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Deregulation of normal cell cycle control is essential for malignant transformation. The Cdc25A
dual-specificity phosphatase promotes cell cycle progression by dephosphorylating and
activating the cyclin-dependent kinases. Cdc25A has oncogenic and anti-apoptotic activity and
is overexpressed in many human tumors. The mechanisms by which Cdc25A is overexpressed
in human cancer are unknown. Cdc25A protein levels are downregulated by cell cycle
checkpoints in response to genotoxic stress; cell cycle checkpoints are frequently compromised
in tumor cells. In addition, under normal physiologic conditions, the half-life of Cdc25A protein
is short. Alterations to physiologic Cdc25A regulatory mechanisms could be sufficient to result
in oncogenic overexpression of this cell cycle regulatory protein. ~ While Cdc25A
downregulation in response to genotoxic stress occurs through defined signal transduction
pathways, regulation of Cdc25A protein levels in non-stressed cells is poorly understood. The
purpose of this thesis was to examine the physiological regulation of Cdc25A protein levels in
human tumor cells. The goals of our studies were: 1) to investigate regulatory mechanisms of
Cdc25A protein levels in non-stressed human tumor cells; 2) to understand how Cdk2 kinase

activity regulates Cdc25A protein levels; and 3) to explore the mechanism by which Cdk2 kinase
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activity regulates Cdc25A protein turnover. The results of our studies revealed that Cdc25A
protein half-life in non-stressed interphase cells is regulated, in part, by Cdk2 kinase activity, and
that Cdk2 does not regulate Cdc25A turnover by affecting several known signal transduction
pathways that control Cdc25A protein stability. Recent reports on the role of ubiquitin ligases in
physiologic Cdc25A turnover have identified several phosphorylation sites that are necessary for
efficient Cdc25A recruitment to ubiquitin ligases. The kinase(s) responsible for phosphorylating
these serine residues remain to be identified, although Cdk2 could be one prime candidate.
While initial reports of the interactions between Cdc25A and Cdk2 focused on an auto-
amplification feedback loop that results in increased catalytic activity of both proteins, it now
appears that Cdk2 also regulates Cdc25A stability and plays an important role in regulating

Cdc25A protein levels during interphase progression.
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1. INTRODUCTION

1.1. GENERAL INTRODUCTION

Cancer is defined as the unregulated proliferation of previously normal cells that have
undergone specific alterations to their genomes, enabling them to acquire the necessary
capabilities to evade the homeostatic regulation of cell division, invade nearby tissues and
metastasize to distal sites in the body (1). Cancer is the second leading cause of mortality in the
United States, contributing to ~23% of all deaths in 2001'. Furthermore, half of all men and one
third of all women in the United States will develop cancer in their lifetime®. A central theme
of the efforts to control and eliminate cancer, the stated goal of the National Cancer Institute, is
to promote basic science research in an effort to better understand the fundamental biology of
cancer with the hope of generating novel therapeutic interventions that can be translated into
clinical treatments for cancer’. While human cancers posses numerous genotypic alterations that
can occur in any of the >100 different human tumor types, these mutations can be classified
according to six essential alterations in normal cellular processes that enable malignant cell

(13

growth. These processes are “...self-sufficiency in growth signals, insensitivity to growth-
inhibitory (antigrowth) signals, evasion of programmed cell death (apoptosis), limitless

replicative potential, sustained angiogenesis, and tissue invasion and metastasis (2).” To fully

understand how instability in the human genome contributes to the malignant phenotype, it is

" The American Cancer Society: Cancer Statistics 2004 (http://www.cancer.org)

? The American Cancer Society: Cancer Statistics 2004 (http://www.cancer.org)

* The National Cancer Institute: “The Nation’s Investment in Cancer Research: A Plan and Budget Proposal for
Fiscal Year 2004.” Prepared by the Director, National Cancer Institute



important to understand the fundamental underlying biological processes before they go awry.
The work presented herein is an effort to understand the biology of the cell division cycle and the
regulation of the cell division machinery. These studies were undertaken to provide insight on
the mechanisms leading to deregulation of the cell division machinery and to further the

understanding of how deregulated cell biology contributes to the development of cancer.

1.2. THE MAMMALIAN CELL DIVISION CYCLE

The mammalian cell division cycle, or cell cycle, consists of 2 major processes, namely
the replication of genetic material and the uniform segregation of this newly duplicated genetic
material into two daughter cells (3). Progression through the cell cycle occurs in response to the
activation of mitogenic signaling cascades, which results in the synthesis and activation of
proteins necessary for operation of the cell cycle machine (4). The cell cycle consists of four
distinct phases: G1, the first gap phase, during which the cell senses signals from its external
environment and commits to cell division; S, the DNA synthesis phase, during which the genome
is replicated; G2, the second gap phase, in which the cell can correct any errors in DNA
replication and prepare for cell division; and M, or mitosis, in which the cell physically divides
and segregates its identical copies of genetic material into two daughter cells (5, 6). Progress
from one phase of the cell cycle to the next requires movement through cell cycle transitions
between each cell cycle phase; the major catalysts of movement through cell cycle transitions are
the cyclin-dependent kinases (Cdks). The Cdks consist of a catalytic kinase subunit (the Cdk
itself) and a regulatory subunit known as a cyclin (4). Cdk activity is primarily regulated in a
temporal manner through the regulated expression of cognate cyclins, whose expression levels

oscillate with specific phases of the cell cycle (1). Cyclin D is expressed throughout the cell



cycle in response to mitogenic stimulation; cyclin E expression increases in late G1, peaks at the
G1/S transition, and decreases in S phase; cyclin A expression increases throughout S phase,
peaking in late G2 and decreasing before the G2/M transition; and cyclin B expression emerges
in late S and early G2 and peaks in mitosis (7). This expression pattern results in cell cycle
phase specific activity of various Cdks. The D-type cyclins associate with Cdk4 and Cdk6 in G1
to promote G1 progression and contribute to the activity necessary for the G1/S transition; E-
type cyclins associate with Cdk2 and also contribute to the GI1/S transition and S phase
progression; A-type cyclins associate with Cdk2 in S phase to promote S phase progression and
with Cdkl in late S phase and in G2 to promote progress through G2; and B-type cyclins
associate with Cdkl in late G2 and in mitosis to promote the G2/M transition and enable mitotic
progression (Figure 1.1) (1, 7). The Cdks, therefore, serve as the major promoters of progress
through the cell division cycle and, as such, are subject to precise regulation to ensure a proper

sequence of activation.

1.3. CDK REGULATION

As the driving force behind cell cycle progression, Cdk catalytic activity is constrained
by several layers of regulation: 1) association with cognate cyclins results in catalytic activation
of the Cdk kinase subunit; 2) Cdk activity is regulated both positively and negatively by
phosphorylation events; and 3) Cdk activity is negatively regulated by small protein Cdk
inhibitors (CDKI). Temporal regulation of cyclin expression results in precise timing of Cdk
activation; this is the primary mechanism regulating Cdk activation (7, 8). The Cdks are also
positively regulated by phosphorylation of a threonine (Thr) residue in the T loop, an extended

loop in the Cdk protein that impedes substrate binding in the absence of phosphorylation (8).
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Figure 1.1: Regulation of the Mammalian Cell Cycle by Cdks and Cdc25s.

Cdc25 DSPases promote mammalian cell cycle progression by dephosphorylating and

activating the Cdks. Solid arrows indicate activation by Cdc25 while — indicates inhibition.

Dotted arrows represent known feedback loops, either positive (+) or negative (—) as indicated.

It is unclear whether Cdk4/cyclin D is a bona fide substrate of Cdc25A.



Cdks are phosphorylated at this threonine residue (Thr 161 in Cdk1 and Thr 160 in Cdk2) by the
Cdk activating kinase (CAK) (Figure 1.2) (9). On the other hand, the Cdks are negatively
regulated by phosphorylation at Thr 14 and tyrosine (Tyr) 15 (in Cdkl and Cdk2) in the ATP-
binding domain of the Cdk, which prevents phosphorylation of its substrates (8). While
inhibitory phosphorylation in the ATP-binding site has been clearly defined for Cdk1 and Cdk2,
it is still unclear whether comparable negative regulatory phosphorylation plays a role in Cdk4
regulation, although several reports correlate decreased Cdk4 catalytic activity with increased
tyrosine phosphorylation of Cdk4 (10, 11). Cdk phosphorylation at Thr 14 and Tyr 15 is
catalyzed by Weel and Mytl protein kinases (Figure 1.2). Weel is a tyrosine-specific protein
kinase that localizes to the nucleus, whereas Mytl encodes a dual-specific protein kinase that
resides outside of the nucleus and localizes to the Endoplasmic Reticulum (ER) and Golgi
complex (12, 13). Cdk activity can also be inhibited by a family of proteins known as CDKlIs,

which bind to Cdk/cyclin complexes to inhibit their activity. The CDKIs comprise two families,

61NK4A p 1 51NK4B pl 81NK4 C 91NK4D

the INK4 family, consisting of pl , and pl , which selectively
target the G1 specific Cdk4/cyclin D and Cdké/cyclin D, and the Cip/Kip family, consisting of
p2171 p27%%" and p57%%?, which are more promiscuous Cdk inhibitors, inhibiting the activity
of multiple Cdks throughout the cell cycle (1, 14, 15). Full catalytic activation of the Cdks is
only achieved when the triply phosphorylated (Thr 14, Tyr 15, and Thr 161) Cdk/cyclin complex
is dephosphorylated at both Thr 14 and Tyr 15. Dephosphorylation of Cdks at these sites to
promote cell cycle progression is catalyzed by the activity of the Cdc25 dual-specificity

phosphatases (DSPases) (Figure 1.2).
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Figure 1.2: Cdk Activation by Cdc25 Phosphatases.

Mitogenic signaling promotes the activation of Cdc25 phosphatases to initiate cell cycle
progression. Cdc25s activate Cdks by removing inhibitory phosphorylations from threonine 14
and tyrosine 15 in the ATP binding domain of the kinase. Cdk activity requires threonine 161
phosphorylation by CAK. Growth inhibitory signals promote Cdc25 inactivation and inhibitory

Cdk phosphorylation catalyzed by Weel and Mytl kinases.



1.4. CDC25 PHOSPHATASES

cdc25 was first identified in S. pombe fission yeast as the 25" protein that influenced the
yeast cell division cycle (16). It was noted that upon mutation of cdc25, cells assumed the
opposite of a weel phenotype, namely that they failed to divide and grew to an enlarged state.
This suggested that cdc25 functioned antagonistically to weel, which was known to encode a
protein kinase that inhibited yeast cell division (16, 17). Several lines of evidence suggested that
cdc25 encoded a protein phosphatase: 1) phenotypic evidence that cdc25 was antagonistic to
weel, a known kinase; 2) phosphotyrosine content increased in cells lacking cdc25; 3) the
protein product of an additional cell cycle regulatory factor, cdc2, was tyrosine phosphorylated
to inhibit its activity; and 4) a tyrosine to phenylalanine mutation in cdc2 rendered yeast cells
resistant to disruption of cdc25 (17). Moreover, the cdc25 gene product demonstrated the ability
to dephosphorylate phosphotyrosine, phosphoserine and phosphothreonine residues in vitro (18).
Three human homologs of cdc25, Cdc25A, Cdc25B, and Cdc25C (Figure 1.3), were identified
using a degenerate oligonucleotide primer-based PCR cloning strategy and by genetic
complementation of a cdc25" temperature-sensitive yeast strain (19-21). While all three human
homologs successfully complemented the cdc25” temperature-sensitive yeast mutant, we now
know that their expression is cell cycle specific in mammalian cells: Cdc25C mRNA is
predominantly expressed in G2 and M phase, Cdc25B mRNA is expressed throughout the cell
cycle and is elevated in G2, and Cdc25A mRNA is also expressed throughout the cell cycle, with

peak expression during late G1 and S phases (20-22).
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Figure 1.3: Mammalian Cdc25 Phosphatases.

The mammalian Cdc25A, Cdc25B, and Cdc25C phosphatases are encoded by three
distinct genes and have specific roles in cell cycle regulation. They comprise an amino terminal
domain, which serves a regulatory role and is the site of multiple phosphorylations, and a
carboxy terminal domain, marked by a conserved -L-I-G-D- motif. The carboxy terminal
domain contains the canonical PTPase active site motif -H-C-Xs-R- (where X is any amino acid).
Single letter amino acid abbreviations are used. Demarkated sequences in Cdc25B and Cdc25C
identify 14-3-3 binding sites (serine phosphorylation site underlined) that facilitate checkpoint-
mediated cytoplasmic sequestration by interfering with the proximal NLS (NLS sequences are
indicated with asterisks). NES sequences are indicated with triangles and the catalytic cysteine
is marked by larger font. Cdc25A phosphorylation sites and 14-3-3 interactions are detailed in

Figure 5.1.



1.4.1. MAMMALIAN CDC25 DUAL-SPECIFICITY PHOSPHATASES

The three human Cdc25 isoforms, while sharing functional and sequence homology, are
encoded by distinct genes that localize to different chromosomes: Cdc25A is found on 3p21,
Cdc25B on 20p13, and Cdc25C on 5q31. The human Cdc25 family is further complicated by
splicing to generate multiple variants of each isoform: 2 for Cdc25A, 5 for Cdc25B and 5 for
Cdc25C (23, 24). While the function of the Cdc25 splice variants remains unknown, it has been
speculated that the Cdc25A and Cdc25C splice variants may have different roles in different cell
lines or may differ in their cell cycle phase distribution. Furthermore, alternative splicing may
eliminate specific consensus phosphorylation sites, potentially subjecting the different splice
variants to differential regulation; deletion of such phosphorylation motifs decreases Cdc25B
phosphatase activity, and Cdc25C activity has been reported to increase following
phosphorylation (24-27). Of the Cdc25B splice variants, only 2 of the 5 seem to be
predominantly expressed in mammalian cells: Cdc25B2 and Cdc25B3 (23).

At the protein level, Cdc25 DSPases are structurally divided into two major domains: a
highly conserved carboxy terminal domain, which is delineated by a conserved -L-I-G-D- motif
and comprises approximately 30% of the protein, and an amino terminal domain, which varies in
length and shares little homology between the three human isoforms (Figure 1.3) (28). The
Cdc25 catalytic site, with the canonical PTPase active site motif -H-C-Xs-R- (where X is any
amino acid), resides in the carboxy terminal domain (29). In mammalian cells, the Cdc25
phosphatases function as dual-specificity phosphatases, a protein tyrosine phosphatase (PTPase)
sub-class uniquely able to hydrolyze phosphate ester bonds on both a tyrosine and either a serine

or threonine located in the same protein substrate (30). While the canonical PTPase active site is



typically a deep ~9 A cleft, the DSPase active site is a shallow ~6 A cleft; the more shallow
nature of the DSPase active site is presumably necessary to enable DSPases to dephosphorylate
both the less extended phosphoserine and phosphothreonine motifs as well as the more extended
phosphotyrosine motif (30-32). Like the PTPases, DSPases employ a two-step catalytic
mechanism to dephosphorylate their protein substrates (Figure 1.4). This mechanism involves
formation of a transient phospho-enzyme intermediate by transferring the phosphate from the
substrate amino acid to the DSPase catalytic cysteine residue. The dephosphorylated substrate is
then expelled from the active site following protonation of the tyrosine phenolic oxygen by an
acidic amino acid residue; phosphoserine/phosphothreonine hydrolysis is catalyzed by the same
active site and is believed to proceed via a similar mechanism (30, 33-35). The active
phosphatase is regenerated when a basic amino acid residue activates a proximal water molecule,
allowing hydrolysis of the phospho-enzyme intermediate and resulting in the release of inorganic
phosphate (30, 36). It is not clear, however, whether the Cdc25 DSPases employ a general acid
in their catalytic mechanism, as an amino acid functioning as the catalytic acid has not been
convincingly identified and may even reside on the protein substrate (37-40). While the carboxy
terminal domain of the Cdc25 DSPases houses the enzyme’s catalytic machinery, the amino
terminus is thought to be the major regulatory region of the protein, containing multiple
phosphorylation sites that may positively or negatively regulate Cdc25 activity (28, 41-43).

The crystal structures for the Cdc25A and Cdc25B catalytic domains have been reported
at 2.3 A and 1.9 A resolutions, respectively, but no crystal structure for a full length Cdc25
protein is available. Both phosphatases contain the canonical -H-C-Xs-R- PTPase catalytic site
motif nestled in the P-loop structural motif, a characteristic of all tyrosine phosphatases (36, 38,

44). While the overall structures of the catalytic domains of the two Cdc25 phosphatases are
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Figure 1.4: Catalytic Mechanism of Cdc25 Phosphatases.

Cdc25 phosphatases employ the general PTPase catalytic mechanism to dephosphorylate
protein substrates. In a two step mechanism, the phosphate from a phosphoamino acid substrate
is transferred to the catalytic cysteine to form a phospho-enzyme intermediate. The
dephosphorylated substrate is then expelled from the active site by protonation of the tyrosine
phenolic oxygen (Panel A). Phosphoserine/phosphothreonine hydrolysis is catalyzed by the
same active site and is believed to proceed via a similar mechanism. The active phosphatase is
regenerated by means of a proximal water molecule that hydrolyzes the phospho-enzyme
intermediate, facilitating release of inorganic phosphate (Panel B) (33). The catalytic cysteine in
Cdc25A is cysteine 430 and a residue with the potential to function as the catalytic acid is
glutamic acid 431, although the requirements for a catalytic acid in the dephosphorylation

mechanism employed by the Cdc25s is still a matter of debate (33, 37-40, 44).
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similar, Cdc25A failed to bind oxyanions in its catalytic site, whereas Cdc25B readily bound
tungstate and sulfate in its catalytic site in a mode akin to other PTP- and DSPases (44). This
may stem from the more shallow nature of the Cdc25A active site when compared to the active
site architecture of Cdc25B, which is more reminiscent of other DSPases active sites; the
Cdc25A catalytic domain also lacks any loops proximal to the active site that may facilitate
substrate binding (38, 44). A comparison of the two crystal structures also revealed that the C-
terminal tail of Cdc25B folds back upon its active site, whereas the C-terminal tail of Cdc25A is
directed away from the active site cleft, resulting in a more open structure (44). These structural
data lend credence to biochemical data arguing that the final 17 carboxy terminal residues of
Cdc25B function to confer its substrate specificity and the reports in the literature suggesting a
higher degree of promiscuity for Cdc25A substrate selection (45-48). Interestingly, while
Cdc25A has been functionally compared to other PTP- and DSPases because of its canonical -H-
C-Xs-R- motif in its active site, it unexpectedly shares topology with the bacterial sulfur
transferase protein rhodanese; the significance of this homology is unclear, but suggests that the
two enzyme families may share a common evolutionary origin (38, 49). In contrast, Cdc25B

compares more favorably with other PTP- and DSPases (44).

1.4.2. CELL CYCLE CONTROL BY CDC25 PHOSPHATASES

The roles for Cdc25A, Cdc25B, and Cdc25C in different phases of the cell cycle have
been well studied. Because Cdc25C is the human Cdc25 isoform most homologous to yeast and
Xenopus Cdc25, most investigators believe that it functions primarily in mitosis and catalyzes
mitotic progression by activating Cdkl/cyclin B (18, 50-52). Microinjection of antibodies

against Cdc25C into HeLa cells blocked entry into mitosis, substantiating this hypothesis (53).
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However, Cdc25C may also be involved in regulating DNA synthesis, as Cdc25C phosphatase
activity was detected in S phase cell extracts and downregulation of Cdc25C was accompanied
by S phase inhibition (54). A potential role for Cdc25C in S phase, however, remains unknown.
Since Cdc25B also activates Cdk1/cyclin B, it was initially believed to be functionally redundant
to Cdc25C; microinjection of Cdc25B antibodies also inhibited entry into mitosis (55, 56).
However, Cdc25B and Cdc25C activity appear to be separated temporally, with Cdc25B activity
peaking prior to that of Cdc25C. Cdc25B has been identified as the “mitotic trigger”, activating
a pool of Cdk1/cyclin B to promote the onset of mitosis (55, 57-62). Moreover, Cdc25B can also
activate Cdk2/cyclin A in S phase and Cdkl/cyclin A in G2 (25, 63, 64). The primary function
attributed to Cdc25A was promoting the G1/S cell cycle transition and S phase progression
(Figure 1.1). The original Cdk substrate identified for Cdc25A was Cdk2/cyclin E,
overexpression of Cdc25A accelerated S phase entry with premature Cdk2 activation, and
microinjection of Cdc25A antibodies prevented S phase entry in cells induced by serum
stimulation (22, 65, 66). However, Cdc25A protein levels and activity remain elevated past S
phase and increase as cells enter mitosis (67); in fact, Cdk1/cyclin B phosphorylates Cdc25A and
increases its stability in mitotic cell populations (68). While the precise function of Cdc25A in
G2 and mitosis remains unclear, Cdc25A appears to be rate limiting for the G2/M transition and
mitotic progression by regulating Cdkl/cyclin B activity (Figure 1.5) (67-70). This should not
come as a complete surprise because, when Cdc25A was first identified, it was found to
associate with cyclin B and Cdk1 and was hypothesized to function in mitosis (19). As Cdc25A
is expressed and active for all the major cell cycle transitions, targeted deletion of Cdc25B or
Cdc25C would be predicted to have no significant impact on cell cycle progression. In fact,

mouse embryonic fibroblasts (MEFs) harvested from mice with targeted deletions of Cdc25B or
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Figure 1.5: Cdc25A Promotes Mammalian Cell Cycle Progression.
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Targeted deletion of Cdc25B and Cdc25C and recent studies revealing G2 and mitotic
roles for Cdc25A suggest that Cdc25A can promote progression through all cell cycle transitions
(see text for details). Solid arrows indicate activation by Cdc25 and dotted arrows represent
known positive (+) or negative (—) feedback loops. It is unclear whether Cdk4/cyclin D is a bona

fide substrate of Cdc25A in cells.



Cdc25C have normal cell cycle profiles when compared to wild type MEFs, suggesting a

dominant role for Cdc25A in cell cycle control (71, 72).

1.43. CDC25S AS TARGETS OF CELL CYCLE CHECKPOINTS

The function of the cell cycle is to faithfully replicate (S phase) and separate (M phase)
the genome into two identical daughter cells (1). To that end, cells possess highly evolved
checkpoint mechanisms to terminate cell cycle progression in an effort to ensure high fidelity
DNA replication and distribution (73). As the major promoters of Cdk activation and cell cycle
progression, Cdc25 phosphatases are targets of cell cycle checkpoints. Cdc25s were first
implicated in the yeast DNA damage checkpoint, which was characterized by increased Cdc2
Tyr 15 phosphorylation (Cdc2 is equivalent to Cdkl in mammalian cells), implying Cdc25
inhibition (74). In response to DNA damage, Chkl phosphorylated Cdc25, promoting 14-3-3
binding, nuclear exclusion and functional Cdc25 inactivation; 14-3-3 proteins bind specifically to
phosphoserine motifs in signal transduction and cell cycle regulatory proteins and can affect the
subcellular localization of target proteins (75, 76). Inhibition of Cdc25 phosphatases at cell cycle
checkpoints is a conserved phenomenon from yeast to mammals and these checkpoints are
activated in response to diverse stimuli (76-81). While Cdc25B and Cdc25C are targets of the
G2/M cell cycle checkpoint, Cdc25A is targeted by all the major cell cycle checkpoints,
reinforcing findings from the Cdc25B and Cdc25C knockout mouse studies that Cdc25A plays a
major regulatory role in mammalian cell cycle progression (68, 71, 72, 82-90). Nevertheless,
Cdc25B and Cdc25C must functionally contribute to cell cycle progression, as they are

inactivated in cell cycle checkpoints by Chk1-, Chk2-, and p38 mitogen-activated protein kinase
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Figure 1.6: Cdc25B and Cdc25C are inactivated by Cell Cycle Checkpoints.

Cdc25B and Cdc25C are targets of cell cycle checkpoints, resulting in their inactivation

by 14-3-3 binding and cytoplasmic sequestration (see text for details).



