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INTRODUCTION

For the past three years, we have been dissecting the role of CDK2T39 phosphorylationof
CDK2 function and cell cycle progression. Our previous work had established that CDK2
is phosphorylated at threonine 39 by AKT /n-vitro and that Immunoprecipitated CDK2
reacts with an anti-phospho AKT substrate antibody and that this reactivity is lost after
inhibition of the PI3K signaling pathway — thus suggesting that CDK2 is phosphorylated
by AKT /n vivo. Additionally we had preliminarily data suggesting that phosphorylation of
CDK2 at threonine 39 influences cyclin binding. Using budding yeast as a model system
we have also shown that alteration of this site has an effect on cell cycle progression.
Namely, replacing the endogenous CDK2 homologue, Cdc28, with Cdc28S46E leads to a
decrease in the G1 phase transit time. Here we report that we have used an /n vitro
protein binding assay to show the rate of cyclin-CDK2 binding is influenced by
phosphorylation on CDK2T39 and that in yeast cdc28S46E has greater kinase activity
than Cdc28. Altogether our data shows that phosphorylation of this AKT substrate site in
cyclin dependent kinases affects the rate of cyclin-CDK complex formation, catalytic

activity and S phase entry time.

BODY

Mutations affecting the Cdk2T39 site alter cyclin binding /n vitro

Our preliminary data suggested that phosphorylation of CDK2T39 may affect cyclin
binding (for a thorough review, please see the appendix 2). Those experiments,

however, did not allow the binding to reach a saturation state and thus it was impossible



to determine if the rate of association was the only factor affected or if there was an
increase in steady state binding (lower Kd). Additionally our preliminary data did not
contain appropriate controls to mitigate the possibility that AKT may be acting as a
scaffold protein and thus aiding the cyclin-CDK complex formation. Therefore, we
decided to test effects of Cdk2T39 phosphorylation on cyclin binding more thoroughly.
Recombinant cyclin A or cyclin E proteins were incubated with their respective antibodies
(see appendix 2) and complexes pre-bound to Protein A sepharose beads and washed
extensively to remove unbound cyclin. Equal inputs of the different recombinant Cdk2
(WT, T39A and T39E) were then added to the pre-loaded protein A sepharose beads-
antibody-cyclin complex for the times shown and then cyclin-bound Cdk2 was assayed by
immunoblotting after the complexes were resolved by SDS-PAGE and transferred (IP-
blots shown for cyclin A-Cdk2 in Figure 1A). For both cyclin A and Cyclin E- bound Cdk
complexes, Cdk2T39E reached a maximal level of binding sooner than Cdk2wt (Figure 1
B). Cdk2T39E reached maximal cyclin A binding in less than 150 seconds whereas steady
state Cdk2wt binding was reached by 10 minutes (graphed as % input binding in Figure
10B-representative of three experiments). Similarly, the time required for maximal
Cdk2T39E binding to cyclin E was also shorter than Cdk2wt (Figure 1C). All Cdk2
isoforms reached a similar maximal level of binding, indicating that this phosphorylation
may not be required for binding and that this phosphorylation does not change the
steady state binding of cyclin-CDK complexes (does not lower Kd). What is clear from

our in vitro data is that this phosphorylation speeds up the rate of the reaction.

Cdk2 phosphorylation by Akt increases the cyclin-Cdk2 assembly

rate in vitro.

To further assay how phosphorylation of Cdk2pT39 affects the rate of cyclin-Cdk2
association, recombinant Cdk2 was reacted with active Akt for 60 minutes prior to
incubation with recombinant cyclin A for intervals between 1 and 30 minutes. Cyclin A-

bound Cdk2 was assayed by cyclin A immunoprecipitation followed by immunoblotting for



Cdk2. Akt treatment increased the rate of cyclin A-Cdk2 complex formation. Two
different controls were used: recombinant Cdk2 was mock treated without addition of Akt
(untreated), and in addition, a second Cdk2 samples was treated with catalytically
inactive Akt (produced by boiling active Akt for 30 min). Cdk2 binding to cyclin occurred
at similar rates in both control experiments, while pre-treatment of Cdk2 with active Akt
shortened the time required for maximal cyclin A-Cdk2 association (Figure 2). It is
noteworthy that all binding assays reached a maximum by 30 minutes, with comparable
steady state complex detected at these concentrations of input cyclin and Cdk2. Data
from Figures 1 and 2 together support the conclusion that Cdk2 phosphorylation by Akt

augments the rate of cyclin binding or impairs its dissociation, once bound.

Testing effects of Cdc28-S46 mutations on Cyclin-CDK catalytic

activity.

The AKT substrate site is highly conserved in cyclin dependent kinases. Earlier work had
demonstrated that this homologous site in the budding yeast is indeed phosphorylated in

vivo?>28,

Cdc28, the only G1 Cdk in the budding yeast, is an essential gene that
encompasses the functions of Cdkl and Cdk2 in higher eukaryotes. Beyond the
simplified cell cycle components, yeast is a good model system in which to study the cell
cycle because of the relative ease with which the cells can be synchronized in G1 and the

short doubling time.

In my previous report, | described the development of yeast strains that contained
different isoforms of Cdc28 and how cdc28S46E showed a faster G1 ransit time. As
proposed in my last report, | used these strains to assay timing of CIn2-Cdc28 kinase
activativvity at specific intervals after alfa factor release from quiescence until S phase.
We determined the Cdc28 kinase activity of strains reported in Table 1. Lysates from
early log phase cells were used to immunoprecipitate Cdc28 and compare the their
activity using histone H1 as substrate. As shown in Fig 3, equal amounts of Cdc28 were

immunoprecipitated from each strain (Fig 3 top). The kinase activity of Cdc28-S46E
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mutant was significantly higher compared the strains that Cdc28 wt and cdc28-S46A.
This difference in catalytic ability may be the reason that cdc28-S46E triggers an early
onset into S phase. To test this hypothesis, we tested if cdc28-S46E mutants had a
higher catalytic ability throughout the cell cycle. Here again, cdc28-S46E showed a
higher kinase activity in every timepoint collected (Figure 4). Although we only
immunoblotted for CLN2, one cannot discount that some of the catalytic ability evidenced
by the phosphorylation of histone H1 could come from Cdc28 bound to other CLNs — such
as CLN1 and CLNS3.

Altogether we have shown that Cdk activity is regulated by a novel site which can be
acted upon by Akt. This, in turn, is a novel mechanism through which extra cellular
mitogenic signals can influence cell cycle progression. Phosphorylation of this site is an
early event in cell cycle progression. This phosphorylation alters the rate of cyclin binding

and shortens the G; transit time.

DISCUSSION FROM RESULTS OBTAINED IN THE PAST THREE YEARS

The present study has revealed a novel mechanism through which the PI3K pathway may
act to promote G; cell cycle progression through phosphorylation of T39 in Cdk2. This
PI3K-dependent phosphorylation of Cdk2 at an Akt substrate motif surrounding T39 may
occur in both normal and malignant cells. PI3K activity is ubiquitous to both cell types
and has been shown to be required for G; to S progression in cell of lymphoid, fibroblast
and epithelial origins®®. Deregulation of this particular mechanism may be particularly
germane to cancer, since the frequent activation of the PI3K pathway seen in many

cancers ** would drive Cdk2 T39 phosphoryation to accelerate G; progression.

According to the classical model of cell cycle progression, the timed sequential activation
of different cyclin-Cdk complexes drives a cell to replicate its DNA and ultimately divide

into two. The phosphorylation of specific substrates is critical in maintaining the ordered
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sequence of events required for DNA replication and subsequent chromosomal segregation.
Recent genetic experiments however have challenged the notion that specific cyclin-Cdks

can only drive defined phases of the cell cycle.

Although activation of Cdk4 and Cdk6 normally precedes that of Cdk2 in G;, knockout
studies in mice have shown that these kinases are not essential for G; cell cycle
progression in most cell types. Mouse embryos develop normally until mid gestation
without all interphase Cdks %. Pertinent to the present work, Cdk2, whose disruption

causes G; arrest in somatic cells®?

was found to be dispensible for G; progression in
murine embryogenesis ?°. It is noteworthy that of all the Cdks, Cdkl appears essential.
Knockout of Cdkl is not compensated by the presence of interphase Cdks. CDKIP’P
cells are not viable and embryos do not develop beyond the two-cell stage *®. Moreover,
replacement of Cdkl by Cdk2 using homologous recombination also results in early
embryonic lethality, indicating that Cdk1l cannot be compensated for by Cdk2, even when

expressed from the Cdk1 locus %°.

A similar pattern was observed in cyclin knockout experiments. Whereas ablation of
individual, or all members of different G; cyclin families lead to tissue specific

developmental defects * 7 2%, knockout of S-G2-M cyclins, cyclins A2 and B1 lead to early

embryonic lethality *® consistent with their requirement for proper Cdkl activation 2.
Altogether, these observations imply that Cdk1 is sufficient to drive cell division in most
cellular lineages. However it would be wrong to suggest that interphase Cdks are

dispensable for the faithful division of all cell types.

Regardless of the function that interphase Cdks may have during embryogenesis in
genetically modified mice, data from somatic cells, many of which were lines derived from
cancerous tissues, suggest something different. While in cultured cells derived from
glioblastomas and osteosarcomas, inhibition of Cdk2 prevents proliferation *3 3!, cDk2P”
Pmice do not show alterations in their brains or connective tissues *°. Whereas the
developing embryo appear capable of using Cdkl to compensate for the genetic lack of

CDK2Z, disruption of Cdk2 action in somatic cells has major consequences and results in



cell cycle arrest or death. Data from cultured cells in which Cdk2 and its partner cyclins,
cyclins E and A were inhibited, indicate that these cells are dependent on normal function
of G; Cdks for cell cycle progression. Antibody microinjection experiments indicate that
interference with either cyclin E1 action in normal fibroblasts *°, or cyclin A in Hela cells **
leads to a loss of cell cycle progression. Similarly, depletion of Cdk2 in cultured
fibroblasts #* and the expression of a dominant negative form of Cdk2 both led to G;

arrest .

Malignant tumor progression appears to select for robust Cdk activities during cancer
development. Deregulation of Cdk4 and Cdk6 activities have been implicated in a wide
variety of tumors (including sarcoma, breast, lymphoma and melanoma) ** ?°. CDk2
gene amplification and Cdk2 overexpression have been documented in primary colorectal
12 lung * and ovarian carcinomas *°. Misregulation of D-type cyclins and overexpression
of E-type cyclins are common features in many types of tumors '°. More recent data
suggests that aberrant activation of specific interphase Cdks may indeed be required for
neoplasia. Cdk4-null mice, unlike their wild type counterparts, do not develop skin
tumors induced by Myc " and are resistant to mammary tumors expressing Erbb2 and

3 24 The data on

Hras under the control of the mouse mammary tumor virus promoter
cell cycle deregulation and cancer suggests that G; Cdks could indeed be a target for
therapeutic treatment. This possibility, however, requires a better understanding of the

regulatory mechanisms that underlie Cdk function.

The Akt substrate motif is conserved in other Cdks (including Cdkl and Cdk4), indicating
that aberrations in PI3K signaling could potentially augment not only Cdk2 activation but
also promote the activation of other Cdks and thereby have global effects on both G; and
G2-M progression. The specific roles of phosphorylation of homologous sites on
activation of other Cdk complexes has not been assayed in our study but may follow

mechanisms similar to those described herein for Cdk2.

The present study does not establish that Cdk2T39 is an exclusive target of Akt. We
observed that Akt and Cdk2 form a complex in cells and that Cdk2 can be phosphorylated



at T39 by active Akt /n vitro. The phosphorylation of Cdk1 in the homologous site (Cdk1-
S39) had been previously described in human cells although the authors did not define
the timing of this event nor how it may affect the cell cycle progression®’. The S39 site in
Cdkl was shown to be phosphorylated in vitro by casein kinase Il (CKII) ?’. Although
CKII activity is periodically activated in early G; and this kinase could play a role in T39
phosphorylation in mammalian cells 3, CKIl activation following serum stimulation is not
in phase with the increase we observed in Cdk2pT39. CKII activity peaks within 30

minutes of serum activation and returns to basal levels within two hours 2.

Our data shows that Cdk2 forms a complex with Akt and is phosphorylated by Akt in
vitro. Cdk2 reacts with an antibody that detects phosphorylated Akt products. This
phosphorylation is absent in quiescent MCF-7 and increases rapidly upon mitogenic
stimulation and is rapidly lost upon PI3K pathway inhibition. Of particular interest was
the temporal correlation between this phosphorylation event, cyclin-Cdk2 binding the

accumulation of CdkpT160 and Cdk2 activation.

The activation of Akt, as observed by phosphorylation at AktS473, preceded and was
temporally linked with the phosphorylation at Cdk2T39. Upon mitogen stimulation of
quiescent cells, T39 phosphorylation appears to precede both T160 phosphorylation of
Cdk2 and is association with cyclin E. Drug induced PI3K inactivation caused a rapid loss
of Cdk2T39 phosphorylation, that preceded the loss of Cdk2pT160 and disassembly of
Cyclin E-Cdk2 complexes, despite no loss of cyclin E levels in the LY294002 treated cells.

Our in vitro assembly data and the immunoprecipitation data obtained from CDK2P’P
MEFs transfected with Cdk2wt, Cdk2P™%P and Cdk2P™*P also suggest that this
phosphorylation event affects either the formation or stability of cyclin-Cdk complexes.
The discordance between the /n vitro data (which indicates that the rate of cyclin binding
is faster, although the total binding reached is similar) and the cellular data (which
indicates differences in steady state abundance of cyclin-Cdk complexes) may reflect the
additional effect of Cdk activation upon cyclin stability in cells in vivo. It is possible that

alterations in proteolytic degradation or expression of cyclin (an event frequently seen in



transformed cells) triggers an accumulation cyclins and therefore we were able to
observe a greater amount of cyclin bound to Cdk2 in the Cdk2-null MEFs transfected with
T39E.

In order to avoid any compensatory mechanisms that could arise in transformed
mammalian cells and Cdk2 null MEFs, we used the yeast model system to determine if
mutations affecting cdc28S46 had a cell cycle phenotype. Previous studies using in S.
cerevisiae had demonstrated Cdc28S46 phosphorylation in vivo 2. Mutation converting
Cdc28S46 to alanine reduced cell volume and protein content, but a role for this site in
cell cycle progression had not been defined. We observed a slight but highly reproducible
shortening of the G; phase in the strains containing Cdc28S46E. This shortening of the
G; phase did not give these cells a growth advantage, possibly due to triggering a
morphogenesis checkpoint. Asynchronous yeast lysates, as well as lysates from time
points collected after release from quiescence indicated that the cdc28S46E had a greater
catalytic activity than Cdc28WT, as previously published®®. The steady state levels of
CIn2 rose earlier in the cdc28S46E strain, but reached lower peak levels despite higher
peak cdc28 catalytic activity. This may reflect the effect of Cdc28/CIn2 kinase to promote
CIln2 degradation. The in vitro and in vivo date presented support a model in which
phosphorylation of Cdk2 at T39 and of Cdc28 at S46 may promote more rapid assembly
with cyclins, and modulate the timing or stabilization of T160 phosphorylation. This novel
regulation mechanism through which phosphorylation of G; Cdks, specifically but perhaps

not limited to Cdk2, would influence the duration of G; phase.

