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ABSTRACT

Cyclin-dependent kinase (CDK) 1 complexed with cyclin B is a driver of mitosis, while CDK2 drives
S phase entry and replicon initiation. CDK2 activity increases as cells progress through S phase,
and its cyclin partner switches from cyclin E to cyclin A. Activation of CDK2 requires depho-
sphorylation of tyrosine-15 by CDC25A. DNA damage activates the checkpoint protein CHK1,
which phosphorylates and degrades CDC25A to prevent activation of CDK2 and protect from cell
cycle progression before damage is repaired. CHK1 inhibitors were developed to circumvent this
arrest and enhance the efficacy of many cancer chemotherapeutic agents. CHK1 inhibition results
in the accumulation of CDC25A and activation of CDK2. We demonstrate that inhibition of CDK2
or suppression of cyclin A also results in accumulation of CDC25A suggesting a feedback loop that
prevents over activation of this pathway. The feedback inhibition of CDC25A targets phosphor-
ylation of S88-CDC25A, which resides within a CDK consensus sequence. In contrast, it appears
that CDK complexes with cyclin B (and possibly cyclin E) stabilize CDC25A in a feed-forward
activation loop. While CDK2/cyclin A would normally be active at late S/G2, we propose that this
feedback inhibitory loop prevents over activation of CDK2 in early S phase, while still leaving
CDK2/cyclin E to catalyze replicon initiation. One importance of this observation is that a subset of
cancer cell lines are very sensitive to CHK1 inhibition, which is mediated by CDK2/cyclin A activity
in S phase cells. Hence, dysregulation of this feedback loop might facilitate sensitivity of the cells.
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Introduction

Cell cycle progression is regulated by cyclin-
dependent kinases (CDK) in complex with
a cyclin. CDK2 in complex with either cyclin
E or cyclin A is required for initiation and pro-
gression through S phase, while CDK1 in complex
with cyclin A or cyclin B is required for mitosis
[1]. Importantly, CDK2 activity increases as cells
progress through S and G2 phase [2]. Several
recent papers have demonstrated the critical role
that this increasing CDK activity has in cell cycle
progression. In a yeast model engineered to con-
tain a single cyclin/CDK protein, the phosphoryla-
tion of different CDK substrates varied
dramatically with the level of CDK activity: low-
level CDK activity drove early cell cycle phosphor-
ylation (i.e. S phase), whereas high-level CDK
activity drove late cell cycle events (i.e. G2/M)
[3,4]. These differences could also be discrimi-
nated using a CDK inhibitor whereby low

concentrations were sufficient to reduce CDK
activity below the threshold required for late phos-
phorylation events, whereas much higher concen-
trations were required to suppress CDK activity
below the threshold for early S phase substrates.
We recently reported a similar phenomenon in
human cells where low-level CDK2 activity is
required for replication origin firing and S phase
progression, while high activity levels can lead to
cytotoxicity if it occurs prematurely in
S phase [5,6].

Our interest in CDK1/2 regulation arose from
research on the DNA damage response pathway.
DNA double-strand breaks or single-strand
regions in DNA activate the ATM and ATR
kinases which in turn activate CHK1 to prevent
S and G2 progression, and provide time for
repair and recovery. Inhibitors of CHKI1
(CHKI1i) were developed because they overcome
cell cycle arrest and force progression through
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S and G2 even when DNA is damaged, thereby
enhancing cell killing [7,8]. This strategy is cur-
rently under clinical investigation in cancer
patients. We also reported that a subset of cell
lines is very sensitive to CHKIi as a single agent
because it rapidly induces DNA breaks in early
S phase [9]. The DNA breaks, and the associated
cytotoxicity, resulting from single-agent CHKIi
was prevented by incubation with low concen-
trations of CVT-313 that are selective for CDK2
inhibition [10]. Given the established role for
CDK2 in S phase progression, we were initially
surprised that CVT-313 failed to prevent
CHKli-mediated abrogation of DNA damage-
induced S phase arrest [6]. However, we discov-
ered that a 20-fold higher concentration of CVT-
313 did prevent CHKli-mediated S phase pro-
gression [6,8]. These results are consistent with
different CDK2 activity thresholds being
required for S phase progression versus single-
agent CHKIi sensitivity as discussed above. We
refer to these different states as CDK2-low and
CDK2-high in this paper and propose that
CDK2-low involves complex with cyclin
E while CDK2-high involves complex with cyclin
A.