(MAPK)-mediated phosphorylation and cytoplasmic sequestration by 14-3-3 proteins;
incidentally, these phosphorylation sites are localized to the amino termini of Cdc25B and
Cdc25C (see section 1.4.1) (Figure 1.6) (23, 41, 91-94). Cdc25B and Cdc25C inactivation by
cytoplasmic sequestration occurs as a result of 14-3-3-dependent obstruction of their nuclear
localization signals (NLS), blocking nuclear entry (79, 80, 92-96). In addition, there is some
evidence that phosphorylation of Cdc25 by Chkl results in decreased Cdc25 phosphatase
activity, independent of 14-3-3 (78). The cell cycle checkpoints targeting Cdc25A are
independent of 14-3-3 and involve proteolytic degradation (Figure 1.7). Cdc25A does not
appear to have validated NLS or NES consensus sequences, and its subcellular localization is a
matter of debate, as Cdc25A has been reported to localize in the nucleus, the cytoplasm and the
plasma membrane and to interact with proteins that reside in each of these cellular compartments
(42, 45, 48, 66, 97-100). Following any number of genotoxic stresses, including DNA damaging
chemotherapeutics, UV or IR irradiation, oxidative stress, or disruption of DNA synthesis, cells
enact p53-independent cell cycle checkpoint programs that lead to rapid ubiquitin-mediated
proteolysis of Cdc25A at the G1/S, intra-S and G2/M checkpoints (67, 68, 82-90). These p53-
independent checkpoints serve as a rapid response to genetic insults; p53-dependent checkpoints
can then be enacted to maintain cell cycle arrest, if necessary, to preserve genomic integrity (87).
Phosphorylation of Cdc25A at Ser 123 was found to be necessary for promoting Cdc25A
ubiquitination in response to genotoxic stress (84). It is now apparent, however, that Cdc25A is
phosphorylated at a number of additional amino terminal serine residues, including Ser 75, and
that Cdc25A ubiquitination and proteolytic degradation in response to cell cycle checkpoints is
the result of a complicated and poorly understood interaction between multiple phosphorylation

sites and effector proteins (discussed in detail in Chapter 5). Because of its critical role in
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Figure 1.7: Cell Cycle Checkpoints Target Cdc25A for Proteolytic Degradation.

Following DNA damage and other genotoxic stresses, Cdc25A is phosphorylated by
checkpoint kinases, resulting in poly-ubiquitination, proteolytic processing and irreversible

Cdc25A inactivation (see text for details). Dotted lines represent degraded protein.
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promoting all the major cell cycle transitions, it is not surprising that the cell possesses precise
regulatory mechanisms targeting Cdc25A for destruction to arrest the cell cycle and maintain

genomic integrity.

1.44. CDC25A IS A COMPONENT OF MULTIPLE SIGNALING PATHWAYS

In addition to its critical role in regulating cell cycle progression by dephosphorylating
the Cdks, Cdc25A has been implicated in several signaling pathways that mediate cell growth
and cell survival (Figure 1.8). Growth factor stimulation of cells initiates signal transduction
cascades that culminate in activation of the cell cycle machinery. This signaling paradigm relies
on a functional connection between mitogenic signal transduction pathways and cell cycle
proteins. Such a connection exists between the MAPK signaling cascade and Cdc25A (Figure
1.8). Cdc25A interacts with Rafl, a mitogen-activated protein kinase kinase kinase that
transmits signals from growth factor receptors to effector MAPKSs, such as extracellular
regulated kinase (Erk). Rafl co-precipitated with Cdc25A and co-localized with Cdc25A at the
cellular level in immunofluorescence microscopy studies, and Rafl was shown to phosphorylate
Cdc25A, leading to increased Cdc25A catalytic activity (98). This provided a clear link between
mitogenic stimulation and the cell cycle, as Rafl is activated in response to mitogenic
stimulation and Cdc25A promotes cell cycle progression. This functional relationship, however,
appears to exist in an equilibrium, as Cdc25A also dephosphorylated Rafl at phosphotyrosine
residues, downregulating Rafl kinase activity and attenuating mitogenic signaling through the
MAPK signaling pathway (48). This functional interaction provides the cell with a mechanism
for terminating mitogenic signaling once the threshold for activating cell cycle progression has

been crossed; while transient mitogenic stimuli are clearly necessary to promote cell growth,
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Figure 1.8: Cdc25A Regulates Multiple Signaling Pathways.

Cdc25A plays an important role in multiple signal transduction pathways. Cdc25A
downregulates mitogenic signaling by dephosphorylating Rafl and the EGFR, promotes cell
cycle progression by activating multiple Cdk complexes, upregulates hormone-responsive gene
expression by acting as a cofactor for steroid hormone receptors, and downregulates apoptotic

stimuli by blocking Ask1 dimerization, which is required for Askl activation.
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prolonged mitogenic stimulation can have deleterious effects on cells (101-104). Cdc25A can
also serve as an epidermal growth factor receptor (EGFR) phosphatase. By dephosphorylating
and inactivating the EGFR, Cdc25A further contributes to the regulatory feedback mechanism
that downregulates mitogenic signaling following initiation of the cell cycle (Figure 1.8) (45).
The redundant nature of feedback regulation between the cell cycle and mitogenesis emphasizes
the importance of maintaining these two processes in balance. Moreover, Cdc25A is a
component of cytokine-mediated mitogenic signaling pathways that involve Piml. Piml is an
oncogenic serine/threonine protein kinase whose expression is rapidly upregulated following
cytokine stimulation and is required for cytokine-mediated cell proliferation (105). Cdc25A lies
downstream of Piml, and phosphorylation of Cdc25A by Piml results in increased Cdc25A
phosphatase activity (99). Furthermore, proliferation in response to cytokines is impaired in
piml-deficient cells, implying that activation of Cdc25A by Piml is necessary for cytokine-
mediated initiation of cell proliferation (106, 107). Therefore, Cdc25A activation is a
culminating point for mitogenic signaling pathways that result in initiation of cell cycle
progression.

Cell proliferation depends on timely and faithful gene expression in response to
environmental stimuli. In addition to growth factor-mediated gene expression, cell proliferation
can be promoted in response to steroid hormone stimulation. Steroid hormone stimulation
results in sequence specific binding of steroid hormone receptors to palindromic response
elements, recruitment of coactivators and transcription factors, and transcription of steroid
hormone-responsive genes (108, 109). Cdc25A can function as a steroid receptor coactivator in
a hormone-dependent manner, leading to increased expression of steroid hormone-responsive

genes (Figure 1.8); Cdc25A can also enhance hormone-independent steroid receptor
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transactivation, albeit modestly, presumably as a result of enhancing ligand-independent steroid
receptor activation (110). Cdc25A is believed to affect steroid receptor activity by a mechanism
similar to that of Cdc25B, which promotes steroid receptor transactivation through protein-
protein interactions independent of Cdc25 phosphatase activity (110). By enhancing expression
of proliferation-promoting genes through its ability to function as a steroid receptor coactivator,
in addition to is ability to mediate activation of the cell cycle following mitogenic stimulation,
Cdc25A bridges growth-inducing stimuli to the cell cycle.

Cdc25A also participates in the cellular response to stress. Cells have complex signaling
mechanisms that trigger apoptosis in response to DNA damage, environmental stresses and
changes in reduction-oxidation (redox) potential, which involve signaling cascades culminating
in stress-responsive gene activation (111, 112). Apoptosis signal-regulating kinase 1 (Askl) is
an upstream kinase in the signal transduction cascade activated by multiple stress-induced
signals that culminates in activation of the stress-responsive MAPKs, p38 and SAPK/INK,
resulting in execution of cellular apoptosis (113, 114). Critical to the activation of Askl is its
ability to homo-oligomerize; inhibition of Askl homo-oligomerization is a mechanism by which
cells avoid unscheduled apoptotic signaling (115-119). Cdc25A promotes cell survival by
inhibiting Ask1 activity and activation of signaling pathways downstream of Askl that culminate
in initiation of the apoptotic program (Figure 1.8) (120). Interestingly, Cdc25A-mediated
inhibition of Askl is independent of its phosphatase activity; the carboxy terminal domain of
Cdc25A, whether proficient or deficient in phosphatase activity, as a result of mutation of the
catalytic cysteine, interacted with the carboxy terminal domain of Askl and prevents Askl
homo-oligomerization (120). Furthermore, this interaction in cells suppressed apoptosis

following oxidative stress, validating this role for Cdc25A in cell survival (120). Therefore,
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Cdc25A not only plays a critical role in promoting cell cycle progression but also provides a link
between external growth stimuli and cell cycle activation and contributes to cell survival. The
multitude of biological processes involving Cdc25A require that it is precisely regulated and
suggest that loss of this regulation can result in aberrant cell cycle progression in the absence of

external stimuli and inappropriate cell survival, hallmarks of malignant transformation.

1.45.  ROLE IN MALIGNANCY

Deregulation of cell cycle control is an essential alteration to cell biology typical of
malignant transformation (2). Accelerated cell cycle progression in tumor cells can be promoted
through multiple mechanisms, including loss of tumor suppressor genes, such as the
Retinoblastoma gene (Rb) and p53, whose physiological function is to regulate cell cycle
progression, or through amplification or gain-of-function mutations of proto-oncogenes, whose
normal physiological role is to promote and relay growth signals from the cell surface to the
nucleus. It is therefore not surprising that deregulated expression of Cdc25A can promote
malignant transformation. Indeed, Cdc25A has been reported to have oncogenic properties,
transforming normal mouse embryonic fibroblasts in cooperation with an activated isoform of
Ras (Ha-Ras®?") or in an Rb™~ background (121). Overexpression of Cdc25A has been
documented in numerous human cancers, including breast cancer, colorectal carcinoma,
esophageal squamous cell carcinoma, gastric carcinoma, hepatocellular carcinoma, ovarian
cancer, squamous cell carcinoma of the head and neck, non-small cell lung cancer, non-
Hodgkin’s lymphoma and thyroid neoplasms (121-136). Cdc25A overexpression in tumors is
most likely due to the deregulation of multiple processes, as increased Cdc25A expression has

been documented in human cancers at both the mRNA and protein levels; the chromosomal
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location of Cdc25A maps near an area frequently involved in karyotypic abnormalities in renal
carcinomas, small cell lung carcinomas and benign salivary gland tumors (65, 137).
Furthermore, Cdc25A overexpression has been associated with a poor prognosis and decreased
survival in multiple tumor types.

Several hypotheses exist to explain the oncogenic potential of Cdc25A, based on its
regulatory roles in the cell cycle and its involvement in multiple cellular processes. The
proliferation of normal human cells is constrained by a phenomenon known as senescence,
which limits the number of population doublings to a finite number (138). This constraint to
replicative potential may serve as a tumor suppression mechanism; immortal cells that are
immune to senescent arrest have an increased potential to accumulate genetic errors and progress
to the malignant stage (139). Senescent human mammary epithelial cells are arrested in G1, in
part due to downregulation of Cdc25A, which contributes to Cdk2/cyclin E inhibition (66, 140).
Overexpression of Cdc25A in senescent mammary epithelial cells might enable escape from
senescent arrest to an inappropriate proliferative state, contributing to malignant progression.
This hypothesis is supported by the observation that elimination of Cdc25A expression by
antisense oligonucleotides resulted in decreased Cdk2 activity and inhibition of S-phase
progression in MCF-7 breast cancer cells (124). Cdc25A may also exert its oncogenic potential
by affecting the MAPK signaling cascade (Figure 1.8) (45, 48, 98, 104). Cdc25A activation by
Rafl promotes cell cycle activation and Cdc25A quenches mitogenic signaling by
dephosphorylating and inactivating Rafl and EGFR. (45, 48, 97, 98). This may, in fact, serve as
a common mechanism for multiple mitogenic signaling pathways that culminate in initiation of
the cell cycle. Since constitutive activation of the MAPK cascade has been reported to have

cytostatic and cytotoxic effects, overexpression of Cdc25A to downregulate MAPK activity may
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be functionally significant in cells transformed by upstream components of the MAPK signal
transduction cascade, enabling them to escape the lethal consequences of constitutive MAPK
signaling (101-104).  Therefore, deregulated Cdc25A expression accelerates cell cycle
progression, contributing to malignant transformation, but may also protect transformed cells
from the toxic effects of constitutive mitogenic stimulation by downregulation of MAPK
signaling.

Cdc25A may also contribute to oncogenic transformation by decreasing cellular
responsiveness to genotoxic stress via downregulation of the pro-apoptotic signaling kinase
Askl. Cdc25A inhibits Askl activation by a non-catalytic, protein-protein interaction
mechanism that prevents Askl dimerization, a necessary event for Askl activation (Figure 1.8)
(120). Therefore, tumor cells overexpressing Cdc25A may become refractory to apoptotic
stimuli as a result of Cdc25A/Ask]1 hetero-dimer formation competing with the formation of
Ask1/Askl homo-dimers, leading to loss of Askl apoptotic signaling and the acquisition of a
selective growth advantage (120). Overexpression of Cdc25A can also provide a growth
advantage through resistance to cell cycle checkpoints, enabling cell cycle progression in the
presence of compromised genetic material that would otherwise result in cell cycle arrest.
Because Cdc25A is a central target of cell cycle checkpoints enacted in response to genetic
insults (Figure 1.7), cells overexpressing Cdc25A will circumvent anti-growth signals in
response to DNA damage, proceed with genomic replication under compromised conditions, and
progress through the cell cycle with damaged or altered DNA. In fact, in cells engineered for
inducible Cdc25A expression, overexpression of Cdc25A to levels that saturated the cellular
capacity for proteolytic Cdc25A degradation resulted in loss of cell cycle checkpoint capacities

(84, 87). These results support the hypothesis that cells overexpressing Cdc25A are more prone

27



to propagating genetic abnormalities and acquiring a growth advantage (84, 87). Because of its
oncogenic potential and the multiple pathways by which Cdc25A can contribute to the malignant
phenotype, cells possess multiple regulatory mechanisms to control homeostatic Cdc25A

expression.

1.4.6. BIOCHEMICAL REGULATION OF CDC25A

Under normal physiological conditions, Cdc25A expression is subject to tight regulation
at both the transcriptional and post-translational levels. Transcription of Cdc25A mRNA is
regulated by E2F and c-Myc transcription factors and seems to be cell cycle dependent, with
Cdc25A mRNA expression peaking in late G1 and S phase, consistent with its role in promoting
the G1/S transition (22, 66, 141-144). Cdc25A mRNA expression can also be transactivated by
the high-risk human papillomavirus (HPV) E7 oncoprotein (87, 144, 145). Furthermore,
Cdc25A mRNA expression is downregulated by an E2F4/p130/histone deacetylase 1 (HDACI)-
dependent mechanism in response to transforming growth factor-beta (TGF-B), which
contributes to inhibition of Cdk activity and cell cycle arrest (146, 147). In addition to
transcriptionally-mediated regulatory mechanisms, Cdc25A protein levels are tightly controlled
by post-translational phosphorylation, predominantly in the amino terminus (discussed in detail
in Chapter 5; see Table 5.1 and Figure 5.1). The reported phosphorylation sites predominantly
target Cdc25A for ubiquitin-mediated proteolysis through a complex and poorly understood
mechanism. While Cdc25A is phosphorylated by Chkl, Chk2 and p38 MAPK in response to
cell cycle checkpoints to target it for destruction by the proteasome, it is now known that rapid
proteolytic Cdc25A degradation is not restricted to the cell cycle checkpoint responses (67, 68,

84-87). In fact, ubiquitin-mediated Cdc25A proteolysis appears to be the predominant
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mechanism for maintaining physiologic Cdc25A protein levels, and Cdc25A is a highly labile
protein throughout interphase (70). Only as cells approach and enter mitosis does Cdc25A
stability increase, as Cdc25A is rate-limiting for the G2/M transition and mitotic progression;
mitotic stabilization of Cdc25A has been attributed to phosphorylation by Cdk1/cyclin B, which
seems to uncouple Cdc25A from its ubiquitin-proteasome degradation pathway (68). Cdc25A
catalytic activity can also be modified by phosphorylation; while these phosphorylation sites are
presumed to be in the amino terminal regulatory domain, they have not yet been identified.
Cdc25A activity is upregulated following phosphorylation by Cdk2/cyclin E, Rafl and Piml
kinases (see section 1.4.4.) (66, 98, 99). These phosphorylation events enable the cell to control
Cdc25A activity and promote cell cycle progression in response to appropriate mitogenic stimuli.
The phosphorylation status of Cdc25A has also been reported to affect its association with 14-3-
3 proteins. While 14-3-3 association with Cdc25B and Cdc25C enforces cytoplasmic
sequestration in cell cycle checkpoints (Figure 1.6), 14-3-3 association with Cdc25A has not
been reported to affect Cdc25A subcellular localization but to prevent Cdc25A association with
cyclin B. Phosphorylation of Cdc25A by Chkl promotes 14-3-3 binding to prevent premature
activation of Cdk1/cyclin B and inappropriate mitotic division, thus preserving genomic integrity
(69). 14-3-3 has also been hypothesized to facilitate Cdc25A interactions with Rafl, though the
details of this interaction are unknown; formation of a Cdc25A/14-3-3/Rafl complex may be
important for facilitating Cdc25A activation by Rafl to translate mitogenic signals to the cell
cycle machinery (48, 97). Cdc25A activity can also be negatively regulated by p21. Cdc25A
has a cyclin binding motif in its amino terminus that favors cyclin E and cyclin A binding; this
motif is similar to the cyclin binding motif of p21. p21 inhibits Cdc25A activity by competing

for a common binding site in the cyclin subunit of Cdk2/cyclin E or Cdk2/cyclin A, thus
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preventing Cdc25A from dephosphorylating and activating Cdk2 (148). Because of its roles in
multiple signaling pathways and the deleterious consequences of its deregulated expression,
Cdc25A is subject to precise regulatory mechanisms to ensure the faithful execution of normal

cell processes.

1.5. STATEMENT OF PROBLEM AND HYPOTHESIS

While Cdc25A is rapidly degraded by cell cycle checkpoints following genotoxic stress,
Cdc25A is also a highly labile protein throughout interphase (70). Overexpression of Cdc25A
has been documented in multiple human cancers. Deregulated expression of Cdc25A in
malignant tumors could be attributed to a failure to downregulate Cdc25A in response to
genotoxic stress, as several components of the cell cycle checkpoints targeting Cdc25A can be
lost in tumors (149-151). Deregulated Cdc25A expression in tumors could also be attributed to
loss of the normal regulatory mechanisms that maintain physiological Cdc25A protein levels.
The following studies were undertaken to explore the mechanisms regulating physiologic
Cdc25A protein levels in the absence of genetic insults; while Cdc25A has a short half-life in
interphase in the absence of genotoxic stress, the mechanisms controlling its proteolysis under
these conditions remain poorly understood. Cdc25B protein levels are downregulated by a
mechanism involving one of its proximal downstream effectors, Cdkl/cyclin A (61), and
regulatory feedback loops involving proximal downstream effectors are a common mode of
regulation for the Cdc25 DSPases (28, 61, 62, 66, 152, 153). Therefore, the hypothesis
underlying the objective of these studies is that a candidate for interphase regulation of Cdc25A
protein levels in the absence of genetic insults is a proximal downstream effector of Cdc25A,

namely, a cyclin-dependent kinase.
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2. EXPERIMENTAL METHODS

2.1. MATERIALS

Roscovitine  (2-(R)-(1-ethyl-2-hydroxyethylamino)-6-benzylamino-9-isopropylpurine),
olomucine (2-(2-hydroxyethylamino)-6-benzylamino-9-methylpurine) and cycloheximide were
purchased from Calbiochem (La Jolla, California) (see Appendix A). Plasmids expressing
dominant-negative (DN) mutants of Cdkl, Cdk2 and Cdk3 were generously provided by Dr.
Sander van den Heuvel (154) and obtained from Dr. Richard Steinman (University of
Pittsburgh). These mutants were generated by point mutation of Asp to Asn in the amino acid
sequence KLADFGLAR (Asp'*® for Cdkl, Asp'*® for Cdk2, and Asp'*® in Cdk3). This Asp
residue plays an essential role in the phosphotransfer reaction by chelating Mg*" and orienting
the Mg2+ATP phosphates in the catalytic site of the kinase (154). Plasmids encoding wild-type
Cdc25A and the catalytically inactive C430S mutant of Cdc25A in pcDNA3 were provided by
Dr. Thomas M. Roberts (Harvard Medical School) (48). A plasmid encoding GST-Cdc25C
(200-256) in pGEX-2T was generously provided by Dr. Yves Pommier (National Cancer
Institute) (155). E. coli strain BL21(DE3) was from Novagen (Madison, WI). Lipofectamine
PLUS™ was from Invitrogen (Carlsbad, CA). Primary antibodies specific for Cdc25A (F6),
Cdc2 p34 (17), Cdk2 (M2), Cdk3 (Y-20), p21 (C-19), p27 (C-19) Chk1 (G4), cyclin B1 (H-433),
cyclin D1 (A-12) and vinculin (H-300) were from Santa Cruz (Santa Cruz, CA); Cdc25B and [-
catenin antibodies were from BD Transduction Labs (Lexington, KY); p38 MAPK, phospho-p38

MAPK (Thr180/Thr182), Chkl and phospho-Cdc25C (S216) antibodies were from Cell
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Signaling Technology (Beverly, MA); B-tubulin antibodies were from Cedarlane Laboratories
(Hornby, Ontario); and p21 WAF1 antibodies were from Oncogene Research Products (San
Diego, CA). Antibody species and dilutions are provided in Appendix B. Peroxidase-
conjugated goat-anti-mouse and goat-anti-rabbit secondary antibodies were from Jackson
ImmunoResearch Laboratories (West Grove, PA). Protein A/G-PLUS agarose conjugates and
normal mouse IgG were from Santa Cruz. Digoxigenin (DIG)-labeled RNA Molecular Weight
Marker I, anti-DIG-AP Fab fragments, CDP-Star ultra-sensitive chemiluminescent substrate for
AP, and RNAse A were from Roche Applied Science (Indianapolis, IN). IsopropylB-D-1-
thiogalactopyranoside (IPTG), glutathione and propidium iodide were purchased from Sigma (St.
Louis, MO). 10x Kinase Assay Buffer and 10 mM ATP were from Cell Signaling Technology
(Beverly, MA). Glutathione-sepharose 4B was from Amersham Pharmacia Biotech (Piscataway,

NJ).

2.2. CELL CULTURE

HeLa human cervical carcinoma cells, MCF-7 human mammary adenocarcinoma cells,
and NIH 3T3 murine embryonic fibroblasts (American Tissue Culture Collection, Manassas,
VA) were maintained in Dulbecco’s Minimum Essential Medium (DMEM) supplemented with
10% fetal bovine serum (FBS, HyClone, Logan, UT) and 1% penicillin-streptomycin
(Gibco/Invitrogen, Carlsbad, CA) in a humidified atmosphere of 5% CO, at 37°C. Wild type,
p537 and p217~ HCT-116 human colorectal carcinoma cells, generously provided by Dr. Bert
Vogelstein (Johns Hopkins University) and obtained from Dr. Lin Zhang (University of

Pittsburgh), were maintained in McCoy’s 5A with L-glutamine supplemented with 10% fetal
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bovine serum (FBS, HyClone, Logan, UT) and 1% penicillin-streptomycin (Gibco/Invitrogen,

Carlsbad, CA) in a humidified atmosphere of 5% CO, at 37°C.

2.3. TRANSIENT TRANSFECTION OF HUMAN TUMOR CELLS

HeLa, HCT-116, and NIH 3T3 cells were transfected at 50-60% confluence using
Lipofectamine PLUS™ according to the manufacturer’s instructions. Maximum transfection
efficiency was achieved in the presence of serum for HeLa and NIH 3T3 cells and in serum-free
conditions for HCT-116 cells. Unless otherwise indicated, cells were processed for experiments

48 hr following removal of DNA:lipid complexes and addition of complete medium.

2.4. WESTERN BLOTTING

Cells were harvested and lysed in a HEPES lysis buffer (30 mM HEPES, 1% Triton X-
100, 10% glycerol, 5 mM MgCl,, 25 mM NaF, 1 mM EGTA, pH 8.0, 10 mM NaCl, 2 mM
Na3zVOy, 10 png/ml soybean trypsin inhibitor, 10 pg/ml leupeptin, 10 pg/ml aprotinin, 100 pg/ml
4-(2-aminoethyl)benzenesulfonylfluoride, and 6.4 mg/ml Sigma 104 phosphatase substrate),
incubated on ice for 30 min, and centrifuged at 13,000 x g to clear the lysates. Protein content
was determined by the Bradford method. Total cell lysates (20 to 50 ug protein) were resolved
by SDS-PAGE and transferred to nitrocellulose membranes (Schleicher & Schuell, Keene, NH).
Membranes were incubated in blocking solution for at least 1 hr and then probed with primary
antibodies overnight. Positive antibody reactions were visualized using peroxidase-conjugated
secondary antibodies and an enhanced chemiluminescence detection system (Renaissance, NEN,

Boston, MA). To reprobe membranes with different primary antibodies, a conventional

33



membrane stripping protocol was followed. Membranes were incubated in stripping buffer (62.5
mM Tris-HCI pH 6.8, 2% SDS and 100 mM 2-mercaptoethanol) for 30 min at 50°C, washed
multiple times, re-incubated in blocking solution and probed with a different primary as
described above. For experiments involving quantitation of protein expression levels, X-ray
films were scanned on a Molecular Dynamics personal SI densitometer and analyzed using the

ImageQuant software package (Version 4.1, Molecular Dynamics, Sunnyvale, CA).