Our current understanding of Cdk activation and cell cycle progression contains very little
in terms of post translational modifications that alter the affinity of Cdks for cyclins. To
date, the known phosphorylations events in Cdks alter the cyclin-Cdk catalytic activity.
Across the cell cycle, the phsphorylations in Cdk2Y15 and Cdk2T160 increase through G;
>8  This may be due to the increase in activity of weel kinases as a response to
mitogenic stimulation and the constant activity of CAK ®%. Although Cdk2 can be acted
upon by CAK when in its monomeric form, the accumulation of Cdk2pT160 is a direct

function of cyclin binding as cyclin association prevents dephosphorylation of the T-loop.
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Fisher et. Al. have put forth a model whereby Cdk2 is phosphorylated at Cdk2T160 prior
to cyclin binding '°. The observation that cyclin-Cdk binding is required for nuclear
import of the complex raises a problem with the model of Fisher et al. Since Cdk-
activating kinases /n both budding and fission yeast appear to localize to the nucleus, it
would be difficult for the CAK complex to phosphorylate CKD2 complexes prior to its
binding to cyclins, since the Cdk2 monomers appear to be largely cytoplasmic **. We
envision Cdk2T39 phosphorylation serving as a trigger mechanism that facilitates cyclin-
Cdk assembly and possibly also nuclear import. Previous work has shown that
cytoplasmic mislocalization of active cyclin A-Cdk2 leads to apoptosis °. The PI3K
pathway is a strong mitogenic and anti-apoptotic signal. Thus it is possible that
constitutive activation of the PI3K pathway in cancers inhibits, or alters the rates of
nuclear export versus import, of cyclin-Cdk complexes, thereby preventing apoptosis and
driving the cells toward S-phase. This way, extracellular insults such as gamma

irradiation would not cause a cell cycle checkpoint and possibly lead to genetic instability.

FUTURE DIRECTIONS

The findings of my thesis work suggest that activation of the PI3K pathway, and its
downstream effector Akt, leads to the phosphorylation of Cdk2T39. This, in turn, causes
Cdk2 to form complexes with its cyclin partners more rapidly and results in an active
kinase that has a greater catalytic activity. In yeast cells, the phosphomimetic cdc28S46E
has a shorter G;-S phase transit time. There are several unresolved questions that arise
from this work that warrant further investigation in the Slingerland lab. The following
proposed experiments would extend my current line of investigation and further explore

the mechanisms whereby the PI3K pathway regulates Cdk2 activity.
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Inquiry 1: How Does Cdk2T39 Phosphorylation Affect Subcellular Cdk2

Localization?

The experiments above indicate that the phosphorylation at Cdk2T39 occurs prior to the
increase in phosphorylation at Cdk2T160 as cells progress from Gy to S phase. In
addition, PI3K pathway inhibition caused a rapid loss of phosphorylation at Cdk2T39
which preceded the loss of the Cdk2T160 phosphorylation. This temporal link between
the two sites, coupled with the shorter G; to S phase transit seen in yeast strains carrying
a T39 phosphomimetic mutation in the Cdk2 homologue, cdc28, suggest that
phosphorylation at the T39 site positively regulates the subsequent action of the Cdk
activating kinase (CAK) on Cdk2. This may occur directly through a conformation effect
on Cdk2. Alternately, the greater action of CAK on Cdk2 may be driven by a T39-

dependent translocation of Cdk2 to into the nucleus.

The size of Cdk2 (34 kDA) and cyclins E and A (54 and 60 kDA, respectively) would
permit them to translocate freely through the nuclear pores between nucleus and
cytoplasm. However, the cyclin-Cdk2 complexes localize to the nucleus in late G; in
parallel with their periodic catalytic activity, indicating that Cyclin-Cdk2 localization is
actively regulated. CAK is predominantly nuclear localized throughout the cell cycle;
cyclins E and A accumulate in the nucleus in late G; and S phases, while Cdk2 is both
nuclear and cytoplasmicP**P. Cdk2 substrates are mostly nuclear proteins. Chiefly
among them are histone H1 and the retinoblastoma proteinP**®p. Thus, if Cdk2 T39
phosphorylation enhanced the rate of nuclear import of Cdk2, or cyclin-Cdk2 complexes
toward their sites of action in the nucleus, this could increase the amount of active cyclin-

Cdk complex present in the cell.
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Experiment 1: Does the Phosphomimetic Mutant cdc28S46E Show Enhanced Nuclear

Localization Compared to Wild Type?U

We have created yeast strains that contain Cdc28wt, cdc28S46A and cdc28S46E.
These strains could be synchronized in G; by alpha factor synchrony experiments and
collected at different time points as they re-enter the cell cycle. The localization of Cdc28
and the mutant cdc28 proteins could be visualized by immunofluorescence. We would
expect to see that the cdc28S46E mutant may accumulate in the nucleus earlier and or at
higher levels than would be observed for Cdc28 and cdc28S46A.

Experiment 2. Does Cdk2pT39 Increase Binding to Importin-a?U

The nuclear import of cyclin E-Cdk2 (and of cyclin E alone) has been shown to require
binding to the import proteins importin-a and importin-g (Moore et al., 1999). Cdk2 lacks
a nuclear import signal. Its translocation in to the nucleus is in part mediated by its
binding to cyclin E, because that latter contains a nuclear localization signal that mediates
importin-a binding. One mechanism whereby T39 phosphorylation on Cdk2 may enhance
nuclear localization could be via an enhanced interaction between cyclin E-Cdk2
complexes with the importin proteins. Thus, it would be of value to test if T39-
phosphorylated Cdk2 (Cdk2pT39) may have a greater affinity or enhance the stability of

association with the importins compared to non-phosphorylated Cdk2.

This could be tested by comparing mixtures of recombinant cyclin E with either Cdk2wt,
Cdk2T39A or Cdk2T39E proteins already present in the lab in an in-vitro binding assay
using commercially available, recombinant, GST-tagged importin-a. Alternatively, we
could pre-treat Cdk2wt with Akt and then use it in binding assays with importin-a in the
presence of cyclin E. The phosphorylation of Cdk2 at T39 may not only enhance cyclin E-
Cdk2 complex association, but may also enhance to binding of the cyclin E-Cdk2 complex
to importin-a. Controls in these experiments would include binding reactions of the
different Cdk2wt, Cdk2T39A or Cdk2T39E proteins to the importin, in the absence of
cyclin E and binding of the cyclin E to importin-a alone, in the absence of Cdk2. An

increase in the steady state levels of importin-a to recombinant cyclin E-bound Cdk2T39E
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or Akt pre-treated Cdk2wt, compared to Cdk2wt, untreated with Akt, would indicate a
mechanism whereby cyclin E-Cdk2 complexes could indeed accumulate in the nucleus

more readily.

Experiment 3: Effects of Cdk2pT39 on Nuclear Import in vitro.

We could assay the in vitro nuclear import of recombinant Cdk2-cyclin or Cdk2 alone into
isolated nuclei as follows. Cells are briefly permeabilized by treating with digitonin which
permits escape of cytosolic proteins, leaving behind “bare nuclei.” These nuclei could
then be reacted with recombinant Cdk2, recombinant importin-a/p, RanGDP and an ATP
generating systemP**’P. Following incubation for specific intervals, we would verify the
extent of nuclear Cdk2 import by separating the nuclei from the supernatant via
centrifugation, and assaying for imported Cdk2 protein by lysis of the nuclei followed by
western blotting. Here too, we could use either recombinant Cdk2T39E or we could pre-
treat recombinant Cdk2 wt with Akt and compare its rate of import to non-treated Cdk2,
both in the presence and absence of recombinant cyclin E. We anticipate that the cyclinE-
Cdk2 complex will be imported more rapidly when the Cdk2 is either pre-treated with Akt
or the phosphomimetic variant is used. We anticipate that Cdk2 import will be affected by
the T39 status only when the import assays are carried out in the presence of cyclin,

since only the latter is capable of binding the importin-a/f machinery.

Significance: These assays may illuminate further the mechanisms through which the

PI3K pathway promotes Cdk2 activation in higher eukaryotes.
Inquiry 2: Does Cdk2T39 Phosphorylation Make It a Better Substrate for CAK?

Full activation of Cdks requires T160 phosphorylation at the T-loop via CAK. Our data
indicates that phosphorylation of Cdk2 at T39 precedes that on T160 in cells and induces
a faster rate of cyclin-Cdk complex formation in vitro. Moreover, the phosphomimetic
mutation of the yeast Cdk homologue at this site, cdc28S46E, has a higher catalytic
activity than the Cdc28wt. In the case of Cdkl, CAK action requires prior cyclin binding.
In contrast, Cdk2 is thought to be phosphorylated by CAK as a monomer, but cyclin
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binding protects the T160 site from dephosphorylation. Since we have observed that the
appearance of the Cdk2pT39 precedes that of Cdk2pT160 during Go-S phase progression,
this raises the possibility that T39 phosphorylation may condition the Cdk2 for action by
CAK. T39 phosphorylation may not only promote more stable cyclin association, but may
also modify the conformation of the Cdk2 monomer to permit more ready

phosphorylation by CAK.

Experiment 1: Is the Steady State Binding of CAK and Cdk2 Altered by Mutations at T39?

Some kinases are known to form transient complexes with their substrates (Brazil, 2002).
Thus, we would like to determine if the CAK-Cdk interaction would be altered by Cdk2T39
mutations. To do this, we could transiently transfect MCF-7 cells with HA tagged Cdk2
constructs and immunoprecipitate using an anti HA antibody. These precipitates could
then be used to probe for one of the subunits of CAK (Cdk7, Mat A, Cyclin H). Changes
in the steady state binding could be indicative of a greater affinity between CAK and Cdk2

or a greater stability of the complex, once formed.

Experiment 2: Does Cdk2T39E Serve as a Better /n vitro CAK Substrate?U

This could be tested by performing a kinase assay using recombinant, active CAK
expressed from bacculovirus in insect cells and recombinant Cdk2 as a substrate.
Differences in the rate or amount of Cdk2pT160 product formed from Cdk2T39E,
Cdk2T39A and Cdk2wt substrates would indicate either differences in CAK affinity for the
substrate or efficiency of the reaction. Additionally, we could pre-treat Cdk2wt with Akt

and test if the rate or extent of the action of CAK on Cdk2 was affected.

Caklp is the S cerevisieae homologue of the human CAK that phosphorylates Cdc28 at
T169 (the site homologous to T160 in human Cdk2). As an alternative strategy, one could
immunoprecipitate Cdc28, cdc28S46E and cdc28S46A from alpha factor treated cells and
compared these substrates in a Caklp kinase assay. Long term treatment with alpha
factor would abolish most of the T169 phosphorylated cellular Cdc28 such that the

immunoprecipitated complexes could serve as substrate in a Caklp kinase assay.
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Significance: Determining if Cdk2T39 phosphorylation plays a role in CAK function would
be instrumental in elucidating the mechanisms linking both T39 and T1260
phosphorylation events and how activation of the T39 phosphorylation event shortens the

G; to S phase transit time

Inquiry 3: How Does Expression of the More Catalytically Active cdc28S46E
protein Affect CIn2 Stability and Phosphorylation?

Our data using the budding yeast model system showed that cdc28S46E had a higher
catalytic activity than Cdc28. Additionally, we repeatedly saw that the cdc28S46E strain
had a lower steady state level of CIln2, even though the levels of Cdc28 and PGK1 (a
cytoplasmic protein used as loading control, data not shown) were similar in both lysates.
Since the CIn2 degradation is activated by its phosphorylation by CIn2-Cdc28P*'P this
might explain the lower levels of CIn2 in the yeast expressing cdc28S46E. Thus, we would
like to determine if the increased catalytic activity of the phosphomimetic mutant could
be turning on a negative feedback loop and thereby decreasing the levels of CIn2 present

in the cells.

Experiment 1: Does the Half-life of Cin Differ Between Cdc28 Strains?U

To test this, we would perform a cycloheximide chase and determine the half life of CIn2
in Cdc28, cdc28S46A and cdc28S46E strains. We could assay the loss of CIn2 protein by
recovering lysates at intervals after cycloheximide treatment and immunoblotting the
lysates for HA (a tag that was added to the CLNZ gene). Alternatively, we could pulse
label the cells by treating them with [P*°PS]-methionine, transfer to chase media
containing cold methionine and then assay the decay of incorporated radioactivity in HA-
Cln2 at intervals thereafter by HA-immunoprecipitation, resolution on SDS-PAGE and

autoradiography of dried gels.

Experiment 2. Would Proteasome Inhibition Restore the Concentration of CIn2 Proteins to
Similar Levels in Cdc28 and cdc28S46E?U
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We postulate that the increases activity of cdc28S4E is triggering a negative feedback
loop leading to degradation of its CIn2 partner. If this is indeed the case the treatment
with MG132 should diminish the difference if CIn2 concentration between the two strains.
We could treat either asynchronously growing cells, or cells that are 20 to 30 minutes
into the cell cycle from an alpha factor release with a proteosomal inhibitor (MG132).
The proteosomal inhibitor would inhibit the degradation of CIn2 and therefore we could

observe if indeed the different levels of CIn2 are due to increase degradation.

Significance: It is well established that for several G; cyclins, including both cyclin E and
CIn2, degradation is triggered by Cdk-mediated cyclin phosphorylation. The finding that
cdc28S46E has a lower CIn2 concentration than that in the Cdc28wt strain, provides an in

vivo validation of our data showing that cdc28S46E has greater catalytic activity.

Inquiry 4: Do Changes in T39 Phosphorylation Have Different Consequences in

Cancer-derived Versus Normal Somatic Cells of Finite Lifespan?

In several cancers, it has been shown that G; cyclins, cyclin D1 and cyclin E are stabilized
through mechanisms that are not entirely clear. Moreover, Cdk2 is often overactivated in
cancers by constitutive receptor tyrosine kinase activation (such as Met, Her2 or EGFR),
activating mutations of the catalytic component of PI3K, P/IK3CA, or of PI3K effectors
including Akt. Cancers may select for cyclin overexpression or for greater cyclin stability
to allow the cancer cell to overcome the negative feedback look that occurs after a
threshold of Cdk activity is achieved. This would permit the neoplastic cells to maintain

an abnormally high mitogenic signal and enforce cells accelerated G; cell cycle transit.

One of the biggest confounding factors in the study of Cdk2 in mammalian cells is the use
of either immortalized or cancer-derived transformed cells to study a phenotype that, in
yeast, is relatively modest. Deregulation of cell cycle controls and increased G;-S phase
transit is a universal hallmark of cancer cells. Transformed cancer-derived cell cultures
have undergone a selection yielding a very robust cell cycle. Cdk2 activation is frequently
observed in cancer cellsP**®P, raising the possibility that these lines are “oncogene-

addicted” to activated Cdk2. This possibility is supported by the observation that in
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cultured cells derived from glioblastomas and osteosarcomas, inhibition of Cdk2 prevents

proliferation 33 3!

/

, While cell cycle proliferation in embryogenesis is not perturbed in CDKZ

" mice and these animals do not show alterations in their brains or connective tissues %°.

Given the frequent deregulation of the PI3K pathway in human cancers, one might
expect that the phenotype of a Cdk2T39E may be lost in a cancer cell line. The following
are proposed to investigate the consequences of T39 phosphorylation in malignant versus

normal finite lifespan cell types.

Experiment 1: Is There a Difference in the Timing of Cdk2 T39 Phosphorylation and

Steady State Cdk2-Akt Binding Between Transformed and Primary Cells?