Cyclin-dependent kinases are activated by
a family of CDC25 phosphatases, which, in
turn are inhibited by CHK1 [11]. The inactive
form of CDK2 is phosphorylated on tyrosine 15,
while its dephosphorylation and activation is
mediated by CDC25A. CDC25A is primarily
regulated by its protein level through phosphor-
ylation by CHKI, in concert with additional
kinases [12]. Both constitutive and DNA
damage-activated CHK1 degrade CDC25A and
thereby prevent CDK2 activation and cell cycle
progression [13,14]. We previously reported that
CHKI1i induces CDC25A levels preferentially in
cells sensitive to CHK1i as a single agent, sug-
gesting that only the sensitive cells activate
CDK2 in S phase in response to CHKI1i [9].
However, we report here that inhibition of
CDK2-high also enhances the level of CDC25A.
Similarly, the suppression of cyclin A elevates
CDC25A. These results suggest that CDK2/
cyclin A activity regulates a negative feedback
loop that prevents inappropriate activation of
CDK2.
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Materials and methods
Cell culture

Cell lines were obtained from the Developmental
Therapeutics Program of the National Cancer
Institute as part of the NCI60 cell-line panel.
AsPC-1 and U20S cells were obtained from the
American Type Culture Collection. Cells were
expanded and stored at low passage number and
experimental cultures replaced approximately
every 3 months. Cells were maintained in
RPMI1640 media (Corning/Mediatech) plus 10%
fetal bovine serum (Hyclone), and 1% antibiotic/
antimycotic (Gibco). Cell lines were confirmed
negative for mycoplasma using the MycoAlert
Mycoplasma Detection Kit (Lonza). SMART pool
siRNA for cyclin E (CCNE1l) and cyclin A2
(CCNA2) were obtained from Dharmacon.

Plasmids containing mutant and wildtype
CDC25A constructs were kindly provided by
Dr Helen Piwnica-Worms, MD Anderson Cancer
Institute [12]. Each mutation was confirmed by
DNA sequencing. Plasmids were transfected into
cells using lipofectamine (4 ul/2 ml in 6 well
plates). The cells were selected initially with
1 mg/ml G418, then subsequently maintained in
0.5 mg/ml G418.

Chemicals

MK-8776 and AZD1775 (previously MK-1775)
were provided by Merck. CVT-313 and Ro3306
were purchased from Sigma. All solutions were
stored at 10 mM in DMSO. SN38 was provided
by Pfizer, stored in DMSO at 100 uM, and used at
25 nM (10 ng/ml).

Cell synchronization and analysis

SW620 cells were synchronized in six well plates
using a double thymidine block using a schedule
of 16 h 2 mM thymidine, 9 h release in media with
24 uM deoxycytidine, 16 h thymidine, and finally
release into fresh media with deoxycytidine. After
an additional 6 h, when cells were in G2, 100 ng/
ml nocodazole was added to prevent exit from
mitosis. Cells were trypsinized, fixed in 70% etha-
nol overnight, rehydrated and stained with Alexa
647-conjugated anti-phospho-histone H3 (ser10)
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(D2C8; Cell Signaling Technology) and propidium
iodide. Cells were analyzed on a Becton Dickinson
Gallios flow cytometer. Data was analyzed using
FlowLogic.