2.5. RNA ISOLATION, NORTHERN BLOTTING AND RT-PCR

Total RNA was isolated from cells using the RNeasy Kit (Qiagen, Valencia, CA)
according to the manufacturer’s instructions. RNA concentrations were determined
spectrophotometrically using a DU640 Spectrophotometer (Beckman Instruments, Fullerton,
CA).

Northern blotting was performed using NorthernMax™ system (Ambion, Austin, TX)
according to the manufacturer’s instructions. Briefly, 5 pg total RNA was separated on 1%
denaturing agarose gel containing 2.2 M formaldehyde, transferred to Nytran® SuPerCharge
membrane (Schleicher & Schuell BioScience, Keene, NH), UV crosslinked and processed for
detection of mRNA. A 711 base, DIG-labeled, single strand anti-sense DNA probe was
generated by asymmetric PCR amplification using the PCR DIG Probe Synthesis Kit (Roche
Applied Science, Indianapolis, IN) according to the manufacturer’s instructions. Briefly, the
template for probe synthesis was a 711 bp PCR product at the 3° end of human Cdc25A cDNA;
this template was generated by conventional PCR methodology using the following primers:

5’-AAGAGGAGGAAGAGCATGTC-3’ (Primer A)

5’-TCAGAGCTTCTTCAGACGAC-3’ (Primer B)
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The DIG-labeled probe was generated by asymmetric PCR from this template using primer B.
B-actin mRNA was detected with a DIG-labeled B-actin RNA probe (Roche Applied Science,
Indianapolis, IN). Overnight hybridization of probes to the immobilized RNA was carried out in
ULTRAhyb™ Ultrasensitive Hybridization Buffer (Ambion, Austin, TX) and the membrane was
processed for detection of the hybridized probes using the DIG Wash and Block Buffer Set
(Roche Applied Science, Indianapolis, IN) according to the manufacturer’s instructions.
Hybridized probes were detected using anti-DIG-AP Fab fragments; the hybridized probe/anti-
DIG-AP complex was visualized on X-ray film (Kodak, Rochester, NY) after incubation of the
membrane with CDP Star. Relative intensities of the hybridization signals were quantified as
described above for western blotting (see section Experimental Methods 2.4).
RT-PCR analysis of gene expression was performed using the Advantage RT-for-PCR
Kit according to the manufacturer’s instructions (Clontech Laboratories, Palo Alto, CA). ¢cDNA
synthesis was performed using 1 pg total RNA and random hexamer primers. The resulting
cDNA was used to amplify Cdc25A and Glyceraldehyde-3-Phosphate Dehydrogenase (G3PDH)
with the following primers:
Cdc25A (126):
5’-GAGGAGTCTCCACCTGGAAGTACA-3’ (forward)
5’-GCCATTCAAAACAGATGCCATAA-3’ (reverse)
G3PDH:
5-TGAAGGTCGGAGTCAACGGATTTGGT-3' (forward)
5-CATGTGGGCCATGAGGTCCACCAC-3' (reverse)

The PCR conditions for amplification consisted of 30 cycles of denaturing at 95°C for 30 sec,

annealing at 56°C (Cdc25A) or 60°C (G3PDH) for 30 sec, and extension at 72°C for 1 min,
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followed by a final incubation at 72°C for 10 min. PCR reaction conditions were in the linear
range of amplification as determined using a standard curve. Amplified PCR products were

resolved using 2% agarose gel electrophoresis and visualized with ethidium bromide staining.

2.6. FLOW CYTOMETRY

HeLa cells were transfected with the DN Cdk2 mutant or an empty pcDNA3.1 vector as
described in Experimental Methods 2.3. Cells were harvested by trypsin treatment, washed with
ice cold phosphate-buffered saline (PBS) and fixed in ice-cold 70% ethanol overnight at —20°C.
The following day, fixed cells were washed twice in PBS and stained with 250 pg/ml RNAse A
and 50 pg/ml propidium iodide for 1 hr at room temperature. Flow cytometry analysis of DNA
content in 20,000 cells per sample was conducted with a Becton Dickinson FACSCalibur (BD

Pharmingen, San Diego, CA).

2.7. GENERATION OF RECOMBINANT GST-CDC25C (200-256)

GST-Cdc25C (200-256) in pGEX-2T was transformed into E. coli strain BL21(DE3)
according to the manufacturer’s instructions. Protein induction was achieved using IPTG and
GST-Cdc25C (200-256) was purified using glutathione-sepharose 4B beads as described in

Appendix C.

2.8. CHKI1 KINASE ASSAY

HeLa cells or HCT-116 cells were transfected with dominant-negative Cdk2 mutant or an

empty vector as described in Experimental Methods 2.3. Cells were harvested in lysis buffer
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supplemented with 2 mM DTT and protein content determined as described in Experimental
Methods 2.4. 500 ug whole cell lysates were precleared for 30 min with normal mouse IgG and
protein A/G-PLUS agarose beads at 4°C on an orbital rocker platform. Chkl was
immunoprecipitated from precleared lysates using anti-Chk1 antibodies and protein A/G-PLUS
agarose beads overnight at 4°C on an orbital rocker platform. Chkl immunoprecipitates were
washed twice in PBS supplemented with protease and phosphatase inhibitors and twice in 1x
Kinase Assay Buffer (25 mM Tris-HCI (pH 7.5), 5 mM beta-glycerophosphate, 2 mM
dithiothreitol (DTT), 0.1 mM Na3;VO,4, 10 mM MgCl,) supplemented with protease inhibitors.
Beads were then resuspended in 40 pl 1x Kinase Assay Buffer supplemented with 200 uM ATP
and 2 ug GST-Cdc25C (200-256) and incubated at 30°C for 30 min. Reactions were terminated
by addition of 4x SDS sample buffer followed by boiling. Samples were analyzed by 12% SDS-

PAGE and immunoblotted for phospho-Cdc25C (S216) as a measure of Chk1 kinase activity.

2.9. DOMINANT-NEGATIVE CDK2 ADENOVIRUS

A recombinant adenovirus expressing the dominant-negative Cdk2 mutant (Ad.DN
Cdk2) under control of the CMV promoter was generously provided by Dr. Michael D.
Schneider (Baylor College of Medicine) (156). Amplification of the recombinant adenovirus to
prepare high-titer stocks was performed by Jaculyn Duke (Department of Molecular Genetic &
Biochemistry, University of Pittsburgh). Briefly, high-titer adenoviral stocks were prepared
using HEK 293 cells. Adenoviruses were harvested from the media and from cell supernatants
by freeze-thawing the cell pellet. Adenoviruses were purified by multiple rounds of cesium

chloride density gradient centrifugation and viral titer was determined by absorbance at 260 nm.
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HCT-116 cells were infected with adenoviruses at indicated MOI for 1 hr at 37°C in a minimal
volume of phosphate-buffered saline (PBS), pH 7.4. Following the 1 hr incubation with virus,
complete medium was added to the plates. Infected cells were incubated at 37°C for 48 hr and

harvested as described in Experimental Methods 2.4.
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3. REGULATION OF CDC25A PROTEIN LEVELS IN HUMAN TUMOR CELLS

3.1. INTRODUCTION

By dephosphorylating and activating the Cdks, Cdc25A promotes the G1/S cell cycle
transition and S phase progression, and plays a non-redundant role in the G2/M transition (22,
66-68).

Cdc25A overexpression transformed normal mouse embryonic fibroblasts in cooperation
with an activated isoform of Ras (Ha-Ras®'?Y) or in an Rb™" background (121) and Cdc25A
overexpression has been documented in numerous human cancers (42); Cdc25A regulatory
mechanisms are, therefore, of considerable interest. Cdc25A mRNA expression is regulated in a
cell cycle-dependent manner (22, 66, 141-144). Cdc25A protein levels are tightly regulated by
proteasome-mediated degradation pathways that may involve multiple ubiquitin ligases (67, 70,
83, 84, 87). While Cdc25A protein stability is negatively regulated in a cell cycle checkpoint-
dependent manner by poly-ubiquitination and subsequent proteasome-mediated degradation (67,
87), Cdc25A is also rapidly turned over during interphase, but the mechanisms regulating
Cdc25A protein stability in the absence of genetic insults remain unclear (67, 84, 87).

Due to the highly labile nature of Cdc25A protein, candidates for interphase regulation of
Cdc25A protein levels in the absence of genetic insults would be proximal downstream effectors.
By analogy, the stability of Cdc25B is decreased following phosphorylation by one of its
proximal downstream effectors, Cdkl/cyclin A (61). To test the hypothesis that Cdk activity

contributes to Cdc25A instability in interphase, Cdc25A protein levels were measured in human
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tumor cells following inhibition of Cdk activity using complementary pharmacologic and genetic

approaches.

3.2. RESULTS

A common regulatory mechanism for the Cdc25 DSPases involves feedback loops that
integrate the activity of proximal downstream effectors to regulate Cdc25 activity; for example,
Cdc25B protein levels are downregulated by a mechanism involving Cdk1/cyclin A, a proximal
downstream effector of Cdc25B activity (61, 62). Phosphorylation of Cdc25B by Cdkl/cyclin A
is a critical step in proteasome-mediated Cdc25B degradation, and Cdc25-Cdk feedback loops
appear to be a common regulatory feature of cell cycle biology (28, 61, 62, 66, 152, 153). A
similar regulatory mechanism may therefore be responsible for controlling Cdc25A protein
levels. In support of this hypothesis are studies indicating higher expression levels of a
catalytically inactive Cdc25A mutant (Cdc25A C430S) compared to the wild type Cdc25A
protein (Figure 3.1). This suggests that the catalytic activity of Cdc25A may contribute to its
protein expression levels by affecting the activity of downstream targets and lends credence to
the hypothesis that Cdk activity, as a downstream effector of Cdc25A activity, may function in a

feedback loop contributing to regulation of Cdc25A protein levels.

3.2.1. INHIBITION OF CDK ACTIVITY INCREASES CDC25A PROTEIN LEVELS
To probe the role of Cdk activity in regulating Cdc25A protein levels, asynchronous

HelLa human cervical carcinoma cells were treated with the Cdk inhibitor roscovitine.
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Figure 3.1: Cdc25A Catalytic Activity Contributes to Cdc25A Expression.

Representative results from NIH 3T3 cells transfected with pcDNA3-Cdc25A wild type
(WT) or pcDNA3-Cdc25A catalytically inactive C430S mutant (C/S). Cells were harvested 24
hr after transfection and Cdc25A and total p42/p44 Erk MAPK levels (loading control) were
examined by western blot. Catalytically inactive Cdc25A protein is expressed at higher levels
than catalytically competent Cdc25A, supporting the hypothesis that a downstream target of

Cdc25A contributes to the regulation of its expression.
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Roscovitine is a potent and selective Cdk inhibitor that inhibits Cdk1, Cdk2, Cdk3 and Cdk5 but
does not significantly inhibit Cdk4 and Cdk6 (Appendix A). Roscovitine (10 uM) treatment of
HeLa cells resulted in a marked increase in Cdc25A protein levels at 24 hr (Figure 3.2). In
agreement with previously published results (61), roscovitine treatment resulted in an increase in
Cdc25B levels (Figure 3.2), presumably due to inhibition of Cdk1/cyclin A-mediated targeting of
Cdc25B for proteasome-mediated degradation. Roscovitine treatment had no effect on Cdc25C
protein levels (Figure 3.2), whose activity is predominantly regulated by cytoplasmic
sequestration and inactivation (78, 81, 96). Cdc25A protein levels in HeLa cells increased in a
concentration- and time-dependent manner following treatment with roscovitine (Figures 3.3.A
and 3.4), suggesting that this increase was due to the specificity of roscovitine as a Cdk inhibitor;
similar results were obtained when Hela cells were treated with olomucine, a structurally
distinct Cdk inhibitor with a similar selectivity profile but with reduced potency (Figure 3.3.C).
Because Cdc25A protein levels were elevated rapidly, namely within one hour of roscovitine
treatment (Figure 3.4), it seems unlikely that the increased Cdc25A protein levels were due to

cell cycle perturbation.

3.2.2. CDK INHIBITION INCREASES CDC25A PROTEIN LEVELS INDEPENDENT OF
pS3 AND HPV STATUS

Regulation of Cdc25A protein levels by DNA damage checkpoints is a p53-independent

phenomenon (87). Cdc25A expression is also affected by the high-risk human papillomavirus

(HPV) E7 oncoprotein (87, 144, 145). To test whether the increase in Cdc25A protein levels in

HPV-positive HeLa cells following Cdk inhibition was dependent on p53 or HPV status, MCF-7

human mammary adenocarcinoma cells, wild type for p53 and HPV-negative, were treated with
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Figure 3.2: Roscovitine Treatment Increases Cdc25A Protein Levels.

HeLa cells were treated for 24 hr with vehicle control (DMSO) or 10 uM roscovitine.
Cdc25A, Cdc25B, Cdc25C and B-tubulin levels (loading control) were examined by western

blot. Inhibition of Cdk activity in HeLa cells resulted in increased Cdc25A and Cdc25B protein

levels, while Cdc25C protein levels remain unchanged.
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Figure 3.3: Cdk Inhibition Increases Cdc25A Protein Levels in a Concentration-Dependent

Manner.

HeLa cells (Panels A & C) and cells MCF-7 (Panel B) were treated for 24 hr with vehicle
control (DMSO) or increasing concentrations of roscovitine (Panels A & B) or olomucine (Panel
C). Cdc25A and B-tubulin (loading control) levels were examined by western blot. Cdc25A
levels are expressed as fold increase over vehicle control = S.E.M. (n = 3-5) (Panels A & B).
Increasing concentrations of roscovitine significantly increased Cdc25A protein levels (ANOVA
p < 0.05). Olomucine, a structurally distinct Cdk inhibitor with a similar selectivity profile but
reduced potency, also increased Cdc25A protein levels in a concentration-dependent manner in

HelLa cells (Panel C).
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Figure 3.4: Roscovitine Treatment Increases Cdc25A Levels in a Time-Dependent Manner.

HeLa cells were treated with 10 UM roscovitine for 0 to 2 hr. Cdc25A and B-tubulin
(loading control) levels were examined by western blot (Panel A). Cdc25A levels from
roscovitine treated cells are expressed as fold increase over control (0 hr) £ SEM. (n=5to 7)
(Panel B). Cdc25A protein levels significantly increased with increasing length of roscovitine

treatment (ANOVA p < 0.05).
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increasing concentrations of roscovitine for 24 hr. Similar to the results obtained in HeLa cells,
Cdc25A protein levels in MCF-7 cells increased in a concentration-dependent manner following
roscovitine treatment, indicating that increases in Cdc25A levels resulting from Cdk inhibition

were independent of p53 activity or HPV status (Figure 3.3.B).

3.2.3. CDC25A PROTEIN LEVELS ARE INCREASED BY INHIBITION OF CDK2
KINASE ACTIVITY AND ARE NOT SECONDARY TO CELL CYCLE
PERTUBATION

Because roscovitine is a broad-spectrum Cdk inhibitor, the relative contribution of
roscovitine-sensitive Cdks to the regulation of Cdc25A protein levels was examined. HeLa cells
were transfected with dominant-negative mutants of Cdkl, Cdk2 and Cdk3, as these are the
predominant roscovitine-sensitive Cdks in HeLa cells. These dominant negative Cdk mutants
are believed to inhibit endogenous Cdk kinase activity by competing for essential interacting
molecules, including cyclins, creating specific loss-of-function phenotypes (157). The specific
loss-of-function phenotype associated with a dominant-negative Cdk mutant could be
complemented by overexpression of the corresponding wild type Cdk, revealing the specificity
of Cdk inhibition (154). Only genetic inhibition of Cdk2 kinase activity resulted in increased

Cdc25A protein levels, whereas genetic inhibition of Cdkl or Cdk3 had no effect on Cdc25A

levels (Figure 3.5). In addition, no significant alteration in the HeLa cell cycle profile was

observed after transfection with the dominant-negative Cdk2 mutant (Figure 3.6), consistent with
the recent reports that cancer cells can proliferate in the absence of Cdk2, that the Cdk2™™ mouse

/-

is fully viable with no developmental abnormalities, and that Cdk2™~ MEFs display no defects in

mitotic cell cycle progression (158-160). Thus, the increase in Cdc25A protein levels after
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Figure 3.5: Dominant-Negative Cdk2 Mutant Expression Increases Cdc25A Levels in HeLa
Cells.

HeLa cells were transfected with pcDNA3.1 (empty vector control) or vectors encoding
dominant-negative (DN) Cdkl, DN Cdk2, or DN Cdk3 mutants. 48 hr after transfection,
Cdc25A, Cdkl, Cdk2, Cdk3 and B-tubulin (loading control) levels were examined by western
blot (Panel A). Cdc25A levels are expressed as fold increase over vector control = S.E.M (n = 3)
(Panel B). DN Cdk2 expression significantly increases Cdc25A protein levels in HeLa cells

(ANOVA p < 0.05).
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Figure 3.6: Dominant-Negative Cdk2 Mutant Expression does not Alter Cell Cycle
Progression in HeLa Cells.

HeLa cells were transfected with either pcDNA3.1 (empty vector control) (Panel A) or
DN Cdk2 mutant (Panel B). 48 hr after transfection, cells were fixed and stained with propidium
iodide. DNA content was analyzed by flow cytometry to monitor cell cycle progression.

Genetic inhibition of Cdk2 kinase activity did not result in cell cycle perturbation.
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ectopic expression of the dominant-negative Cdk2 mutant was not secondary to cell cycle arrest.
These results indicate that Cdk2 kinase activity plays an important role in regulating Cdc25A

protein levels in asynchronous cells.

3.24. CDK2 INHIBITION INCREASES CDC25A PROTEIN HALF-LIFE

Since Cdc25A expression can be regulated at both the transcriptional and post-
translational levels, the mechanism by which inhibition of Cdk2 kinase activity increases
Cdc25A levels was investigated. In response to genetic insults or inhibition of DNA synthesis,
Cdc25A is phosphorylated and targeted for rapid ubiquitin-mediated proteolytic degradation by
the checkpoint kinases Chkl and Chk2 (67, 84, 87). Furthermore, Cdc25A is a labile protein
throughout interphase independent of genotoxic stress (70). Cdc25A expression can also be
regulated at the transcriptional level by E2F and c-Myec transcription factors (142-144). Because
Cdc25A has a short half-life in interphase and an increase in the half-life of a labile protein
would result in a significant accumulation of that protein, the protein half-life of Cdc25A in
asynchronous cells was explored following inhibition of Cdk2 kinase activity. Following a 24 hr
treatment with roscovitine or DMSO (vehicle control), HeLa cells were treated with 10 pg/ml
cycloheximide for 0 to 60 min and Cdc25A levels were examined by western blotting. The basal
half-life of Cdc25A was 6.26 £ 0.78 min, which is in agreement with previous reports (67, 70).
Roscovitine-mediated inhibition of Cdk2 kinase activity doubled the half-life of Cdc25A (Figure
3.7); this could readily account for the observed time-dependent increase in Cdc25A protein
levels. To confirm that the increased Cdc25A protein levels were not affected by a
transcriptionally-mediated mechanism, Cdc25A mRNA levels were examined by northern

blotting. Roscovitine treatment of HeLa cells did not significantly increase Cdc25A mRNA
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Figure 3.7: Inhibition of Cdk2 Activity Increases Cdc25A Half-Life in Asynchronous Cells.

HeLa cells were treated for 24 hr with vehicle control (DMSO) or 10 uM roscovitine
followed by 10 pg/ml cycloheximide (CHX) for 0-60 min. Cdc25A and vinculin (loading
control) levels were examined by western blot (Panel A). Cdc25A levels are expressed as

percent of control £ S.E.M (n = 3) (Panel B). Roscovitine treatment significantly increased the

half-life of Cdc25A (Student’s t-test p < 0.05).
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levels (Figure 3.8.A, upper two panels and quantified in 3.8.B), confirming that Cdk2 kinase
activity affects Cdc25A protein levels by a post-transcriptional mechanism. These results were

independently confirmed by RT-PCR (Figure 3.8.A, lower two panels).

3.3. DISCUSSION

Cdc25A biology is undergoing a paradigm shift, from a narrow role as the critical
regulator of the G1/S checkpoint to a more broad responsibility in the cell cycle with an essential
function in mitosis. Specifically, it is now known that Cdc25A levels peak for the G2/M
transition and mitotic progression and that degradation of Cdc25A is necessary for the G2/M
checkpoint in response to DNA damage (67, 68). The original models describing the modes of
regulation for Cdc25A are now being refined to focus on protein stability as a key regulatory
mechanism (67, 68, 70, 83, 84, 87). The relationship between Cdc25A and Cdk2 was originally
thought to be that of an auto-amplification feedback loop where Cdc25A contributed to the
activation of Cdk2 and Cdk2 contributed to the activation of Cdc25A to sufficiently amplify the
activities of both proteins to enable progression through the G1/S cell cycle transition (66). The
results presented herein indicate that Cdk2 kinase activity also contributes to the labile nature of
Cdc25A in interphase, and this kinase activity may in fact be the same Cdk2 kinase activity
originally reported to activate Cdc25A phosphatase activity. These results contribute to the
understanding of this Cdc25A-Cdk feedback loop and support a mathematical model that
suggests hyperphosphorylation of Cdc25A by Cdk2 may contribute to its degradation (66, 161).
By directly linking Cdc25A stability to the activity of its substrates, physiologic levels of
Cdc25A can be maintained in a tight feedback loop to prevent catastrophic deregulation of

Cdc25A protein levels or activity. This relationship between increased activity and decreased
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Figure 3.8: Roscovitine Treatment does not Increase Cdc25A mRNA Levels in HeLa Cells.

HeLa cells were treated for 24 hr with vehicle control (DMSO) or 10 uM roscovitine.
Total RNA was extracted as described in Experimental Methods 2.5. Cdc25A and B-actin levels
were examined by northern blot (Panel A, upper two panels) and Cdc25A and G3PDH levels
were examined by RT-PCR (Panel A, lower two panels). Cdc25A mRNA levels from northern
blots (Panel A, upper two panels) are expressed as arbitrary units = S.E.M (n = 3) (Panel B).

Inhibition of Cdk2 activity by roscovitine treatment does not significantly increase Cdc25A

mRNA levels.
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protein stability has been described for another protein phosphatase, PTEN, and may in fact
serve as a common regulatory mechanism for many enzymes. PTEN phosphorylation maintains
the phosphatase in a stabilized state with decreased catalytic activity; upon loss of
phosphorylation in the C-terminal PTEN tail, catalytic activity is increased and protein stability
is decreased (162). Although the results presented herein do not specifically detail the nature of
the Cdk2/cyclin complex that contributes to the inherent instability of Cdc25A in interphase or
the detailed molecular mechanism involved, there are several testable hypotheses. Cdc25A was
recently reported to associate with elements of the SCF ubiquitin ligases and may be a target of
the APC/C“" and SCF ubiquitin ligases (70). However, it remains uncertain how Cdc25A
might be targeted to these ubiquitin ligases. Other cell cycle regulatory proteins, notably p27
and cyclin E, are targeted by the SCF ubiquitin ligase for proteolytic degradation by a
phosphorylation-dependent mechanism, while conversely, phosphorylation may not be necessary
for p21 and cyclin D degradation mediated by SCF ubiquitin ligases (163, 164). It remains
unclear whether phosphorylation of Cdc25A is a necessary event preceding ubiquitin ligase
association, as Cdc25A phosphorylation can have both positive and negative effects on its
ubiquitination and proteolytic degradation. Cdc25A phosphorylation promotes its degradation in
response to genetic insults while, on the other hand, Cdc25A is rescued from proteolytic
degradation in mitosis by Cdkl/cyclin B-mediated phosphorylation (68). The results presented
herein support a role for Cdk2-mediated phosphorylation of either Cdc25A itself or a specific
effector protein(s) necessary for the rapid degradation of Cdc25A. While Chkl and Chk2, given
their role in phosphorylating Cdc25A and targeting it for degradation in response to genotoxic
stress, cannot be ruled out as possible downstream effectors of the Cdk2 kinase activity

responsible for Cdc25A degradation, their role may be unique to proteasomal targeting of
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Cdc25A following cellular stress and may not play a role in regulating Cdc25A levels in the
absence of cellular stress. This would conform to the regulatory model for Cdc25C; Cdc25C is
inactivated in the G2/M checkpoint by Chkl- and Chk2-dependent phosphorylation, 14-3-3
association and cytoplasmic sequestration (78-81, 93, 165, 166). Cdc25C, however, is
maintained inactive and sequestered in the cytoplasm by 14-3-3 association during interphase in
the absence of cellular stress as a result of phosphorylation by Cdc twenty-five C associated
protein kinase (C-TAK1), a non-checkpoint kinase (167).