In a first set of experiments, | propose to compare the timing of Cdk2T39
phosphorylation during G; to S phase in a series of cancer-derived cell lines (breast and
lung) and normal finite lifespan epithelial cells from breast and lung tissues. | will chose
cancer lines that can be synchronized in quiescence by growth factor or serum
deprivation. These lines will be compared with regard to the kinetics of the T39
phosphorylation of Cdk2, the duration of Go-S phase cell cycle progression, and the
timing of cyclin-Cdk2 binding and Cdk2 activation. I would anticipate that many of the
malignant lines would show a shorter Gi;-to S duration and more rapid onset of T39
phosphorylation on Cdk2, cyclin-Cdk2 complex formation and activation, and that this
would be directly proportional to their degree of oncogenic Akt activity compared to

normal epithelial cells so the same tissue origin.

I would also test if extent and timing of the steady state binding between Akt and Cdk2
differs between primary cells and transformed cells. As Akt is more active in many
malignantly transformed lines, | expect the steady state binding between these two

molecules would be lower in primary cells.

Experiment 2. Does Replacement of Cdk2 With Cdk2T39E Have Different Conseguences

in a Malignant Line Compared to Finite Lifespan Epithelial Cells?
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Finally, it would be of interest to compare the consequences on G;-S transit time when
cellular Cdk2 is replaced by homologous recombination with Cdk2T39E in somatic cells of
malignant origin versus finite lifespan epithelial cells. For this, one would replace the
endogenous CDKZ gene sequence with a CDK2T39E encoding gene. The sister lines so
derived would be compared for the effects on G;-to-S phase timing, Cdk2-Akt complex
formation, Cdk2-cyclin-binding and Cdk2 activation. One would expect that in the
transformed lines, that are already driven by a constitutively activated P134K pathway,
the expression of Cdk2T39E would have little effect. In contrast, replacement of cellular
Cdk2 with the Cdk2T39E would shorten the G; transit time in normal finite lifespan
epithelial cells, by increasing cyclin-Cdk2 complex formation and Cdk2T160
phosphorylation.

Significance: In the context of cancer cell lines, in which PI3K is already oncogenically
activated or in which Cdk2 is already activated by loss of the Cdk inhibitors p21 or p27, or
by CDKZ2 gene amplification, the effects of a phosphomimetic Cdk2T39E mutation, or
indeed loss of potential to phosphorylated T39 in a non-phosphorylated Cdk2T39A may
not be readily apparent. A phosphomimetic mutation at Cdk2T39 that has a modest effect
to facilitate cyclin-Cdk2 complexing and/or T160 phosphorylation in normal cells may not
be readily apparent in cancer cells that are progressing through cell cycle at already

maximal speed.

Experiment 3 What Would Happen to Cdk2 Upon Transient Transfection of Primary Cells
With Constitutively Activated myr-Akt or AktUPURRUP?

By transiently transfecting a vector encoding a constitutive active Akt into primary cells |
could determine if there are any differences in Cdk2T39 phosphorylation, Cdk2
subcellular localization and activation. | expect that transiently transfected cells would
have an increase in Cdk2pT39, increased nuclear Cdk2, greater cyclin-Cdk2 steady state

levels and higher catalytic activity.

Significance: Demonstrating that the timing of Cdk2T39 phosphorylation and Cdk2

subcellular localization is affected by constitutive activation of Akt would provide further
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support for the notion that oncogenic deregulations in the PI3K pathway can push
transformed cells prematurely through G; S of the cell cycle in response to, and indeed
independently of mitogenic signals. This, in turn may lead to chromosomal aberrations

which could promote neoplastic tumor progression.

KEY RESEARCH ACCOMPLISHMENTS:

e Obtained recombinantly expressed Cyclin E from Dr Caleb McDonald, from the
Farooq lab at the University of Miami.

e Optimized protocol for recombinant protein binding assay.

e Determined the time needed for the majority of CDK2 to be phosphorylated by
AKT in vitro

e Optimized the immunoprecipitation of kinase assay protocol to determine cdc28

catalytic activity throughout the cell cycle.

REPORTABLE OUTCOMES:

e Observed an increased rate of cyclin-CDK2 complex formation when using the
CDK2T39E isoform

¢ Increased rate of formation was not followed by an increase in steady state
binding as all CDK2 isoforms reached the same saturation rate.

e Pre-treatment of CDK2wt with AKT in an in vitro kinase assay increases the rate of
cyclin-CDK2 complex formation compared to mock — or untreated CDK2.

e In yeast, the CDK2T39E homologue cdc28S46E has a higher catalytic activity in
vitro.
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e (Cdc28S46E showed a higher catalytic activity in all timepoints assayed after cells
were released from alpha factor arrest.

e Data gathered during the grant period was submitted and accepted for my thesis
dissertation.

e The work presented in this grant is being prepared for publicantion. Manuscript is

set to be sent off within the next two months.
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Chapter 1

INTRODUCTION



The Cell Division Cycle

The cell cycle is conposed of a series of highly regul ated
steps that result in the division of a single cell into two.
The transmission of genetic information requires the
stringent control and faithful conpletion of events that
are critical for processes such as differentiation,
proliferation, growh and overall cellular honeostasis.
There are four main phases in the cell cycle: G, S, G and M
phase. Upon mtogenic stinulation, cells that were not
actively dividing progress from a quiescent state (&) into
the initial phase, G, during which a threshold size is
reached and specific proteins are activated. The conm tnent
to enter DNA synthesis occurs at this "restriction point" or
"start point" late in G phase. In the event of DNA danage,
a cell can undergo repair and delay passage through the
restriction point or decide to undergo progranmed cell death,
or apoptosis, in the G phase. After passing the restriction
point in GlL, mtogenic signals are no |onger needed as the
cell is commtted to conplete one round of «cellular
di vision. Beyond the restriction point, the cell enters the
S- phase. During S-phase, cells replicate their DNA thus
doubling their genetic | oad. Wth the conpletion of DNA

replication, cells progress through a short growth phase,



Gp2 (&). This phase enpl oys several regulatory mechani sns
to ensure that the genone has been replicated once and only
once. In the final stage, mtosis (M phase), the nuclear
envel ope breaks down, the chronosones condense, and are
equally divided between the two identical daughter cells

that in turn, either initiate a new cycle or return to the

qui escent state.

The First Cyclins and CDKs

At its core, the cell cycle is regulated by the periodic

activity of heterodineric protein kinase conpl exes conposed



of cyclins and cyclin dependent kinases (CDKs). The
cyclinc activation of these cyclin/CDK conplexes is in part
due to the tined expression and degradation of the cyclin
pr ot ei ns. Cyclin/ COK conplexes play a central role in the
control of the cell cycle by phosphorylating target proteins.
The phosphoryl ation of specific substrates is critical in the
operation of the ordered sequence of events |eading to DNA
replication and chronpbsonmal segregation. The synthesis and
accunul ation of new cyclins is required for the formation of
CDK/ cyclin conplexes at distinct points in the cell cycle.
Rapi d degradation and new cyclin synthesis throughout the
cycle ensures proper progression into the next phase of the
cell cycle and ensures that the cell cycle will not regress.
The first observations of cyclin proteins were nmade in
cleaving eggs of marine invertebrates. Cyclins were so naned
because of their pronounced synthesis during interphase
followed by abrupt destruction at the netaphase/anaphase

transition 13

Later, experinents wusing Xenopus Laevis
oocytes showed that these proteins played a role in cell
cycl e progression. M croinjecting the cytoplasmc content
from eggs arrested in netaphase of neiosis Il into G-
arrested oocytes lead them into neiotic entry, even in the

4, 5

absence of protein translation This M phase-pronoting

factor (also referred to as maturation pronoting factor), or



MPF, was subsequently found in other eukaryotic organisns °

and it was later determned to be a heterodineric protein
ki nase conpl ex conposed of two subunits: a mtotic cyclin and

a cyclin-dependent kinase (CDK) " &

Cyclins honol ogous to
those found in X. laevis were |later discovered in the yeast
S. pombe and S. cerevisae. Three genes in budding yeast,
CLN1, CLN2, and CLN3 (fornerly DAFl), showed honology to
mtotic cyclins yet functioned in the G phase and were

henceforth named the G cyclins °?%2

In the yeast S. pombe
and S. cerevisae, cyclins are found associated wth
serine/threonine protein kinases called Cell-division-cycle,
or Cdc, which are honologous to CDK found in X. laevis. In
S. pombe, the protein kinase subunit of MPF is encoded by
CDC2 3, while in S. cerevisae, the protein kinase subunit is
called Cdc28 . The S. pombe Cdc2 protein shows functional
honol ogy to the Cdc28 protein of S. cerevisae and the two
ki nases perform simlar functions in the different yeast
species % ! Coordinated interaction between these protein

ki nase regulatory subunits and the cyclins is necessary for

t he proper progression through the cell cycle.

Cyclins

Eukaryotic cells have developed a nunber of functionally

different cyclins that are specific to each phase of the cell



cycl e. The cyclin famly is conprised of many different
proteins. These cyclins share a conserved honol ogous region
conprised of about 100 am no acids, termed the "cyclin box"
15 which allows them to interact and bind CDKs. The fanily
of «cyclins enconpasses a variety of proteins including
cyclins AA B, C D E F, G H wup to cyclin T. O these
cyclins, only four, AL B, D and E, are directly involved in
cell cycle progression and transcription, whereas the
remaining cyclins have indirect roles in the cell cycle.
Many cyclins involved in the advancenent of the cell cycle
contain multiple famly nenbers that contribute to their
overal |l function. The cyclins known as the “G cyclins,”
cyclin D and cyclin E are conprised of D), D,, and D;, and E;
and E;, respectively. These cyclins were discovered for their
ability to conplenent G cyclin deletions in Saccharomyces
cerevisiae ! Cyclin B has three fanily menbers B;, B, and
Bs which were first discovered in Xenopus egg extract '°. The
A-type cyclins contain two famly nenbers, A, and A;, which
were discovered for their close simlarity to the B-type

cyclins 3 %0,

None of these cyclins can exert kinase activity
until they bind a cyclin-dependent kinase. Cyclin levels
are tightly regulated across the cell cycle by periodic
transcription and tinmed proteolysis. Cyclin E nRNA

expression increases in md GL and cyclin E protein |evels



rise sharply at the Gl-to-S transition 2. Cyclin A
expression is induced in S phase through M phase. The
ubi quitin-nmedi ated degradation of «cyclin E is activated
t hrough phosphoryl ation by its associated CDK at S384 2%2°
O particular interest to the present thesis work is that
CDK2 activity is inplicated in both Cyclin E gene
expression and its protein degradation. Cyclin A is also
phosphorylated at S154 by its bound CDK, although this
phosphorylation is not required for its ubiquitin-nediated

degr adati on 26,

Cycl i n Dependent Ki nases

The CDK family is made up of 20 different proteins, 11 of
which are true cyclin-dependent kinases (CDK1-11) 2. CDKs
are broad specificity, proline-directed serine/threonine
ki nases with a consensus recognition sequence of: Ser/Thr-
Pro- X-Lys/Arg 28, CDK 1 (also known as Cdc2) and CDK2,
CDK4, and CDK6 are necessary for cell cycle progression %,
One additional famly nmenber, CDK7, regulates the cel

cycle by operating as a key conponent of the CDK-activating
conpl ex (CAK) 3°. The role of CDKs within the cell cycle is
to phosphorylate an array of distinct proteins. These

substrates are phosphorylated on serine or threonine

residues in a sequence specific manner that is recognized



by the active site of the CDK 3. Although the catalytic
site of the cyclin-CDK heterodinmer lies exclusively within
the CDK, the substrate specificity is determned by the

32, In general, the

conbi nation of cyclin-CDK conplex
levels of CDK protein are constant and in excess conpared
to cyclin levels, thus the formation of cyclin-CDK conpl exes
has been thought to be predicated |largely on the expression
of cyclins®. The work of this thesis provides new data that
suggests that the periodic accurmulation of cyclin-CDK
conpl exes may not be strictly predicated by the abundance of

cyclin alone, but rather my be affected by a tined

phosphoryl ati on event on the CDK

Basi ¢ Franmewor k of the Eukaryotic Cell Cycle

As with nore primtive fornms of life, the activity of
manmmal i an CDKs requires the binding of «cyclins. Cyclin
expression, in turn, is tightly regulated according to the
phases of the cell cycle. In early Gl, activation of the
mtogenic pathways including Ras-Raf-MAPK causes the
transcription of Dtype cyclins 3 3 which bind and
activate CDK4 and CDK6 * (Fig 1). The presence of growh
factors increases D-type cyclin levels throughout early

G1*®. Cyclin D CDK4/6 conplexes phosphorylate and thereby

partially inhibit the retinoblastoma protein (pRb) which



allows for activation of E2F transcription factors required
for transcription of cyclins E and A that act a little later

in GL progression 3" 3

Cyclin Eis expressed in md to |ate
Gl phase *°. Qyclin E binds and activates CDK2. Oyclin
E/ CDK2 phosphorylates different sites on pRb than do cyclinD
CDK4/ 6 conplexes and the collaboration of both D CDK4/ CDK6
and E-CDK2 type conplexes is required for conplete
i nactivation of Ro *°. Thus cyclin E-CDK2 creates a positive
feedback loop through which nore cyclin E is expressed.
Cyclin E-CDK2 activity drives the cell into S phase and
regul ates expression of gene products needed for initiation

of DNA replication %,

Cyclin E-CDK2 can al so phosphoryl ate
Cyclin-CDK inhibitors and paradoxically it also nediates the
targeted degradation of cyclin E itself (see below. Cyclin
A is expressed at the Gl/S phase boundary and its CDK-
medi ated activity drives the cell into mtosis. Cyclin A
acconpl i shes this by formng conplexes with both COK2 and to
a lesser extent with CDKL (cdc2) *+ 42 Cyclin Bl is
expressed late in S phase; binds to CDK1 and is responsible

for driving the cell into nmitosis .

The activity of Cyclin
Dependent Kinases can also be regulated through post-
transl ational nodifications and through binding to inhibitory

subunits (see bel ow)
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The CDK I nhibitors: INK and KIP Fam i es

There are two nmain classes of CDK inhibitors in mammalian
cells: Inhibitor of CDK4 (INK4) and CDK Inhibitor Protein
(CP/KIP). The INK4A famly includes pl5 (I NK4b), pl6 (I NK4a),
pl8 (1 NK4c), and pl9 (INK4d) **%. These INK4 nenbers share
four tandem ankyrin sequence repeats and target CDK4 and
CDK6, the catalytic subunits of cyclin D, but not CDK2. They
are believed to cause a G arrest by conpetitively binding to
CDK4/ 6, thereby preventing cyclin D from binding and form ng
a catalytically active conplex “.