Western blotting

Cells were rinsed in PBS, lysed in Laemmli lysis
buffer, and boiled for 5 min. Proteins were sepa-
rated by SDS-PAGE and transferred to polyvinyli-
dene difluoride membranes. Western blotting was
performed with the following primary antibodies:
Cell Signaling Technologies: p-Y15-CDK1/2
(9111S and 4539S), cyclin A2 (4656S), PARP
(9532S), WEE1 (13084S); EMD-Millipore: CDK2
(05-596); Thermo Fisher Scientific: CDC25A (ms-
638); GeneTex: Cyclin A2 (GTX103042); Santa
Cruz  Biotechnology: vinculin  (sc-073541),
CDC25A (sc-7389), cyclin B (sc-245). Sigma:
actin (A3854). Actin, vinculin and PARP were
used as loading controls.

In initial studies, membranes were developed
using chemiluminescence and X-ray film
(Figures 1(a), 4 and 5). Subsequent experiments
used the following fluorescent secondary antibo-
dies from Cell Signaling Technologies: mouse IgG-
DyLight 800 (5257), rabbit IgG - DyLight 800
(5151), mouse IgG-DyLight 680 (5470).
Fluorescent images were obtained on a Licor
Odyssey scanner and processed using Image
Studio Lite. Quantitation of pCDK1/2 bands was
undertaken using GelBandFitter that quantifies
closely spaced bands [15].

Results
CDK2 elicits feedback inhibition of CDC25A

The inhibitory phospho-tyrosine on CDK2 is
removed by CDC25A, which in turn is repressed
by CHKI1. DNA damage activates CHK1, which
phosphorylates CDC25A leading to its degrada-
tion, and thereby preventing activation of CDK2
and cell cycle progression. Consequently, incuba-
tion with CHK1i reactivates CDC25A and CDK2
inducing S and G2 phase progression even when
the DNA is damaged. As we investigated the rela-
tionship between CDC25A and CDK2, we discov-
ered that the CDK2 inhibitor CVT-313 (CDK2i)

caused marked accumulation of CDC25A even in
the absence of CHK1i, and in multiple cell lines
(Figure 1(a)). However, this effect was very depen-
dent on the concentration of CVT-313, with low
concentrations causing accumulation of CDC25A,
whereas concentrations above 10 uM had little if
any effect. We hypothesized that CDK2 acts
through a feedback loop to limit the accumulation
of CDC25A, but the decrease in CDC25A at
higher concentrations of CVT-313 remained
unresolved.

Given our more recent recognition of the
importance of CDK2 activity thresholds in sub-
strate phosphorylation [5,6,8], we have now revis-
ited this observation. We note that the level of
induction of CDC25A by low concentrations of
CVT-313 is comparable to that induced by incu-
bation with the CHK1i MK-8776 (Figure 1(b) top).
When combined with MK-8776, low concentra-
tions of CVT-313 induced little further increase
in CDC25A, but high concentrations of CVT-313
again prevented accumulation of CDC25A
(Figure 1(b) middle). We surmise that high-level
activity of CDK2 (CDK2-high; inhibited by low
CVT-313) is responsible for the feedback loop
that limits the accumulation of CDC25A, and
thereby prevents over-activation of CDK2.

At the higher concentrations of CVT-313 that
prevent accumulation of CDC25A, CVT-313 is no
longer selective for CDK2 but also inhibits CDK1
[10]. This is consistent with its ability to inhibit
mitosis only at these higher concentrations [5,6].
Consequently, the suppression of CDC25A at high
concentrations of CVT-313 could be due to inhi-
bition of either CDK1 or CDK2-low (or both).

CHKIi preferentially activates CDK2 rather
than CDKI, at least in S phase cells [5,6]. We
confirmed this conclusion here (Figure 2(a)).
Antibodies cannot discriminate the phospho-
tyrosine on CDK1 from CDK2 as it is located
in a conserved amino acid sequence [16].
However, we have noted that the two phospho-
proteins can be resolved on western blots, parti-
cularly when wusing fluorescent secondary
antibodies that provide greater dynamic range
than  chemiluminescence = methods [5,6].
Immunoprecipitation has confirmed that the
upper band is pCDKI1 while the lower band is
pCDK2.  Phospho-CDK2 may often be
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Figure 1. Changes in the level of CDC25A upon activation or inhibition of CDK1/2. (a). AsPC-1, U20S and ACHN cells were incubated
with 0-20 pM CVT-313 for 6 h, and cell lysates analyzed by western blotting for CDC25A using chemiluminescent detection. (b).
AsPC-1 cells were incubated with 0-80 uM CVT-313 for 6 h alone or in combination with 2 uM MK-8776 or 2 uM AZDZ1775 as
indicated. Cell lysates were analyzed by western blotting for CDC25A, with vinculin as a loading control. Fluorescent secondary
antibodies were used and fluorescent images captured. (c) Cells were incubated as in B but with the addition of 0-10 uM Ro3306

rather than CVT-313.