The results presented herein, together with the above mentioned studies, support the
following model for DNA-damage-independent regulation of Cdc25A: Cdc25A levels are
upregulated by transcription in G1 to a level that enables sufficient Cdk2/cyclin E activation to
promote the G1/S transition. Cdc25A protein levels are then carefully maintained via
Cdk2/cyclin E and Cdk2/cyclin A kinase activity through S phase and into late G2 phase. Only
once Cdkl/cyclin B has been activated in advance of the G2/M transition are Cdc25A protein
levels released from this strict regulatory loop, permitted to increase and reach their maximal
levels, which are required to for catalyzing the G2/M transition and promoting mitotic

progression (67, 68).

3.1 CONCLUSIONS

Inhibition of Cdk activity with small molecule Cdk inhibitors increases Cdc25A protein
levels in a concentration- and time-dependent manner in human tumor cells. Cdc25A protein
levels are increased by specific inhibition of Cdk2, as demonstrated using a dominant-negative

Cdk2 mutant, whereas Cdk1 and Cdk3 are not involved. Cdk2 regulates Cdc25A protein levels
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by a post-transcriptional mechanism; inhibition of Cdk2 kinase activity increases Cdc25A

protein half-life but not Cdc25A mRNA levels.
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4. MOLECULAR MECHANISM OF CDK2-MEDIATED REGULATION OF CDC25A
PROTEIN HALF-LIFE

4.1. INTRODUCTION

Protein ubiquitination and proteasome-mediated degradation is an irreversible mechanism
for regulating protein abundance (168). Cdc25A degradation by the ubiquitin-proteasome
pathway is a central component of the rapid G1/S, S and G2/M cell cycle checkpoint responses
to genotoxic stresses (67, 68, 84, 87, 89, 90). While Cdc25A was originally relegated to
promoting the G1/S transition, it is now known that Cdc25A has dramatically increased stability
in mitosis to catalyze Cdkl1/cyclin B activation and mitotic progression, is rapidly degraded with
kinetics similar to Cyclin B following mitotic exit and is, in fact, also a highly labile protein
throughout interphase (22, 66, 68, 70). Two ubiquitin ligase complexes have been reported to
ubiquitinate Cdc25A and target it for proteasome-mediated degradation; the APC/C (Anaphase
Promoting Complex or Cyclosome) ubiquitin ligase complex regulates Cdc25A degradation
following mitotic exit and the SCF (Skpl/Cullin or Cull/F-box) ubiquitin ligase complex
regulates Cdc25A turnover throughout interphase (70).

Protein ubiquitination is the result of a stepwise mechanism catalyzed by 3 protein
complexes. It involves the catalytic activation of ubiquitin by the E1 ubiquitin-activating
enzyme (El), the transfer of activated ubiquitin to the E2 ubiquitin-conjugating enzyme (E2),
and the conjugation of activated ubiquitin to the target protein by the E3 ubiquitin ligase (E3),
which is a complex of several regulatory and scaffolding proteins (169). E3 ubiquitin ligases,

which ultimately unite the target protein with the ubiquitin machinery, are responsible for target
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specificity and are made up of two main classes, the HECT (Homologous to E6-AP C Terminus)
ubiquitin ligases and the RING (Really Interesting New Gene) finger ubiquitin ligases, among
which are the APC/C and the SCF ubiquitin ligases (169).

The APC/C ubiquitin ligases control mitotic cell cycle regulatory proteins, such as cyclin
B, while the SCF ubiquitin ligases have a broader role in interphase cell cycle regulation and
catalyze the ubiquitination of p27, cyclin D, p21 and cyclin E (164, 169-172). Substrate
recognition by E3 ubiquitin ligases is facilitated by adaptor proteins, either Cdc20 or Cdhl in the
APC/C (173), or the F-box proteins in SCF, of which more than one hundred have been
identified (174, 175). Throughout mitosis and upon mitotic exit, Cdc25A protein levels appeared
to parallel those of cyclin B, a known APC/C substrate, suggesting that Cdc25A degradation
upon mitotic exit could be catalyzed by a mechanism similar to the one regulating cyclin B
expression (70, 176). In fact, overexpression of the APC/C adaptor protein Cdhl, but not Cdc20,
decreased Cdc25A protein levels in transfected cells, confirming that Cdc25A, like cyclin B,
could indeed be an APC/C substrate (70). Cdc25A contains 3 APC/C targeting motifs, one of
which is required in APC/C targets to ensure specificity of substrate recognition (169). Cdc25A
contains one putative D-box sequence, first identified in cyclin B as a destruction targeting motif,
and two Cdc25A KEN-box motifs, identified by virtue of their role in targeting destruction of the
APC/C adaptor Cdc20 (177, 178). One of the two KEN-box motifs appeared to be conserved
throughout all human Cdc25s and Cdc25s of other species, and mutation of this KEN-box motif
blocked Cdc25A degradation by APC/C“™ following mitotic exit, confirming the role of
APC/C™ in Cdc25A turnover (70). However, this KEN-box-mutated Cdc25A was still
unstable in interphase, indicating that APC/CthI-independent ubiquitin ligases must be

involved; the SCF E3 ubiquitin ligase is active in interphase and is responsible for regulating cell
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cycle proteins, making it an attractive candidate. Indeed, inhibition of SCF ubiquitin ligase
activity using a dominant-negative mutant of Cull, a bridging structural protein component of
the SCF ubiquitin ligase complex, resulted in increased Cdc25A protein levels (70). The same
result was observed for p27, a known SCF substrate, confirming that expression of the dominant-
negative Cull mutant inhibited SCF ubiquitin ligase activity, whereas the APC/C substrate
cyclin B was unaffected by expression of the dominant-negative Cull mutant (70, 179). Cdc25A
interacted with both Skpl and Cull, components of the SCF ubiquitin ligase complex, in cells,
further substantiating Cdc25A as a SCF substrate (70). The F-box protein responsible for SCF
ligase-mediated ubiquitination of Cdc25A during interphase, however, remains a mystery.
Specificity of F-box-mediated target recognition is often governed by phosphorylation of the
target proteins (169).

The destruction of Cdc25A following DNA damage is mediated by Chkl and Chk2
protein kinases, which phosphorylate Cdc25A at S123 to facilitate its ubiquitin-mediated
proteolysis (84, 87). While Chkl and Chk2 activity was assumed to require activation by
upstream DNA damage-activated kinases ATM (Ataxia-Telangiectasia-Mutated) and ATR
(ATM- and Rad3-related), Chkl possess basal kinase activity independent of DNA damage-
associated stimuli (180-182). This led to the identification of Chk1 as a regulator of physiologic
turnover of Cdc25A protein levels in the absence of DNA damage, in addition to its role in
checkpoint-mediated Cdc25A degradation (183). Proteolytic turnover of Cdc25A involves three
novel Chkl phosphorylation sites (Ser 178, 278, and 292), in addition to Ser 123, both under
physiological conditions and in response to cell cycle checkpoints; however, the precise function
and relative contribution of each of these phosphorylation sites to Cdc25A degradation is not

clear (183). Chk2, on the other hand, is DNA damage-dependent and does not appear to possess
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significant basal kinase activity in the absence of upstream stimuli and, as such, is not involved
in the physiological regulation of Cdc25A turnover (181-184).

The presence of multiple phosphorylation sites in the amino terminus of Cdc25A that
cooperate in facilitating its turnover suggests a more complex regulatory mechanism for Cdc25A
proteolysis than first believed. In fact, recent studies have identified another serine
phosphorylation site, Ser 75, in the amino terminus of Cdc25A that contributes to its turnover in
response to UV irradiation (85, 86). Ser 75 was phosphorylated by Chkl following UV
exposure, targeting Cdc25A for proteolytic degradation as previously described in response to
UV irradiation (85-87). In addition, following osmotic shock, p38 MAPK was responsible for
Ser 75 phosphorylation to promote Cdc25A degradation; whether p38 MAPK contributes to
physiological Cdc25A turnover in the absence of osmotic stress, however, is not clear (85). That
a kinase other than Chk1 or Chk2 can facilitate stress-induced turnover of Cdc25A introduces the
possibility that non-checkpoint serine/threonine kinases can participate in the regulation of
Cdc25A turnover. The individual contributions of each amino-terminal Cdc25A serine
phosphorylation site and any novel, as of yet unidentified phosphorylation sites, remain to be
elucidated; only once the individual roles of each phosphorylation site are understood will a
cumulative model of the regulation of Cdc25A stability be feasible.

Therefore, in an effort to understand the molecular mechanism(s) by which Cdk2
contributes to the physiological turnover of Cdc25A, the effect of inhibiting Cdk2 kinase activity
on the known mechanisms governing Cdc25A protein stability, namely SCF and APC/C“

ubiquitin ligase activities, Chk1 activity, and p38 activity, was examined.

61



4.2. RESULTS

4.2.1.  INHIBITION OF CDK2 KINASE ACTIVITY DOES NOT INHIBIT SCF OR APC/C
UBIQUITIN LIGASE ACTIVITIES

Based on the known association of Cdc25A with components of the SCF ubiquitin
ligases in vivo (70), several substrates of SCF ubiquitin ligases were examined to determine
whether inhibition of Cdk2 kinase activity by ectopic expression of the dominant-negative Cdk2
mutant downregulated SCF ubiquitin ligase activities. [-catenin, p27, and cyclin D (164, 179,
185) protein levels were not increased in cells transfected with the dominant-negative Cdk2
mutant, suggesting that the increased Cdc25A protein half-life due to Cdk2 inhibition was not
due to downregulation of SCF ubiquitin ligase activities (Figure 4.1.A). While p27 has been
identified as a Cdk2 substrate, with Cdk2-mediated p27 phosphorylation promoting p27
degradation by the ubiquitin-proteasome pathway, p27 turnover can also be catalyzed by Erk
MAPKSs (186-188). Furthermore, Erk MAPK-mediated p27 turnover was not impaired by Cdk2
inhibition (186), which is consistent with our finding that p27 turnover does not appear to be
significantly perturbed by the dominant-negative Cdk2 mutant. Cdc25A has also been reported
to be a substrate of the APC/C ubiquitin ligase complex during mitosis and in early G1 (70). To
determine whether inhibition of Cdk2 kinase activity downregulated the activity of the APC/C
ubiquitin ligase, cyclin B levels were examined in cells transfected with the dominant-negative
Cdk2 mutant; cyclin B is a known substrate of the APC/C ubiquitin ligase (176). Cyclin B levels
were not increased following inhibition of Cdk2 kinase activity, suggesting that the increase in
Cdc25A protein half-life following Cdk2 inhibition was not due to perturbation of APC/C

ubiquitin ligase activities (Figure 4.1.B).
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Figure 4.1: Effect of Cdk2 Inhibition on SCF and APC/C Ubiquitin Ligase Activities.

HeLa cells were transfected with pcDNA3.1 (empty vector control) or DN Cdk2. 48 hr
after transfection, B-catenin, p27, cyclin D (Panel A), cyclin B (Panel B) and B-tubulin (loading
control) levels were examined by western blot. DN Cdk2 expression in HCT-116 cells does not

decrease SCF ubiquitin ligase activity (Panel A) or APC/C ubiquitin ligase activity (Panel B).
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While SCF and APC/C ubiquitin ligase activities appear to be unaltered by inhibition of
Cdk2 kinase activity, p21 protein levels were increased following inhibition of Cdk2 kinase
activity with the dominant-negative Cdk2 mutant in both HeLa cells (Figure 4.2.A) and in HCT-
116 colorectal carcinoma cells (Figure 4.2.B), which are p53 wild type. Increased p21 protein
levels following Cdk2 inhibition was not an artifact of p21 sequestration by ectopic expression of
the dominant-negative Cdk2 mutant protein, as p21 levels were not increased by overexpression
of other Cdk mutant proteins (Figure 4.3.A). Moreover, p21 levels were increased following
roscovitine-mediated inhibition of Cdk2 kinase activity, further supporting the hypothesis that
p21 levels were specifically elevated as a consequence of inhibiting Cdk2 kinase activity (Figure

43.B).

422. p21 IS NOT INVOLVED IN CDK2-MEDIATED REGULATION OF CDC25A
PROTEIN HALF-LIFE

p21 protein levels can be regulated by p53-dependent and p53-independent
transcriptional mechanisms and by post-transcriptional mechanisms, including phosphorylation
by p38a MAPK, JNK1, and AKT/PKB and protein-protein interactions with PCNA, all of which
enhance the half-life of p21 (189-192). p21 has been reported to associate with Cull, a
component of the SCF ubiquitin ligase machinery and has recently been confirmed as a substrate
of the SCF ubiquitin ligase coupled to a specific F-box protein, Skp2 (164, 193). The
relationship between p21 levels and Cdc25A is unclear, but p21 appears to have a negative effect
on Cdc25A function. p21 and Cdc25A compete for Cdk2/cyclin E and Cdk2/cyclin A binding,
creating a dynamic equilibrium between active and inactive Cdk2/cyclin complexes (148). In

addition, Cdc25A levels were found to be elevated in p21_/ ~ mouse embryonic fibroblasts (MEF)
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Figure 4.2: Cdk2 Inhibition Increases p21 Protein Levels.
HeLa cells (Panel A) and HCT-116 cells (Panel B) were transfected with pcDNA3.1
(empty vector control) or DN Cdk2. 48 hr after transfection, p21, Cdc25A, Cdk2, and B-tubulin

(loading control) levels were examined by western blot. Inhibition of Cdk2 activity in HeLa cell

and HCT-116 cells results in increased p21 protein levels.
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Figure 4.3: p21 Protein Levels are Specifically Increased by Inhibiting Cdk2 Activity.

HeLa cells were transfected with pcDNA3.1 (empty vector control) or vectors encoding
DN Cdkl, DN Cdk2, or DN Cdk3 mutants (Panel A). 48 hr after transfections, p21 and j-
tubulin (loading control) levels were examined by western blot. In a separate experiment, HeLa
cells were treated with 10 uM roscovitine or DMSO for 24 hrs (Panel B). p21 and B-tubulin
(loading control) levels were examined by western blot. Increased p21 protein levels are
specifically due to inhibition of Cdk2 kinase activity and not due to non-specific p2l

sequestration by overexpression of dominant-negative Cdk proteins.
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due to increased Cdc25A mRNA levels; the mechanism by which targeted deletion of p21
upregulates Cdc25A mRNA levels is unknown (194). The unexpected increase in p21 protein
levels following inhibition of Cdk2 kinase activity prompted an investigation into whether p21
was involved in or necessary for Cdk2-dependent regulation of Cdc25A protein half-life. To that
end, wild type, p537", or p217 isogenic HCT-116 cells were transfected with the dominant-
negative Cdk2 mutant and examined for effects on Cdc25A protein levels. Inhibition of Cdk2
kinase activity by overexpression of the dominant-negative Cdk2 mutant resulted in increased
Cdc25A protein levels in both the wild type (Figure 4.4, left-most panel) and the p217~ HCT-116
(Figure 4.4, right-most panel) cells, indicating that p21 is not necessary for Cdk2-mediated
regulation of Cdc25A protein half-life. In addition, Cdc25A protein levels were increased in the
p5377 HCT-116 cells following overexpression of the dominant-negative Cdk2 mutant (Figure
4.4, center panel), confirming previous results that Cdk2-mediated regulation of Cdc25A protein

levels is a p53-independent event (Results 3.2.2) (87).

42.3. CHK1 ACTIVITY IS NOT RESPONSIBLE FOR CDK2-MEDIATED
REGULATION OF CDC25A PROTEIN HALF-LIFE

Because Chk1 was recently identified as a physiological regulator of Cdc25A stability in
the absence of genotoxic stress (183), Chkl protein levels and Chkl kinase activity were
examined following inhibition of Cdk2 kinase activity in HeLa cells using the dominant-negative
Cdk2 mutant. Inhibition of Cdk2 kinase activity did not decrease Chkl1 protein levels or Chkl
kinase activity, as measured by in vitro phosphorylation of GST-Cdc25C (200-256), a surrogate
Chk1 substrate (Figure 4.5.A), indicating that Cdk2 regulates Cdc25A protein half-life through a

Chk1-independent pathway. Similar results were obtained in HCT-116 cells (p53 wild type and
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Figure 4.4: p21 is not necessary for Cdk2-mediated Regulation of Cdc25A Protein Half-
Life.

Wild type (left-most panel), p53™ (center panel), or p21~"~ (right-most panel) isogenic
HCT-116 cells were transfected with pcDNA3.1 (empty vector control) or DN Cdk2 mutant. 48
hr after transfection, Cdc25A, Cdk2, and B-tubulin (loading control) levels were examined by
western blot. Inhibition of Cdk2 activity increased Cdc25A protein levels in all three isogenic
HCT-116 cell lines, indicating that p21 is not necessary for Cdk2-mediated regulation of

Cdc25A protein half-life.
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Figure 4.5: Cdk2 Inhibition does not Downregulate Chkl.

HeLa cells (Panel A) and HCT-116 cells (Panels B) were transfected with pcDNA3.1
(empty vector control) or DN Cdk2. 48 hr after transfection, Cdc25A, Chkl, Cdk2, and B-
tubulin (loading control) levels were examined by western blot and Chkl kinase activity was
determined by immunoprecipitation of Chk1 followed by an in vitro kinase assay (Experimental
Procedures 2.8). Inhibition of Cdk2 kinase activity in HeLa cells and HCT-116 cells does not
decrease Chk1 kinase activity or Chk1 protein levels.

HCT-116 cells were infected with an adenovirus expressing the DN Cdk2 mutant
(Ad.DN Cdk2) at 0, 25, and 50 M.O.1. (Panel C). 48 hr after infection, Cdc25A, Chkl1, and Cdk2
levels were examined by western blot. Inhibition of Cdk2 activity causes a concentration-

dependent increase in Cdc25A protein levels without affecting Chk1 protein levels.
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HPV-negative) transfected with the dominant-negative Cdk2 mutant (Figure 4.5.B). These
results confirm that Cdk2 regulates Cdc25A protein half-life in a Chkl-independent manner. In
addition, HCT-116 cells infected with an adenovirus expressing the dominant-negative Cdk2
mutant resulted in a concentration-dependent effect of Cdk2 inhibition on Cdc25A protein levels

that was independent of effects on Chk1 (Figure 4.5.C). This confirms previous results showing
a concentration-dependent effect of small molecule Cdk inhibitors (Figure 3.3.B) and of
dominant-negative Cdk2 mutant expression on Cdc25A protein levels in transient transfections
(Figure 3.5.B). Taken together, these results suggest that Cdk2 does not lie upstream of Chkl in

a signaling cascade that maintains the physiological regulation of Cdc25A protein half-life.

4.2.4. p38 MAPK IS NOT INVOLVED IN CDK2-MEDIATED REGULATION OF
CDC25A PROTEIN HALF-LIFE

p38 MAPK activity has been reported to regulate Cdc25A protein stability following
osmotic stress; p38 MAPK phosphorylated Cdc25A at Ser 75, promoting Cdc25A degradation
(85). However, a role for p38 MAPK activity in regulating Cdc25A protein levels in the absence
of osmotic stress has not been thoroughly investigated. It was therefore hypothesized that Cdk2
could regulate Cdc25A protein half-life by affecting p38 MAPK activity. To determine whether
p38 MAPK activity was downregulated by Cdk2 inhibition, HCT-116 cells were transfected with
the dominant-negative Cdk2 mutant and p38 MAPK phosphorylation at threonine 180 and
threonine 182, a widely accepted surrogate for p38 MAPK activity, was analyzed. Inhibition of
Cdk2 kinase activity did not downregulate p38 MAPK phosphorylation (Figure 4.6), suggesting
that p38 MAPK activity is not involved in Cdk2-mediated regulation of Cdc25A protein half-

life.
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Figure 4.6: Cdk2 Inhibition does not Downregulate p38 MAPK.

HCT-116 cells were transfected with pcDNA3.1 (empty vector control) or DN Cdk2. 48
hr after transfection, phospho-p38 MAPK, total p38 MAPK, Cdk2, and B-tubulin (loading
control) levels were examined by western blot. Inhibition of Cdk2 kinase activity by DN Cdk2

expression in HCT-116 cells does not decrease p38 MAPK phosphorylation or total p38 MAPK

protein levels.
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4.3. DISCUSSION

Conventional cell cycle dogma assigns Cdc25A the limited role of dephosphorylating and
activating Cdk2/cyclin E at the G1/S transition and Cdk2/cyclin A during early S phase. Recent
work has revealed that Cdc25A also plays a critical, non-redundant role in mitosis by
contributing to the Cdk phosphatase activity that regulates Cdkl/cyclin B (68, 70, 89, 90).
Cdc25A levels are subject to precise regulatory mechanisms that maintain strict control over
Cdc25A protein levels through proteolytic degradation; while this mechanism is employed for
cell cycle checkpoint-mediated downregulation of Cdc25A, it is now apparent that proteolytic
degradation is also a major regulatory mechanism for Cdc25A expression in a cell cycle-
dependent manner in the absence of genetic insults (67, 68, 70, 84, 87). Chkl, which contributes
to cell cycle checkpoint-dependent Cdc25A proteolytic degradation, was identified as a
physiologic regulator of Cdc25A turnover in interphase, and Cdc25A ubiquitination and

CthI

degradation appears to be facilitated by APC/ in mitosis and early G1 and by SCF ubiquitin

ligases in interphase (70, 183).

43.1. REGULATION OF CDC25A BY UBIQUITIN LIGASES

In accordance with the rapid turnover of Cdc25A in interphase catalyzed by the SCF
ubiquitin ligase, it was hypothesized that decreased Cdc25A turnover following Cdk2 inhibition
may be a result of downregulating SCF ubiquitin ligase activity, which targets multiple cell cycle
regulatory proteins for proteolysis (70, 164, 169, 179, 193). Indeed, the studies confirming
Cdc25A as an SCF substrate made use of a dominant-negative Cull mutant to inhibit SCF

ubiquitin ligase activity, which resulted in increased p27 protein levels, an SCF substrate that
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provided a convenient surrogate for monitoring SCF ubiquitin ligase activity (70, 179). p27
protein levels and protein levels of other SCF substrates, such as cyclin D and B-catenin, could
therefore serve as useful endpoints for monitoring SCF activity to determine whether inhibiting
Cdk2 kinase activity increased Cdc25A protein half-life by non-specific downregulation of SCF
ubiquitin ligase activities. Inhibition of Cdk2 kinase activity with the dominant-negative Cdk2
mutant clearly did not affect SCF ubiquitin ligase activities because, while Cdc25A protein
levels and half-life are elevated following Cdk2 inhibition, p27, cyclin D, and B-catenin, three
well established SCF substrates, were unaffected.

Cdc25A turnover is subject to an alternate regulatory mechanism in mitotic exit and early
G1, as proteolysis in this segment of the cell cycle is the domain of the APC/C ubiquitin ligases
(169, 195). Cdc25A degradation upon mitotic exit was reminiscent of cyclin B degradation and
Cdc25A contained a conserved KEN-box motif; this led to the identification of Cdc25A as a
target of the APC/C“™' ubiquitin ligase (70, 169, 176). To determine whether Cdk2 inhibition

led to downregulation of APC/C“"

ubiquitin ligase activity, we examined cyclin B levels in
cells following inhibition of Cdk2 kinase activity with the dominant-negative Cdk2 mutant.
Cdk2-mediated regulation of Cdc25A half-life did not involve decreasing APC/C““! ubiquitin
ligase activity, as cyclin B levels were unaffected following Cdk2 inhibition. Collectively,
inhibition of Cdk2 kinase activity did not downregulate general ubiquitin-proteolytic machinery,

suggesting that an alternate mechanism was responsible for Cdk2-mediated regulation of

Cdc25A protein half-life.
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4.3.2.  THE ROLE OF p21 IN CDK2-MEDIATED REGULATION OF PHYSIOLOGIC
CDC25A TURNOVER

While Cdk2 inhibition did not alter SCF or APC/C“®! ubiquitin ligase activities, p21
levels were increased in cells transfected with the DN Cdk2 mutant. Dominant-negative mutant
proteins function by competing for essential substrates, thus inhibiting endogenous protein
function (157). Because p21 can associate with multiple Cdks (1, 192), we compared p21
protein levels in cells transfected with dominant-negative Cdkl, dominant-negative Cdk2, or
dominant-negative Cdk3 mutants to rule out elevation of p21 protein levels as an artifact of
sequestration by ectopic expression of a dominant-negative Cdk mutant protein. p21 levels were
not elevated following expression of DN Cdk1 or DN Cdk3 mutants, suggesting that the elevated
p21 levels were not an artifact of sequestration by overabundance of Cdk protein; in addition,
inhibition of Cdk2 catalytic activity with roscovitine also resulted in increased p21 protein levels,
further supporting a direct link between Cdk2 catalytic activity and p21 protein levels. Because
increases in p21 levels mirrored increases in Cdc25A levels following inhibition of Cdk2 kinase
activity, we hypothesized that increased p21 levels may be a causative mechanism for Cdk2-
mediated increases in Cdc25A half-life; moreover, all three cell lines (HeLa, MCF-7, HCT-116)
in which Cdk?2 inhibition increased Cdc25A protein levels have functional p21. To test the p21
hypothesis, we transfected isogenic HCT-116 cells, in which p21 or p53 gene expression was
eliminated via in vitro targeted deletion, with the dominant-negative Cdk2 mutant. Cdc25A
protein levels were elevated in all 3 isogenic cell lines following Cdk2 inhibition, indicating that
p21 was not necessary for Cdk2-mediated regulation of Cdc25A turnover. While it is unclear

how inhibition of Cdk2 kinase activity increased p21 protein levels, it may be a result of
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upregulating p73 activity or by modulating regulatory mechanisms that dictate p53-independent

p21 expression (described in Results 4.2.2) (192, 196).

