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Abstract

The polo-like kinases (Plks1-5) are emerging as an important class of proteins involved in many
facets of cell cycle regulation and response to DNA damage and stress. Here we show that PIk3
phosphorylates the key cell cycle protein phosphatase Cdc25A on two serine residues in its
cyclinB/cdkl docking domain and regulates its stability in response to DNA damage. We
generated a P1k3 knock-out mouse and show that Cdc25A protein from Plk3-deficient cells is less
susceptible to DNA damage-mediated degradation than cells with functional Plk3. We also show
that absence of PIk3 correlates with loss of the G1/S cell cycle checkpoint. However, neither this
compromised DNA damage checkpoint nor reduced susceptibility to proteasome-mediated
degradation after DNA damage translated into a significant increase in tumor incidence in the
Plk3-deficient mice.
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1. Introduction

Polo-like kinases (Plks) constitute a family of evolutionarily conserved serine/threonine
kinases that participate in normal cell cycle progression and in cellular response to DNA
damage [1-8]. Subsequent to the original identification of Poloin Drosophila melanogaster
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[9-11], the Saccharaomyces cerevisiae Cdc5 gene was identified as a polo kinase ortholog
[12], as was the Plol gene in Schizosaccharomyces pompe [13]. While there is only one
polo gene in Drosophila and the yeasts, there is a family comprised of multiple P/k genes in
Xenopus laevis, Caenorhabditis elegans and mammals [14]. In mammals there are now five
known Plks [14,15] with apparently diverse functions. The polo-like kinases are identified
by polo box motifs within the carboxy region of the protein which are responsible for sub-
cellular localization and substrate recognition [16-19]. Among the functions attributed to
polo-like kinases are the promation of spindle formation at the G2 to mitosis transition,
activation of the anaphase-promoting complex (APC) at the time of mitotic exit, a
requirement for cytokinesis, an involvement in Golgi fragmentation, and participation in the
DNA damage checkpoint signaling cascade during the transition from G2 to mitosis [1-
8,20-24].

Polo-like kinase 3 (PIk3) serves numerous and diverse cellular functions. It participates in
cell cycle control [7,25] and is reported to be a tumor suppressor that is down-regulated in
several primary human tumor types including lung, stomach, uterus, bladder and head and
neck tumors [26]. Following DNA damage due to ionizing radiation (IR) or oxidative stress,
PIk3 is phosphorylated in an ATM-dependent manner [7,27-29]. It is also phosphorylated in
an ATM-independent manner following disruption of the mitotic spindle [7]. It
phosphorylates p53 on serine 20, which also is a target phosphorylation site for Chk2, and
which contributes to the release of p53 from MDM2 and its consequent stabilization [30].
PIk3 appears to have a regulatory function in the DNA damage response pathway. It
phosphorylates Chk2 on serine 73 following exposure to IR in a priming capacity [28]. This
phosphorylation event is important for the full activation of Chk2 by ATM and the
subsequent phosphorylation of Cdc25A by Chk2, targeting it for proteasome-mediated
degradation. Prior to the entry of cells into mitosis, PIk3 also phosphorylates Cdc25C on two
serine residues that appear to regulate the localization of Cdc25C [31].

Cdc25A phosphatase is an essential activator of cell cycle progression and its expression is
very tightly regulated at many levels. Cdc25A activity is regulated by transcriptional
activation, reversible phosphorylation, protein-protein interaction and ubiquitin-mediated
degradation [32-38]. In response to DNA damage or to stalled replication, the activation of
the ATM and ATR protein kinases leads to Chk1 and Chk2 activation and to Cdc25A
hyperphosphorylation. These events stimulate SCF-mediated ubiquitinylation of Cdc25A
and its proteolysis [39,40]. This contributes to delaying cell cycle progression, thereby
preventing genomic instability.