overlooked as it is present at much lower levels
than phospho-CDK1. In Figure 2(a), phospho-
CDK2 was present at 17% of the level of phos-
pho-CDKI1, and only CDK2 was dephosphory-
lated upon incubation with MK-8776.

To investigate the potential involvement of
CDKI1 on regulation of CDC25A, we incubated
cells with the WEE1 inhibitor AZD1775 which
rapidly dephosphorylated both CDK1 and CDK2
(Figure 2(a)). AZD1775 alone suppressed basal
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Figure 2. CDK2 is selectively activated by MK-8776, but both CDK1 and CDK2 are activated by AZD1775. (a) AsPC-1 cells were
incubated with 0-10 uM AZD1775 or MK8776 for 6 h, and cell lysates were analyzed by western blotting. Fluorescent secondary
antibodies were used. The first blot was probed for pCDK1/2; the top band of the doublet is pY-CDK1 and the lower, much weaker
band is pY-CDK2. Fluorescent signals were quantified for each band as shown in the graphs. (b) MDA-MB-231 cells were arrested in
S phase by 24 h incubation with SN38, then 1 uM MK-8776 was added to abrogate arrest and drive cells into G2 over the following
6 h (30 h time point). Ro3306 (0-10 uM) was added concurrent with MK-8776 and cell cycle phase determined by flow cytometry.

CDC25A and prevented the CVT-313-mediated  in degrading CDC25A. This issue was investigated
accumulation of CDC25A (Figure 1(b), bottom).  further by incubating cells with Ro3306 which is
This suggests that CDK1 may complement CDK2  commonly used as a selective inhibitor of CDK1



[17]. The addition of Ro3306 alone caused even
greater accumulation of CDC25A than CVT-313
(Figure 1(c)). However, these concentrations of
Ro3306 are also reported to inhibit CDK2 [16],
although we now realize this inhibition is only of
CDK2-high activity, so this observation is consis-
tent with both CDK1 and CDK2-high contributing
to the degradation of CDC25A. The only remain-
ing CDK2 activity in Ro3306-treated cells should
be CDK2-low, and this was confirmed by showing
that these concentrations of Ro3306 did not pre-
vent CHKli-mediated S phase progression of
damaged cells (Figure 2(b)). This contrasts with
high concentrations of CVT-313 that do prevent
CHKIli-mediated S phase progression [6].
Importantly, Ro3306 rescued CDC25A from
degradation induced by AZD1775 consistent with
CDK1 and CDK2-high being involved (Figure 1
(c), bottom). As discussed below, the degradation
of CDC25A is also mediated by cyclin A which
binds both kinases.

The biphasic response of CDC25A to CVT-313
requires further explanation, particularly the
decrease at the high concentrations. At these high
concentrations, there should be no CDKI or
CDK2 activity. In contrast, when cells are incu-
bated with 10 puM Ro03306, CDK2-low is still
active. This suggests that the decrease in
CDC25A at high concentrations of CVT-313 is
the result of inhibition of CDK2-low, thereby
implying that active CDK2-low stabilizes
CDC25A. The CDK2-low activity is required for
replicon initiation and occurs early in S phase
(likely associated with cyclin E), and is consistent
with the report of a feed-forward pathway that
activates cyclin E/CDK2 to drive cells into
S phase [18].