4.3.3. A CDK2-CHKI1-CDC25A CONNECTION?

One possibility is that Cdk2-mediated regulation of Cdc25A proceeds through
conventional pathways regulating Cdc25A turnover in the absence of genotoxic stress. Chkl
was recently identified as a physiological regulator of Cdc25A protein turnover in the absence of
stresses (183). While Chkl1 activity was originally believed to be checkpoint-dependent, Chkl
activity accumulates in parallel with Chk1 protein levels even in the absence of DNA damage or
stress and Chk1 possesses basal kinase activity (180). While no formal link has been established
between Cdk2 and Chkl, the effect of inhibiting Cdk2 kinase activity on Chkl kinase activity
was explored to determine whether there was a functional connection. Inhibiting Cdk2 kinase
activity had no effect on total Chkl protein levels or Chkl kinase activity in HeLa cells
expressing the dominant-negative Cdk2 mutant; similar results were observed in HCT-116 cells.
Furthermore, a concentration-dependent increase in Cdc25A protein levels in HCT-116 cells was
observed with increasing expression of the dominant-negative Cdk2 mutant using an adenovirus
expression system (Ad.DN Cdk?2); this increase in Cdc25A was independent of changes in Chkl
protein levels, which remained unchanged throughout these experiments. These results suggest
that Cdk2 does not regulate Chkl expression or Chkl activity and, therefore, Cdk2-mediated
regulation of physiological Cdc25A turnover occurs independently of Chkl. At this point, the
data reported herein cannot support or refute the hypothesis that Cdk2 directly phosphorylates
Cdc25A to regulate its stability, in a mode akin to Chkl-mediated regulation of Cdc25A

stability; Cdk2 has indeed been reported to phosphorylated Cdc25A to upregulate its phosphatase
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activity at the G1/S transition (66) and this or additional phosphorylation events may contribute

to Cdk2-mediated regulation of Cdc25A stability.

434. p38 MAPK-MEDIATED REGULATION OF CDC25A TURNOVER

UV-mediated degradation of Cdc25A was recently shown to involve an additional Chk1
phosphorylation site, Ser 75, which is analogous to a phosphorylation site in Xenopus Cdc25A
required for the mid-blastula transition (85, 86, 88, 197). This serine phosphorylation seems to
contribute to Chkl-mediated Cdc25A protein turnover. In addition, p38 MAPK can promote
Cdc25A downregulation by phosphorylating Cdc25A at Ser 75 in response to osmotic stress
(85). This is not entirely unexpected, as p38 MAPK has been reported to phosphorylate Chk1
phosphorylation sites in Cdc25B and Cdc25C in vitro and p38 MAPK negatively regulates
Cdc25B in vivo in response to cell cycle checkpoints (91). Furthermore, several layers of
redundant regulatory mechanisms are expected for Cdc25A expression, as loss of Cdc25
regulation can have deleterious effects on cell biology (67, 68, 84, 87). Because Chkl
contributes to the physiologic regulation of Cdc25A and since p38 MAPK has been shown to be
able to phosphorylate Chkl phosphorylation sites, it was hypothesized that p38 MAPK may
contribute to the physiologic regulation of Cdc25A turnover mediated by Cdk2, even though no
evidence exists to suggest a functional link between the two. Such a model would predict that
for Cdc25A stability to be increased, p38 MAPK activity should be decreased following Cdk2
inhibition. However, expression of the dominant-negative Cdk2 mutant had no effect on p38
MAPK phosphorylation, a common surrogate for MAPK activity, revealing that Cdk2 does not

affect physiologic Cdc25A turnover by downregulating p38 MAPK activity.
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435 B-TrCP IS THE F-BOX PROTEIN THAT REGULATES CDC25A
UBIQUITINATION AND DEGRADATION BY THE SCF UBIQUITIN LIGASE

Ubiquitin-mediated proteolysis catalyzed by SCF ubiquitin ligases requires substrate
recognition and binding, which is facilitated by the F-box protein subunit of the SCF ubiquitin
ligase complex; F-box proteins determine the substrate specificity for the SCF ubiquitin ligase
machinery (169). Constitutive and DNA damage-induced turnover of Cdc25A protein was
recently reported to be catalyzed by the SCFA TP ubiquitin ligase, which is known to catalyze
the turnover of B-catenin, IxB and several other proteins (185, 198, 199). B-TrCP is an F-box
protein that interacts with proteins containing a DSG phosphodegron, a short phospho-peptide
motif containing the sequence DS*G¢X,S*, where S* is a phosphoserine, ¢ is a hydrophobic
amino acid, and X is any amino acid (where n > 1) (200-202). While recognition of Cdc25A by
the SCFATCP ubiquitin ligase involved Chkl-mediated phosphorylation of Cdc25A at Ser 75,
Chk1 activity by itself was insufficient for B-TrCP binding and, in fact, a Cdc25A S75A mutant
still weakly associated with 3-TrCP in vivo, questioning the necessity of this phosphorylation site
for B-TrCP binding (198). Ser 75 is not part of the DSG phosphodegron recognized by B-TrCP
but somehow appears to facilitate B-TrCP binding to the proximal upstream phosphodegron,
which includes phosphorylated Ser 82 and either phosphorylated Ser 79, phosphorylated Ser 88,
or both (198, 199). Incidentally, neither Ser 79, Ser 82, nor Ser 88 are Chkl phosphorylation
sites, nor are they phosphorylated by casein kinase Ia, initially hypothesized as a potential
alternate candidate kinase for these sites (198). While Chk1 appears to be important for Cdc25A
proteolytic degradation in the presence and absence of genotoxic stress, Chk1-mediated Cdc25A
phosphorylation does not form the SCFATeP phosphodegron and Chkl-mediated

phosphorylation of Ser 75 is dispensable for in vivo association between Cdc25A and the SCF*
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TP which questions the role of Chkl-mediated phosphorylation of Cdc25A at Ser 75, Ser 123,
Ser 178, Ser 278, Ser 292 in Cdc25A protein turnover. It has been hypothesized that the multiple
Chk1-catalyzed Cdc25A phosphorylation sites could serve to enhance the association between
Cdc25A and the SCFAT? ubiquitin ligase machinery to enable efficient ubiquitination in a
mode akin to that involved in proteasome-mediated destruction of the SCF substrate Sicl, a yeast
G1 Cdk inhibitor. Efficient recognition of Sicl by SCF“ required phosphorylation of at least
six sites to generate a functional Cdc4 phosphodegron (CPD); while alone, each phosphorylation
site formed a low-affinity CDP, the combination of 6 low-affinity CPDs enabled Sicl
recognition by SCF“* creating a biological threshold for fine tuning this irreversible regulatory
switch (203, 204). While this hypothesis is appealing for fine tuning Cdc25A protein stability,
multi-site phosphorylation may play a different role in regulating Cdc25A, as phosphorylation of
Ser 82 and either Ser 79 or Ser 88 appear to be the only necessary phosphorylations required for
interaction with SCF# 7P (198, 199). Cdc25A mutants lacking the 4 Chk1 phosphorylation sites
(Ser 123, Ser 178, Ser 278, Ser 292) were observed to be consistently labeled with shorter
ubiquitin conjugates, suggesting that Chkl-mediated Cdc25A phosphorylation might serve to
affect the sites of ubiquitin conjugation or the efficiency of polyubiquitination, which could
impact proteasome recruitment and subsequent degradation of Cdc25A (198, 199, 205). The
identity of the kinase that phosphorylates the Cdc25A DSG motif serine residues, Ser 79, Ser 82
and Ser88, is unknown and it is not clear if one or more kinases are involved. At least one of the
serine phosphorylation sites in the B-TrCP phosphodegron, serine 88, constitutes the minimal
consensus Cdk phosphorylation site, S/T*-P (206). Inhibition of Cdk2 kinase activity, therefore,

could interfere with formation of the B-TrCP phosphodegron in Cdc25A, resulting in decreased

recognition of Cdc25A by SCFPT? | decreased Cdc25A turnover and an increase in Cdc25A

79



protein half-life without directly downregulating SCFATcP

ubiquitin ligase activity; this
hypothesis would be consistent with the observation that inhibition of Cdk2 kinase activity did
not increase [3-catenin protein levels, which confirmed that Cdk2 inhibition does not
downregulate SCFATer ubiquitin ligase activity. While the data presented herein cannot rule out
the involvement of additional factors in Cdk2-mediated regulation of Cdc25A turnover, the
hypothesis that Cdk2 is involved in generating the B-TrCP phosphodegron in Cdc25A is indeed
plausible. ~ Evaluation of this hypothesis, using site-directed mutagenesis to create
phosphorylation site-deficient Cdc25A mutants and phospho-DSG motif-specific antibodies to
probe the role of the DSG motif serine phosphorylation sites in Cdk2-mediated regulation of

Cdc25A protein turnover, and resolution of the Cdk2-specific phosphorylation sites in Cdc25A

remain future directions for this project.

4.4. CONCLUSIONS

Inhibition of Cdk2 kinase activity with a dominant-negative Cdk2 mutant did not
decrease SCF or APC/C ubiquitin ligase activities. Inhibition of Cdk2 kinase activity increased
p21 protein levels in both HeLa and HCT-116 cells; p21, however, is not involved in Cdk2-
mediated regulation of Cdc25A protein half-life, as inhibition of Cdk2 kinase activity in p217~
HCT-116 cells resulted in increased Cdc25A protein levels. Chkl, recently described as a
physiologic regulator of Cdc25A protein stability, is not involved in Cdk2-mediated regulation
of Cdc25A protein half-life. p38 MAPK, recently described as a regulator of Cdc25A stability in
an osmotic stress checkpoint, does not play a role in the physiologic regulation of Cdc25A

stability by Cdk?2.
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5. DISCUSSION

Genomic instability is a hallmark of cancer that stems in part from illegitimate cell cycle
progression (134, 207). The cell cycle machinery is a common target of oncogenic mutations,
and overexpression of the proto-oncogene Cdc25A has been documented in clinical studies of
multiple human cancers (121-129, 131-134, 208). As Cdc25A mediates cell cycle progression
and is a target of cell cycle checkpoints, overexpression of Cdc25A can promote inappropriate
cell cycle progression in the presence of damaged DNA or premature cell division prior to
faithful completion of DNA replication, both of which contribute to genomic instability (42, 82).
Due to the labile nature of Cdc25A during normal cell cycle progression in the absence of
genotoxic stress, one possible explanation for increased Cdc25A protein levels in human tumors
is a defect in physiologic protein turnover mechanisms. In support of this hypothesis, it was
recently shown that in a panel of breast cancer cell lines, Cdc25A levels were elevated not as a
result of increased mRNA expression but as a result of enhanced protein stability; while some
cell lines were defective in DNA damage checkpoints, suggesting defects in Chkl signaling
could be responsible for enhanced Cdc25A protein stability, others were proficient in degrading
Cdc25A following DNA damage, suggesting normal Chk1 function and supporting the existence
of Chkl-independent mechanisms for regulating physiologic Cdc25A protein turnover (134). In
addition, a gain-of-function mutation in the Caenorhabditis elegans Cdc25 gene (cdc-25.1)
resulted in deregulated hyperproliferation of intestinal cells, reminiscent of neoplastic behavior
(209). A mutant Caenorhabditis elegans strain was identified by the presence of extra intestinal

cells, and the responsible mutation was traced back to the cdc-25.1 gene. Sequence analysis
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revealed that this gain-of-function Cdc-25.1 mutant protein encoded a serine to phenylalanine
mutation at amino acid 46; this residue falls in within a SRDSG motif (the second serine residue
being affected by the mutation) in the protein’s amino terminus and was hypothesized to be a site
of negative regulation for the protein (209). Furthermore, intestinal hyperplasia could be
generated in a normal Caenorhabditis elegans strain by introducing the mutant cdc-25.1 (Ser 46
Phe) as a transgene, confirming its direct oncogenic potential (209). This SRDSG motif in Cdc-
25.1 is reminiscent of a putative DSG ubiquitin ligase binding motif; loss of this motif could
enable a gain-of-function mutation as a result of compromised protein turnover. By analogy,
deregulation of Cdc25A protein turnover as a result of mutations to its DSG ubiquitin ligase
binding motif could be sufficient to induce a hyperplastic growth state as a result of Cdc25A
overexpression. These findings argue in favor of deregulated physiologic Cdc25A turnover as a
potential mechanism contributing to Cdc25A overexpression in malignancies and emphasize the
need to better understand physiologic Cdc25A turnover mechanisms.

To more fully understand the physiologic regulation of Cdc25A turnover, we explored
the molecular mechanisms that regulate cell cycle checkpoint-independent regulation of Cdc25A

protein levels.

5.1. REGULATION OF CDC25A BY PHOSPHORYLATION

Cdc25A phosphorylation is catalyzed by multiple kinases (Table 5.1 and Figure 5.1).
Preliminary studies on Cdc25A determined that phosphorylation by several different kinases
served to upregulate its catalytic activity following mitogenic stimuli to promote cell cycle

progression (66, 98, 99). Cdc25A phosphorylation is now known to also play a key role in
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Table 5.1: Reported Human Cdc25A Phosphorylation Sites.

Residue | Amino Acid Kinase Function
17 Serine Cdkl1/cyclin B | Mitotic stabilization
. Phosphorylation site involved in degradation
75 Serine Chkl Promotes recognition by SCFATeP
. Phosphorylation site involved in degradation
75 Serine p38 MAPK Promotes recognition by SCFATeP
. Phosphodegron formation
299
7 Serine o SCFATeP binding site
) Phosphodegron formation
299
82 Serine a SCF# 7" binding site
) Phosphodegron formation
299
88 Serine o SCF# " binding site
115 Serine Cdkl1/cyclin B | Mitotic stabilization
123 Serine Chkl, Chk2 | Phosphorylation site involved in degradation
Phosphorylation site involved in degradation
178 Serine Chkl, Chk2 | Promotes 14-3-3 binding
Prevents Cdk1/cyclin B activation
278 Serine Chkl Phosphorylation site involved in degradation
292 Serine Chk1, Chk2 Phosphorylation site involved in degradation
. Promotes 14-3-3 binding
>07 Threonine Chl Prevents Cdk1/cyclin B activation
277? ?77? Cdk2 Increases Cdc25A catalytic activity
7? ?77? Cdk2 Decreases Cdc25A stability
77? 77?7 Pim1 Increases Cdc25A catalytic activity
?77? ?27? Rafl Increases Cdc25A catalytic activity
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Figure 5.1: Regulation of Cdc25A by Phosphorylation.

Cdc25A is regulated by multiple phosphorylation events, the majority of which occur in
the amino terminal regulatory domain. Several Cdc25A phosphorylation sites remain to be
elucidated (Table 5.1). Moreover, candidate kinases for several phosphorylation sites also

remain to be discovered.
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regulating protein stability. Since the seminal report identifying Cdc25A as target of DNA
damage checkpoints (87), Cdc25A phosphorylation studies have focused on how genotoxic
stress responses are relayed to regulatory proteins that target Cdc25A for degradation. The
mechanism that emerged has revealed that targeting Cdc25A for ubiquitin-mediated degradation
requires more than the original model of checkpoint kinase-catalyzed Ser 123 phosphorylation
(84, 87); Cdc25A degradation in response to genotoxic stresses is, in fact, the result of a
previously unanticipated and complicated interaction between phosphorylation content and
phosphorylation kinetics, with multiple amino terminal phosphorylation sites playing important
and non-redundant roles (68, 70, 85, 86, 183, 199). The known Cdc25A phosphorylation sites
are listed in Table 5.1 and depicted in Figure 5.1, and while the detailed mechanism by which
these phosphorylation sites affect Cdc25A stability is unclear, recent studies support several
conclusions. Cdc25A plays an essential role in catalyzing mitotic cell division. Cdc25A protein
stability is significantly increased as cells approach and enter mitosis, and this is a result of
Cdkl1/cyclin B-catalyzed phosphorylation at Ser 17 and Ser 115. Phosphorylation at these sites
uncouples Cdc25A from the rapid proteolytic degradation typical of physiologic interphase
Cdc25A regulation and promotes the increase in Cdc25A protein levels essential for mitotic
progression (68). While this mechanism promotes the onset of mitosis, the cell has also
developed countermeasures to prevent premature initiation of mitosis. Mitotic progression is
inhibited by Chkl-mediated phosphorylation of Ser 178 and Thr 507, which promotes 14-3-3
binding to Cdc25A (69). While 14-3-3 association with Cdc25B and Cdc25C results in
obstruction of the Cdc25 NLS and concomitant nuclear exclusion, the interaction between 14-3-3
and Cdc25A has not been reported to affect Cdc25A subcellular localization; 14-3-3 binding

effectively prevents Cdc25A from binding cyclin B by obstructing the cyclin B binding motif in
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Cdc25A and blocks Cdkl1/cyclin B activation that is required for mitotic progression (69). 14-3-
3 association may facilitate Cdc25A degradation, as inhibiting the interaction between Cdc25A
and Cdkl1/cyclin B will prevent Cdkl1/cyclin B from phosphorylating Cdc25A at Ser 17 and Ser
115 to increase its stability; the precise roles of Ser 178 and Thr 507 phosphorylation in Cdc25A
turnover, however, are still unclear. Upon mitotic exit and cell cycle re-entry, Cdc25A lability
returns, most likely as a result of cyclin B degradation and concomitant inactivation of
Cdkl1/cyclin B complexes. This results in a loss of the phosphorylations that stabilize Cdc25A
and facilitates its degradation by the APC/C““"' ubiquitin ligase (68, 70). Cdc25A regulation
during interphase is also a complex matter. Chk1 phosphorylates Cdc25A at Ser 123, 178, 278
and 292 during unperturbed cell cycle progression, and these phosphorylation sites contribute to
its labile nature (183). While Chk2 appears to phosphorylate all of these serine residues except
Ser 278, Chk2 is only implicated in Cdc25A turnover following genotoxic stresses; increased
lability of Cdc25A following DNA damage involves increased kinetics of Cdc25A
phosphorylation, presumably reflecting the cumulative effect of Chkl- and Chk2-mediated
phosphorylations (181-184). In addition, Cdc25A phosphorylation at Ser 75 also contributes to
its labile nature both in the presence and absence of genotoxic stress (85, 198). Ser 75
phosphorylation is mediated by either Chkl or p38 and appears to be one of the more critical
phosphorylation sites for Cdc25A ubiquitination (198). While phosphorylation is clearly a
prerequisite for Cdc25A degradation, the mechanism by which Ser 75, 123, 178, 278 and 292
phosphorylation contributes to Cdc25A lability is unknown. Furthermore, regulation of Chkl-
dependent Cdc25A phosphorylation is complicated and poorly understood, as Chkl
phosphorylates Cdc25A at multiple sites to affect multiple processes at different points in the cell

cycle (69, 85-87, 90, 183). Recently, interphase turnover of Cdc25A was reported to depend on
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SCFAIer ubiquitin ligase, both in the presence an absence of DNA damage (198, 199). While
Chk1-dependent phosphorylation of Ser 75 appeared to be important for Cdc25A ubiquitination
in the absence of genotoxic stress, Cdc25A could still associate with SCFATeP ubiquitin ligase,
albeit in a decreased manner, following mutation of Ser 75 to alanine, implying that alternate
phosphorylation sites could facilitate Cdc25A recognition by the B-TrCP F-box protein in the
absence of Chkl-dependent phosphorylation of Ser 75 (198). It appears that interphase
ubiquitin-mediated turnover of Cdc25A by with SCFATer depends on phosphorylation at Ser 82
and either Ser 79 or Ser 88, which together constitute a phosphodegron necessary for Cdc25A
ubiquitination by SCFAIrer (198, 199). Ser 79, 82 and 88 are not Chkl phosphorylation sites,
confirming an essential role for kinases other than Chkl in mediating physiological Cdc25A
turnover. Chkl phosphorylation of Cdc25A at Ser 75 is believed to ‘prime’ Cdc25A for
phosphorylation at Ser 82 and either Ser 79 or Ser 88 to form the SCFATeP phosphodegron
(198). While the details of such a ‘priming’ mechanism are still unknown, Ser 75
phosphorylation could form a docking site for a specific protein kinase(s) or a protein complex
containing one or more kinases with the ability to phosphorylate Cdc25A at Ser 79, 82 and/or 88.
Candidate kinases for these phosphorylation sites remain to be identified, although one potential
kinase for Ser 88 phosphorylation, based on primary amino acid sequence, could be Cdk2.

An additional layer of complexity is added to Cdc25A regulation by phosphorylation
when interphase regulation of Cdc25A activity is considered. Cdc25A phosphatase activity
increases following phosphorylation by Rafl, Piml1, and Cdk2/cyclin E (66, 98, 99). Cdc25A
phosphorylation by Rafl and Pim1 couples mitogenic stimulation to initiation of the cell cycle,
whereas phosphorylation of Cdc25A by Cdk2/cyclin E, which requires prior Cdc25A activity,

endows Cdc25A with sufficient phosphatase activity to promote progression through the G1/S
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transition. The precise location of the Rafl-, Piml-, and Cdk2/cyclin E-mediated Cdc25A
phosphorylation sites, however, remains to be elucidated. Their impact on Cdc25A protein
stability will also need to be considered. Regulation of Cdc25A by phosphorylation is clearly a
complex interplay between positive and negative regulatory stimuli; the built in redundant and

overlapping signals reflect the importance of Cdc25A in cell biology.

5.2. REGULATION OF CDC25A BY CDK2

The first reports of Cdk2 affecting Cdc25A described an enzyme/substrate positive
feedback loop in which Cdc25A dephosphorylated Cdk2/cyclin E, resulting in Cdk2/cyclin E
activation (66). Activated Cdk2/cyclin E would then, in turn, phosphorylate Cdc25A, increasing
Cdc25A activity; this feedback loop would proceed until sufficient Cdc25A and Cdk2/cyclin E
activities were achieved to promote the transition from G1 to S phase. Furthermore, the early
literature maintained that Cdc25A was present and active in late G1 and early S phase, whereas
cell cycle progression beyond these points was relegated to Cdc25B and Cdc25C activities (20-
22, 28, 66). It is now believed that Cdc25A not only catalyzes the G1/S transition but it also
plays critical roles throughout S phase, in G2, at the G2/M transition and in mitosis (67, 68, 89,
90). The relationship between Cdc25A and Cdk2 is also regarded differently, as Cdk2 appears to
contribute to the lability of Cdc25A in interphase (210). While the details of this relationship
remain to be fully elucidated, several points are clear. The kinase activity of Cdk2 is necessary
for proper maintenance of Cdc25A protein half-life in the absence of genotoxic stress (Chapter
3.2.4). The retarded degradation of Cdc25A following inhibition of Cdk2 kinase activity is not
due to downregulation of SCF or APC/C ubiquitin ligase activities, which are responsible for

Cdc25A turnover in interphase and mitosis, respectively (Chapter 4.2.1). Furthermore, inhibiting
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Cdk2 kinase activity does not downregulate one catalyst of physiologic Cdc25A turnover, Chkl
(Chapter 4.2.3), implying that Cdk2 does not lie upstream in a signaling pathway that culminates
in Chkl activation to regulate Cdc25A turnover. Based on the results presented herein and the
current state of Cdc25A biology, an attractive hypothesis for Cdk2-mediated regulation of
Cdc25A half-life in the absence of genotoxic stress is that Cdk2 phosphorylates Cdc25A at
serine residues essential for formation of the phosphodegron that enables Cdc25A recognition by
SCFPT? " TInhibition of Cdk2 kinase activity would therefore result in retarded Cdc25A
degradation by decreasing Cdc25A recognition and ubiquitination by SCFATCP, Validating this
hypothesis would entail analysis of 1) Cdc25A ubiquitination following inhibition of Cdk2
kinase activity, 2) Cdc25A/SCFP T association following inhibition of Cdk2 kinase activity,
and 3) Cdk2-specific phosphorylation sites in Cdc25A. These constitute the future aims for this
research project. One cannot rule out, however, that Cdk2 facilitates activation of an

intermediate kinase that contributes to generation of the Cdc25A phosphodegron.