The fact that Cdc25A levels are precisely controlled by a multilayered mechanism is
underscored by the observation that its overproduction leads to accelerated entry of cells into
both S phase [41] and mitosis [40]. Furthermore, failure to regulate Cdc25A during a
checkpoint response causes bypass of DNA damage and replication checkpoints, resulting in
enhanced DNA damage [33,39,40,42,43]. These defects in maintaining correct levels of
Cdc25A translate into an increased capacity for cell proliferation that can lead to cancer.
Indeed, Cdc25A is frequently overexpressed in multiple cancer types [44].
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Ubiquitinylation-mediated degradation of Cdc25A is associated with phosphorylation of
Cdc25A at the B-TrCP docking site (DSG motif). Serines 79, 82 and 88 constitute the
Cdc25A DSG docking site and absence of their phosphorylation is sufficient to abolish -
TrCP binding and to inhibit Cdc25A proteolysis [32]. Several kinases have recently been
reported to phosphorylate the DSG motif and target Cdc25A for SCFP-T'CP_mediated
degradation. Human tumors show a strong correlation between Cdc25A overproduction and
GSK-3p inactivation, consistent with the observation that GSK-3p targets Cdc25A for
ubiquitin-mediated proteolysis [45]. It is, therefore, likely that GSK-3p inactivation may
account for Cdc25A overproduction in a subset of human tumors [45]. When Cdc25A and
PIk3 are co-expressed in cultured cells, phosphorylation of Cdc25A on threonine 80 is
enhanced with subsequent p-TrCP-mediated degradation. Furthermore, knockdown of PIk3,
but not other Plk family members, with siRNA resulted in the stabilization of Cdc25,
consistent with PIk3 serving a priming function for Cdc25A degradation [45]. A separate
study, in which an shRNA library was screened to identify new genes involved in the G2/M
checkpoint, identified NIMA-related kinase 11 (NEK11) as the kinase that phosphorylates
Cdc25A on the DSG motif [46]. This study further showed that depleting cells of NEK11
stabilized Cdc25A, suggesting that phosphorylation of Cdc25A by NEK11 is essential for its
SCFB-T'CP_mediated degradation. Other pathways have also been implicated in the
phosphorylation of the DSG domain. When the extracellular signal-regulated kinase (ERK)
pathway is activated in Xengpus eggs, Cdc25A serine 85 (serine 88 in human) is
phosphorylated and targeted for degradation [47]. This degradation involves the SCFB-TrCP
ubiquitin ligase and requires phosphorylation by both ERK and its downstream kinase
p90rsk. An earlier study has also suggested that Smad3 plays a key role in the regulation of
Cdc25A ubiquitinylation by SCFB-T'CP and that Cdc25A stabilization observed in various
cancers could be associated with defects in the TGF-B—Smad3 pathway [48].

We now show that PIk3 phosphorylates Cdc25A at its carboxy end and helps regulate its
stability. To better understand the roles of PIk3 in cell cycle regulation and DNA damage
control, particularly as it relates to Cdc25A, we have produced Plk3 knockout mice by
standard gene targeting methods. The availability of these mice has enabled us to directly
address whether or not PIk3 participates in cell cycle regulation and in the cellular response
to DNA damage. When mouse embryo fibroblasts (MEFs) are deprived of serum to arrest
them in G1, with subsequent release by the addition of serum, the distribution of PIk3™/~
cells in the cell cycle is altered showing an increased number of cells with a 4 N
complement of DNA, a diminished number of cells in G1, and a small polyploidy peak of 8
N or greater. When thymocytes derived from both wildtype and mutant mice were treated
with etoposide, a DNA damaging agent that produces double strand breaks, the cell cycle
distribution of the mutant cells showed a compromised G1/S checkpoint consistent with a
role for PIk3 in DNA damage response. Furthermore, the level of Cdc25A in thymocytes
from PIk3-deficient mice is markedly elevated compared with that of wildtype mice
following etoposide treatment, indicating that the absence of PIk3 /n vivo renders Cdc25A
more stable in these cells. Surprisingly, the compromised lability of Cdc25A and G1/S cell
cycle checkpoint did not translate into a significant elevation in spontaneous tumor incidence
in the PIk3-deficient mice. No statistically significant increase in tumor incidence was
observed between any of the genotypes. It was only when the data were fractionated by
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gender that a slight increase was observed in the heterozygous and homozygous female
mice, possibly indicating hormonal involvement.

Materials and methods

Plasmid construction

GST-Cdc25A constructs were produced by subcloning the indicated regions of a human
Cdc25A cDNA (a gift from Dr. Yolanda Sanchez, Dartmouth College) into the PGEX2T
vector (Amersham) between the BamH1 and EcoR1 sites. The construct for GST-P1k3
expression was provided by Dr. Klaus Strebhardt (Goethe-University, Frankfurt, Germany).
To construct the Myc-tagged Cdc25A, a Myc-His-tag was first cloned into the EcoRl site of
pcDNA 3.1 myc/his (=) and the human Cdc25A cDNA was cloned into EcoRI and BamHI
sites. Each of the serine 513 and serine 519 point mutations of Cdc25A was generated by
site-directed mutatagenesis using the QuikChange Site-Directed Mutagenesis Kit
(Stratagene).

2.2. Cell culture and transfection

HT1080 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% heat inactivated fetal bovine serum (FBS) (Eurobio), 2 mM
glutamine, penicillin (100 U/ml) and streptomycin (100 pg/ml) in a humidified atmosphere
containing 5% CO, at 37 °C. Transfections were performed using Lipofectamine 2000
(Invitrogen) following the manufacturer’s recommendations.