Degradation of CDC25A depends on cyclin A

While the activation of cyclin E/CDK2 provides
a feed-forward loop to drive G1 to S phase pro-
gression, the effect on CDC25A levels was not
reported [18]. Similarly, cyclin B/CDK1 provides
a feed-forward loop to accelerate mitosis, and this
is associated with stabilization of CDC25A [19,20].
Here, we determined the potential role of cyclins
A and E in the stability of CDC25A as both form
complexes with CDK2. Suppression of cyclin A2
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by siRNA resulted in dramatic accumulation of
CDC25A (the cells do not express cyclin Al)
while suppression of cyclin E or a control siRNA
had no effect (Figure 3(a)). Concurrent suppres-
sion of cyclins A and E also resulted in dramatic
accumulation of CDC25A. As cyclin A partners
with both CDK2 and CDKI, it appears that cyclin
A is the critical mediator of CDC25A suppression.
The ability of cyclin A2 siRNA to enhance
CDC25A was confirmed in three additional cell
lines (Figure 3(b)).

Stabilization of CDC25A occurs in mitosis

We also addressed the potential stabilization of
CDC25A in mitosis that is associated with
CDK1/cyclin B [19,20]. To perform these experi-
ments, we selected a cell line, SW620, that readily
undergoes arrest and synchronized release of all
the cells after a double thymidine block, whereas
we find that synchronization of most cell lines
results in incomplete release. First, we confirmed
that SW620 cells also accumulate CDC25A at low
concentrations of CVT-313 and repress it at higher
concentrations (Figure 4(a)). Upon release from
the double thymidine block, SW620 cells progress
rapidly through S phase, and then through mitosis
after about 8 h. However, as mitosis is rapid, there
was still a limited number of cells in mitosis at any
specific time. To induce accumulation of cells in
mitosis, we added nocodazole at 6 h, a time when
most of the cells had entered G2 but had not yet
reached M. By 8 h, 24% of the cells exhibited
pHH3, a marker of mitosis, and this increased to
75% by 11 h (Figure 4(b)). As cells progressed
through S phase, there was a clear increase in
pCDK1 (the upper band), though little if any
change in pCDK2 (the lower band) (Figure 4(c)).
The onset of mitosis was associated with a rapid
dephosphorylation of pCDK1 as expected. This
dephosphorylation can also be seen in the blot
for total CDK1 as the upper band is the phos-
phorylated form.

Cyclin A was expressed in the synchronized
cells and increased slightly through S phase, but
began to decrease around 9 h as cells entered
mitosis (Figure 4(c)). In contrast, very little cyclin
B was present until cells reached G2 and this
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Figure 3. Suppression of cyclin A, but not cyclin E, results in accumulation of CDC25A. (a) AsPC-1 cells were transfected with
scrambled siRNA, or siRNA targeting cyclin E, cyclin A2 or both. Cell lysates were analyzed by western blotting. (b) U20S, PC3 and
H460 cells were transfected with scrambled siRNA or siRNA targeting cyclin A2, and cell lysates analyzed by western blotting.

U = untransfected. PARP was used as a loading control.

remained high in M. As expected, CDC25A also
accumulated once the cells reached mitosis.

We also investigated the expression of WEE1
and observed a marked upward mobility shift as
cells entered mitosis consistent with its phos-
phorylation. There are contradictory reports on
the regulation of WEEI at mitosis, albeit both
mechanisms rely on CDK-mediated inhibition.
Phosphorylation at T239-WEE1 by CDK2/cyclin
A results in nuclear export of WEE1 and hence
prevents its ability to phosphorylate CDKI, facil-
itating mitosis [21]. Alternately, CDK-mediated
phosphorylation on S123-WEE1 at the onset of
mitosis results in ubiquitination and degradation
of WEE1L (neither the CDK nor cyclin was
defined) [22]. The electrophoretic band shift we
observed as cells enter mitosis is more consistent
with the first pathway, but as both cyclin A and

B are expressed at that time, does not resolve
which cyclin is involved. As the band shift does
not occur while cells are progressing through
S phase, it suggests it is not dependent on
CDK2, at least when complexed with cyclin
E (Figure 4(c)).