The CIP/KIP famly includes p21 (C P1/WAF1), p27 (KIP1), and
p57 (KIP2). These inhibitors share a honologous CDK
inhibitory domain in the Ntermnus region and a nuclear
| ocalization signal at the Ctermnus end. They function by
bi nding to cyclin-cdk conpl exes, including cyclin Acdk2, and
cyclin E/cdk2, thereby inhibiting kinase activity %2
Interestingly, the CIP/KIP famly of inhibitors may function
as an assenbly factor or nuclear targeting factor to Cyclin
DY cdk conpl exes. Several studies have shown that inhibition
of cyclin D/cdk conplexes |eads to an increase in unbound p21
and p27, which results in increased inhibition of cyclin E

and growth arrest °%°,
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Regul ati on of Cycl i n- CDK Activities by

Phosphoryl ati on

Cyclin/ CDK conplex activation is also subjected to post-
transl ational nodification by phosphorylation. CDKs contain
activating and inhibitory phosphorylation sites. These have
been thoroughly studied in yeast and human honol ogues.
Binding of cyclins to CDKs yields a partially active conpl ex.
Full activation is achieved through dephosphorylation of

inhibitory sites °°

and by phosphorylation of a site |ocated
on the T-1oop (described below). This site is theonine (Thr)
172 for CDKs4 and 6, Thr 160 for CDK2 and Thr 161 in CDKl °"
*  This phosphorylation is carried out by an enzyne called
CDK activating kinase (CAK). The mammalian CAK is a triner
conmposed of p40MI15 (CDK7), cyclin H and the assenbly factor

MAT1 300 8% 61 Thr-160 phosphorylation generates a downward
el ectrophoretic shift in CDK2. The timng of T-1loop
phosphoryl ation was, at first, thought to occur after cyclin
binding. This idea was based on studi es using honol ogous CDK
in the fission yeast S pombe. In S_pombe, the CAK honol ogues
(Mcs6, and Cskl) act on Cdc2 only once it has bound to the

62

cyclin and early evidence in nmammalian cells suggested

that cyclin binding was al so needed for CAK phosphoryl ation

56

of mtotic cyclin-CDK1L conpl exes Interestingly, data from

studi es using the budding yeast S.Cerevisiae chal |l enged that
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noti on. In S. cerevisiae, the CAK honol ogue, Caklp, can

63 I n

phosphorylate the Cdc28 in the absence of cyclin
humans, recent data suggest that the nechani sm whereby CAK
function differs for different substrate CDKs. This work
provided further data supporting the nodel in which T-Ioop
phosphoryl ati on of CDKL occurs only after cyclin is bound °*
In contrast, it was proposed that for CDK2, CAK appears to
phosphorylate CDK2 prior to «cyclin binding, but «cyclin
binding serves to stabilize the T160 phosphorylation by
preventing the rapid dephosphorylation of the T-Loop site by
PP2A phosphat ases ®. Additionally, mammalian CAK is active
t hroughout the cell cycle. Thus, the prevailing nodel holds
that the phosphorylation of CDK2T160 occurs continuously
across the cell <cycle and that cyclin binding only
stabilizes this phosphorylation and protects Thr-160-
phosphorylated CDK2 from dephosphorylation by the CDK-
associ at ed phosphatase (KAP) and protein phosphatase 2a °°.
These two nmechani sns have been deened “cyclin first” and “CAK
first” for CDK1L and CDK2, respectively. Wen first published
in 2008, this data dramatically altered the nodel that had
prevailed since the early 90s that held that nononeric CDKs

were poor CAK substrates and that catal ytic action of CAK was

enhanced by cyclin binding.
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CDKs contain two inhibitory phosphorylation sites. These
sites reside on the N-termnus of the CDK, specifically on
Tyr. 15 and Thr. 14 of CDK2 and CDK1l, and on Tyr 17. of
CDKs 4 and 6. These inhibitory sites are targeted by the
Wel and Mt1l kinases. Phosphoryl ation of the inhibitory
sites results in the loss of activity of the Cyclin/CDK
conplex — even if it is phosphorylated in its T-loop °°.
These phosphorylation events do not cause a change in
el ectrophoretic nobility of the CDK

The kinases that regulate CDKs are thenselves regul ated.
Al though CAK function seens to be constant throughout the
cell cycle, cells that are deprived of growmh factors do

67-69 The activities of

experience a loss of CAK function
Wel and MWtl are regulated via post-translational
nodi fication and changes in subcellular localization in a

70

cel | cycl e- dependent manner These i nhibitory

phosphoryl ations are renmoved by the action of the Cdc25

famly of phosphatases .

Here again, the activity of
cyclin-CDK conpl exes causes a positive feedback |oop, where
activation of Cyclin E/CDK2 causes Cdc25A to be activated via

Cyclin E/ CDK2 phosphoryl ation "2

CDK Conformational Changes Acconpany Cyclin/CDK

Asenbl y
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The elucidation of CDK activation was assisted by structure
studies involving the interaction of CDK2 and cyclins A and E
7 As with all protein kinases, CDKs have a tertiary
structure containing a small amno-termnal or Nlobe rich in
B-sheets and a larger helix-rich carboxy-termnal or CI obe
3, An ATP nolecule fits tightly in a cleft between the two
lobes in such a way that orients the phosphates outward,
toward the nmouth of the cleft. Substrates bind at the front
of the cleft allowing substrate interaction primarily wth
the surface of the carboxy-termnal |obe. A catalytic
transfer occurs anong nearby residues setting off a transfer
of the terminal y-phosphate of ATP to hydroxyl oxygen in the

protein substrate ™

There are key conformati onal changes
that nust take place so that CDK2 can be converted into a
catalytically active form (Fig 2). First, the T-loop - a
|arge flexible |Ioop that contains a phosphorylation site for
CAK and several residues which block substrate binding to the
active site - nust nove away fromthe active site and thereby
allow entry of ATP and substrate into the catalytic cleft.
Second, the PSTAIRE helix nust nove so that in can allow for
critical interactions between the cyclins and COK. Two al pha
helices, the PSTAIRE helix and the L12 helix, are inportant

contributors for the control of CDK activity. Upon cyclin

bi nding, the PSTAIRE helix is twi sted and pushed up agai nst
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the L12 helix. This novenent allows for the proper
orientation of Qu51 - which is part of the catalytic triad
responsi bl e for ATP phosphate orientation and coordi nati on of
the activating magnesiumion — toward the formation of an ion
bridge with Lys33 (Lys33, @Gub5l1 and Asp 145 form the

catalytic triad) ' Studies of the crystal structure of
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CDK2 bound to cyclins E and A have found that both cyclins
interact with CDK2 primarily through the PSTAIRE helix and
that no major conformational changes occur in the cyclins

upon binding "

Genetic Studies of Cyclins and CDKs

For many vyears it was believed that proper cell cycle
progression through the GL phase required strict timng in
t he expression and degradation of the known cyclins required
for the sequential activation of specific CDKs. Recent
information from gene-targeted nobuse nodels for various
cyclins and CDKs have caused sone of the generally accepted
concepts of the cell cycle to be revised (Table 1). It is
now becom ng clear that the linear input of different cyclin-
CDK conplexes on GL progression is an oversinplification.
There appears to be significant functional redundancy between
di fferent Gl-S phase cycl i n—CDK conpl exes during
enbryogenesi s, such that engineered | oss of one cyclin in the
devel opi ng nouse enbryo is conplenented by action of another

T Furthernore, one

and the sane is true for different CDKs
nmust take into account that some cyclin-CDK conpl exes may
play a tissue specific role instead of a universal role on

the cell cycle.
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Knockout studies of the genes encoding D-type cyclins have

indicated that their

specific tissue types.

i ndi vidual functions are essenti al

in

cyclin Dl knockout causes aberrant
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manmary epithelial proliferation during pregnancy and cyclin
D2 knockout inpair beta cell proliferation ® .  Knockout
animals of the individual D type cyclins are viable. Aninmals
with all three D-type cyclins knocked out are not viable but
the enbryos live until stage E16.5 and die due to defective

80 | ndividual CDK4 or CDK6 knockout aninmals

eryt hropoi esi s
also show tissue specific phenotypes simlar to those
observed in animals w thout D-type cyclins. The nost drastic
consequences due to loss of cyclin D CDK4/6 conplexes
occurred in tissues with a high proliferative demand 38,
Addi tionally, as cyclin DCDK4/6 conplex is a nmgjor
intracellular effector of extracellular mtogenic stinulus,
cells that lack Dtype cyclins or CDK4/6 function fail to
respond as efficiently to mtogenic stimulation. What is
interesting though is that the cells that do respond to
mtogenic stimulus in the absence of Dtype cyclins do so
with the same kinetics as the control cells, indicating that
D-type cyclins biggest function is the initial response to
mtogenic stimli 8 8,

Simlarly, knockout studies with E-type cyclins and CDK2
indicate that these proteins are not essential for Gl-to-S
progression in all cells, nor for nurine enbryogenesis or
post-natal devel opnent. CDK2 null aninmals are viable, albeit

84, 85

sterile | ndeed, CDK2 knockout aninmals are the |east
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affected of all cyclin and CDK knockout animals. E-type
cyclin knockout animals suffer decreased fertility. Enbryos
without both E-type cyclins died at stage E11.5 due to
pl acental failure 8 8,

Taken together, the knockout studies suggest that individua
Gl/S cyclins and CDKs are not essential for devel opnent and
proliferation. Different CDKs appear to conpensate for the
| oss of others during nouse devel opnent. CDK2/ CDK4 doubl e
knockout mce die during enbryogenesis and MeFs | acking both
CDKs show decreased pRb phosphoryl ation, reduced expression
of E2F-target genes, and decreased cell proliferation®.
Thus, while knockout of either CDK2 or CDK4 does not greatly
affect cell proliferation, knockout of both reduced viability
and cellular proliferation, suggesting cooperativity between
these CDKs. Utimately, the knockout studies have identified
a few essential elenents to the cell cycle. Nanely, knockout
cyclin A2 causes early enbryonic lethality (E5.5) and that
|l oss of CDK1 is not viable (Mirphy, 1997) %,  Additionally,
repl acenent of both copies of CDKL gene with copies of CDK2
was not enough to rescue the cells — indicating that CDK2

cannot conpensate for |oss of CDK1 .
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Cell Cycle and Cancer

The hall marks  of cancer: uncontrolled proliferation,
genetic instability and aberrant chronbsone segregation
often reflect deregulation of genes involved in cell cycle
control . Most of the key cell cycle regulators have their
activity perturbed in many aspects of neopl asia. Despite
their redundancy and |ack of significant phenotypic changes
in knockout studies, cancers are replete wth aberrant
expression and persistent cyclins. It is noteworthy in this

regard, that while loss of a cyclin or CDK may be

conpensated during enbryogenesis, somatic alterations
causing and increase or interference wth cyclin/CDK
function in mat ur e manmmal i an cells has i mport ant

consequences on cell cycling.
| ncreasi ng evidence suggests that the cyclins, CDKs and CDK
inhibitors are either thenselves targets for genetic change

in cancer or are disrupted by other oncogenic events 9.

Both Cdc25A and Cdc25B are overexpressed in cancers % 9%,
D-cyclins are commonly found to be overexpressed in tunors,
often associated to chronosonal alterations including

94-97  Breast tunors

transl ocati ons and gene anplifications
show a  particularly hi gh I nci dence  of cyclin D1
overexpression in approximtely 50% of cases. Cyclins D2

and D3 have also been found anplified and overexpressed in
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99

different types of human cancer®® Mammary specific

transgenic cyclin E and cyclin Dl overexpression in mnce
cause mammary hyperpl asia and adenocarci nomas %% 101 Ljke
their regulatory partners, CDK4 and CDK6 are al so target of
genetic alterations in cancer % CDK4 is anplified and
overexpressed in a variety of tunors from different
cellular origins 190 103 104 Agddjtionally, CDK4/6 function

can be increased by the loss or silencing of the inhibitor

6INK4A 105

pl MEFs | acking all the three D-type cyclins, or

CDK4, are resistant to transformation induced by oncogene

transfection 8 106

There is abundant evidence for aberrant activation of CDK2
in human carcinogenesis or progression ° 17 CDK2 gene

anplification and CDK2 overexpression and activation are

108, 109

observed in prinmary col orectal ' , lung '°

and ovari an

111

carci nona Cyclin E deregulation is directly inplicated

101

in cancer Unusually high and persistent |evels of

cyclin E have been observed in human tunor cells,
especially in the nost aggressive cancers M2 Cyclin E
overexpression and CDK2 activation contribute to karyotypic

113, 114

abnormality and genomi ¢ instability t hough

interference with the pre-replication conplex assembly %
Deregul ation in sone naturally occurring cancers has been

associated with rmutations in the hCDC4 gene ¥ % |eading
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to the lack of the ability of cells to degrade cyclin E
shortly after S-phase entry.
The CDK inhibitors appear to function as tunor suppressors.

Genetic inactivation or loss of pl6 is frequent in human

cancers Y. Although p27 nutations are rare we and others
reported t hat accel erated ubi qui ti n-nmedi at ed p27
degradation is frequent % 19 and is associated with a
poor prognosis in breast, col on, lung and prostate
carci nomas 212 The reduced | evels of p27, observed in up
to 60% of human tunors ° are correlated with cyclin E-

CDK2 activation in the affected tunor tissue *?°,

Regulation of the PI3K Pathway and Cancer

The G to S phase transition of the cell cycle is of
particular interest to cancer research since this step is
usual |y nmisregulated in cancer cells % 9 107126 The p| 3K
pathway is activated during G and is required for S phase
entrance. Protein kinase B (PKB), also called AKT, is a
key downstream effector of PI3K The PI3K pathway is
activated during GL **” and is required for S phase entrance
128-130  Thus, PI3K activation is tenmporally linked to the
restriction point that coincides wth «cyclin E-CDK2
activation. The PI3K pathway is frequently deregulated in

human cancers through oncogenic activation of receptor
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tyrosi ne kinases, autocrine production of their |igands,
Ras nutation, PTEN inactivation and nutational activation
of genes encoding PlI3K conponents ¥ 132 (See Figure 3).
The constitutive activation of the PI3K pathway, and the
subsequent activation of its downstream effectors, is thus
an i mport ant medi at or of uncontroll ed cel l cycle

133 Recent work from the

progression during oncogenesis
Slingerland |ab has shown that phosphorylation of p27 by
AKT, or other AGC type | kinases, causes that protein to
swtch roles: froma cell cycle inhibitor — where it binds
and inhibits the activity of Cyclin EFCDK2 — to a mtogen
and possibly a notility factor — where it is primrily
| ocalized to the cytoplasm 1is acts as an assenbly factor
and possibly a nuclear targeting conplex for Cyclin D CDK4

134, Mbr eover , Pl 3K ef f ect or - nedi at ed

conpl exes
phosphoryl ati ons of p27 pronote its binding to RhoA | eading
to an increase in cell notility, invasion and netastasis
134.

During mnmy thesis work, | have sought to determne if the
Pl 3K pathway, and AKT in particular play a role in CDK2
regul ati on. Unpubl i shed prelimnary data from the
Slingerland |ab suggested that CDK2 <contains an AKT

substrate notif and that AKT formed a conplex wth CDK2.

My research investigated further the consequences of PI3K
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activation, and subsequent |y of AKT, on CDK2
phosphoryl ation, activation and its function to pronote Gl-
to-S phase progression. The work described here outlines
the investigation of a novel nechanism through which AKT, a
maj or downstream effector of the PI3K pathway, regulates
CDK2 activity. This is especially germane to human cancers
since it provides a novel nechanism through which mtogen-
medi ated PI3K activation may regulate the accumul ation of
cyclin-CDK2 conplexes and contribute to the regulation of
cyclin E-CDK2 activity in normal cells and accelerate Gl1-S

phase progr essi on in human cancers.



Chapter 2

MATERIALS AND METHODS

26



27

Met hods used for manmmali an cell |ines

Cell culture

MCF-7 and MEF cells were grown in Dulbeco s inproved
Eagl e's nmedium (DMEM supplenmented with L-glutam ne and 5%
fetal bovine serum (FBS) as described . Wiere indicated
cells were growmn to 50% confluence and then treated with 10
MM LY294002 (Roche Scientific) or vehicle (DMSO control

prior to protein and cell cycle analysis.