2.3. Cell lysis, Western blots and immunoprecipitation

Cells transfected with the Myc-tagged Cdc25A constructs were harvested 24 h after
transfection and lysed in ice-cold lysis buffer (50 mM HEPES pH 7.0, 250 mM NaCl, 0.2%
Nonidet P-40, 10% (vol/vol) glycerol, 1 MM NaVOg4, 1 mM DTT) freshly supplemented
with 1 mM PMSF, 10 pg/ml aprotinin (Sigma), pepstatin (Sigma), leupeptin (Sigma), and
microcystin LR (Calbiochem). The lysates were boiled for 5 min in sample buffer and
loaded on a 10% SDS-PAGE gel. Proteins were analyzed by Western blot using an anti-Myc
antibody (Santa Cruz cat# sc-40). Cells were also transfected with a Flag-tagged Cdc25A
construct and Cdc25A was immunoprecipitated with mouse antibody to Cdc25A
(Neomarkers, Freemont, CA) and protein A/G agarose beads (Santa Cruz Biotechnology,
CA).

2.4. Expression and purification of GST fusion proteins

Escherichia coli BL21 was transformed with the following plasmids: pGEX2T (Pharmacia),
PGEX2T-PIk3, pGEX2T-PIk3-KD, pGEX-Chk2—-KD, pGEX2T-Cdc25C, pGEX2T-
hCdc25A, and each of the pGEX2T-hCdc25A derivatives. Cultures were grown at 37 °C to
an A600 of 0.8 and IPTG was added to a final concentration of 0.5 mM. After growing for
an additional 3 h at 25 °C, cells were pelleted by centrifugation. Cell pellets were washed
with PBS and were resuspended in STE buffer (100 mM NaCl, 10 mM Tris HCI, pH 8.0, 1
mM EDTA) supplemented with 2 mM DTT, 1 mg/ml lysozyme and protease inhibitors (2
mM PMSF, 0.15 U/ml aprotinin, 20 uM leupeptin, 20 uM pepstatin). Cells were incubated
on ice for 1 h with occasional mixing. Lysates were clarified by centrifugation (13,000 x g
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for 15 min) and Triton X-100 was added to a final concentration of 2%. Proteins were
precipitated with GST-agarose beads (Sigma Chemical Co.), washed three times with STE
buffer, and eluted from GST-agarose with 20 mM glutathione and 1 mM DTT in PBS.

2.5. Invitro kinase reactions

Protein kinases were incubated with substrates at 37 °C for 1 h in 1x kinase buffer (30 mM
HEPES pH 7.4, 10 mM MgCl, and 1 mM DTT) supplemented with 10 uM nonradioactive
ATP and 10 uCi of [y—32P] ATP (Amersham Pharmacia Biotech). Kinase reactions were
terminated by the addition of 6x SDS loading buffer then were boiled for 10 min and
fractionated by SDS—-PAGE on 10% polyacrylaminde gel. For PIk3 phosphorylation of GST-
Cdc25A, the SDS-PAGE gels were silver stained to demonstrate the relative amounts of
substrate.

2.6. lonizing radiation treatment

HT1080 cells were transfected as previously described with a vector expressing wildtype
and mutant Cdc25A. Twenty-four hours after transfection each plate was split into four
plates. The cells were used to determine Cdc25A stability before and after treatment with

IR. To control for stress induced by time spent outside the incubator, additional plates were
taken out and left at room temperature during the time of the treatment, but left untreated. To
determine the level of Cdc25A that accumulates in the absence of degradation, cells were
treated with the proteasome inhibitor MG132. Transfected cells were either left untreated or
treated with 10 Gy of IR using a 137Cs source.

2.7. Cell cycle analysis

MEF cells and thymocytes derived from both P/k3"* and PIk3'~ mice were grown to ~80%
confluency and subject serum starvation or etopside treatment (10 mM). Cells were then
trypsinized, washed three times in cold PBS, and fixed in cold 70% ethanol for 15 min at
—20 °C. Cells were then stained with 10 pg/ml propidium iodide (Molecular Probes) and 40
ug/ml RNase A (Sigma) in PBS for 20 min at room temperature. Cells were then washed
and resuspended in 1 ml of PBS and analyzed with a BD LSR Il flow cytometer system
(Becton Dickinson, Franklin Lakes, NJ). Figures were prepared from listmode data with the
use of DIVA v6.0 software and quantitation of the cell cycle profile was performed by curve
fitting with the use of the ModFitLT program (Becton Dickinson, Franklin Lakes NJ).