To further assess whether CDK2/cyclin A may
contribute to the phosphorylation of WEEI, we
used AsPC-1 cells that selectively activate this path-
way upon inhibition of CHK1 as shown in Figure 2.
No band shift of WEE1 was observed (Figure 4(d))
supporting the conclusion that the band shift is not
mediated by CDK2/cyclin A, but is consistent with
phosphorylation by CDK1/cyclin B. Overall, there is
a clear correlation between phosphorylation of
WEE]I, increased CDC25A and entry into mitosis,
which appears consistent with a role for CDK1/
cyclin B in stabilizing CDC25A.
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Figure 4. Cell cycle-dependent regulation of CDK1/2, cyclins A and B, CDC25A and WEET1. (a) SW620 cells were incubated with 0-80 uM CVT-
313 for 6 h and analyzed by western blotting for the level of CDC25A. (b) SW620 cells were synchronized by a double thymidine block, then
released for 0-12 h. Nocodazole was added at 6 h to capture cells in mitosis. Cells were stained with propidium iodide for DNA and anti-pHH3
to determine the % of cells in mitosis. Cells were analyzed by flow cytometry. (c) SW620 cells from the synchrony in B were analyzed by western
blotting for the indicated antigens, followed by fluorescent secondary antibodies. Multicolor images were generated; CDK2 migrates at the
lower band of the doublet for pCDK1/2. * = nonspecific band. (d) AsPC-1 cells were incubated with MK-8776 for 0-6 h and probed for

expression of WEET.
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were obtained in PC3 cells, and the cells were incubated with either 2 uM MK-8776 or 2.5 uM CVT-313 for 6 h. U - = untreated. PARP
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Degradation of CDC25A is induced by
phosphorylation on S88

AsPC-1 and PC3 cells were transfected with plas-
mids encoding GST-tagged forms of CDC25A that
were mutated from serine to alanine at potential
phosphorylation sites. Initial transient transfec-
tions (32 h) demonstrated very little expression
of most of the mutant constructs, a relatively low

expression of the S79A mutant, in PC3 cells, but
a very high level of the S88A mutant (Figure 5(a)).
In an attempt to obtain cells with stable expression
of each mutant, we selected the cells on G418.
Clones isolated from AsPC-1 cells did not express
any of the various CDC25A constructs, but several
PC3 transfectants did exhibit the introduced gene
(Figure 5(b)). The GST-tagged protein exhibited
a slightly slower electrophoretic mobility which



was evident in cells expressing the wildtype con-
struct, albeit at a level similar to the endogenous
protein. A low level of the transfected S82A
mutant was also observed, although only after
addition of MK-8776. The S88A construct was
again expressed at much higher levels, and was
further increased upon addition of MK-8776. In
contrast, this construct did not change upon addi-
tion of 2.5 uM CVT-313, which is consistent with
$88 being a consensus site for CDK2 phosphoryla-
tion. Furthermore, none of the other phosphoryla-
tion sites in this degron possess the CDK
consensus sequence. It seems unlikely that the
S88A mutant is an active phosphatase because
that would lead to constitutively active CDK2
that cells are unlikely to tolerate. From these
observations, we conclude that CDK2/cyclin
A-mediated phosphorylation of S88 is responsible
for degradation of CDC25A.

Discussion

It is recognized that phosphorylation of CDC25A
can lead to both its degradation and its stabiliza-
tion, and it now appears that both phenomena can
result from CDK1/2 phosphorylation on different
serines. This is in addition to the previously
reported phosphorylation on S76-CDC25A by
CHK1 that initiates further phosphorylation on
§82 in a “DSG” degron. There was one early report
suggesting that CDK2 can mediate degradation of
CDC25A [23], albeit that has been overlooked in
subsequent studies. The current report appears to
be the first identification of the critical role of
CDK2 in phosphorylating S88-CDC25A leading
to its degradation. This phosphorylation appears
to act as a means to limit the over-activation of
CDK2 while cells are in S phase. Inappropriate
regulation of CDK2 activity in S phase underlies
the reason why cell lines can be very sensitive to
inhibition of CHK1 [8,9].