5.3. CELL CYCLE REGULATION AND CANCER

Oncogenic alterations of the cell cycle machinery occur frequently in human tumors,
contribute to the disruption of normal growth control and override cell cycle checkpoints (2, 211,
212). Therefore, pharmacologic inhibitors of oncogenic cell cycle regulatory proteins are
predicted to possess great theoretical value for treatment of human neoplastic disease (4). The
current anticancer strategy of designing novel therapies against specific molecular targets to
minimize effects on non-neoplastic tissues, however, depends on validating the suitability of

molecular targets for therapeutic intervention (3, 213). The best example to date of the need for
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target validation comes from recent studies revealing the suitability of Cdk2 as a target for
therapeutic intervention of human cancers. While targeting Cdk2 emerged as a novel therapeutic
strategy based on its apparent central role in promoting cell cycle progression (3, 214-219),
cancer cells proliferated in the absence of Cdk2 activity and Cdk2 protein, indicating that in fact,
Cdk2 is probably not a suitable target for cancer therapy (160). This unexpected result was
further validated by targeted deletion of Cdk2 in mice, which confirmed that cells can progress
through the cell cycle in the absence of Cdk2 (158, 159). However, it is still possible that
genetic instability could result in tumor cells that acquire dependence upon Cdk2 activity. These
studies emphasize the need for thorough target validation for novel therapeutic strategies. As
oncogenic drivers of cell proliferation, Cdc25 phosphatases are a source of potential targets for
the treatment of cancer, and many groups have endeavored to search for specific small molecule
Cdc25 inhibitors (42). Much like the case for Cdk2, cells from mice that have undergone
targeted deletion of Cdc25B or Cdc25C proliferate normally, implying that specific targeted
inhibition of these two Cdc25s, if achievable, might not generate a useful therapeutic for human
cancers (71, 72). Furthermore, targeted deletion of Cdc25A in mice is embryonic lethal (Peter J.
Donovan, personal communication). However, these results may be attributed to essential roles
for the Cdc25 DSPases in developmental biology and the ability of Cdc25A to functionally
compensate for Cdc25B or Cdc25C, as inhibition of Cdc25B using antisense oligonucleotides
(220) and inhibition of Cdc25A using antisense oligonucleotides or small interfering RNA
(siRNA) (68, 124) results in inhibition of cell cycle progression in human tumor cells; moreover,
inhibition of Cdc25 activity in human tumor cells using small molecule inhibitors also results in
inhibition of cell cycle progression (42, 221). Therefore, interfering with Cdc25A activity could

provide a novel therapeutic opportunity for the treatment of cancer. However, caution must be
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taken with this approach because, as the efforts for inhibiting Cdk2 revealed, regulation of cell
cycle progression is at the same time less intricate and perhaps also more complicated that
previously assumed (222). Full target validation and a thorough understanding of novel target
protein biology is an essential precursor to any successful therapeutic development efforts. The
work presented herein contributes to the fundamental understanding of Cdc25A regulation in
unperturbed interphase cells. This is important because, as in Caenorhabditis elegans, where
loss of Cdc25 regulation led to a hyperproliferative phenotype, and in human tumors
overexpressing cyclin B, which could lead to unscheduled activation of Cdkl/cyclin B
complexes and increased Cdc25A stability, loss of Cdc25A regulation in human cells could
promote deregulation of cell cycle proliferation, insensitivity to anti-growth signals and genetic
instability, several essential alterations that are hallmarks of human cancer (2, 19, 198, 209).
Therefore, understanding the basic biology of Cdc25A may provide insight into the mechanisms
by which Cdc25A levels are overexpressed in tumors, how elevated Cdc25A levels contribute to
the malignant phenotype and may generate novel approaches for the treatment of human cancers

by therapeutic intervention targeting Cdc25A.

5.4. CONCLUSIONS

Inhibition of Cdk2 kinase activity in human tumor cells increased Cdc25A protein levels
by decreasing Cdc25A protein turnover. Cdk2-mediated regulation of Cdc25A turnover in
interphase was a p53- and p2l-independent phenomenon. Cdk2 did not regulate Cdc25A
turnover by inhibiting APC/C““ or SCFA P ubiquitin ligase activities. Cdk2 did not regulate

Cdc25A turnover by modulating Chkl or p38 MAPK, two known regulators of Cdc25A
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stability. Cdk2 activity may play an essential role in facilitating Cdc25A recognition by SCF*

TP ubiquitin ligase, a hypothesis awaiting evaluation.
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APPENDIX A

SMALL MOLECULES

NAME

STRUCTURE

ACTIVITY"

Cycloheximide

HsCr,

CHs

Inhibitor of protein synthesis
Interferes with translocation step

Olomucine

Cdk Inhibitor

ATP site competitive inhibitor
Cdkl/cyclin B (ICs5¢=7 uM)
Cdk2/cyclin A or E (IC50=7 uM)
Cdk5/p35 (ICs50=3 uM)

p44 MAPK (IC50=25 uM)
Cdk4/cyclin D1 (IC50>1 mM)
Cdko6/cyclin D3 (IC50>250 uM)

Roscovitine

OH  CHs

Cdk Inhibitor

ATP site competitive inhibitor
Cdk1/cyclin B (IC50=0.65 pM)
Cdk2/cyclin A or E (ICs50=0.70uM)
Cdk5/p35 (IC50=0.20 uM)

Erkl MAPK (IC50=34 mM)

Erk2 MAPK (ICsp=14 mM)

“ Data obtained from Calbiochem (http://www.calbiochem.com)

94




APPENDIX B

ANTIBODIES FOR WESTERN BLOTTING

Antibody Species | Dilution Vendor
B-catenin mouse 1:500 BD Transduction Labs
B-tubulin mouse 1:5000 Cedarlane Laboratories
Cdc2 p34 (17) mouse 1:1000 Santa Cruz
Cdc25A (F6) mouse 1:100 Santa Cruz
Cdc25B mouse 1:750 BD Transduction Labs
Cdk2 (M2) rabbit 1:2000 Santa Cruz
Cdk3 (Y-20) rabbit 1:500 Santa Cruz
Chk1 (G4) mouse 1:250 Santa Cruz
Chk1 rabbit 1:500 Cell Signaling Technology
cyclin B1 (H-433) rabbit 1:200 Santa Cruz
cyclin D1 (A-12) mouse 1:200 Santa Cruz
p21 (C-19) rabbit 1:500 Santa Cruz
p21 WAF1 mouse 1:100 Oncogene Research Products
p27 (C-19) rabbit 1:500 Santa Cruz
p38 MAPK rabbit 1:500 Cell Signaling Technology
phospho-p38 MAPK (Thr180/Thr182) rabbit 1:1000 Cell Signaling Technology
phospho-Cdc25C (S216) rabbit 1:5000 Cell Signaling Technology
vinculin (H-300) rabbit 1:500 Santa Cruz
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APPENDIX C

INDUCTION AND PURIFICATION OF GST-CDC25C (200-256)

The following protocol was adapted from Frangioni and Neel (223) for purification of
recombinant GST fusion proteins:

Protein Overexpression in E. coli:

1. Inoculate 100 ml of LB media containing 100 pg/ml ampicillin with E. coli strain
BL21(DE3) transformed with pGEX-2T-GST-Cdc25C (200-256). Incubate at 37°C
overnight.

2. Inoculate 1L of LB media containing 100 ug/ml ampicillin with 100 ml starter culture
(Step 1) and allow to grow 3-5 hr at 37°C while monitoring the ODggo.

3. When ODgg = 0.6-0.8, induce with IPTG to a final concentration of 1 mM and shake at
37°C for 3 hr.

4. Pellet cells by centrifugation at 5000 x g for 15 min. at 4°C.

Sample Preparation/Protein Purification:

1. Resuspend pellet in STE buffer (see below), 25 ml per L culture, supplemented with 100
pg/ml lysozyme and protease inhibitors (10 pg/ml aprotinin, 10 pg/ml leupeptin, 100
pg/ml AEBSF).

2. Incubate on ice for 15 min.

3. Add DTT to final concentration of 10 mM.
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10.

11.

12.

Add N-laurylsarcosine (sarkosyl) [alkyl anionic detergent to aid in solubility] to final
concentration of 1.5% from a 10% solution in STE buffer.
Vortex for 5 sec to mix.
Sonicate on ice for 5 X 5 sec. pulses at power level 4, 50% duty cycle. Save sample of
sonicate for analysis by SDS-PAGE.
Centrifuge at 10,000 x g for 30 min at 4°C. Save samples of pellet and supernatant for
analysis by SDS-PAGE.
Add Triton X-100 to final concentration of 2% from a 10% stock solution in STE buffer
to supernatant.
Vortex for 5 sec.
Prepare glutathione-sepharose 4B beads.
a. Resuspend slurry in bottle. Pipet 1.33 ml of original slurry. (1.33 ml 75% slurry,
which equals 1 ml bed volume in working 50% slurry suspension.)
b. Centrifuge at 500 x g for 5 min at 4°C. Decant the supernatant.
c. Wash the beads in 10 ml PBS (per 1 ml bed volume). Centrifuge at 500 x g for 5
min. Decant supernatant.
d. Resuspend beads in 1 ml STE buffer containing protease inhibitors. (1 ml bead
volume + 1 ml buffer = 50% slurry)
Add 2 ml 50% glutathione-sepharose 4B beads (from step 10.d) to supernatant. Allow
binding to occur on rocker at 4°C for 1hr.
Centrifuge at 800 x g (2000 rpm) for 5 min at 4°C. Save sample of unbound material for

analysis by SDS-PAGE.
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13. Wash beads twice with 10 bed volumes (10 ml) STE buffer supplemented with DTT and
protease inhibitors (see Step 1). Spin at 800 x g (2000 rpm) for 5 min at 4°C between
washes to pellet beads. Save washes for analysis by SDS-PAGE.

14. Wash beads twice with 10 ml elution buffer supplemented with DTT and protease
inhibitors (see Step 1). Spin at 800 x g (2000 rpm) for 5 min at 4°C between washes to
pellet beads. Save washes for analysis by SDS-PAGE.

15. After final wash, add 0.5 ml elution buffer to bead pellet. Resuspend and transfer to 1.5
ml microcentrifuge tube. Spin at 800 x g (2000 rpm) for 5 min at 4°C. Remove
supernatant.

16. Elute protein 3X with 0.5 ml of 10 mM glutathione in elution buffer containing
inhibitors. Spin at 800 x g (2000 rpm) for 5 min at 4°C between elutions. Allow elution
to occur at 4°C for 30 min.

17. Determine protein concentration by Bradford method.

18. Analyze fractions and other samples by SDS-PAGE analysis.

19. Add 20% glycerol to each faction.

20. Aliquot fractions and store at -80°C.

Buffers
= STE: 10 mM Tris (pH 8.0), 150 mM NaCl, 1 mM EDTA

= Elution Buffer: 30 mM Tris (pH 8.0), 75 mM NaCl, 1 mM EDTA

98



BIBLIOGRAPHY

99



10.

11.

12.

. Dirks, P. B., Rutka, J. T. (1997) Current concepts in neuro-oncology: the cell cycle--a

review. Neurosurgery 40, 1000-1013.
Hanahan, D., Weinberg, R. A. (2000) The hallmarks of cancer. Cel/ 100, 57-70.

Wadler, S. (2001) Perspectives for cancer therapies with cdk2 inhibitors. Drug Resist.
Updat. 4, 347-367.

Senderowicz, A. M., Sausville, E. A. (2000) Preclinical and clinical development of

cyclin-dependent kinase modulators. J. Natl. Cancer Inst. 92, 376-387.

Senderowicz, A. M. (1999) Flavopiridol: the first cyclin-dependent kinase inhibitor in
human clinical trials. Invest. New Drugs 17, 313-320.

Alberts, B., Bray, D., Lewis, J., Raff, M., Roberts, K., Watson, J. D. (1994) The Cell-
Division Cycle. In Molecular Biology of the Cell pp. 863-910, Garland Publishing.

Sherr, C. J. (1996) Cancer cell cycles. Science 274, 1672-1677.
Morgan, D. O. (1995) Principles of CDK regulation. Nature 374, 131-134.

Kaldis, P., Solomon, M. J. (2000) Analysis of CAK activities from human cells. Eur. J.
Biochem. 267, 4213-4221.

Poon, R. Y., Jiang, W., Toyoshima, H., Hunter, T. (1996) Cyclin-dependent kinases are
inactivated by a combination of p21 and Thr-14/Tyr-15 phosphorylation after UV-
induced DNA damage. J. Biol. Chem. 271, 13283-13291.

Terada, Y., Tatsuka, M., Jinno, S., Okayama, H. (1995) Requirement for tyrosine
phosphorylation of Cdk4 in G1 arrest induced by ultraviolet irradiation. Nature 376, 358-
362.

Honda, R., Ohba, Y., Yasuda, H. (1992) The cell cycle regulator, human p50weel, is a
tyrosine kinase and not a serine/tyrosine kinase. Biochem. Biophys. Res. Commun. 186,

1333-1338.

100



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Liu, F., Stanton, J. J., Wu, Z., Piwnica-Worms, H. (1997) The human Mytl kinase
preferentially phosphorylates Cdc2 on threonine 14 and localizes to the endoplasmic

reticulum and Golgi complex. Mol. Cell Biol. 17, 571-583.

Pavletich, N. P. (1999) Mechanisms of cyclin-dependent kinase regulation: structures of

Cdks, their cyclin activators, and Cip and INK4 inhibitors. J. Mol. Biol. 287, 821-828.

Sherr, C. J., Roberts, J. M. (1999) CDK inhibitors: positive and negative regulators of
G1-phase progression. Genes Dev. 13, 1501-1512.

Russell, P., Nurse, P. (1986) cdc25+ functions as an inducer in the mitotic control of

fission yeast. Cell 45, 145-153.

Gould, K. L., Nurse, P. (1989) Tyrosine phosphorylation of the fission yeast cdc2+

protein kinase regulates entry into mitosis. Nature 342, 39-45.

Millar, J. B., McGowan, C. H., Lenaers, G., Jones, R., Russell, P. (1991) p80cdc25
mitotic inducer is the tyrosine phosphatase that activates p34cdc2 kinase in fission yeast.

EMBO J. 10, 4301-4309.

Galaktionov, K., Beach, D. (1991) Specific activation of cdc25 tyrosine phosphatases by
B-type cyclins: evidence for multiple roles of mitotic cyclins. Cell 67, 1181-1194.

Nagata, A., Igarashi, M., Jinno, S., Suto, K., Okayama, H. (1991) An additional homolog
of the fission yeast cdc25+ gene occurs in humans and is highly expressed in some cancer

cells. New Biol. 3, 959-968.

Sadhu, K., Reed, S. L., Richardson, H., Russell, P. (1990) Human homolog of fission
yeast cdc25 mitotic inducer is predominantly expressed in G2. Proc. Natl. Acad. Sci.

U.S.A. 87,5139-5143.

Jinno, S., Suto, K., Nagata, A., Igarashi, M., Kanaoka, Y., Nojima, H., Okayama, H.
(1994) Cdc25A is a novel phosphatase functioning early in the cell cycle. EMBO J. 13,
1549-1556.

101



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Forrest, A. R., McCormack, A. K., DeSouza, C. P., Sinnamon, J. M., Tonks, I. D.,
Hayward, N. K., Ellem, K. A., Gabrielli, B. G. (1999) Multiple splicing variants of
cdc25B regulate G2/M progression. Biochem. Biophys. Res. Commun. 260, 510-515.

Wegener, S., Hampe, W., Herrmann, D., Schaller, H. C. (2000) Alternative splicing in
the regulatory region of the human phosphatases CDC25A and CDC25C. Eur. J. Cell
Biol. 79, 810-815.

Gabrielli, B. G., Clark, J. M., McCormack, A. K., Ellem, K. A. (1997)
Hyperphosphorylation of the N-terminal domain of Cdc25 regulates activity toward
cyclin B1/Cdc2 but not cyclin A/Cdk2. J. Biol. Chem. 272, 28607-28614.

Theis-Febvre, N., Filhol, O., Froment, C., Cazales, M., Cochet, C., Monsarrat, B.,
Ducommun, B., Baldin, V. (2003) Protein kinase CK2 regulates CDC25B phosphatase
activity. Oncogene 22, 220-232.

Baldin, V., Cans, C., Superti-Furga, G., Ducommun, B. (1997) Alternative splicing of the
human CDC25B tyrosine phosphatase. Possible implications for growth control?

Oncogene 14, 2485-2495.

Draetta, G., Eckstein, J. (1997) Cdc25 protein phosphatases in cell proliferation. Biochim.
Biophys. Acta 1332, M53-M63.

Gottlin, E. B., Xu, X., Epstein, D. M., Burke, S. P., Eckstein, J. W., Ballou, D. P., Dixon,
J. E. (1996) Kinetic analysis of the catalytic domain of human cdc25B. J. Biol. Chem.
271, 27445-27449.

Denu, J. M., Stuckey, J. A., Saper, M. A., Dixon, J. E. (1996) Form and function in
protein dephosphorylation. Cel/ 87, 361-364.

Barford, D., Flint, A. J., Tonks, N. K. (1994) Crystal structure of human protein tyrosine
phosphatase 1B. Science 263, 1397-1404.

Yuvaniyama, J., Denu, J. M., Dixon, J. E., Saper, M. A. (1996) Crystal structure of the
dual specificity protein phosphatase VHR. Science 272, 1328-1331.

102



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Denu, J. M., Dixon, J. E. (1995) A catalytic mechanism for the dual-specific
phosphatases. Proc. Natl. Acad. Sci. U.S.A. 92, 5910-5914.

Zhou, G., Denu, J. M., Wu, L., Dixon, J. E. (1994) The catalytic role of Cys124 in the
dual specificity phosphatase VHR. J. Biol. Chem. 269, 28084-28090.

Guan, K. L., Dixon, J. E. (1991) Evidence for protein-tyrosine-phosphatase catalysis
proceeding via a cysteine-phosphate intermediate. J. Biol. Chem. 266, 17026-17030.

Zhang, Z. Y. (1998) Protein-tyrosine phosphatases: biological function, structural

characteristics, and mechanism of catalysis. Crit. Rev. Biochem. Mol. Biol. 33, 1-52.

Chen, W., Wilborn, M., Rudolph, J. (2000) Dual-specific Cdc25B phosphatase: in search
of the catalytic acid. Biochemistry 39, 10781-10789.

Fauman, E. B., Cogswell, J. P., Lovejoy, B., Rocque, W. J., Holmes, W., Montana, V. G.,
Piwnica-Worms, H., Rink, M. J., Saper, M. A. (1998) Crystal structure of the catalytic
domain of the human cell cycle control phosphatase, Cdc25A. Cell 93, 617-625.

McCain, D. F., Catrina, I. E., Hengge, A. C., Zhang, Z. Y. (2002) The catalytic
mechanism of Cdc25A phosphatase. J. Biol. Chem. 277, 11190-11200.

Rudolph, J. (2002) Catalytic mechanism of Cdc25. Biochemistry 41, 14613-14623.

Bulavin, D. V., Amundson, S. A., Fornace, A. J. (2002) p38 and Chkl1 kinases: different
conductors for the G(2)/M checkpoint symphony. Curr. Opin. Genet. Dev. 12, 92-97.

Lyon, M. A., Ducruet, A. P., Wipf, P., Lazo, J. S. (2002) Dual-specificity phosphatases as
targets for antineoplastic agents. Nat. Rev. Drug Discov. 1, 961-976.

Nilsson, 1., Hoffmann, 1. (2000) Cell cycle regulation by the Cdc25 phosphatase family.
Prog. Cell Cycle Res. 4, 107-114.

Reynolds, R. A., Yem, A. W., Wolfe, C. L., Deibel, M. R., Jr., Chidester, C. G.,
Watenpaugh, K. D. (1999) Crystal structure of the catalytic subunit of Cdc25B required
for G2/M phase transition of the cell cycle. J. Mol. Biol. 293, 559-568.

103



45.

46.

47.

48.

49.

50.

51.

52.

53.

Wang, Z., Wang, M., Lazo, J. S., Carr, B. 1. (2002) Identification of epidermal growth
factor receptor as a target of Cdc25A protein phosphatase. J. Biol. Chem. 277, 19470-
19475.

Coqueret, O., Berube, G., Nepveu, A. (1998) The mammalian Cut homeodomain protein
functions as a cell-cycle- dependent transcriptional repressor which downmodulates

p21WAF1/CIP1/SDII in S phase. EMBO J. 17, 4680-4694.

Wilborn, M., Free, S., Ban, A., Rudolph, J. (2001) The C-terminal tail of the dual-
specificity Cdc25B phosphatase mediates modular substrate recognition. Biochemistry

40, 14200-14206.

Xia, K., Lee, R. S., Narsimhan, R. P., Mukhopadhyay, N. K., Neel, B. G., Roberts, T. M.
(1999) Tyrosine phosphorylation of the proto-oncoprotein Raf-1 is regulated by Raf-1
itself and the phosphatase Cdc25A. Mol. Cell Biol. 19, 4819-4824.

Bordo, D., Bork, P. (2002) The rhodanese/Cdc25 phosphatase superfamily. Sequence-
structure-function relations. EMBO Rep. 3, 741-746.

Gautier, J., Solomon, M. J., Booher, R. N., Bazan, J. F., Kirschner, M. W. (1991) cdc25
is a specific tyrosine phosphatase that directly activates p34cdc2. Cell 67, 197-211.

Lee, M. S., Ogg, S., Xu, M., Parker, L. L., Donoghue, D. J., Maller, J. L., Piwnica-
Worms, H. (1992) cdc25+ encodes a protein phosphatase that dephosphorylates p34cdc2.
Mol. Biol. Cell 3, 73-84.

Strausfeld, U., Labbe, J. C., Fesquet, D., Cavadore, J. C., Picard, A., Sadhu, K., Russell,
P., Doree, M. (1991) Dephosphorylation and activation of a p34cdc2/cyclin B complex in
vitro by human CDC2S5 protein. Nature 351, 242-245.

Millar, J. B., Blevitt, J., Gerace, L., Sadhu, K., Featherstone, C., Russell, P. (1991)
pS5SCDC2S5 is a nuclear protein required for the initiation of mitosis in human cells. Proc.

Natl. Acad. Sci. U.S.A. 88, 10500-10504.

104



54.

55.

56.

57.

58.

59.

60.

61.

62.

Turowski, P., Franckhauser, C., Morris, M. C., Vaglio, P., Fernandez, A., Lamb, N. J.
(2003) Functional cdc25C dual-specificity phosphatase is required for S-phase entry in
human cells. Mol. Biol. Cell 14, 2984-2998.

Lammer, C., Wagerer, S., Saffrich, R., Mertens, D., Ansorge, W., Hoffmann, 1. (1998)
The cdc25B phosphatase is essential for the G2/M phase transition in human cells. J. Cell
Sci. 111 ( Pt 16), 2445-2453.

Honda, R., Ohba, Y., Nagata, A., Okayama, H., Yasuda, H. (1993) Dephosphorylation of
human p34cdc2 kinase on both Thr-14 and Tyr-15 by human cdc25B phosphatase. FEBS
Lett. 318, 331-334.

Karlsson, C., Katich, S., Hagting, A., Hoffmann, I., Pines, J. (1999) Cdc25B and Cdc25C
differ markedly in their properties as initiators of mitosis. J. Cell Biol. 146, 573-584.

De Souza, C. P., Ellem, K. A., Gabrielli, B. G. (2000) Centrosomal and cytoplasmic
Cdc2/cyclin B1 activation precedes nuclear mitotic events. Exp. Cell Res. 257, 11-21.

Gabrielli, B. G., De Souza, C. P., Tonks, 1. D., Clark, J. M., Hayward, N. K., Ellem, K.
A. (1996) Cytoplasmic accumulation of cdc25B phosphatase in mitosis triggers
centrosomal microtubule nucleation in HeLa cells. J. Cell Sci. 109 ( Pt 5), 1081-1093.