2.8. Generation of a PIk3 knock-out mouse and derivation of mouse embryo fibroblasts

In order to generate the Plk3 knock-out targeting construct, two fragments of PIk3 genomic
DNA were PCR amplified using Turbo-Taq polymerase. The first fragment covers the 5’
non translated region of the PIk3 gene and does not include the promoter region (2.2 kb).
This fragment was amplified using two primers containing the Kpnl sites in both ends. The
second fragment covers the 3" part of PIk3 genomic sequence spanning from exon 7 through
exon 14. The fragment was amplified using two primers containing BamH]I sites in both
ends. The two fragments were cloned into Kpnl and BamHI sites of PL452 targeting vector
flanking a floxed neomycin resistance gene. The construct was checked for orientation by
restriction mapping and for potential mutations introduced by PCR by sequencing.
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Integration of this construct in genomic DNA leads to replacement of the promoter region of
the genomic PIk3 as well as the first 6 exons, which encode the kinase domain of the PIk3
protein, with a neomycin resistance gene. The targeting construct was electroporated into ES
cells and mice (129/BS background) were generated by conventional methods. Mouse tails
were clipped and genomic DNA extracted and analyzed for gene targeting by Southern blot
and PCR. The heterozygous mice were crossed and MEFs were derived from E13.5
embryos. DNA and RNA extracted from those MEFs were checked for PIk3 gene
inactivation by Southern and Northern blots respectively.

Identification of phosphorylation sites of Cdc25A

Protein preparations of cdc25A captured by immuno-affinity methods and separated by
SDS-PAGE, were excised from the gel, digested with trypsin, and analyzed by MALDI-
TOF/TOF as described previously [49]. For those samples digested with chymotrypsin
(Promega), the method was the same as described for trypsin but with the addition of 10 mM
CaCl2 to the digestion buffer. MALDI-TOF mass spectra were collected in positive ion
reflector mode in 4-HCCA matrix on an MDS Analytical Technologies 4800 MALDI-
TOF/TOF instrument. For sequence confirmation and mapping sites of phosphorylation,
individual peptide masses detected in reflector ion mode were further subjected to isolation
and fragmentation in the MALDI-TOF/TOF instrument as described previously [49]. For
phosphopeptide enrichment, cdc25A preparations digested with chymotrypsin were captured
on TiO2 beads equilibrated in 80% acetonitrile, 1%TFA 1 M glycolic acid then eluted with
1% ammonium hydroxide as described previously [50]. The enriched phosphopeptides were
evaluated and sequenced by MALDI-TOF/TOF as described above. Samples of bovine alpha
casein (a standard phosphoprotein) digested with trypsin were used as a positive control for
TiO2 capture and elution.

3. Results

3.1.

PIk3 phosphorylates Cdc25A at discrete sites in vitro

The family of Cdc25 phosphatases regulates the progression of cells through the cell cycle
[35]. They in turn are regulated by phosphorylation that promotes their proteasome-mediated
degradation [36—39]. Subcellular localization of Cdc25C is partly controlled by PIk3-
mediated phosphorylation which helps target Cdc25C to the nucleus in late G2 where it
presumably is able to dephosphorylate Cdk1 and promote transit from G2 into mitosis[31].
To explore whether Cdc25A might also serve as a substrate for Plk3, recombinant Cdc25A
was incubated with recombinant PIk3 and y-[32P] ATP in an /n vitro kinase assay. As shown
in Fig. 1A, PIk3 phosphorylated the full-length Cdc25A similar to Cdc25C and Chk2, two
known substrates of Plk3. To better assess the site of PIk3 phosphorylation, a series of
overlapping GST-Cdc25A fragments were prepared and tested as substrates for in vitro PIk3
kinase activity, with a focus on the carboxy half of Cdc25A, which contains its catalytic
domain. Further analysis showed that PIk3 phosphorylates a fragment that extends from
residue 250 to 524 (Cdc25A-CT) but not a fragment that extends from 250 to 501 or from
250 to 508, indicating that the phosphorylated residues reside between 508 and the carboxy
terminus at 524 (Fig. 1B). There are two serines within this region which were mutated to a
non-phosphorylatable alanine. In contrast to the wildtype sequence, the singly mutated
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versions, S513A or S519A, were poor substrates for PIk3 phosphorylation (Fig. 1C)
indicating that these two residues are the PIk3 phosphorylation target sites. The location of
the two phosphorylation sites in Cdc25A is shown in Fig. 1D.

3.2. Mutation of phosphorylatable residues alter the stability of Cdc25A following IR

treatment

To test whether mutation of these serines has physiological consequences, cDNAs encoding
myc-tagged wildtype Cdc25A protein or mutant Cdc25A with serines 513 and 519
substituted with alanine or aspartate were transfected into HT1080 cells followed by
exposure to 10 Gy IR. Protein expression of the transfected constructs was detected in
unchallenged cells in all cases (Fig. 2). Following exposure to IR, however, wildtype
Cdc25A and the mutant Cdc25A proteins containing the phosphomimetic S513D and S519D
substitutions were rapidly degraded. The proteins with the non-phosphorylatable S513A and
S519A substitutions remained stable. After IR treatment, Cdc25A undergoes proteasome-
mediated degradation [36—39]. To determine whether or not the degradation of the aspartate-
substituted proteins is dependent upon proteasome function, transfected cells were treated
with 10 pM MG132, a proteasome inhibitor. Both wildtype and mutant variants were
stabilized following IR treatment in the presence of MG132 (Fig. 2) supporting the
contention that phosphorylation of serines 513 and 519 promotes proteasome-mediated
degradation of Cdc25A. In aggregate, these data suggest that Cdc25A is a substrate for PIk3
kinase activity /n7 vitro, that the target phosphorylation sites reside at the carboxy terminus of
Cdc25A, and that phosphorylation of these sites may contribute to proteasome-dependent
Cdc25A degradation after IR treatment.