These observations pose the question as to how
CDK1 and CDK2 discriminate which residue of
CDC25A to phosphorylate, and we conclude it
depends on the different cyclin partners. Our
results suggest that CDK2, when complexed with
cyclin A, leads to degradation of CDC25A through
phosphorylation on S88. We also propose that
cyclin A in complex with CDK1 can phosphorylate
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S88 and degrade CDC25A. In contrast, cells in
mitosis activate cyclin B/CDK1 and this stabilizes
CDC25A through phosphorylation on S18 and
S§116 [19]. During mitosis, the cyclin A/CDK1
complex decreases, so CDC25A degradation does
not occur. This can be contrasted to a WEEI inhi-
bitor that activates all CDK1/2-cyclin complexes
throughout the cell cycle resulting in CDC25A
degradation. Hence, we surmise that phosphoryla-
tion on S88 is dominant over phosphorylation on
S18 and S116 resulting in degradation, and even if
all three phosphorylations occur simultaneously,
CDC25A will be degraded.

Multiple phosphorylation events are reported
around the DSG degron at S82-CDC25A. CHK1
or GSK3 mediate phosphorylation on S76, which
primes CDC25A for phosphorylation on S79 and
S§82, the latter site in the DSG degron required for
binding of the ubiquitin ligase, f-TrCP. The phos-
phorylation on S82 has been variously reported to
involve CK1 or NEK11 [12,24]. Decrease of either
CK1 or NEKI11 reduced degradation of CDC25A.
NEK11 has also been reported to phosphorylate
S88-CDC25A [24]. Considering that S88 is in
a consensus sequence for CDK2 phosphorylation
it seems more likely that CDK2 is the predominant
kinase involved at that site, and perhaps this
primes for phosphorylation of the other sites in
the degron.

This line of investigation began with the obser-
vation that the CDK inhibitor CVT-313 elicits
a biphasic effect, increasing CDC25A at low con-
centrations but decreasing it at high concentra-
tions. The decrease in CDC25A at high
concentrations of CVT-313 appears to occur
when CDK2-low is inhibited, which is likely the
form that occurs when complexed with cyclin
E. This is consistent with the report of a feed-
forward mechanism whereby CDK2 stabilizes
CDC25A at G1/S phase [18]. Consequently, we
propose that, in early S phase, low levels of
CDK?2 activity stabilize CDC25A to continue acti-
vating CDK2 and ensure replicon initiation. As
CDK2 activity rises, it complexes with cyclin
A and phosphorylates alternate sites on CDC25A
resulting in its degradation. Finally, when cells
enter mitosis, cyclin B/CDK1 can also stabilize
CDC25A, although the consequence of this
remains ambivalent as there are reports that this



1318 J. P. DITANO ET AL.

both activates CDC25A and alternately inhibits it
through binding to 14-3-3 and sequestration in the
cytosol [19,20,25].

The ability to prevent activation of CDK2/
cyclin A in early S phase is of particular impor-
tance when cells are incubated with CHK1i. This
feed-back inhibition protects cells from over
activating CDK2/cyclin A which would other-
wise elicit cytotoxicity in CHK1i sensitive cells.
One interesting observation from our prior
study was the large range of levels of CDC25A
across a panel of cell lines, and this was inde-
pendent of their sensitivity to CHKI1i [9].
Sensitivity to CHK1i did appear to correlate
with the ability to induce CDC25A levels. The
failure of CHK1i to induce CDC25A in resistant
cells might therefore be the result of a more
rigorous control of CDC25A by the CDK2/cyclin
A feedback loop. Consequently, our observations
raise the possibility that the feedback loop might
be dysfunctional in sensitive cells. For example,
increased dephosphorylation, decreased ubiqui-
tination, or increased deubiquitination of
CDC25A could all lead to over-activation of
CDK2. These possibilities require further inves-
tigation as they might explain the variable sensi-
tivity of cells, and provide an avenue to predict
which tumors might be most response to CHK1i
therapy.
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