Sebastian, B., Kakizuka, A., Hunter, T. (1993) Cdc25M2 activation of cyclin-dependent
kinases by dephosphorylation of threonine-14 and tyrosine-15. Proc. Natl. Acad. Sci.
U.S.4. 90, 3521-3524.

Baldin, V., Cans, C., Knibiehler, M., Ducommun, B. (1997) Phosphorylation of human
CDC25B phosphatase by CDK1-cyclin A triggers its proteasome-dependent degradation.
J. Biol. Chem. 272, 32731-32734.

Cans, C., Ducommun, B., Baldin, V. (1999) Proteasome-dependent degradation of human

CDC25B phosphatase. Mol. Biol. Rep. 26, 53-57.

105



63.

64.

65.

66.

67.

68.

69.

70.

71.

Gabrielli, B. G., Clark, J. M., McCormack, A. K., Ellem, K. A. (1997) Ultraviolet light-
induced G2 phase cell cycle checkpoint blocks cdc25-dependent progression into mitosis.

Oncogene 15, 749-758.

Goldstone, S., Pavey, S., Forrest, A., Sinnamon, J., Gabrielli, B. (2001) Cdc25-dependent
activation of cyclin A/cdk2 is blocked in G2 phase arrested cells independently of
ATM/ATR. Oncogene 20, 921-932.

Blomberg, 1., Hoffmann, 1. (1999) Ectopic expression of Cdc25A accelerates the G(1)/S
transition and leads to premature activation of cyclin E- and cyclin A-dependent kinases.

Mol. Cell Biol. 19, 6183-6194.

Hoffmann, 1., Draetta, G., Karsenti, E. (1994) Activation of the phosphatase activity of
human cdc25A by a cdk2-cyclin E dependent phosphorylation at the G1/S transition.
EMBO J. 13,4302-4310.

Molinari, M., Mercurio, C., Dominguez, J., Goubin, F., Draetta, G. F. (2000) Human
Cdc25 A inactivation in response to S phase inhibition and its role in preventing

premature mitosis. EMBO Rep. 1, 71-79.

Mailand, N., Podtelejnikov, A. V., Groth, A., Mann, M., Bartek, J., Lukas, J. (2002)
Regulation of G(2)/M events by Cdc25A through phosphorylation-dependent modulation
of its stability. EMBO J. 21, 5911-5920.

Chen, M. S., Ryan, C. E., Piwnica-Worms, H. (2003) Chkl kinase negatively regulates
mitotic function of Cdc25A phosphatase through 14-3-3 binding. Mol. Cell Biol. 23,
7488-7497.

Donzelli, M., Squatrito, M., Ganoth, D., Hershko, A., Pagano, M., Draetta, G. F. (2002)
Dual mode of degradation of Cdc25 A phosphatase. EMBO J. 21, 4875-4884.

Chen, M. S., Hurov, J., White, L. S., Woodford-Thomas, T., Piwnica-Worms, H. (2001)
Absence of apparent phenotype in mice lacking Cdc25C protein phosphatase. Mol. Cell
Biol. 21, 3853-3861.

106



72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Lincoln, A. J., Wickramasinghe, D., Stein, P., Schultz, R. M., Palko, M. E., De Miguel,
M. P., Tessarollo, L., Donovan, P. J. (2002) Cdc25b phosphatase is required for

resumption of meiosis during oocyte maturation. Nat. Genet. 30, 446-449.
Nurse, P. (2000) A long twentieth century of the cell cycle and beyond. Cell 100, 71-78.

Rhind, N., Furnari, B., Russell, P. (1997) Cdc2 tyrosine phosphorylation is required for
the DNA damage checkpoint in fission yeast. Genes Dev. 11, 504-511.

Muslin, A. J., Xing, H. (2000) 14-3-3 proteins: regulation of subcellular localization by
molecular interference. Cell Signal. 12, 703-709.

Zeng, Y., Piwnica-Worms, H. (1999) DNA damage and replication checkpoints in fission
yeast require nuclear exclusion of the Cdc25 phosphatase via 14-3-3 binding. Mol. Cell
Biol. 19, 7410-7419.

Zeng, Y., Forbes, K. C., Wu, Z., Moreno, S., Piwnica-Worms, H., Enoch, T. (1998)
Replication checkpoint requires phosphorylation of the phosphatase Cdc25 by Cdsl or
Chkl. Nature 395, 507-510.

Blasina, A., de Weyer, 1. V., Laus, M. C., Luyten, W. H., Parker, A. E., McGowan, C. H.
(1999) A human homologue of the checkpoint kinase Cdsl directly inhibits Cdc25
phosphatase. Curr. Biol. 9, 1-10.

Furnari, B., Rhind, N., Russell, P. (1997) Cdc25 mitotic inducer targeted by chkl DNA
damage checkpoint kinase. Science 277, 1495-1497.

Lopez-Girona, A., Furnari, B., Mondesert, O., Russell, P. (1999) Nuclear localization of
Cdc25 is regulated by DNA damage and a 14-3-3 protein. Nature 397, 172-175.

Sanchez, Y., Wong, C., Thoma, R. S., Richman, R., Wu, Z., Piwnica-Worms, H.,
Elledge, S. J. (1997) Conservation of the Chkl checkpoint pathway in mammals: linkage
of DNA damage to Cdk regulation through Cdc25. Science 277, 1497-1501.

107



82.

3.

84.

85.

86.

87.

88.

&9.

90.

Bartek, J., Lukas, J. (2001) Mammalian G1- and S-phase checkpoints in response to
DNA damage. Curr. Opin. Cell Biol. 13, 738-747.

Bernardi, R., Liebermann, D. A., Hoffman, B. (2000) Cdc25A stability is controlled by
the ubiquitin-proteasome pathway during cell cycle progression and terminal

differentiation. Oncogene 19, 2447-54.

Falck, J., Mailand, N., Syljuasen, R. G., Bartek, J., Lukas, J. (2001) The ATM-Chk2-
Cdc25A checkpoint pathway guards against radioresistant DNA synthesis. Nature 410,
842-847.

Goloudina, A., Yamaguchi, H., Chervyakova, D. B., Appella, E., Fornace, A. J., Jr.,
Bulavin, D. V. (2003) Regulation of human Cdc25A stability by Serine 75
phosphorylation is not sufficient to activate a S phase checkpoint. Cell Cycle 2, 473-478.

Hassepass, 1., Voit, R., Hoffmann, 1. (2003) Phosphorylation at serine 75 is required for
UV-mediated degradation of human Cdc25A phosphatase at the S-phase checkpoint. J.
Biol. Chem. 278, 29824-29829.

Mailand, N., Falck, J., Lukas, C., Syljuasen, R. G., Welcker, M., Bartek, J., Lukas, J.
(2000) Rapid destruction of human Cdc25A in response to DNA damage. Science 288,
1425-9.

Neely, K. E., Piwnica-Worms, H. (2003) Cdc25A regulation: to destroy or not to destroy-
-is that the only question? Cell Cycle 2, 455-457.

Zhao, H., Watkins, J. L., Piwnica-Worms, H. (2002) Disruption of the checkpoint kinase
I/cell division cycle 25A pathway abrogates ionizing radiation-induced S and G2

checkpoints. Proc. Natl. Acad. Sci. U.S.4. 99, 14795-14800.

Xiao, Z., Chen, Z., Gunasekera, A. H., Sowin, T. J., Rosenberg, S. H., Fesik, S., Zhang,
H. (2003) Chkl1 mediates S and G2 arrests through Cdc25A degradation in response to
DNA-damaging agents. J. Biol. Chem. 278, 21767-21773.

108



91.

92.

93.

94.

95.

96.

97.

98.

99.

Bulavin, D. V., Higashimoto, Y., Popoff, L. J., Gaarde, W. A., Basrur, V., Potapova, O.,
Appella, E., Fornace, A. J., Jr. (2001) Initiation of a G2/M checkpoint after ultraviolet
radiation requires p38 kinase. Nature 411, 102-107.

Davezac, N., Baldin, V., Gabrielli, B., Forrest, A., Theis-Febvre, N., Yashida, M.,
Ducommun, B. (2000) Regulation of CDC25B phosphatases subcellular localization.
Oncogene 19, 2179-2185.

Graves, P. R., Lovly, C. M., Uy, G. L., Piwnica-Worms, H. (2001) Localization of human
Cdc25C is regulated both by nuclear export and 14-3-3 protein binding. Oncogene 20,
1839-1851.

Mils, V., Baldin, V., Goubin, F., Pinta, 1., Papin, C., Waye, M., Eychene, A., Ducommun,
B. (2000) Specific interaction between 14-3-3 isoforms and the human CDC25B
phosphatase. Oncogene 19, 1257-1265.

Forrest, A., Gabrielli, B. (2001) Cdc25B activity is regulated by 14-3-3. Oncogene 20,
4393-4401.

Peng, C. Y., Graves, P. R., Thoma, R. S., Wu, Z., Shaw, A. S., Piwnica-Worms, H.
(1997) Mitotic and G2 checkpoint control: regulation of 14-3-3 protein binding by
phosphorylation of Cdc25C on serine-216. Science 277, 1501-1505.

Conklin, D. S., Galaktionov, K., Beach, D. (1995) 14-3-3 proteins associate with cdc25
phosphatases. Proc. Natl. Acad. Sci. U.S.A4. 92, 7892-7896.

Galaktionov, K., Jessus, C., Beach, D. (1995) Rafl interaction with Cdc25 phosphatase

ties mitogenic signal transduction to cell cycle activation. Genes Dev. 9, 1046-1058.

Mochizuki, T., Kitanaka, C., Noguchi, K., Muramatsu, T., Asai, A., Kuchino, Y. (1999)
Physical and functional interactions between Pim-1 kinase and Cdc25A phosphatase.
Implications for the Pim-1-mediated activation of the c- Myc signaling pathway. J. Biol.

Chem. 274, 18659-18666.

109



100.

101.

102.

103.

104.

105.

106.

107.

108.

Nemoto, K., Vogt, A., Oguri, T., Lazo, J. S. (2004) Activation of the Raf-1/MEK/Erk
kinase pathway by a novel Cdc25 inhibitor in human prostate cancer cells. Prostate 58,

95-102.

Kar, S., Carr, B. I. (2000) Growth inhibition and protein tyrosine phosphorylation in
MCEF 7 breast cancer cells by a novel K vitamin. J. Cell Physiol. 185, 386-393.

Pumiglia, K. M., Decker, S. J. (1997) Cell cycle arrest mediated by the MEK/mitogen-
activated protein kinase pathway. Proc. Natl. Acad. Sci. U.S.A. 94, 448-452.

Stanciu, M., Wang, Y., Kentor, R., Burke, N., Watkins, S., Kress, G., Reynolds, I,
Klann, E., Angiolieri, M. R., Johnson, J. W., DeFranco, D. B. (2000) Persistent activation
of ERK contributes to glutamate-induced oxidative toxicity in a neuronal cell line and

primary cortical neuron cultures. J. Biol. Chem. 275, 12200-12206.

Vogt, A., Adachi, T., Ducruet, A. P., Chesebrough, J., Nemoto, K., Carr, B. 1., Lazo, J. S.
(2001) Spatial Analysis of Key Signaling Proteins by High-content Solid-phase
Cytometry in Hep3B Cells Treated with an Inhibitor of Cdc25 Dual- specificity
Phosphatases. J. Biol. Chem. 276, 20544-20550.

Wang, Z., Bhattacharya, N., Weaver, M., Petersen, K., Meyer, M., Gapter, L., Magnuson,
N. S. (2001) Pim-1: a serine/threonine kinase with a role in cell survival, proliferation,

differentiation and tumorigenesis. J. Vet. Sci. 2, 167-179.

Domen, J., van der Lugt, N. M., Laird, P. W., Saris, C. J., Clarke, A. R., Hooper, M. L.,
Berns, A. (1993) Impaired interleukin-3 response in Pim-1-deficient bone marrow-

derived mast cells. Blood 82, 1445-1452.

Domen, J., van der Lugt, N. M., Laird, P. W., Saris, C. J., Berns, A. (1993) Analysis of

Pim-1 function in mutant mice. Leukemia 7 Suppl 2, S108-S112.

Beato, M., Herrlich, P., Schutz, G. (1995) Steroid hormone receptors: many actors in

search of a plot. Cell 83, 851-857.

110



109.

110.

I11.

112.

113.

114.

115.

116.

117.

Mangelsdorf, D. J., Thummel, C., Beato, M., Herrlich, P., Schutz, G., Umesono, K.,
Blumberg, B., Kastner, P., Mark, M., Chambon, P., Evans, R. M. (1995) The nuclear
receptor superfamily: the second decade. Cell 83, 835-839.

Ma, Z. Q., Liu, Z., Ngan, E. S., Tsai, S. Y. (2001) Cdc25B functions as a novel
coactivator for the steroid receptors. Mol. Cell Biol. 21, 8056-8067.

Adler, V., Yin, Z., Tew, K. D., Ronai, Z. (1999) Role of redox potential and reactive

oxygen species in stress signaling. Oncogene 18, 6104-6111.

Karin, M. (1998) Mitogen-activated protein kinase cascades as regulators of stress

responses. Ann. N.Y. Acad. Sci. 851, 139-146.

Ichijo, H., Nishida, E., Irie, K., ten Dijke, P., Saitoh, M., Moriguchi, T., Takagi, M.,
Matsumoto, K., Miyazono, K., Gotoh, Y. (1997) Induction of apoptosis by ASKI, a
mammalian MAPKKK that activates SAPK/JNK and p38 signaling pathways. Science
275, 90-94.

Ichijo, H. (1999) From receptors to stress-activated MAP kinases. Oncogene 18, 6087-
6093.

Gotoh, Y., Cooper, J. A. (1998) Reactive oxygen species- and dimerization-induced
activation of apoptosis signal-regulating kinase 1 in tumor necrosis factor-alpha signal

transduction. J. Biol. Chem. 273, 17477-17482.

Park, H. S., Cho, S. G., Kim, C. K., Hwang, H. S., Noh, K. T., Kim, M. S., Huh, S. H.,
Kim, M. J., Ryoo, K., Kim, E. K., Kang, W. J., Lee, J. S., Seo, J. S., Ko, Y. G., Kim, S.,
Choi, E. J. (2002) Heat shock protein hsp72 is a negative regulator of apoptosis signal-
regulating kinase 1. Mol. Cell Biol. 22, 7721-7730.

Cho, S. G, Lee, Y. H., Park, H. S., Ryoo, K., Kang, K. W., Park, J., Eom, S. J., Kim, M.
J., Chang, T. S., Choi, S. Y., Shim, J., Kim, Y., Dong, M. S., Lee, M. J., Kim, S. G.,
Ichijo, H., Choi, E. J. (2001) Glutathione S-transferase mu modulates the stress-activated
signals by suppressing apoptosis signal-regulating kinase 1. J. Biol. Chem. 276, 12749-
12755.

111



118.

119.

120.

121.

122.

123.

124.

125.

126.

Liu, H., Nishitoh, H., Ichijo, H., Kyriakis, J. M. (2000) Activation of apoptosis signal-
regulating kinase 1 (ASK1) by tumor necrosis factor receptor-associated factor 2 requires

prior dissociation of the ASK1 inhibitor thioredoxin. Mol. Cell Biol. 20, 2198-2208.

Saitoh, M., Nishitoh, H., Fujii, M., Takeda, K., Tobiume, K., Sawada, Y., Kawabata, M.,
Miyazono, K., Ichijo, H. (1998) Mammalian thioredoxin is a direct inhibitor of apoptosis

signal-regulating kinase (ASK) 1. EMBO J. 17, 2596-2606.

Zou, X., Tsutsui, T., Ray, D., Blomquist, J. F., Ichijo, H., Ucker, D. S., Kiyokawa, H.
(2001) The cell cycle-regulatory CDC25A phosphatase inhibits apoptosis signal-
regulating kinase 1. Mol. Cell Biol. 21, 4818-4828.

Galaktionov, K., Lee, A. K., Eckstein, J., Draetta, G., Meckler, J., Loda, M., Beach, D.
(1995) CDC25 phosphatases as potential human oncogenes. Science 269, 1575-1577.

Aref, S., Fouda, M., El Dosoky, E., Menessy, A., Mabed, M., Saleeb, M., Zalata, K.
(2003) c-Myc oncogene and Cdc25A cell activating phosphatase expression in non-

Hodgkin's lymphoma. Hematology. 8, 183-190.

Broggini, M., Buraggi, G., Brenna, A., Riva, L., Codegoni, A. M., Torri, V., Lissoni, A.
A., Mangioni, C., D'Incalci, M. (2000) Cell cycle-related phosphatases CDC25A and B
expression correlates with survival in ovarian cancer patients. Anticancer Res. 20, 4835-

4840.

Cangi, M. G., Cukor, B., Soung, P., Signoretti, S., Moreira, G., Ranashinge, M., Cady,
B., Pagano, M., Loda, M. (2000) Role of the Cdc25A phosphatase in human breast
cancer. J. Clin. Invest. 106, 753-761.

Dixon, D., Moyana, T., King, M. J. (1998) Elevated expression of the cdc25A protein
phosphatase in colon cancer. Exp. Cell Res. 240, 236-43.

Gasparotto, D., Maestro, R., Piccinin, S., Vukosavljevic, T., Barzan, L., Sulfaro, S.,
Boiocchi, M. (1997) Overexpression of CDC25A and CDC25B in head and neck cancers.
Cancer Res. 57,2366-8.

112



127.

128.

129.

130.

131.

132.

133.

Hernandez, S., Hernandez, L., Bea, S., Pinyol, M., Nayach, 1., Bellosillo, B., Nadal, A.,
Ferrer, A., Fernandez, P. L., Montserrat, E., Cardesa, A., Campo, E. (2000) cdc25a and
the splicing variant cdc25b2, but not cdc25B1, -B3 or -C, are over-expressed in
aggressive human non-Hodgkin's lymphomas. Int. J. Cancer 89, 148-52.

Hernandez, S., Bessa, X., Bea, S., Hernandez, L., Nadal, A., Mallofre, C., Muntane, J.,
Castells, A., Fernandez, P. L., Cardesa, A., Campo, E. (2001) Differential expression of
cdc25 cell-cycle-activating phosphatases in human colorectal carcinoma. Lab Invest. 81,

465-473.

Ito, Y., Yoshida, H., Nakano, K., Kobayashi, K., Yokozawa, T., Hirai, K., Matsuzuka, F.,
Matsuura, N., Kakudo, K., Kuma, K., Miyauchi, A. (2002) Expression of cdc25A and
cdc25B proteins in thyroid neoplasms. Br. J. Cancer 86, 1909-1913.

Kudo, Y., Yasui, W., Ue, T., Yamamoto, S., Yokozaki, H., Nikai, H., Tahara, E. (1997)
Overexpression of cyclin-dependent kinase-activating CDC25B phosphatase in human

gastric carcinomas. Jpn. J. Cancer Res. 88, 947-952.

Nishioka, K., Doki, Y., Shiozaki, H., Yamamoto, H., Tamura, S., Yasuda, T., Fujiwara,
Y., Yano, M., Miyata, H., Kishi, K., Nakagawa, H., Shamma, A., Monden, M. (2001)
Clinical significance of CDC25A and CDC25B expression in squamous cell carcinomas

of the oesophagus. Br. J. Cancer 85, 412-421.

Wu, W., Fan, Y. H., Kemp, B. L., Walsh, G., Mao, L. (1998) Overexpression of cdc25A
and cdc25B is frequent in primary non-small cell lung cancer but is not associated with

overexpression of c-myc. Cancer Res. 58, 4082-5.

Xu, X., Yamamoto, H., Sakon, M., Yasui, M., Ngan, C. Y., Fukunaga, H., Morita, T.,
Ogawa, M., Nagano, H., Nakamori, S., Sekimoto, M., Matsuura, N., Monden, M. (2003)
Overexpression of CDC25A phosphatase is associated with hypergrowth activity and

poor prognosis of human hepatocellular carcinomas. Clin. Cancer Res. 9, 1764-1772.

113



134.

135.

136.

137.

138.

139.

140.

141.

142.

Loffler, H., Syljuasen, R. G., Bartkova, J., Worm, J., Lukas, J., Bartek, J. (2003) Distinct
modes of deregulation of the proto-oncogenic Cdc25A phosphatase in human breast

cancer cell lines. Oncogene 22, 8063-8071.

Hu, Y. C, Lam, K. Y., Law, S., Wong, J., Srivastava, G. (2001) Profiling of differentially
expressed cancer-related genes in esophageal squamous cell carcinoma (ESCC) using

human cancer cDNA arrays: overexpression of oncogene MET correlates with tumor

differentiation in ESCC. Clin. Cancer Res. 7, 3519-3525.

Sato, Y., Sasaki, H., Kondo, S., Fukai, I., Kiriyama, M., Yamakawa, Y., Fujii, Y. (2001)
Expression of the cdc25B mRNA correlated with that of N-myc in neuroblastoma. Jpn. J.
Clin. Oncol. 31, 428-431.

Demetrick, D. J., Beach, D. H. (1993) Chromosome mapping of human CDC25A and
CDC25B phosphatases. Genomics 18, 144-147.

HAYFLICK, L. (1965) The limited in vitro lifetime of human diploid cell strains. Exp.
Cell Res. 37, 614-636.

Vojta, P. J., Barrett, J. C. (1995) Genetic analysis of cellular senescence. Biochim.

Biophys. Acta. 1242, 29-41.

Sandhu, C., Donovan, J., Bhattacharya, N., Stampfer, M., Worland, P., Slingerland, J.
(2000) Reduction of Cdc25A contributes to cyclin E1-Cdk2 inhibition at senescence in
human mammary epithelial cells. Oncogene 19, 5314-5323.

Vigo, E., Muller, H., Prosperini, E., Hateboer, G., Cartwright, P., Moroni, M. C., Helin,
K. (1999) CDC25A phosphatase is a target of E2F and is required for efficient E2F-
induced S phase. Mol. Cell Biol. 19, 6379-6395.

Galaktionov, K., Chen, X., Beach, D. (1996) Cdc25 cell-cycle phosphatase as a target of
c-myc. Nature 382, 511-517.

114



143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Santoni-Rugiu, E., Falck, J., Mailand, N., Bartek, J., Lukas, J. (2000) Involvement of
Myc activity in a G(1)/S-promoting mechanism parallel to the pRb/E2F pathway. Mol.
Cell Biol. 20, 3497-3509.

Katich, S. C., Zerfass-Thome, K., Hoffmann, I. (2001) Regulation of the Cdc25A gene by
the human papillomavirus Type 16 E7 oncogene. Oncogene 20, 543-550.

Nguyen, D. X., Westbrook, T. F., McCance, D. J. (2002) Human papillomavirus type 16
E7 maintains elevated levels of the cdc25A tyrosine phosphatase during deregulation of

cell cycle arrest. J. Virol. 76, 619-632.

lavarone, A., Massague, J. (1999) E2F and histone deacetylase mediate transforming
growth factor beta repression of cdc25A during keratinocyte cell cycle arrest. Mol. Cell

Biol. 19, 916-922.

lavarone, A., Massague, J. (1997) Repression of the CDK activator Cdc25A and cell-
cycle arrest by cytokine TGF-beta in cells lacking the CDK inhibitor p15. Nature 387,
417-422.

Saha, P., Eichbaum, Q., Silberman, E. D., Mayer, B. J., Dutta, A. (1997) p21CIP1 and
Cdc25A: competition between an inhibitor and an activator of cyclin-dependent kinases.

Mol. Cell Biol. 17, 4338-4345.

Malumbres, M., Carnero, A. (2003) Cell cycle deregulation: a common motif in cancer.

Prog. Cell Cycle Res. 5, 5-18.

McDonald, E. R., III, El Deiry, W. S. (2001) Checkpoint genes in cancer. Ann. Med. 33,
113-122.

Molinari, M. (2000) Cell cycle checkpoints and their inactivation in human cancer. Cell

Prolif. 33,261-274.

Hoffmann, I., Clarke, P. R., Marcote, M. J., Karsenti, E., Draetta, G. (1993)
Phosphorylation and activation of human cdc25-C by cdc2--cyclin B and its involvement

in the self-amplification of MPF at mitosis. EMBO J. 12, 53-63.

115



153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Strausfeld, U., Fernandez, A., Capony, J. P., Girard, F., Lautredou, N., Derancourt, J.,
Labbe, J. C., Lamb, N. J. (1994) Activation of p34cdc2 protein kinase by microinjection
of human c¢dc25C into mammalian cells. Requirement for prior phosphorylation of

cdc25C by p34cdc? on sites phosphorylated at mitosis. J. Biol. Chem. 269, 5989-6000.

van den Heuvel, S., Harlow, E. (1993) Distinct roles for cyclin-dependent kinases in cell

cycle control. Science 262, 2050-2054.