3.3. Invivo assessment of S513 and S519 phosphorylation

Since serines 513 and 519 are phosphorylated /n vitro (Fig. 1), we sought to establish
whether these residues are also phosphorylated in cells after DNA damage. Since no
phosphospecific antibodies are available for these particular residues, the preferred approach
was to detect the phosphorylated forms of these serines by mass spectrometry. The approach
is somewhat problematic since phosphorylation of these residues, as well as other residues in
Cdc25A, triggers its degradation. In an attempt to circumvent this problem, cells were first
transfected with flag-tagged Cdc25A and treated with etoposide for 12 h or left untreated as
a control. In both cases, the proteasome inhibitor MG 132 was subsequently added for 4 h to
prevent Cdc25A degradation. These conditions were optimal for maximal Cdc25A
degradation and for its subsequent accumulation following proteasome inhibition
(Supplementary Fig. 1). Accumulated Cdc25A was immunoprecipitated using antibody to
Cdc25A and protein A/G beads, the immunoprecipitates subjected to SDS PAGE, the
separated proteins detected by Coomassie blue staining, and the bands eluted for
identification and determination of phosphorylated residues (Supplementary Fig. 2).

Digestion of the protein and isolation of peptides suitable for sequencing by mass
spectrometry and characterization of phosphorylation at serine 513 and 519 of cdc25A was
problematic due to the sequence context around residues 513 and 519 which produced
peptides that were either too small or hydrophilic for sequence mapping of both sites with
any single endopeptidase. Digestion of separate samples with trypsin and chymotrypsin
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produced a peptide corresponding to serine 519 (EMY SR, trypsin digestion) and serine 513
(AGEKSKREMY, chymotrypsin digestion) that could be isolated and sequenced
(Supplementary Figs. 3 and 4, respectively). There was, however, no evidence of
phosphorylation of serines 513 or 519 in either challenged or control samples. Neither was
there evidence of other serine residues being phosphorylated, including S82 and S88 which
by antibody staining are known to be phosphorylated after DNA damage [46]. The only
residue that was phosphorylated, both in control and challenged samples, was S178
(Supplementary Fig. 4), a CHK1 and CHK2 target (38). The S178 residue is phosphorylated
primarily during the G1 and S phases of the cell cycle, and is not dependent on presence of
DNA damage [38]. Detection of this phosphorylated serine indicates that the methodology
should be sufficient to identify phosphorylated amino acids, particularly after further
enrichment by TiO, capture [50]. The inability to detect phosphorylated S513 and S519, as
well as other residues known to be phosphorylated in response to DNA damage and detected
by immunocytochemistry, suggests a very low stoichiometry in the cell under the conditions
used that limit their detection by mass spectrometry. An alternative approach would be to co-
express tagged Cdc25A and P1k3 with and without challenge and to assess the
phosphorylation status of the ectopically expressed Cdc25A. Since overexpression of PIk3,
however, is toxic to the cells, this approach did not seem feasible.

3.4. Generation of a PIk3 knockout mouse

To further analyze the physiological role of Plk3 in development and in control of the cell
cycle, we have created and exploited a PIk3 knockout mouse that is homozygous for PIk3
null alleles. The murine PIk3 gene is about 12 kb in length and contains 14 exons. The
targeting strategy is depicted in Fig. 3A. The targeted allele lacks the PIk3 promoter and the
first six exons, which have been replaced with a neo marker. Southern blot analysis
confirmed correct targeting using genomic DNA extracted from both mouse tails and MEFs
(Fig. 3B). Northern blot analysis with RNA from wildtype, heterozygous and homozygous
knockout mice confirmed reduced levels of PIk3 mRNA in mice heterozygous at P/k3and
no detectable PIk3 mRNA in mice homozygous for the null allele (Fig. 3C). Western blots
with extracts from cells homozygous for the P1k3 knockout allele, using all available
commercial antibodies to PIk3, produced disturbing results. Every antibody tested displayed
bands at approximately the expected size, even though it was apparent that PIk3 mRNA was
absent (Fig. 3C). Further analysis demonstrated that the cross-reacting band is PI1k5, a newly
described polo-like kinase family member [15].