Cell lysis

Cells were lysed in 0.5% NP-40 buffer (0.5% Nondet P-40, 50
mvM Tris pH 7.5, 150 nmM NaC ) supplenented with protease
inhibitors (1 nM PMSF, and 0.02 ng each of aprotinin,
| eupeptin, and pepstatin per nL) and then centrifuged at
hi gh speed for 15 m nutes. Supernatant was then collected

and anal yzed for protein concentration.

Immunoprecipitation and western blotting

| munopreci pitation and immunoblotting experinents used
500pg and 50 pg of protein lysates respectively unless
otherwse indicated. Al proteins precipitated in |P-
Western blot have been shown not to bind to non-specific

anti body controls. Anti body alone controls were run
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al ongside all inmmunoprecipitates and equal protein |oading

for all Western blots was verified by am do bl ack staining.

Antibodies

Cyclin E mAb was a gift from E. Harlow (Harvard Mdi cal
School, Boston, M. Antibodies against phospho AktS473,
total Akt, phospbo-Akt substrate and phospho- CDK2T160 and
p27 were obtained from Cell Signaling Technol ogy.
Anti bodi es agai nst p21, p27 (C19), and CDK2 (M2), Cyclin
E (HE11ll1 and C-19) and cyclin A (BF683 and MO0) were

obtai ned from Santa Cruz Bi ot echnol ogy.

Cell cycle synchrony

MCF- 7 cells were (& arrested by transfer to nediate
containing 0.1% cFBS for 48 hours then released into cel
cycle by the addition of full serum (10% FBS). Cells were

recovered at intervals for protein and cell cycle assays.

Flow cytometry
Cells were pulsed with 10 pM bronodeoxyuridine (BrdU) for

two hours and processed for flow cytonmetry as described 3.
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Met hods used for S. cerevisiae cell |ines

Generation of Cdc28 mutant strains

The yeast strain with an HA-tagged CLN2 (CW626, provided
by Dr. K Wttenberg, The Scripps Research Institute, CA)
was transfected with pRS415 vector containing Cdc28wt,
cdc28- S46A or cdc28-S46E (provided by Dr Marshak, give
institute). These strains were subjected to PCR-nedi ated

gene knockout ¥/

using the C oNAT dom nant drug nmarker
cassette (provided by Dr S. Lemmon, U of Mani, FL) and the
appropriate priners (Table 2). Verification of the

knockout was perfornmed wusing PCR and the appropriate

prinmers (Table 2).

Cell lysis

Cell lysates were prepared by vortexing in lysis buffer
(0.1 % NP40, 250 nM NaCl, 50 nM NaF, 5 nmM EDTA and 50 nM
Tris-HO pH 7.5) in the presence of glass beads. Crude

clarified |lysates were recovered after centrifugation at 15
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000 x g for 15 mn. Lysate protein concentrations were
determined by Bradford assay (Bio-Rad); |lysates typically

contai ned 10-20 ng/m of total protein.

Immunoprecipitation and western blotting

Direct i mmunobl ot anal ysi s used 100 ug of t ot al
protei n/ | ane. Cell lysates were diluted into protein
sanple buffer on ice and boiled imedi ately before | oading
on 12% pol yacryl am de- SDS gel s. | mmunopreci pitations were
carried out wusing 1ng of protein and 500ng anti-Cdc28
anti body (Sigm). | mmune conplexes were collected on
protein A - Sepharose beads at 4'C for 1 h. For detection
of immunoprecipitated proteins, beads were centrifuged
(1000 g for 5 s), washed four tinmes with lysis buffer and
boiled in protein sanple buffer imrediately before SDS-
PAGE. CLN2 i mrunobl ots used were 3F10 (Roche) and Cdc28 was
detected with anti-PSTAIRE mAb provided by M Yamashi da
(Ckazaki, Japan). Primary and secondary antibodies were

diluted 1:200 and 1: 10 000, respectively.

Cell Cycle Synchrony
Synchroni zation by release from an [{factor block was done
by arresting cells (typically 400 m grown in YPD to 8 x 10°

cells/m) for 3h at room tenperature with 5 puM o-factor,



31

washing twice with 100 ml pre-warned YPD and resuspendi ng
in the original volune of YPD. At 5 mn intervals aliquots
were renoved, rapidly pelleted and washed once with ice-
cold water before lysis flash freezing in liquid nitrogen.
Typically 30 m of culture were used for protein |ysates
and 1 mM was wused to confirm arrest by mcroscopic

exam nation and FACS anal ysi s.

Flow Cytometry

10" cells from an exponentially growing culture were
pelleted and fixed wth ice-cold 70% EtOH Fi xed cells
were then washed twice with 4nL of wash buffer (50 mM Na
citrate, pH7.4). Cells were subsequently incubated in wash
buffer with 0.1 ng/m RNase A for 2 h at 37 °C. Cells were
then washed 2 tines with 5 nL wash buffer and treated wth

0.5 m wash buffer containing 2 uM Sytox G een.

Cdc28 kinase assays

Active Cdc28 was inmunoprecipitated from cl eared yeast cell
| ysate. For quantitative kinase reactions, at l|least 300 [lg
of cleared cell lysate was used to precipitate active Cdc28
wth an anti-Cdc28 antibody (Sigm). | mmunopr eci pitates
were washed twice wth kinase reaction buffer (25 nM Tris,

pH 7.5, 5 mM Q@ ycerol 2-phosphate, 01 niM
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Sodi um Vanadate, 10 nM Mgdi, 1 nmM DIT). Reactions were
carried out at 30°C for30 mnutes in the presence of 10[]Ci
[y-%*P] ATP and [Blg histone HIl; products were resolved by
SDS- PAGE and incorporated radioactivity quantified by
phosphoi mager anal ysis  of dried gels as described

previously by 138

Reconbi nant protei n expression and assenbly assays

Cloning and Site directed mutagenesis of CDK2

The full length human CDK2 cDNA sequence was excised pCWwW-

CDK2. The cDNA sequence was verified by sequencing and
then sub-cloned into the PpET41b vector using the
restriction endonucl eases BanmH (5°) and Xhol (3"). Site

di rected mutagenesis of the verified pET25b-CDK2 vector was
performed according to manufacturer’s instruction using the
primers designed to generate nmutant CDK2 alleles bearing

T39A or T39E.

Bacterial protein expression and purification

Reconbi nant Hi s-tagged CDK2-W, CDK2-T39A, CDK2-T39E, were
cloned into pET15b vector and transformed into E.coli BL21
(DE3) cells, grown in LB nedia to md exponential phase and
induced with 1 nmM IPTG 6 hours at at 32°C Cells were

pelleted and resuspended in lysis buffer (50mM tris-HJ,
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pH8.0, 250mMM NaC, 1% triton x-100). Cells were |lysed
using a French press and |ysate was <cleared via
centrifugation. The soluble fraction was then applied to a
1 nmL TALON colum (d ontech). The Loaded colum was washed
3 tines with 5 bed volunes of |ysis buffer. Loaded beads
were then washed with 5 bed volunes of Buffer | (50mMtris-
HC , pH3.0, 250mM NaCl, 10% d ucose, 1% triton x-100, 50mV
i m dazol e). Protein was eluted from the colum by buffer
1 (50mMM tris-HO, pH3.0, 250mMM Nad, 10% d ucose, 1%
triton x-100, 100mM EDTA). El uate was dyalized agai nst 50
volumes of dialysis buffer, changing dialysis buffer twce
(50MM tris-HA, pH3.0, 200nmM NaCl, 10% d ucose, 1% triton

x-100). Dialysed solution was concentrated to 0.5 ng/ni.

pBABE retroviral production and infection

CDK2-WI, CDK2-T39A and CDK2-T39E were sub-cloned from the
pPET15b plasmds used for reconbinant protein expression
using the restriction enzymes SnaBl and EcoRl. DNA
fragnments were then gel purified and ligated into pBABE-
puro vector overnight at 16°C Ligation reactions were
then transfornmed into DH5[] cells andinsertion was verified
by gel el ectrophoresis and by DNA sequenci ng. pBABE- CDK2-

WI, pBABE- CDK2- T39A and pBABE- CDK2- T39E vectors were

transfected into Phoenix-AMPHO cells using Lipfectam ne
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Pl us Reagent . About 48-72 hour s post-transfection,
supernatant containing the virus was centrifuged at |ow
speed and then filtered through a 0.2 um filter. MEFS92/
cells were then transduced wth the cleared, virulent
PHCENI X cell nedia. 72 hours post-infection cells were
selected wth puronycin for two days. Cells were
subsequently cultured in normal nedia and collected for

protein anal ysis.

Baculoviral protein production and purification

Bacul oviral supernatant for reconbinant Flag-cyclin A and
H s-Cyclin E were kindly provided by L, Hengst, Gve
Institute, Austria. Flag-Cyclin A and His-Cyclin E were
harvested from infected Sf-9 cells and the protein was
purified using a TALON columm (C ontech) as described above

for reconbi nant Hi s- CDK2.

AKT kinase assays

Reconbi nant active Akt was obtained from MIIipore/ Upstate.

Reaction conditions (time and Akt concentrations of 20-200
ng) were varied to determne the |inear range of kinase
assay conditions. For the quantitative Kkinase reactions,

100 ng PKB (MIlipore/Upstate) were incubated with 2.5[]g

reconbi nant His-CDK2 proteins in[]20 ki nase reaction
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buffer (20 mM HEPES pH 7.4, 10 mM Mgd 2, 10mM MhC 2, 1 nM
dithiothreitol, 100 puM ATP). Reactions were carried out at
30°C for 20 minutes in the presence of 10 pG [v-*P] ATP

products were resolved by SDS-PAGE and incorporated
radi oactivity quantified by phosphoi mager. Akt was al so
i mmunoprecipitated with Akt-pS473 antibody (Cell Signaling
Technol ogy) from increasing anounts of asynchronous WW39
cell lysate and reacted wth H s-CDK2 proteins as above.

Amounts of i nmmunoprecipitated Akt, substrate and reaction
duration were titrated to ensure that reactions were
carried out in the linear range. |nmmunoprecipitated Akt was
reacted with 2.5ug reconbi nant CDK2 proteins as above, and
as in

Cyclin-CDK2 assembly assays

To assay CDK2 binding to cyclins A and E, purified Cyclins
E and A were first allowed to react with their respective
anti bodi es (HE11ll and BF468, Santa Cruz) in 400 binding

buffer (20mM tris-HO, pH7.4, 10% d ucose, 1% triton x-100)
for 40 mnutes. 30 pL Protein A sepharose beads were then
added to the reaction and incubated for 30 min. Beads were
then washed twice with 400 L binding buffer to renobve
unbound cyclin/antibody. Beads were resuspended in a fina

volune of 30Q]JL prior to the addition of reconbinant
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purified CDK2. These reactions were carried out in a 2:1
nol ar excess of cyclin over CDK2.

To assay the effect of CDK2 phosphorylation by Akt on
cyclin-CDK2 assenbly, reconbi nant CDK2 was used as substrate
in an Akt Kkinase assay using conditions described above for
one hour. The kinase reaction was boiled for 1 mnute to

i nactivate Akt prior to the assenbly reaction.

Two dimensional tryptic phosphopeptide mapping

Asynchronously proliferating cells or cells treated with 10
[IM LY294002 for 48 hours were incubated in phosphate free
medi um containing 5% dialyzed FBS for 4 hours prior to
metabolic labeling with 1 mCi of [y*?P] orthophospbate
(Amer sham Pharnacia Biotech) per pl00 dish for 3 hours at
37°C. Cells were lysed on ice-cold lysis buffer. Cell
| ysates were then pre-cleared with normal rabbit 1gG prior
to i mrunopreci pitation of CDK2 or HA- CDK2. The
I munopreci pitates were resolved by 12% SDS-pol yacryl am de
gel electrophoresis (PAGE), transferred to a polyvinyl
di fl uori de nmenbrane and autoradi ographed. CDK2 or HA- CDK2
bands excised from the nenbrane were blocked with 0.5%
pol yvinyl difluoride in 100 mM Tris (pH 7.6) at 37°C for 30
m nutes and digested overnight with 10uM nodified trypsin

(Roche Diagnostics). The sanples were then |yophilized and
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treated with ice-cold performc acid [45[JL of formc acid
acid 5m of HO (37%]. Lyophilized sanples were re-
suspended in b5m of acidic buffer (aqueous solution
containing 2.5% formc acid; 7.8% acetic acid; pH 1.9) and
| oaded onto cellulose thin layer plates. El ect rophoresis
was performed with pH 1.9 buffer for 1000V/ hr using Hunter
thin-1ayer el ectrophoresi s system (HTLE- 7000; CBS
Scientific, Del Mr, CA). Ascending chromatography was
performed using a phosphochromatography buffer (aqueous
sol ution containing 37.5% n-butanol, 25% pyridine, and 7.5%
acetic acid) for 24 hours. The plates were then air-dried

and subj ect ed to aut or adi ogr aphy.



Chapter 3

RESULTS

Figures 4 and 6 represent the work of Dr Jiyong
Liang in the Slingerland | ab. The experinental work
of Figures 5, and 7-14 was planned and carried out
by the PhD candi date, Thiago daSilva. Dr K. Drews-
El gar assisted in the cell synchronization and
recovery of |lysates for Figure 7. Dr M Tan
assisted wth work of Figure 8.
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CDK2 forms complex with Akt

Akt is a key downstream effector of the PI3K pathway. Akt
phosphoryl at es substrat es at a consensus seguence
KIRXRXXS/ T 139 @ur in silico search reveal ed that CDK2 has
a putative Akt consensus notif —KIRLDT-, spanning residues
33-39, that is highly conserved in all known CDK2 species,

in human CDK1 (S39) and in CDK6 (T49) (Figure 4A). In the
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buddi ng yeast CDK honol ogue, Cdc28, this site is on the
serine 46. In S pombe, the honologous site in Cdc2 bears
an aspartate carrying a net negative charge. This notif is
| ocated in the Ntermnus and it precedes the PSTAI RE helix
sequence, which is a crucial docking site for cyclins.

As for many kinase-substrate pairs, Akt is known to bind to

certain cellular substrates

Having identified a
put ati ve Akt-phosphorylation site in CDK2, we next tested
if Akt fornmed a conplex with CDK2. This was assayed by
i mmunoprecipitation wth antibodies against active Akt
( pAkt denot es S473- phosphoryl ated Akt detected wth
phospho-specific antibody) or CDK2 followed by Wstern
blotting for the associated protein using |ysates from
asynchronously proliferating MCF- 7 cells. CDK2
preci pitates contai ned pAkt. Simlarly, CDK2 was detected
i n pAkt inmunoprecipitates (Figure 4B).

O particular note was the difference in the amunt of T-
| oop phosphorylated CDK2 (the faster mgrating band of CDK2
°" present in total CDK2 precipitates versus that in conpl ex
with pAkt. CDK2 precipitates contained only a snall anount
of the faster nobility — active — CDK2, while pAkt-bound
CDK2 showed a greater proportion of CDK2 in the faster

mgrating form Asynchronous cells contain nost of the

CDK2 pool in the nononmeric form that is, not in conplex



with cyclin and largely unphosphorylated at

observation that pAkt precipitates a greater

41

T-160. Qur

portion of

CDK2- pT160 suggested that Akt may be involved in CDK2

activity or regul ation.

