phase. This tim-
ing coincides with when the Weel
checkpoint is active,”* suggesting a pos-
sible mechanistic link between Cdkl
activating and inhibitory phosphoryla-
tion. Although speculative at present,
such a coupling mechanism could
explain the enigma of the Weel embry-
onic checkpoint®™*® if the inability to
phosphorylate Cdkl on Y15 in maternal
weel mutants leads to mitotic catastro-
phe because of elevated mitotic kinase
activity resulting from sustained Cdkl
activating (T161) phosphorylation or
increased stability of Cdk1/Cyclin com-
plexes. This proposed mechanism could
also be conserved in other metazoans,
since observations that Cdkl inhibitory
phosphorylation is difficult to detect
have also been made in early Xenopus

embryos.”®
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Figure 5. Model that can account for the distinct effects of Cdk1 inhibitory phosphorylation on T14
and Y15 residues. (A) Cdk1 is normally inactive (but can be activated) during interphase, due to
simultaneous dual inhibitory phosphorylation and T161 activating phosphorylation. (B) Non-inhibit-
able Cdk1(T14A,Y15F) mutant can be immediately activated by T161 phosphorylation upon cyclin
binding, causing G2/M checkpoint defects and genome instability. (C) Phosphorylation of Cdk1 on
Y15 alone (mimicked by the T14A mutant) caused interference with T161 phosphorylation resulting
in low in vitro HI kinase activity. These effects could be explained if Y15 phosphorylation by itself
has an antagonistic effect on the stability of Cdk1/cyclin complexes. (D) Phosphorylation of Cdk1
on T14 alone (mimicked by the Y15F mutant) resulted in intermediate levels of Cdk1 activity and
by-pass of G2 phase checkpoint arrest, but without causing the genome instability observed with

the T14AY15F mutant.

Future Directions

In addition to coordinating mitosis
with morphogenetic movements during
gastrulation, Cdkl regulatory mecha-
nisms are also used to synchronize
developmental timing of mitosis with
the adoption of specific terminal cell
fates.”’ How this process occurs is pres-
ently not well understood, however. For
example, thoracic microchaetae develop
from sensory organ precursor cells that
undergo an invariant cell lineage to pro-
duce four terminally differentiated cell
types (socket, shaft, neuron and sheath
cells). Drosophila mytl mutants exhibit
macrochaetae defects, however the exact
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role that inhibitory phosphorylation of
Cdkl plays in the development of this
cell lineage remains unclear.'”> A previ-
ous study of this lineage used ectopic
expression of Weel and Mytl to inves-
tigate the relationship between cell fate
specification and Cdkl activity and
found that although inhibitory phos-
phorylation of Cdkl coordinated the
timing of mitosis with terminal cell dif-
ferentiation, acquisition of neuronal cell
fate potential involved a Cdkl-indepen-
dent mechanism that could still occur
in G2 phase-arrested  cells.'®  The
Cdk1Y15F mutants described by Ayeni
et al. will be very useful tools for
manipulating mitotic timing in this

Fly

developmental system, in future studies
aimed at resolving how developmental
regulation of the cell cycle coordinates
the formation of cells with distinct, ter-
minally differentiated characteristics.
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