3.5. MEFs derived from PIk3~~ mice show cell cycle defects following release from serum

deprivation

A recent report argued that PIk3 protein is necessary for the G1/S transition [25]. Following
shRNA-mediated depletion of PIk3 from serum deprived cells, PIk3 appeared to be required
for cyclin E expression and entry into S phase after re-administration of serum. It was
suggested that PIk3 may regulate entry into S phase in part through interaction with Cdc25A
[25]. To examine this proposition, MEFs derived from embryos homozygous for the P/k3
null allele were examined for cell cycle distribution following release from serum starvation.
There was no obvious difference in cell cycle distribution between wildtype and Plk3-
deficient MEFs (Fig. 4, panels a and d). However, when cells were arrested by serum
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deprivation and then released by addition of serum for 24 h (panels b and e), there was a
clear accumulation of Plk3-deficient cells in G2/M compared with wildtype control. There
was also a clear polyploid population that appeared at 24 h. At 36 h post release from serum
starvation, the cell cycle had a more normal profile with fewer cells in G2/M and a smaller
polyploid population (panels ¢ and f). Given that PIk3 may play a role in mitosis,
accumulation of cells in G2/M and the increase in polyploid population may be the result of
a mitotic checkpoint activation due to a defect in spindle formation. The PIk3 protein
localizes to centrosomes or spindle pole bodies and undergoes significant subcellular
redistribution during the cell cycle. Deregulated activities of Plk3 often result in
abnormalities in centrosome duplication, maturation, and/or microtubule dynamics
(reviewed in Ref. [51]).

3.6. Thymocytes from Plk3-deficient mice have elevated levels of Cdc25A and a defective
G1/S checkpoint in response to DNA damage

3.7.

A predicted consequence of a lack of PIk3 activity is the stabilization and increased
abundance of Cdc25A. This outcome is suggested in part by the altered behavior of Cdc25A
in transfected cultured cells when the serine residues in Cdc25A that are phosphorylated by
PIk3 were substituted by alanine. This hypothesis was tested by comparing the status of
Cdc25A in cells from mice deficient in PIk3 and from mice with the wildtype allele. In
thymocytes from Plk3 deficient mice, Cdc25A was minimally diminished, if at all, following
treatment with etoposide, whereas Cdc25A degradation was clearly apparent after etoposide
treatment in thymocytes in mice with wildtype PIk3 (Fig. 5A). These data suggest that P1k3
facilitates proteasome-mediated degradation of Cdc25A following the introduction of DNA
damage, at least in some cell types such as thymocytes. To test whether the absence of PIk3
and consequent stabilization of Cdc25A translates into compromised cell cycle checkpoints
following DNA damage, thymocytes from wildtype and mutant mice were either treated
with etoposide or left untreated. Following etoposide treatment, the cell cycle distribution of
cells from PIk3~ mice was clearly perturbed with apparent retention of an intra-S phase
checkpoint. These data are consistent with our observation that Cdc25A protein in Plk3/~
cells is less susceptible to proteasome-mediated degradation after DNA damage compared
with wildtype cells, thereby allowing progression of cells from G1 into S phase (Fig. 5B).

Loss of PIk3 and stabilization of Cdc25A does not predispose mutant mice to a

significant increase in tumorigenesis.

The elevated abundance of Cdc25A due to its diminished proteasome-mediated degradation,
coupled with cell cycle perturbation and increased genomic instability, predicts a higher
incidence of spontaneous tumors in P/k3'~ mice. To test this prediction, mice heterozygous
and homozygous at P/k3, as well as their wildtype counterparts, were maintained for up to
two years and checked twice a week for palpable tumors. Around the 10th month (40 weeks)
of age, mice of all genotypes started developing tumors (Fig. 6A) involving several different
tissues. When analyzed regardless of gender, there was no statistically significant difference
in tumor incidence between the three genotypes (Fig. 6A and C). When analyzed solely by
gender, male mice had a higher incidence of tumors regardless of genotype and female
wildtype mice had a lower tumor incidence than their female heterozygous and homozygous
mutant counterparts. The fact that female mice deficient for PIk3 are slightly more prone to
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developing tumors than female wildtype mice suggests that spontaneous tumorigenesis in
these mice may be partly hormone dependent. Aging mice that lack PIk3 are reported to
have accelerated tumor development, larger tumor size, and more pronounced angiogenesis
than their wildtype littermates [29]. The differences observed between this study and the
previous study may be due to the difference in mouse strain background used in each case.