CDK2 is phosphoryl ated by Akt 1n vivo and

in vitro
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Previous work has shown that Akt, and other AGC type |
ki nases, regulate cell cycle progression by phosphorylating
p27 and other cell cycle regulators *°. W next assayed if
CDK2 is a substrate of Akt. CDK2 precipitates from
proliferating cells were resolved and immunoblots were
reacted with an anti body that detects proteins containing a
phosphoryl ated Akt consensus notif (phospho-Akt substrate
ant i body) . A 34 kD band was detected by CDK2
i mrunoprecipitation followed by western blotting using this
phospho- Akt substrate antibody (Figure 5A top blot).
Treatment with 10 pM LY29004, a PI3K inhibitor, leads to a
| oss of phosho- Akt substrate antibody reactivity with CDK2
i mmunoprecipitates. Wen these blots were stripped and re-
probed with CDK2 anti body, the 34 kD band identified by the
phospho- Akt substrate antibody co-mgrated precisely wth
CDK2 (Figure 5A, bottom blot). To verify that the 34 kD
protein that reacted wth the phospho-Akt substrate
anti body was indeed CDK2, CDK2 inmunoprecipitates were
boiled in 1% SDS to dissociate CDK2-bound proteins.
Subsequent precipitation of nmonomeric CDK2 retained
reactivity with the phospho-Akt substrate antibody (data
not shown).

Additionally, we used reconbinant H s-tagged CDK2 in an 1in

vitro kinase assay with active Akt and denonstrated that
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CDK2 is indeed an Akt substrate. When i ncreasing anounts
of kinase were wused, radioactivity uptake in substrate
i ncreased (Figure 5B, top). Equal substrate input is shown
(Figure 5B, botton). Reaction conditions were titrated to
ensure linear kinase activity for conditions of tineg,
tenperature and substrate used (data not shown). Reaction
of reconbinant CDK2T39A wth AKT in vitro yielded no

phosphoryl ation at T39 (data not shown).

2-D mappi ng of CDK2 pT39 site

Two- di nensi onal tryptic mappi ng of 32p_ or t hophosphat e
| abel ed cellular CDK2 provided further evidence that CDK2-
T39 is phosphorylated in vivo. Three nmjor phosphopeptides
were detected in CDK2 from asynchronously proliferating

cells (Figure 6A).

The nost strongly phosphorylated peptide contained only
phosphotyrosine by phosphoam no acid analysis (data not
shown) . Its mgration is consistent wth the pYl5-
containing peptide as shown before °'. Qur 2D map also
identified a phosphopeptide mgrating in the position shown

previously to contain pT160 °7.

Its phosphorylation was
reduced by PI3K/AKT inhibition with 10 pM LY294002. A

previ ously uni dentified CDK2 pepti de was strongly
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phosphorylated in WwW39 cells (see arrow, Figure 6 A);
LY294002 treatnent for 48 hours dim nished phosphorylation
of this novel phosphorylation site.

To test the effect of T39 mutation on the novel peptide, a
C-termnal HA-tagged CDK2T39A (HA-CDK2T39A) vector was
generated by site directed mnutagenesis, converting T39 to
al anine. CDK2T39A and wld type CDK2 (HA-CDK2W) were
stably transfected into MCF-7 cells. Stable cell [Ilines
bearing either CDK2-W or CDK2T39A were phosphate | abel ed.
Anti-HA i nmunoprecipitation followed by two-dinensional
tryptic mappi ng denonstrated that the novel peptide was not
phosphoryl ated in | abel ed HA- CDK2T39A (Figure 6B). Not only
was the novel phospho-peptide lost in the HA- CDK2T39A
bearing cells, the site corresponding to the T160 phospho-
peptide was also strongly attenuated, suggesting that T160
phosphorylation may be dependent on T39 phosphoryl ation.
These data are consistent with a PlI3K/ Akt dependent CDK2
phosphoryl ation at T39. Additionally, the tandem | oss of
CDK2 T39 and T160 phosphorylation suggests that the CDK2
T39 phosphorylation may influence the regulation of CDK2

activity.
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Tim ng of CDK2T39 phosphoryl ati on

Qur next goal was to determne the timng of CDK2T39
phosphorylation during cell cycle progression. The PI 3K
signaling pathway triggers a network of events that
positively regulate GL/S cell cycle progression . The
PIBK pathway and its downstream effector, Akt, are
stinmulated within hours when serumstarved, quiescent cells
are induced to enter cell cycle by re-addition of mtogens
%, The relative timng of CDK2T39 and CDK2T160
phosphorylations and cyclin-CDK2 conplex formation and
activation was assayed during GD-to-S phase progression.
W reasoned that by observing changes in CDK2T39
phosphoryl ation we could gain deeper insight into the role
this of phosphoryation vis-a-vis cell cycle progression,
cyclin binding and CDK2 activati on.

MCF-7 cells were deprived of serum for 48 hours and then
stinulated to exit quiescence by serum re-addition. Akt
activation peaked between 4 — 6 hours after serum addition
(Figure 7). Cyclin E levels were periodic and showed a peak
cyclin expression at around eight hours. The appearance of
CDK2pT160 was gradual, occurred after that of pAkt and
showed a continuous increase intensity during GO-S. Thi s
gr adual increase in CDK2pT160 phosphorylation is in

agreenent with our current understanding of CAK activity
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and function %4

The timng of CDK2 phosphorylation was
assayed by probing CDK2 immunoprecipitates wth the
phospho- Akt substrate anti body. W observed a periodic 34Kd
band whose intensity that closely matched the timng of Akt
activation. CDK2T39 phosphoryl ation preceded peak cyclin
expression and cyclinE-CDK2 binding. The tenporal
relationship of Akt activation, CDK2pT39 appearance and
CyclinE-CDK2 catalytic activation wll be shown in the
final version of the thesis. Thus CDK2 phosphorylation
preceded both CDK2 phosphorylation at T160 and cycl i nE- CDK2
bi ndi ng during &-S-phase progression.

The | oss of CDK2pT39 also preceded the loss of CDK2pT160
and the loss of cyclin E-binding to CDK2 when asynchronous
cells were treated with the PI3K inhibitor, LY294002. Loss
of CDK2 reactivity with the phospho-Akt substrate anti body
was notable by six hours (Figure 8). While there was
little loss of cyclin E protein over 24 hours of LY294002

treatment, |oss of CDK2-bound cyclin E was evident by 12

hours, concomtant wth the | oss of CDK2pT160 signal.
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Wien cells were recovered wthin mnutes of LY294002
treatment, pAKt was reduced by 30 mn and not detected at 1
hour, and loss of reactivity of CDK2 with anti-phospho-AKt
anti body was notable within one hour (data not shown). The
| oss of CDK2pT160 was substantially delayed and notable
only by 12 hrs of drug treatnent. Altogether the rapid |oss
of CDK2T39 phosphorylation upon PI3K inhibition and the
early appearance of the sanme phosphorylation event

followng AKT activation upon serum stinulation led us to
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posit that this event precede CDK2 phosphorylation at T160
and may predicate cyclin-CDK2 conplex formation or

stability.

Mut ati on of CDK2T39 site alters cyclin binding 1in

VvViVvO

CDK2T39 is surrounded by charged residues that appear to
stabilize two of the three p-strands adjacent to the
PSTAIRE helix (residues 46-57) of CDK2 The region
preceding the PSTAIRE helix has been shown to form a
helical structure in when bound to cyclin E Resi dues in
the PSTAIRE region are on the interface of CDK2 that
interacts with either cyclin E or cyclin A ™ 7 142
postulated that T39 phosphorylation mght affect the
positioning of the PSTAIRE structure of CDK2 and influence
CDK2 binding to its cyclin partners. Additionally, it has
been recently shown that CDK2T160 phosphorylation is
stabilized by cyclin binding. Therefore we postul ated t hat
the tandem loss of CDK2 T39 and T160 phosphoryl ations
observed in the 2-D phosphopeptide mapping after PI3K
inhibition could be due to changes in the ability of CDK2
to bind cyclin. Additionally the timng of CDK2T39

phosphoryl ati on and dephosphoryl ati on suggested that it may
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play a role to regulate cyclin-CDK2 conplex formation or
activity.

To test if phosphorylation of CDK2T39 might affect steady
state cyclin binding, MEF?/- cells were transduced with
retroviruses t hat cont ai ni ng ei t her pBABECDK2W ,
pBABECDK2T39A or  pBABECDK2T39E. Upon selection for
transfected cells and expansion of the culture, the CDK2-
cyclin conpl exes wer e preci pitated usi ng ant i - CDK2
anti bodies and resolved on a SDS-PAGE gel. The relative
anounts of cyclin that co-immunoprecipitated with each CDK2
isoform were detected by blotting (Figure 9A). Although
simlar anpbunts of CDK2 were precipitated from these cel

| ysates, the anmount of cyclin A bound to CDK2 differed
(Figure 9B). CDK2T39E precipitated nore cyclin A than
CDK2wt ; and CDK2wt precipitated nore cyclin A than
CDK2T39A. It is noteworthy that the steady state |evel of
cyclin A was also nodestly increased in asynchronous

CDK2T39E- beari ng MEFs.
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Mutations affecting the CDK2T39 site alter cyclin
bi nding 1In vitro

The effects of CDK2T39 phosphorylation on cyclin binding
were further evaluated by in-vitro binding assays.

Reconmbi nant cyclin A or cyclin E proteins were incubated
with their respective antibodies (see Miterials and
Met hods) and conplexes pre-bound to Protein A sepharose
beads and washed extensively to renove unbound cyclin.

Equal inputs of the different reconbinant CDK2 (W, T39A
and T39E) were then added to the pre-loaded protein A
sephar ose beads-anti body-cyclin conplex for the tinmes shown
and then cyclin-bound CDK2 was assayed by inmunoblotting
after the conplexes were resolved by SDS-PAGE and
transferred (IP-blots shown for cyclin A-CDK2 in Figure
10A) . For both cyclinA and Cyclin E- bound CDK conpl exes,

CDK2T39E reached a maximal [|evel of binding sooner than
CDK2wt (Figure 10 B). CDK2T39E reached meximal cyclin A
binding in less than 150 seconds whereas steady state
CDK2wt  binding was reached by 10 mnutes (graphed as %
i nput binding in Figure 10B-representative of three
experinments). Simlarly, the tinme required for maxinal

CDK2T39E binding to cyclin E was al so shorter than CDK2wt

(Figure 10C). Al CDK2 isofornms reached a simlar maxinmal

| evel of binding, indicating that this phosphorylation nay
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not be required for binding. VWhat is clear from our in
vitro data is that this phosphorylation speeds up the rate

of the reaction.
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CDK2 phosphoryl ation by Akt increases the cyclin-

CDK2 assenbly rate in vitro

To further assay how phosphorylation of CDK2pT39 affects
the rate of cyclin-CDK2 association, reconbinant CDK2 was
reacted with active Akt for 60 mnutes prior to incubation
with reconbinant cyclin A for intervals between 1 and 30
mnutes. Cyclin A-bound CDK2 was assayed by cyclin A
i mmunoprecipitation followed by inmmunoblotting for CDK2.
Akt treatnment increased the rate of cyclin A-CDK2 conplex
formation. Two different controls were used: reconbinant
CDK2 was nock treated wi thout addition of Akt (untreated),
and in addition, a second CDK2 sanples was treated wth
catalytically inactive Akt (produced by boiling active Akt
for 30 mn). CDK2 binding to cyclin occurred at simlar
rates in both control experinents, while pre-treatnent of
CDK2 wth active Akt shortened the tinme required for
maxi mal cyclin A-CDK2 association (Figure 11). It is
noteworthy that all binding assays reached a nmaxi num by 30
mnute, wth conparable steady state conplex detected at
these concentrations of input cyclin and CDK2. Data from
Figures 10 and 11 together support the conclusion that CDK2
phosphoryl ation by Akt augnments the rate of cyclin binding

or inpairs its dissociation, once bound.
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Repl acenent of Cdc28W with cdc28- S46E shortens G-

Stransit tinme in Saccharomyces cerevisiae.

Qur next goal was to determne if nutations affecting
CDK2T39 woul d have an effect on cell cycle progression. M
first attenpts to test this wusing the stable CDK2
transfectants of the MEF™®/- |ine were not successful
because the MeEFs did not show a reproducible transit tine
from quiescence to S phase when released from serum
starvation. Moreover, the lack of reproducible differences
bet ween these CDK2 reconstituted MEF was likely due to the
conpensation by CDK1 for the lack of CDK2 during
embryogenesis of the CDK2 null mice % 8. Further attenpts
to knockdown CDK2 with adenovirus-cre in CDK2 floxed MEFs
lines and retrovirally infect with CDOK2WI or the T39 nutant
alleles was again unsuccessful due to the lack of
reproduci ble GO-S transit tinme in any one line. Therefore,
we chose to use a sinpler nodel system which contained only
one G CDK, the buddi ng yeast Saccaromyces cerevisiae.

As shown in Figure 1, the CDK2T39 site is highly conserved.
Earlier work had denonstrated that the honologous site in
the budding yeast is indeed phosphorylated in vivo .
Cdc28, the only G CDK in the budding yeast, is an essenti al

gene that enconpasses the functions of both CDKl and CDK2

in higher eukaryotes. In addition to having sinplified
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cell cycle conponents, yeast is a good nodel system in
which to study the cell cycle because of the relative ease
with which the cells can be synchronized in G and because
of their short doubling tine. A centroneric, non-
integrating, plasmd containing the CDC28 sequence was
provided to us from Dr Marshak’s | ab. Using site directed
nmut agenesi s, the Cdc28-S46 site was converted to pRS415-
cdc28- S46A and pRS415-cdc28- S46E. These vectors were then
verified by sequencing and used to transfect yeast cells

(see strains Table 2).

Fol |l owi ng sel ection, the chronosomal copy of the CDC28 gene
was targeted by PCR-nediated gene disruption. The yeast
strains were again selected and PCR analysis was used to
verify that the chronosomal copy of the CDC28 had been
i ndeed knocked out. Once verified, these strains were
grown in glucose-containing nedia until early | og phase and

then treated with al pha factor to synchronize the cells in
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early G. Cells were released by washing with pre-warned
nmedi a devoid of alpha and aliquots were taken at specific
intervals for cell cycle analysis by Sytox green staining
and flow cytonetry (Figure 12). We observed a snall, yet
significant and highly reproducible decrease in the tine
from al pha factor release to S phase entry in the strain
containing cdc28- S46E. The strains wth Cdc28 and
cdc28S46A had simlar S phase entry tinmes. This shortening
of the G phase was not followed by an increase in doubling
time or cell growth (data not shown) which were identical
in all of the strains. The lack of growth advantage for
the cells containing cdc28-S46E may be the result of a
conpensatory pause in & as has been observed for other
cycle active nutants that shorten Gl progression!*. Qur
data partially supports this, in that the cdcS46E strain
dwells in G phase until the strains bearing the other Cdc28

i soforns reach G.

Despite its lack of effect on proliferation, the shortening
of G phase due to the phosphomnetic alteration in the
cdc28- S46E-bearing strain is a novel discovery and points

to a novel mechanismcontributing to CDK regul ation.
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Next, we assayed how the Akt phosphorylation site Cdc28 in
S. cerevisiae affects Cdc28 catalytic activity. Lysates
fromearly |log phase cells from each of the 3 strains were
used to imrunoprecipitate Cdc28 and conpare the histone H1
kinase activity of wld-type Cdc28 versus the cdc28-S46A
and cdc28- S46E nut ant s. When equal anounts of cdc28 were
i mmunoprecipitated from each strain (Figure 13, top band
shows Cdc28 input), the kinase activity of cdc28-S46E was
significantly higher than that of Cdc28 wt and cdc28- S46A.
Thi s i ncreased catal ytic activity cdc28- S46E in
asynchronous |ysates is consistent with our finding that
the cdc28-S46E-bearing cells progress nore rapidly from

al pha factor release to S phase.
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We next conpared the activity of cdc28-S46E across the cell
cycle conpared to Cdc28. At every time point assayed,
cdc28- S46E showed higher kinase activity than observed in
cells with wild type Cdc28 (Figure 14). It is noteworthy
that both the timng and extent of accunulation of C n2
were increased in the cdc28S46E strain, consistent with the
know effect of Cdc28 activation to phosphorylated and
stabilize this dn. Athough we only immunoblotted for
Cln2, one cannot discount that sone of the catalytic
activity of Cdc28-Cn conplexes toward histone HL could
cone from Cdc28 bound to other CLNs - such as CLNl and
CLNS.