Yu, Q., La Rose, J., Zhang, H., Takemura, H., Kohn, K. W., Pommier, Y. (2002) UCN-
01 inhibits p53 up-regulation and abrogates gamma-radiation-induced G(2)-M checkpoint
independently of p53 by targeting both of the checkpoint kinases, Chk2 and Chkl.
Cancer Res. 62, 5743-5748.

Akli, S., Zhan, S., Abdellatif, M., Schneider, M. D. (1999) E1A can provoke G1 exit that
is refractory to p21 and independent of activating cdk2. Circ. Res. 85, 319-328.

Herskowitz, 1. (1987) Functional inactivation of genes by dominant negative mutations.

Nature 329, 219-222.

Berthet, C., Aleem, E., Coppola, V., Tessarollo, L., Kaldis, P. (2003) Cdk2 knockout
mice are viable. Curr. Biol. 13, 1775-1785.

Ortega, S., Prieto, 1., Odajima, J., Martin, A., Dubus, P., Sotillo, R., Barbero, J. L.,
Malumbres, M., Barbacid, M. (2003) Cyclin-dependent kinase 2 is essential for meiosis

but not for mitotic cell division in mice. Nat. Genet. 35, 25-31.

Tetsu, O., McCormick, F. (2003) Proliferation of cancer cells despite CDK2 inhibition.
Cancer Cell 3, 233-245.

Qu, Z., Weiss, J. N., MacLellan, W. R. (2003) Regulation of the mammalian cell cycle: a
model of the G1-to-S transition. Am. J. Physiol. Cell Physiol. 284, C349-C364.

Vazquez, F., Ramaswamy, S., Nakamura, N., Sellers, W. R. (2000) Phosphorylation of
the PTEN tail regulates protein stability and function. Mol. Cell Biol. 20, 5010-5018.

116



163.

164.

165.

166.

167.

168.

169.

170.

171.

Yeh, K. H., Kondo, T., Zheng, J., Tsvetkov, L. M., Blair, J., Zhang, H. (2001) The F-box
protein SKP2 binds to the phosphorylated threonine 380 in cyclin E and regulates
ubiquitin-dependent degradation of cyclin E. Biochem. Biophys. Res. Commun. 281, 884-
890.

Yu, Z. K., Gervais, J. L., Zhang, H. (1998) Human CUL-1 associates with the
SKP1/SKP2 complex and regulates p21(CIP1/WAFT1) and cyclin D proteins. Proc. Natl.
Acad. Sci. U.S.A. 95, 11324-113209.

Chaturvedi, P., Eng, W. K., Zhu, Y., Mattern, M. R., Mishra, R., Hurle, M. R., Zhang, X.,
Annan, R. S., Lu, Q., Faucette, L. F., Scott, G. F., Li, X., Carr, S. A., Johnson, R. K.,
Winkler, J. D., Zhou, B. B. (1999) Mammalian Chk2 is a downstream effector of the
ATM-dependent DNA damage checkpoint pathway. Oncogene 18, 4047-4054.

Matsuoka, S., Huang, M., Elledge, S. J. (1998) Linkage of ATM to cell cycle regulation
by the Chk2 protein kinase. Science 282, 1893-1897.

Peng, C. Y., Graves, P. R., Ogg, S., Thoma, R. S., Byrnes, M. J., IlI, Wu, Z., Stephenson,
M. T., Piwnica-Worms, H. (1998) C-TAKI protein kinase phosphorylates human
Cdc25C on serine 216 and promotes 14-3-3 protein binding. Cell Growth Differ. 9, 197-
208.

Harper, J. W. (2002) A phosphorylation-driven ubiquitination switch for cell-cycle
control. Trends Cell Biol. 12, 104-107.

Jackson, P. K., Eldridge, A. G., Freed, E., Furstenthal, L., Hsu, J. Y., Kaiser, B. K.,
Reimann, J. D. (2000) The lore of the RINGs: substrate recognition and catalysis by
ubiquitin ligases. Trends Cell Biol. 10, 429-439.

Koepp, D. M., Harper, J. W., Elledge, S. J. (1999) How the cyclin became a cyclin:
regulated proteolysis in the cell cycle. Cell 97, 431-434.

Peters, J. M. (1998) SCF and APC: the Yin and Yang of cell cycle regulated proteolysis.
Curr. Opin. Cell Biol. 10, 759-768.

117



172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

Zachariae, W., Nasmyth, K. (1999) Whose end is destruction: cell division and the
anaphase-promoting complex. Genes Dev. 13, 2039-2058.

Visintin, R., Prinz, S., Amon, A. (1997) CDC20 and CDH1: a family of substrate-specific
activators of APC-dependent proteolysis. Science 278, 460-463.

Cenciarelli, C., Chiaur, D. S., Guardavaccaro, D., Parks, W., Vidal, M., Pagano, M.
(1999) Identification of a family of human F-box proteins. Curr. Biol. 9, 1177-1179.

Winston, J. T., Koepp, D. M., Zhu, C., Elledge, S. J., Harper, J. W. (1999) A family of
mammalian F-box proteins. Curr. Biol. 9, 1180-1182.

Clute, P., Pines, J. (1999) Temporal and spatial control of cyclin Bl destruction in
metaphase. Nat. Cell Biol. 1, 82-87.

Glotzer, M., Murray, A. W., Kirschner, M. W. (1991) Cyclin is degraded by the ubiquitin
pathway. Nature 349, 132-138.

Pfleger, C. M., Kirschner, M. W. (2000) The KEN box: an APC recognition signal
distinct from the D box targeted by Cdhl. Genes Dev. 14, 655-665.

Carrano, A. C., Eytan, E., Hershko, A., Pagano, M. (1999) SKP2 is required for
ubiquitin-mediated degradation of the CDK inhibitor p27. Nat. Cell Biol. 1, 193-199.

Kaneko, Y. S., Watanabe, N., Morisaki, H., Akita, H., Fujimoto, A., Tominaga, K.,
Terasawa, M., Tachibana, A., Ikeda, K., Nakanishi, M., Kaneko, Y. (1999) Cell-cycle-
dependent and ATM-independent expression of human Chkl1 kinase. Oncogene 18, 3673-
3681.

Bartek, J., Lukas, J. (2003) Chkl and Chk2 kinases in checkpoint control and cancer.
Cancer Cell 3, 421-429.

Lukas, C., Bartkova, J., Latella, L., Falck, J., Mailand, N., Schroeder, T., Sehested, M.,
Lukas, J., Bartek, J. (2001) DNA damage-activated kinase Chk2 is independent of

118



183.

184.

185.

186.

187.

188.

189.

190.

proliferation or differentiation yet correlates with tissue biology. Cancer Res. 61, 4990-

4993.

Sorensen, C. S., Syljuasen, R. G., Falck, J., Schroeder, T., Ronnstrand, L., Khanna, K. K.,
Zhou, B. B., Bartek, J., Lukas, J. (2003) Chkl regulates the S phase checkpoint by
coupling the physiological turnover and ionizing radiation-induced accelerated

proteolysis of Cdc25A. Cancer Cell 3, 247-258.

Schwarz, J. K., Lovly, C. M., Piwnica-Worms, H. (2003) Regulation of the Chk2 protein
kinase by oligomerization-mediated cis- and trans-phosphorylation. Mol. Cancer Res. 1,

598-609.

Latres, E., Chiaur, D. S., Pagano, M. (1999) The human F box protein beta-Trcp
associates with the Cull/Skpl complex and regulates the stability of beta-catenin.

Oncogene 18, 849-854.

Delmas, C., Manenti, S., Boudjelal, A., Peyssonnaux, C., Eychene, A., Darbon, J. M.
(2001) The p42/p44 mitogen-activated protein kinase activation triggers p27Kipl
degradation independently of CDK2/cyclin E in NIH 3T3 cells. J. Biol. Chem. 276,
34958-34965.

Sheaff, R. J., Groudine, M., Gordon, M., Roberts, J. M., Clurman, B. E. (1997) Cyclin E-
CDK2 is a regulator of p27Kip1l. Genes Dev. 11, 1464-1478.

Vlach, J., Hennecke, S., Amati, B. (1997) Phosphorylation-dependent degradation of the
cyclin-dependent kinase inhibitor p27. EMBO J. 16, 5334-5344.

Cayrol, C., Ducommun, B. (1998) Interaction with cyclin-dependent kinases and PCNA
modulates proteasome-dependent degradation of p21. Oncogene 17, 2437-2444.

Kim, G. Y., Mercer, S. E., Ewton, D. Z., Yan, Z., Jin, K., Friedman, E. (2002) The stress-
activated protein kinases p38 alpha and JNK1 stabilize p21(Cipl) by phosphorylation. J.
Biol. Chem. 277, 29792-29802.

119



191.

192.

193.

194.

195.

196.

197.

198.

199.

Li, Y., Dowbenko, D., Lasky, L. A. (2002) AKT/PKB phosphorylation of p21Cip/WAF1
enhances protein stability of p21Cip/WAF1 and promotes cell survival. J. Biol. Chem.
277, 11352-11361.

Weinberg, W. C., Denning, M. F. (2002) P21Waf1 control of epithelial cell cycle and cell
fate. Crit. Rev. Oral Biol. Med. 13, 453-464.

Bornstein, G., Bloom, J., Sitry-Shevah, D., Nakayama, K., Pagano, M., Hershko, A.
(2003) Role of the SCFSkp2 ubiquitin ligase in the degradation of p21Cipl in S phase. J.
Biol. Chem. 278, 25752-25757.

Jaime, M., Pujol, M. J., Serratosa, J., Pantoja, C., Canela, N., Casanovas, O., Serrano, M.,
Agell, N., Bachs, O. (2002) The p21(Cip1) protein, a cyclin inhibitor, regulates the levels
and the intracellular localization of CDC25A in mice regenerating livers. Hepatology 35,

1063-1071.

Nakayama, K. I., Hatakeyama, S., Nakayama, K. (2001) Regulation of the cell cycle at
the G1-S transition by proteolysis of cyclin E and p27Kipl. Biochem. Biophys. Res.
Commun. 282, 853-860.

Gaiddon, C., Lokshin, M., Gross, 1., Levasseur, D., Taya, Y., Loeffler, J. P., Prives, C.
(2003) Cyclin-dependent kinases phosphorylate p73 at threonine 86 in a cell cycle-
dependent manner and negatively regulate p73. J. Biol. Chem. 278, 27421-27431.

Shimuta, K., Nakajo, N., Uto, K., Hayano, Y., Okazaki, K., Sagata, N. (2002) Chkl1 is
activated transiently and targets Cdc25A for degradation at the Xenopus midblastula
transition. EMBO J. 21, 3694-3703.

Jin, J., Shirogane, T., Xu, L., Nalepa, G., Qin, J., Elledge, S. J., Harper, J. W. (2003)
SCFbeta-TRCP links Chk1 signaling to degradation of the Cdc25A protein phosphatase.
Genes Dey. 17, 3062-3074.

Busino, L., Donzelli, M., Chiesa, M., Guardavaccaro, D., Ganoth, D., Dorrello, N. V.,
Hershko, A., Pagano, M., Draetta, G. F. (2003) Degradation of Cdc25A by beta-TrCP
during S phase and in response to DNA damage. Nature 426, 87-91.

120



200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

Winston, J. T., Strack, P., Beer-Romero, P., Chu, C. Y., Elledge, S. J., Harper, J. W.
(1999) The SCFbeta-TRCP-ubiquitin ligase complex associates specifically with
phosphorylated destruction motifs in IkappaBalpha and beta-catenin and stimulates

IkappaBalpha ubiquitination in vitro. Genes Dev. 13, 270-283.

Wu, G., Xu, G., Schulman, B. A., Jeffrey, P. D., Harper, J. W., Pavletich, N. P. (2003)
Structure of a beta-TrCP1-Skpl-beta-catenin complex: destruction motif binding and

lysine specificity of the SCF(beta-TrCP1) ubiquitin ligase. Mol. Cell 11, 1445-1456.

Spencer, E., Jiang, J., Chen, Z. J. (1999) Signal-induced ubiquitination of IkappaBalpha
by the F-box protein Slimb/beta-TrCP. Genes Dev. 13, 284-294.

Ferrell, J. E., Jr. (2001) Six steps to destruction. Nature 414, 498-499.

Nash, P., Tang, X., Orlicky, S., Chen, Q., Gertler, F. B., Mendenhall, M. D., Sicheri, F.,
Pawson, T., Tyers, M. (2001) Multisite phosphorylation of a CDK inhibitor sets a
threshold for the onset of DNA replication. Nature 414, 514-521.

Petroski, M. D., Deshaies, R. J. (2003) Context of multiubiquitin chain attachment
influences the rate of Sicl degradation. Mol. Cell 11, 1435-1444.

Ubersax, J. A., Woodbury, E. L., Quang, P. N., Paraz, M., Blethrow, J. D., Shah, K.,
Shokat, K. M., Morgan, D. O. (2003) Targets of the cyclin-dependent kinase Cdkl.
Nature 425, 859-864.

Lengauer, C., Kinzler, K. W., Vogelstein, B. (1998) Genetic instabilities in human
cancers. Nature 396, 643-649.

Moreira, J. G., Colleoni, G. W., Cangi, M. G., Murphy, M., Sherburne, B., Bordin, J. O.,
Loda, M. (2003) Reciprocal Cdc25A and p27 expression in B-cell non-Hodgkin
lymphomas. Diagn. Mol. Pathol. 12, 128-132.

Clucas, C., Cabello, J., Bussing, 1., Schnabel, R., Johnstone, I. L. (2002) Oncogenic
potential of a C.elegans cdc25 gene is demonstrated by a gain-of-function allele. EMBO
J. 21, 665-674.

121



210.

211.

212.

213.

214.

215.

216.

217.

Ducruet, A. P., Lazo, J. S. (2003) Regulation of Cdc25A half-life in interphase by cyclin-
dependent kinase 2 activity. J. Biol. Chem. 278, 31838-31842.

Sherr, C. J., McCormick, F. (2002) The RB and p53 pathways in cancer. Cancer Cell 2,
103-112.

Elsayed, Y. A., Sausville, E. A. (2001) Selected novel anticancer treatments targeting cell
signaling proteins. Oncologist. 6, 517-537.

Lazo, J. S., Wipf, P. (2000) Combinatorial chemistry and contemporary pharmacology. J.
Pharmacol. Exp. Ther. 293, 705-709.

Dermatakis, A., Luk, K. C., Depinto, W. (2003) Synthesis of potent oxindole CDK2
inhibitors. Bioorg. Med. Chem. 11, 1873-1881.

Hamdouchi, C., Keyser, H., Collins, E., Jaramillo, C., De Diego, J. E., Spencer, C. D.,
Dempsey, J. A., Anderson, B. D., Leggett, T., Stamm, N. B., Schultz, R. M., Watkins, S.
A., Cocke, K., Lemke, S., Burke, T. F., Beckmann, R. P., Dixon, J. T., Gurganus, T. M.,
Rankl, N. B., Houck, K. A., Zhang, F., Vieth, M., Espinosa, J., Timm, D. E., Campbell,
R. M., Patel, B. K., Brooks, H. B. (2004) The discovery of a new structural class of
cyclin-dependent kinase inhibitors, aminoimidazo[1,2-a]pyridines. Mol. Cancer Ther. 3,

1-9.

Kim, K. S., Kimball, S. D., Misra, R. N., Rawlins, D. B., Hunt, J. T., Xiao, H. Y., Lu, S.,
Qian, L., Han, W. C., Shan, W., Mitt, T., Cai, Z. W., Poss, M. A., Zhu, H., Sack, J. S.,
Tokarski, J. S., Chang, C. Y., Pavletich, N., Kamath, A., Humphreys, W. G., Marathe, P.,
Bursuker, 1., Kellar, K. A., Roongta, U., Batorsky, R., Mulheron, J. G., Bol, D., Fairchild,
C. R, Lee, F. Y., Webster, K. R. (2002) Discovery of aminothiazole inhibitors of cyclin-
dependent kinase 2: synthesis, X-ray crystallographic analysis, and biological activities.

J. Med. Chem. 45, 3905-3927.

Li, X., Huang, P., Cui, J. J., Zhang, J., Tang, C. (2003) Novel pyrrolyllactone and
pyrrolyllactam indolinones as potent cyclin-dependent kinase 2 inhibitors. Bioorg. Med.

Chem. Lett. 13, 1939-1942.

122



218.

219.

220.

221.

222.

223.

Liu, J. J., Dermatakis, A., Lukacs, C., Konzelmann, F., Chen, Y., Kammlott, U., Depinto,
W., Yang, H., Yin, X., Chen, Y., Schutt, A., Simcox, M. E., Luk, K. C. (2003) 3,5,6-
Trisubstituted naphthostyrils as CDK2 inhibitors. Bioorg. Med. Chem. Lett. 13, 2465-
2468.

Tang, J., Shewchuk, L. M., Sato, H., Hasegawa, M., Washio, Y., Nishigaki, N. (2003)
Anilinopyrazole as selective CDK2 inhibitors: design, synthesis, biological evaluation,

and X-ray crystallographic analysis. Bioorg. Med. Chem. Lett. 13, 2985-2988.

Garner-Hamrick, P. A., Fisher, C. (1998) Antisense phosphorothioate oligonucleotides
specifically down-regulate cdc25B causing S-phase delay and persistent antiproliferative

effects. Int. J. Cancer 76, 720-728.

Guo, J., Kleeff, J., Li, J., Ding, J., Hammer, J., Zhao, Y., Giese, T., Korc, M., Buchler, M.
W., Friess, H. (2004) Expression and functional significance of CDC25B in human

pancreatic ductal adenocarcinoma. Oncogene 23, 71-81.

Roberts, J. M., Sherr, C. J. (2003) Bared essentials of CDK2 and cyclin E. Nat. Genet.
35, 9-10.

Frangioni, J. V., Neel, B. G. (1993) Solubilization and purification of enzymatically
active glutathione S-transferase (pGEX) fusion proteins. Anal. Biochem. 210, 179-187.

123



	TITLE PAGE
	ABSTRACT
	FORWARD
	PREFACE
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	ABBREVIATIONS
	1. INTRODUCTION
	1.1. GENERAL INTRODUCTION
	1.2. THE MAMMALIAN CELL DIVISION CYCLE
	1.3. CDK REGULATION
	Figure 1.1: Regulation of the Mammalian Cell Cycle by Cdks and Cdc25s.
	Figure 1.2: Cdk Activation by Cdc25 Phosphatases.
	1.4. CDC25 PHOSPHATASES
	Figure 1.3: Mammalian Cdc25 Phosphatases.
	1.4.1. MAMMALIAN CDC25 DUAL-SPECIFICITY PHOSPHATASES
	Figure 1.4: Catalytic Mechanism of Cdc25 Phosphatases.
	1.4.2. CELL CYCLE CONTROL BY CDC25 PHOSPHATASES
	Figure 1.5: Cdc25A Promotes Mammalian Cell Cycle Progression.
	1.4.3. CDC25S AS TARGETS OF CELL CYCLE CHECKPOINTS
	Figure 1.6: Cdc25B and Cdc25C are inactivated by Cell Cycle Checkpoints.
	Figure 1.7: Cell Cycle Checkpoints Target Cdc25A for Proteolytic Degradation.
	1.4.4. CDC25A IS A COMPONENT OF MULTIPLE SIGNALING PATHWAYS
	Figure 1.8: Cdc25A Regulates Multiple Signaling Pathways.
	1.4.5. ROLE IN MALIGNANCY
	1.4.6. BIOCHEMICAL REGULATION OF CDC25A
	1.5. STATEMENT OF PROBLEM AND HYPOTHESIS
	2. EXPERIMENTAL METHODS
	2.1. MATERIALS
	2.2. CELL CULTURE
	2.3. TRANSIENT TRANSFECTION OF HUMAN TUMOR CELLS
	2.4. WESTERN BLOTTING
	2.5. RNA ISOLATION, NORTHERN BLOTTING AND RT-PCR
	2.6. FLOW CYTOMETRY
	2.7. GENERATION OF RECOMBINANT GST-CDC25C (200-256)
	2.8. CHK1 KINASE ASSAY
	2.9. DOMINANT-NEGATIVE CDK2 ADENOVIRUS
	3. REGULATION OF CDC25A PROTEIN LEVELS IN HUMAN TUMOR CELLS
	3.1. INTRODUCTION
	3.2. RESULTS
	3.2.1. INHIBITION OF CDK ACTIVITY INCREASES CDC25A PROTEIN LEVELS
	Figure 3.1: Cdc25A Catalytic Activity Contributes to Cdc25A Expression.
	3.2.2. CDK INHIBITION INCREASES CDC25A PROTEIN LEVELS INDEPENDENT OF p53 AND HPV STATUS
	Figure 3.2: Roscovitine Treatment Increases Cdc25A Protein Levels.
	Figure 3.3: Cdk Inhibition Increases Cdc25A Protein Levels in a Concentration-Dependent Manner.
	Figure 3.4: Roscovitine Treatment Increases Cdc25A Levels in a Time-Dependent Manner.
	3.2.3. CDC25A PROTEIN LEVELS ARE INCREASED BY INHIBITION OF CDK2 KINASE ACTIVITY AND ARE NOT SECONDARY TO CELL CYCLE PERTUBATION
	Figure 3.5: Dominant-Negative Cdk2 Mutant Expression Increases Cdc25A Levels in HeLa Cells.
	Figure 3.6: Dominant-Negative Cdk2 Mutant Expression does not Alter Cell Cycle Progression in HeLa Cells.
	3.2.4. CDK2 INHIBITION INCREASES CDC25A PROTEIN HALF-LIFE
	Figure 3.7: Inhibition of Cdk2 Activity Increases Cdc25A Half-Life in Asynchronous Cells.
	3.3. DISCUSSION
	Figure 3.8: Roscovitine Treatment does not Increase Cdc25A mRNA Levels in HeLa Cells.
	3.1 CONCLUSIONS
	4. MOLECULAR MECHANISM OF CDK2-MEDIATED REGULATION OF CDC25A PROTEIN HALF-LIFE
	4.1. INTRODUCTION
	4.2. RESULTS
	4.2.1. INHIBITION OF CDK2 KINASE ACTIVITY DOES NOT INHIBIT SCF OR APC/C UBIQUITIN LIGASE ACTIVITIES
	Figure 4.1: Effect of Cdk2 Inhibition on SCF and APC/C Ubiquitin Ligase Activities.
	4.2.2. p21 IS NOT INVOLVED IN CDK2-MEDIATED REGULATION OF CDC25A PROTEIN HALF-LIFE
	Figure 4.2: Cdk2 Inhibition Increases p21 Protein Levels.
	Figure 4.3: p21 Protein Levels are Specifically Increased by Inhibiting Cdk2 Activity.
	4.2.3. CHK1 ACTIVITY IS NOT RESPONSIBLE FOR CDK2-MEDIATED REGULATION OF CDC25A PROTEIN HALF-LIFE
	Figure 4.4: p21 is not necessary for Cdk2-mediated Regulation of Cdc25A Protein Half-Life.
	Figure 4.5: Cdk2 Inhibition does not Downregulate Chk1.
	4.2.4. p38 MAPK IS NOT INVOLVED IN CDK2-MEDIATED REGULATION OF CDC25A PROTEIN HALF-LIFE
	Figure 4.6: Cdk2 Inhibition does not Downregulate p38 MAPK.
	4.3. DISCUSSION
	4.3.1. REGULATION OF CDC25A BY UBIQUITIN LIGASES
	4.3.2. THE ROLE OF p21 IN CDK2-MEDIATED REGULATION OF PHYSIOLOGIC CDC25A TURNOVER
	4.3.3. A CDK2-CHK1-CDC25A CONNECTION?
	4.3.4. p38 MAPK-MEDIATED REGULATION OF CDC25A TURNOVER
	4.3.5. β -TrCP IS THE F-BOX PROTEIN THAT REGULATES CDC25A

UBIQUITINATION AND DEGRADATION BY THE SCF UBIQUITIN LIGASE
	4.4. CONCLUSIONS
	5. DISCUSSION
	5.1. REGULATION OF CDC25A BY PHOSPHORYLATION
	Table 5.1: Reported Human Cdc25A Phosphorylation Sites.
	Figure 5.1: Regulation of Cdc25A by Phosphorylation.
	5.2. REGULATION OF CDC25A BY CDK2
	5.3. CELL CYCLE REGULATION AND CANCER
	5.4. CONCLUSIONS
	APPENDIX A: SMALL MOLECULES
	APPENDIX B: ANTIBODIES FOR WESTERN BLOTTING
	APPENDIX C: INDUCTION AND PURIFICATION OF GST-CDC25C (200-256)
	BIBLIOGRAPHY