4. Discussion

Our understanding of the biology of Cdc25A and its functions is expanding from an
exclusive role as key regulator of the G4/S transition to broader roles in the cell cycle, with
essential functions in mitosis as well as in cellular responses to DNA damage. The
controlled degradation of Cdc25A in a cell cycle dependent manner, mainly in the S and G2
phases, as well as in response to DNA damage, is mediated by multiple phosphorylation
events. These phosphorylation events lead to SCFP-T"CP binding to Cdc25A and its
proteasome-mediated degradation in late G1 and S phase. During late G2 and exit from
mitosis, Cdc25A is degraded by the APC complex [36]. After DNA damage, Cdc25A is
phosphorylated by Chk1 on serine 76 or Chk2 on serine 123 and thereby primed for
subsequent phosphorylation by other kinases [36]. Several kinases including NEK11, GSK-
B, ERK and casein kinase 1 [45-47,52] are among the kinases recently implicated in the
phosphorylation within or proximal to the Cdc25A phosphodegron that binds SCFP-TrCP
which directs ubiquitinylation and degradation of Cdc25A [32,53].

Clearly, the regulation of Cdc25A degradation is complex since introduction of mutant non-
phosphorylatable Cdc25A proteins (S76A or S76/123A) is not sufficient to overcome the S
phase checkpoint [54], suggesting that other kinases or mechanisms, in addition to
phosphorylation by Chk1 and Chk2, may contribute to S phase checkpoint activation. Here
we present evidence that one such regulatory mechanism may be mediated by PIk3. We
show that PIk3 phosphorylates Cdc25A and regulates its stability. The role of PIk3 in the
DNA damage response is now well established. It is known that PIk3 is activated in response
to DNA damage, phosphorylating and activating key proteins in the DNA damage
checkpoint pathways, including p53 and Chk2 [27,28]. The site on p53 is serine 20, which is
the same site targeted by Chk2 [27]. The principal site on Chk2 is serine 73, which serves as
a priming phosphorylation that facilitates the activation phosphorylation by ATM on Chk2
threonine 68 [28]. Thus, these series of phosphorylation events constitute a regulatory circuit
involving Cdc25A, ATM and Chk2.

The data in the current report support a role for PIk3 in the controlled degradation of
Cdc25A in either the presence or absence of DNA damage. The Cdc25A protein is
phosphorylated by multiple kinases at multiple residues during the cell cycle and in response
to DNA damage. In the latter case, mutation of any one of the target serines or threonines
can interfere with its proteasome-mediated degradation, which may account, in part, for its
elevated level in many tumors [55]. The PIk3 kinase phosphorylates both the N-terminus
[45] and C-terminus of Cdc25A in vitro. The present study shows that PIk3 phosphorylates
two serine residues in positions 513 and 519 near the Carboxy terminus. Phosphomimetic
substitution of S513 and S519 with aspartates promotes IR-mediated Cdc25A proteolysis in
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asynchronous cells. In support of these results, we have also shown that Cdc25A is more
resistant to DNA damage-mediated degradation in Plk3-deficient thymocytes.

Consistent with a role for PIk3 in Cdc25A stability, serum-starved MEFs derived from PIk3-
deficient mice had a greater proportion of cells in S phase and mitosis than their wildtype
counterparts and displayed a polyploid population. The data suggest an accumulation of
Cdc25A in S phase, leading to unscheduled replication, a hallmark of proto-oncogene
overexpression [56]. This stabilization resulted in loss of the G1/S checkpoint and activation
of an intra-S checkpoint.

It is worth noting that serines 513 and 519 on Cdc25A that are phosphorylated by PIk3 are
adjacent to the cyclinB/cdk1 docking domain at residues K514 and R520. These residues are
important for Cdc25A/cyclinB/cdk1 complex interaction [38] and are in close proximity to
threonine 507, a Chk1 phosphorylation site involved in 14-3-3 binding [38]. Binding of
14-3-3 protein to this region appears to block Cdc25A from functionally interacting with the
cyclinB/cdk1 complex and probably with other cyclin/cdk complexes. One scenario for
regulatory phosphorylation is that PIk3 phosphorylates Cdc25A in concert with Chk1 to
allow subsequent binding of 14-3-3 that will interfere with Cdc25A interaction with
cyclin/cdk complexes during the G1 and S phases of the cell cycle. Modulation of such
interactions will be important in the “opening/closing” of Cdc25A protein and subsequent
binding and release of ubiquitin ligase, which targets Cdc25A for degradation (Fig. 7). The
precise involvement of each of the various players in the DNA damage response pathway,
however, and the mechanisms by which they interact to regulate controlled proteolysis of
Cdc25A following DNA damage, remain unclear.