Al toget her we have shown that CDK activity is regulated by
a novel site which can be acted upon by Akt. This, in
turn, is a novel nmechanism through which extra cellular
mtogenic signals can influence cell cycle progression.
Phosphoryl ation of this site is an early event in cell
cycle progression. This phosphorylation alters the rate of

cyclin binding and shortens the G transit tine.
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The present study has revealed a novel nechanism through
which the PI3K pathway may act to pronote Gl cell cycle
progressi on through phosphorylation of T39 in CDK2. Thi s
Pl 3K- dependent phosphoryl ation of CDK2 at an AKT substrate
nmotif surrounding T39 may occur in both normal and
mal i gnant cells. PI3K activity is ubiquitous to both cel
types and has been shown to be required for GL to S
progression in cell of |ynphoid, fibroblast and epithelial
ori gins''. Deregulation of this particular mechani sm may be
particularly germane to cancer, since the frequent
activation of the PI3K pathway seen in many cancers 3
would drive CDK2 T39 phosphoryation to accelerate Gl
progr essi on.

According to the classical nodel of cell cycle progression,
the timed sequential activation of different cyclin-CDK
conpl exes drives a cell to replicate its DNA and ultimtely
divide into two. The phosphoryl ation of specific substrates
is critical in maintaining the ordered sequence of events
required for DNA replication and subsequent chronosonal
segregati on. Recent genetic experinments however have
chal lenged the notion that specific cyclin-CDKs can only
drive defined phases of the cell cycle.

Al t hough activation of CDK4 and CDK6 normally precedes that

of CDK2 in Gl, knockout studies in mce have shown that
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these kinases are not essential for GL cell cycle
progression in nost cell types. Mouse enbryos devel op
normally until mid gestation without all interphase CDKs %,

Pertinent to the present work, CDK2, whose disruption

146

causes Gl arrest in somatic cells'®® was found to be

di spensible for Gl progression in murine enbryogenesis &
8 It is noteworthy that of all the CDKs, CDKl appears
essenti al . Knockout of CDK1 is not conpensated by the
presence of interphase CDKs. CDK1/- cells are not viable
and enbryos do not develop beyond the two-cell stage °%°.
Moreover, replacenent of CDK1l by CDK2 wusing honol ogous
reconbination also results in early enbryonic lethality,
indicating that CDK1 cannot be conpensated for by CDK2,
even when expressed fromthe CDK1 | ocus .

A simlar pattern was observed in «cyclin knockout
experi nments. Wereas ablation of individual, or all
menbers of different GL cyclin famlies lead to tissue
speci fic devel opmental defects 47 8 8 knockout of S-&-M
cyclins, cyclins A2 and Bl |ead to early enbryonic

lethality 8

consistent with their requirenent for proper
CDK1 activation ¥  Altogether, these observations inply
that CDK1 is sufficient to drive cell division in nost

cel lular |ineages. However it would be wong to suggest
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that interphase CDKs are dispensable for the faithful
division of all cell types.

Regardl ess of the function that interphase CDKs nay have
during enbryogenesis in genetically nodified mce, data
from somatic cells, many of which were lines derived from
cancerous tissues, suggest sonething different. Wiile in
cul tured cells derived from gl i obl ast onas and
osteosarcomas, inhibition of CDK2 prevents proliferation 4°
150 cDK2/- mice do not show alterations in their brains or

84

connective tissues Wher eas the devel opi ng enbryo appear

capabl e of using CDKl1 to conpensate for the genetic |ack of
CDK2, disruption of CDK2 action in somatic cells has ngjor
consequences and results in cell cycle arrest or death.
Data from cultured cells in which CDK2 and its partner
cyclins, cyclins E and A were inhibited, indicate that
these cells are dependent on normal function of GL CDKs for
cel l cycle progr essi on. Ant i body m croi njection

experinments indicate that interference with either cyclin

El action in normal fibroblasts ', or cyclin A in Hela

152

cells leads to a loss of «cell cycle progression.

153

Simlarly, depletion of CDK2 in cultured fibroblasts and

t he expression of a dom nant negative form of CDK2 both |ed

to GL arrest 6,
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Mal i gnant tunor progression appears to select for robust
CDK activities during cancer devel opnment. Der egul ati on of
CDK4 and CDK6 activities have been inplicated in a wde
variety of tunors (including sarcoma, breast, |ynphoma and
mel anoma) 1% 84 CDK2 gene anplification and CDK2

over expressi on have been docunented in primry colorectal

108 110 111

, lung and ovarian carci nhonas M sregul ati on of D-

type cyclins and overexpression of E-type cyclins are

%1 More recent data

common features in nmany types of tunors
suggests that aberrant activation of specific interphase
CDKs may indeed be required for neoplasia. CDK4-null mce,
unlike their wild type counterparts, do not develop skin

155

tumors induced by Mc and are resistant to nmanmary

tunmors expressing Erbb2 and Hras under the control of the

156 157 The data on cel

nmouse manmary tunor virus pronoter
cycle deregul ation and cancer suggests that Gl CDKs could
indeed be a target for therapeutic treatnent. Thi s
possibility, however, requires a better understanding of
the regul atory nmechani sns that underlie CDK function

The Akt substrate nmotif is conserved in other CDKs
(including CDK1 and CDK4), indicating that aberrations in
PI3K signaling could potentially augnment not only CDK2

activation but also pronote the activation of other CDKs

and thereby have global effects on both Gl and &-M
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progr essi on. The specific roles of phosphorylation of
honmol ogous sites on activation of other CDK conpl exes has
not been assayed in our study but nmay follow nechani sns
simlar to those described herein for CDK2.

The present study does not establish that CDK2T39 is an
exclusive target of AKT. We observed that Akt and CDK2
forma conplex in cells and that CDK2 can be phosphoryl ated
at T39 by active AKT in vitro. The phosphorylation of CDK1
in the honologous site (CDK1-S39) had been previously
described in human cells although the authors did not
define the timng of this event nor how it may affect the
cell cycle progression®® The S39 site in CDKL was shown to
be phosphorylated in vitro by casein kinase Il (CKIl) 8
Al though CKIl activity is periodically activated in early
Gl and this kinase could play a role in T39 phosphoryl ati on
in mammalian cells ° CKIl activation followi ng serum
stinmulation is not in phase with the increase we observed
in CDK2pT39. CKIl activity peaks within 30 mnutes of
serum activation and returns to basal levels within two
hours 9,

Qur data shows that CDK2 forms a conplex with Akt and is
phosphorylated by AKT in wvitro. CDK2 reacts wth an

anti body that detects phosphorylated AKT products. Thi s

phosphorylation is absent in quiescent MCF-7 and increases
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rapidly upon mtogenic stinmulation and is rapidly |ost upon
Pl 3K pat hway i nhibition. O particular interest was the
tenporal correlation between this phosphorylation event,
cyclin-CDK2 binding the accunulation of CDKpT160 and CDK2
activation.

The activation of AKT, as observed by phosphorylation at
AKTS473, preceded and was tenporally linked wth the
phosphoryl ation at CDK2T39. Upon mtogen stinulation of
qui escent cells, T39 phosphorylation appears to precede
both T160 phosphorylation of CDK2 and is association with
cyclin E. Drug induced PI3K inactivation caused a rapid
| oss of CDK2T39 phosphoryl ation, that preceded the |oss of
CDK2pT160 and disassenbly of Cyclin E-CDK2 conpl exes,
despite no loss of cyclin E levels in the LY294002 treated
cel I's.

Qur in vitro assenbly data and the immunoprecipitation data
obtained from CDK2/~ MEFs transfected with CDK2wt, CDK2™°E
and CDK2™°* also suggest that this phosphorylation event
affects either the formation or stability of cyclin-CDK
conpl exes. The discordance between the 1In vitro data
(which indicates that the rate of cyclin binding is faster,
although the total binding reached is simlar) and the
cellular data (which indicates differences in steady state

abundance of cyclin-CDK conpl exes) may reflect t he
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additional effect of CDK activation upon cyclin stability
in cells in vivo. It 1is possible that alterations in
proteol ytic degradation or expression of cyclin (an event
frequently seen in t ransf or ned cells) triggers an
accunul ation cyclins and therefore we were able to observe
a greater ampunt of cyclin bound to CDK2 in the CDK2-null
MEFs transfected with T39E. Thiago need to think about this
since the CLN2 in S46 E had a LOAER steady state | eve

In order to avoid any conpensatory nechanisns that could
arise in transforned mammalian cells and CDK2 null MEFs, we
used the vyeast nodel system to determne iif nutations
affecting cdc28S46 had a cell cycle phenotype. Previ ous
studies using in S. cerevisiae had denonstrated Cdc28S46
phosphoryl ation in vivo %, Mit ati on converting Cdc28S46
to alanine reduced cell volunme and protein content, but a
role for this site in cell cycle progression had not been
defi ned. W observed a slight but highly reproducible
shortening of the Gl phase in the strains containing
Cdc28S46E. This shortening of the Gl phase did not give
these cells a growth advantage, possibly due to triggering
a norphogenesi s checkpoint. Asynchronous yeast |ysates, as
well as lysates from tinme points collected after release
from qui escence indicated that the cdc28S46E had a greater

catalytic activity than Cdc28WI, as previously published*.
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The steady state levels of Cn2 rose earlier in the
cdc28S46E strain, but reached |ower peak |evels despite
hi gher peak cdc28 catalytic activity. This may reflect the
effect of Cdc28/C n2 kinase to pronote C n2 degradation.
The in vitro and in vivo date presented support a nodel in
whi ch phosphorylation of CDK2 at T39 and of Cdc28 at $S46
may pronote nore rapid assenbly with cyclins, and nodul ate
the timng or stabilization of T160 phosphorylation. This
novel regulation mechani sm through which phosphoryl ation of
Gl CDKs, specifically but perhaps not limted to CDK2,
woul d i nfluence the duration of GL phase.

Qur current understanding of CDK activation and cell cycle
progression contains very little in ternms of post
transl ational nodifications that alter the affinity of CDKs
for cyclins. To date, the known phosphorylations events in
CDKs alter the cyclin-CDK catalytic activity. Across the
cell cycle, the phsphorylations in CDK2Y15 and CDK2T160

160

i ncrease through GL °" This may be due to the increase

in activity of weel kinases as a response to mtogenic
stinulation and the constant activity of CAK 30 67
Al though CDK2 can be acted wupon by CAK when in its
mononeric form the accunulation of CDK2pT160 is a direct

function of cyclin binding as cyclin association prevents

dephosphoryl ation of the T-1oop. Fisher et. Al . have put
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forth a nodel whereby CDK2 is phosphorylated at CDK2T160

prior to cyclin binding %.

The observation that cyclin-CDK
binding is required for nuclear inport of +the conplex
raises a problem with the nodel of Fisher et al. Si nce
CDK-activating kinases in both budding and fission yeast
appear to localize to the nucleus, it would be difficult
for the CAK conplex to phosphorylate CKD2 conpl exes prior
to its binding to cyclins, since the CDK2 nononmers appear
to be largely cytoplasmc o W envision CDK2T39
phosphorylation serving as a trigger mechanism that
facilitates cyclin-CDK assenbly and possibly also nuclear
i nport. Previous work has shown that cytoplasmc
m sl ocal i zation of active cyclin A-CDK2 |eads to apoptosis
162, The PI3K pathway is a strong nitogenic and anti-
apoptotic signal. Thus it is possible that constitutive
activation of the PI3K pathway in cancers inhibits, or
alters the rates of nuclear export versus inport, of
cyclin-CDK conpl exes, thereby preventing apoptosis and
driving the cells toward S-phase. This way, extracellular

insults such as gamma irradiation would not cause a cell

cycl e checkpoint and possibly lead to genetic instability.
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Future Directions

The findings of ny thesis work suggest that activation of
the PI3K pathway, and its downstream effector AKT, leads to
t he phosphorylation of CDK2T39. This, in turn, causes CDK2
to form conplexes with its cyclin partners nore rapidly and
results in an active kinase that has a greater catalytic
activity. In yeast cells, the phosphom netic cdc28S46E has
a shorter Gl-S phase transit tinme. There are several
unresol ved questions that arise fromthis work that warrant
further investigation in the Slingerland |ab. The follow ng
proposed experinents would extend ny current |ine of
investigation and further explore the nechanisns whereby
the PI 3K pat hway regul ates CDK2 activity.

Inquiry 1: How does CDK2T39 phosphorylation affect
subcellular CDK2 localization?

The experinents above indicate that the phosphorylation at
CDK2T39 occurs prior to the increase in phosphorylation at
CDK2T160 as <cells progress from G to S phase. I n
addition, PI3K pathway inhibition caused a rapid |oss of
phosphoryl ation at CDK2T39 which preceded the |oss of the
CDK2T160 phosphoryl ati on. This tenporal |ink between the
two sites, coupled with the shorter Gl to S phase transit
seen in yeast strains <carrying a T39 phosphom netic

mutation in the CDK2 honol ogue, c¢dc28, suggest that
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phosphorylation at the T39 site positively regulates the
subsequent action of the CDK activating kinase (CAK) on
CDK2. This may occur directly through a conformation effect
on CDK2. Alternately, the greater action of CAK on CDK2 may
be driven by a T39-dependent translocation of CDK2 to into
t he nucl eus.

The size of CDK2 (34 kDA) and cyclins E and A (54 and 60
kDA , respectively) would permt themto translocate freely
t hrough the nuclear pores between nucleaus and cytoplasm
However, the cyclin-CDK2 conplexes localize to the nucleus
in late Gl in parallel wth their periodic catalytic
activity, indicating that Cyclin-CDK2 |ocalization is
actively regulated. CAK is predom nantly nuclear |ocalized
t houghout the cell cycle; cyclins E and A accunulate in the
nucleus in late GL and S phases, while CDK2 is both nucl ear

and cytoplasmc (Refs). CDK2 substrates are nostly nuclear

pr ot ei ns. Chiefly anobng them are histone Hl, proteins
i nvol ved in initiation of DNA synthesis and t he
retinoblastoma protein (ref). Thus, | f CDK2  T39

phosphoryl ation enhanced the rate of nuclear inport of
CDK2, or cyclin-CDK2 conplexes toward their sites of action
in the nucleus, this could trigger a shortening of GL to S

phase progression.
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Experiment 1: Does the phosphomimetic mutant cdc28S46E show
enhanced nuclear localization compared to wild type? W
have created yeast strains that contain Cdc28wt, cdc28S46A
and cdc28S46E. These strains could be synchronized in Gl
by alpha factor synchrony experinents and collected at
different tinme points as they re-enter the cell cycle. The
| ocalization of Cdc28 and the mutant cdc28 proteins could
be visualized by immunofl uorescence. W would expect to
see that the cdc28S46E nutant may accunulate in the nucl eus
earlier and or at higher levels than would be observed for
Cdc28 and cdc28S46A.

Experiment 2. Does CDK2pT39 increase binding to importin-
a/B? The nuclear inport of cyclin E-CDK2 (and of cyclin E
al one) has been shown to require binding to the inport
proteins inportin-[] and importinp (More et al., 1999).
CDK2 | acks a nuclear inport signal. Its translocation in to
the nucleus is in part nediated by its binding to cyclin E,
because that latter contains a nuclear |ocalization signal
that nediates inportin binding. One nechani sm whereby T39
phosphorylation on CDK2 may enhance nuclear |ocalization
could be via an enhanced interaction between cyclin E-CDK2
conplexes with the inportin proteins. Thus, it would be of
value to test if T39-phosphorylated CDK2 (CDK2pT39) nay

have a greater affinity or enhance the stability of
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associ ation W th t he i nportins conpar ed to non-
phosphoryl at ed CDK2.

THI AGO PLEASE RE-READ THE MOORE KORNBLUTH PAPER> | TH NK
THE | MPORTINS BI ND ONLY TO THE CYCLIN E??? You al so need to
read sonme reviews on nechanisns of nuclear inport and
export in preparation for the defense- See our Connor paper
This could be tested by conparing m xtures of reconbinant
cyclin E with either CDK2wt, CDK2T39A or CDK2T39E proteins
already present in the lab in an in-vitro binding assay
using conmercially available, reconbi nant , GST-t agged
importin-[] or A Alternatively, we could pretreat CDK2w
with AKT and then use it in binding assays with inportin-[]
or B in the presence of cyclin E. The phosphorylation of
CDK2 at T39 may not only enhance cyclin E-CDK2 conpl ex
associ ation, but may also enhance to binding of the cyclin
E-CDK2 conplex to inporfing Controls in these
experinments would include binding reactions of t he
different CDK2wt, CDK2T39A or CDK2T39E proteins to the
inportins alone, in the absence of cyclin E and binding of
the cyclin E to inportin alone, in the absence of CDK2. An
increase in the steady state levels of inportin-[] or #A
bound to reconbinant cyclin E-bound CDK2T39E or AKT pre-

treated CDK2wt, conpared to CDK2wt, wuntreated wth AKT,
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woul d indicate a nechani sm whereby cyclin E-CDK2 conpl exes
coul d i ndeed accurnulate in the nucleus nore readily.

Experiment 3: Effects of CDK2pT39 on nuclear import 1in
vitro. W could assay the in vitro nuclear inport of
reconbi nant CDK2-cyclin or CDK2 alone into isolated nuclei
as follows. Cells are briefly perneabilized by treating
with digitonin which permts escape of cytosolic proteins,
| eaving behind “bare nuclei.” These nuclei could then be
reacted with reconbinant CDK2, reconbinant inportin-a/B,
RanGDP and an ATP generating system (Adans, 1992).
Followi ng incubation for specific intervals, we would
verify the extent of nuclear CDK2 inport by separating the
nucl ei from the supernatant via centrifugation, and
assaying for inported CDK2 protein by lysis of the nucle
followed by western blotting. Here too, we could use
ei t her r econbi nant CDK2T39E or we could pre-treat
reconbi nant CDK2 wt with AKT and conpare its rate of inport
to non-treated CDK2, both in the presence and absence of
reconbi nant cyclin E. W anticipate that the cyclinE- CDK2
conplex will be inported nore rapidly when the CDK2 is
either pre-treated wth ATK or the phosphom netic variant
is used. W anticipate that CDK2 inport will be affected by

the T39 status only when the inport assays are carried out
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in the presence of cyclin, since only the latter is capable
of binding the inportin machinery.

THIAGO Think about how you would distinguish rate of
inmport differences versus an effect of T39 on the stability
of the cyclin E-cdk2 conplex, since the cyclin E NLS is
what binds to the inport machinery.

Si gni fi cance: These assays may illumnate further the
mechani sms through which the PI3K pathway pronotes CDK2
activation in higher eukaryotes.

Inquiry 2: Does CDK2T39 phosphorylation may i1t a better
substrate for CAK ?

Full activation of CDKs requires T160 phosphorylation at
t he T-loop via CAK. Qur dat a i ndi cat es t hat
phosphorylation of CDK2 at T39 precedes that on T160 in
cells and induces a faster rate of cyclin-CDK conplex
formation in vitro. Mreover, the phosphom netic mnutation
of the yeast CDK honologue at this site, c¢cdc28S46E, has a
hi gher catalytic activity than the Cdc28wm. In the case of
CDK1, CAK action requires prior cyclin binding. In
contrast, CDK2 is thought to be phosphorylated by CAK as a
nmonomer, but cyclin binding protects the T160 site from
dephosphoryl ati on. Since we have observed that t he
appearance of the CDK2pT39 precedes that of CDK2pT160

during G0-S phase progression, this raises the possibility
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that T39 phosphorylation may condition the CDK2 for action
by CAK T39 phosphorylation may not only pronote nore
stable cyclin association, but my also nodify the
conformation of the CDK2 nononer to permt nore ready
phosphoryl ati on by CAK

Experiment 1: Is the steady state binding of CAK and CDK2
altered by mutations at T39? Sone kinases are known to
form transient conplexes with their substrates (Brazil,
2002) . Thus, we would like to determne if the CAK-CDK
interaction would be altered by CDK2T39 nutations. To do
this, we could transiently transfect MCF-7 cells with HA
tagged CDK2 constructs and inmmunoprecipitate using an anti
HA anti body. These precipitates could then be wused to
probe for one of the subunits of CAK (CDK7, Mat A, Cyclin
H) . Changes in the steady state binding could be
indicative of a greater affinity between CAK and CDK2 or a
greater stability of the conplex, once forned.

Experiment 2: Does CDK2T39E serve as a better in vitro CAK
substrate? This could be tested by performng a kinase
assay using reconbinant, active CAK expressed from
bacculovirus in insect cells and reconbinant CDK2 as a
substrate. Differences in the rate or anmount of CDK2pT160
pr oduct formed from CDK2T39E, CDK2T39A and CDK2wt

substrates would indicate either di fferences in CAK
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affinity for the substrate or efficiency of the reaction.
Additionally, we could pre-treat CDK2wt wth AKT and test
if the rate or extent of the action of CAK on CDK2 was
af f ect ed.

Caklp is the S cerevisieae honol ogue of the human CAK t hat
phosphoryl ates Cdc28 at T169 (the site honpol ogous to T160
in human CDK2). As an alternative strategy, one could
i munopreci pitate Cdc28, cdc28S46E and cdc28S46A from al pha
factor treated cells and conpared these substrates in a
Caklp ki nase assay. Long term treatnent with al pha factor
woul d abolish nost of the T169 phosphorylated cellular
Cdc28 such that the inmmunoprecipitated conplexes could
serve as substrate in a Caklp ki nase assay.

Si gni fi cance: Determining if CDK2T39 phosphorylation plays
arole in CAK function would be instrunmental in elucidating
the nmechanisns linking both T39 and T1260 phosphoryl ation
events and how activation of the T39 phosphoryl ation event

shortens the GL to S phase transit tine

Inquiry 3: How does expression of the more catalytically
active cdc28S46E allele affect CLN2 stability and
phosphorylation?

Qur data using the budding yeast nodel system showed that

cdc28S46E had a higher catalytic activity than Cdc28.
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Additionally, we repeatedly saw that the cdc28S46E strain
had a |ower steady state level of CLN2, even though the
levels of Cdc28 and PGKl (a cytoplasmic protein used as
| oading control, data not shown) were simlar in both
| ysat es. Since the CLN2 degradation is activated by its
phosphoryl ation by CLN2-cdc28 (lanker; 1996), this m ght
explain the lower levels of CLN2 in the yeast expressing
cdc28S46E. Thus, we would I|ike to determine if the
increased catalytic activity of the phosphom netic nutant
could be turning on a negative feedback |oop and thereby
decreasing the levels of CLN2 present in the cells.
Experiment 1: Does the half life of CLN differ between
Cdc28 strains? To test this, we wuld perform a
cycl ohexi m de chase and determine the half life of Cn2 in
Cdc28, cdc28S46A and cdc28S46E strains. W could assay the
loss of Cn2 protein by recovering |lysates at intervals
after cycl oheximde treatnent and immunoblotting the
|lysates for HA (a tag that was added to the CLN2 gene)
Alternatively, we could pulse |abel the cells by treating
them with [3°S]-nethionine, transfer to chase nedia
containing cold nethionine and then assay the decay of
i ncor por at ed radi oactivity in HA- Cl n2 at interval s
thereafter by HA-immunoprecipitation, resolution on SDS-

PAGE and aut or adi ography of dried gels.
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Experiment 2. Would proteasome inhibition restore the
concentration of CLN2 proteins to similar levels iIn Cdc28
and cdc28S46E? We postulate that the increases activity of
cdc28S4E is triggering a negative feedback |oop leading to
degradation of its Cn2 partner. If this is indeed the
case the treatnment wth M3132 should dimnish the
difference if Cn2 concentration between the two strains.
W could treat either asynchronously growing cells, or
cells that are 20 to 30 mnutes into the cell cycle from an
al pha factor release with a proteosonmal inhibitor (M3l32).
The proteosonmal inhibitor would inhibit the degradation of
C n2 and therefore we could observe if indeed the different
| evel s of O n2 are due to increase degradation

Si gni fi cance: It is well established that for several Gl
cyclins, including both cyclin E and Cn2, degradation is
triggered by CDK- nedi at ed cyclin phosphoryl ati on
(Wttenberg, science, 1996 refs). The finding that
cdc28S46E has a lower Cn2 concentration than that in the
Cdc28wt strain, provides an in vivo validation of our data
show ng that cdc28S46E has greater catalytic activity.

In several cancers, it has been shown that Gl cyclins,
cyclin DI and cyclin E are stabilized through nechanisns
that are not entirely clear. Mreover, CDK2 1is often

overactivated in cancers by constitutive receptor tyrosine
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ki nase activation ( such as Met, Her2 or EGFR), activating
nmut ati ons of the catal ytic conponent of PI3K, PIK3CA, or of
PI3K effectors including AKT. Cancers may select for
cyclin overexpression or for greater cyclin stability to
allow the cancer cell to overcone the negative feedback
| ook that occurs after a threshold of CDK activity is
achi eved. This would permt the neoplastic cells to
mai ntain an abnormally high mtogenic signal and enforce
cells accelerated GL cell cycle transit.

Inquiry 4: Do changes in T39 phosphorylation have different
consequences in cancer-derived versus normal somatic cells
of finite lifespan?

One of the biggest confounding factors in the study of CDK2
in mammualian cells is the use of either immortalized or
cancer-derived transforned cells to study a phenotype that,
in yeast, is relatively nodest. Deregulation of cell cycle
controls and increased Gl-S phase transit is a universal
hal | mark of cancer cells. Transfornmed cancer-derived cell
cultures have undergone a selection yielding a very robust
cell cycle. CDK2 activation is frequently observed in
cancer cells (Chu Nat Revie Cancer 2007), raising the
possibility that these lines are *“oncogene-addicted” to
activated CDK2. This possibility 1is supported by the

observati on t hat in cul tured cells deri ved from
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gl i obl ast onas and osteosarconas, inhibition of CDK2
prevents  proliferation 1 150 while cell cycle
proliferation in enbryogenesis is not perturbed in CDK2-/-
mce and these aninmals do not show alterations in their
brains or connective tissues ®.

Gven the frequent deregulation of the PI3K pathway in
human cancers, one mght expect that the phenotype of a
CDK2T39E may be lost in a cancer cell line. The follow ng
are proposed to investigate the consequences of T39

phosphorylation in malignant versus normal finite |ifespan

cell types.

Experiment 1: Is there a difference in the timing of CDK2
T39 phosphorylation and steady state CDK2-AKT binding
between transformed and primary cells? |In a first set of
experinments, | propose to conpare the timng of CDK2T39
phosphorylation during Gl to S phase in a series of cancer-
derived cell Ilines (breast and lung) and normal finite
lifespan epithelial cells from breast and |lung tissues. |
will chose cancer lines that can be synchronized in
gui escence by growh factor or serum deprivation. These
lines wll be conpared with regard to the kinetics of the
T39 phosphorylation of CDK2, the duration of G0-S phase

cell «cycle progression, and the timng of cyclin-CDK2
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bi nding and CDK2 activation. | would anticipate that many
of the malignant Ilines would show a shorter Gl-to S
duration and nore rapid onset of T39 phosphorylation on
CDK2, cyclin-CDK2 conplex formation and activation, and
that this would be directly proportional to their degree of
oncogeni ¢ AKT activity conpared to normal epithelial cells
so the same tissue origin.

| would also test if extent and timng of the steady state
bi ndi ng between AKT and CDK2 differs between primary cells
and transfornmed cells. As AKT is nore active in nany
mal ignantly transforned lines, | expect the steady state
bi nding between these two nolecules would be lower in
primary cells.

Experiment 2. Does replacement of CDK2 with CDK2T39E have
different consequences 1in a malignant line compared to
finite lifepan epithelial cells? Finally, it would be of
interest to conpare the consequences on Gl-S transit tine
when cellular CDK2 is replaced by honpol ogous reconbi nation
with CDK2T39E in somatic cells of malignhant origin versus
finite lifespan epithelial <cells. For this, one would
repl ace the endogenous CDK2 gene sequence with a CDK2T39E
encoding gene. The sister |lines so derived would be
conpared for the effects on Gl-to-S phase timng, CDK2-AKT

conpl ex formation, CDK2-cyclin-binding and CDK2 activation
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One would expect that in the transforned lines, that are
al ready driven by a constitutively activated PlI34K pat hway,
the introduction of CDK2T39E would have little effect. In
contrast, replacenent of cellular CDK2 with the CDK2T39E
woul d shorten the GL transit tinme in normal finite |ifespan
epi t heli al cells, by increasing cyclin-CDK2 conplex
formati on and CDK2T160 phosphoryl ati on.

Significance: In the context of cancer cell lines, in which
PI3K is already oncogenically activated or in which CDK2 is
al ready activated by loss of the CDK inhibitors p21 or p27,
or by CDK2 gene anplification, the effects of a
phosphom netic CDK2T39E nutati on, or indeed loss of
potential to phosphorylated T39 in a non-phosphoryl ated
CDK2T39A may not be readily apparent. A phosphom netic
mutation at CDK2T39 that has a nodest effect to facilitate
cyclin-CDK2 conmplexing and/or T160 phosphorylation in
normal cells, may not be readily apparent in cancer cells
that are progressing through cell cycle at already naximal
speed.

Experiment 3 What would happen to CDK2 upon transient
transfection of primary cells with constitutively activated
myr-AKT or AKT? By transiently transfecting a vector
encoding a constitutive active AKT into primary cells |

could determne if there are any differences in CDK2T39



86

phosphoryl ati on, CDK2 subcel | ul ar | ocal i zation and
activati on. | expect that transiently transfected cells
woul d have an increase in CDK2pT39, increased nuclear CDK2,
greater cyclin-CDK2 steady state levels and higher
catal ytic activity.

Si gni fi cance: Denonstrating that the timng of CDK2T39
phosphorylation and CDK2 subcellular | ocalization is
affected by constitutive activation of Akt would provide
further support for the notion that oncogenic deregul ations
in the PI3K pathway can push transforned cells prematurely
through G1 S of the cell cycle in response to, and indeed
i ndependently of mtogenic signals. This, in turn my |ead
to chronosonmal aberrations which could pronote neoplastic

t unor progression.
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