A previous report has described a tumorigenic phenotype in PIk3 deficient mice in which the
PIk3 gene had been ablated in a manner very similar to that described here [29]. The absence
of tumors in the PIk3 knockout mice described in this report, therefore, is somewhat
disturbing. There are several explanations that may account for this discrepancy. Firstly, it is
not uncommon for mice with the same gene ablated, but of different strain backgrounds, to
display a different phenotype. Secondly, an animal’s phenotype can be affected by its
intestinal flora, and indirectly by its diet, dictating the propensity for developing tumors or
other disease [57,58]. Lastly, it is possible that other kinases within the Plk family may
compensate for the absence of PIk3 to reduce the risk of developing tumors. Although it is
apparent that under certain circumstances PIk3 deficient mice are at elevated risk for
developing tumors, it is clear that this is not always the case.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

PIk3 phosphorylates Cdc25A on serines 513 and 519 /n vitro. (A) GST fusion PIk3 protein
was expressed in bacteria and used to phosphorylate either Cdc25A or known substrates of
PIk3 (Cdc25C and Chk?2) in a kinase assay (KA). The amounts of used substrates were
checked by both Western blot (WB) and silver staining (SS). (B) Deletion mutants of
Cdc25A show that the phosphorylation sites are within the last 16 amino acids of Cdc25A
protein. (C) Mutation of S513 or S519 on Cdc25A abolishes PIk3 phosphorylation activity.
(D) A schematic representation of Cdc25A protein showing the location of the two
phosphorylated sites on the C-terminal part of the protein.
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Fig. 2.

M?Jtation of serines 513 or 519 to alanine in Cdc25A prevents proteasome-mediated
degradation following IR treatment. HT1080 cells were transfected with pCDNAS3 plasmid
control, pcDNA3-myc-Cdc25A-WT, and with each of the pcDNA3-myc-Cdc25A mutants or
left non-transfected (NT), and were subjected to IR treatment or left unchallenged. Cell
lysates were probed with antibody to Myc. An incubation control where cells were taken out
of the incubator while other cells were being treated with IR was also included. Beta-actin
was used as the loading control.
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Fig. 3.
Generation of a PIk3 knockout mouse. (A) A schematic representation of the targeting

construct. (B) The targeted clones were identified by Southern blot (tail and MEF
genotyping) and (C) Northern blot (MRNA expression).
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Defect in cell cycle distribution in cells deficient in PIk3 following serum deprivation and
release. Cells from wildtype mice and from mice lacking PIk3 were grown on regular
medium (a and d) or deprived of serum and subsequently released for 24 h (b and €) or 36 h
(c and f). Cell cycle distribution was analyzed by flow cytometry.
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Thymocytes derived from P/k3™'~ mice have a compromised G1/S checkpoint and are more
resistant to degradation of Cdc25A than wildtype cells following DNA damage. Thymocytes
derived from P/k3"* and PIk3 '~ mice were left untreated or subjected to treatment with
etoposide. (A) The Cdc25A level was analyzed by Western blot. (B) Cell cycle profile was

determined by flow cytometry.
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Fig. 6.

Development of spontaneous tumors in mice with wildtype and mutant P1k3. (A) Wildtype
mice and mice heterozygous and homozygous for P/k3were maintained for 24 months and
monitored for palpable tumors twice a week. Mice were killed when tumors reached 1.0 cm
in diameter or when mice appeared to be in distress or were found dead. In all cases,
necropsy with histology of representative organs was performed, and tumors and tumor
types were noted. (B) Comparison by gender of mice of each genotype that had developed
spontaneous tumors by 24 months of age. (C) Comparison by gender (upper panel) or
regardless of gender (lower panel) of mice of each genotype that had developed spontaneous
tumors by 24 months of age.
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Cyclin B

A model depicting the regulation of Cdc25A degradation by PIk3. PIk3 phosphorylates
serines 513 and 519 which are adjacent to the cyclinB/cdk1 docking site (K514 and R520).
This phosphorylation, together with Chk1 phosphorylation of T507 allows 14—-3-3 binding
and prevents cyclinB/cdk1 from binding to Cdc25A. 14-3-3 binding leads to an open
conformation of Cdc25A that allows binding of the ubiquitin ligase and subsequent

degradation of the protein.

Mutat Res. Author manuscript; available in PMC 2020 July 16.



	Abstract
	Introduction
	Materials and methods
	Plasmid construction
	Cell culture and transfection
	Cell lysis, Western blots and immunoprecipitation
	Expression and purification of GST fusion proteins
	In vitro kinase reactions
	Ionizing radiation treatment
	Cell cycle analysis
	Generation of a Plk3 knock-out mouse and derivation of mouse embryo fibroblasts
	Identification of phosphorylation sites of Cdc25A

	Results
	Plk3 phosphorylates Cdc25A at discrete sites in vitro
	Mutation of phosphorylatable residues alter the stability of Cdc25A following IR treatment
	In vivo assessment of S513 and S519 phosphorylation
	Generation of a Plk3 knockout mouse
	MEFs derived from Plk3−/− mice show cell cycle defects following release from serum deprivation
	Thymocytes from Plk3-deficient mice have elevated levels of Cdc25A and a defective G1/S checkpoint in response to DNA damage
	Loss of Plk3 and stabilization of Cdc25A does not predispose mutant mice to a significant increase in tumorigenesis.

	Discussion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.

