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SUMMARY

Multiple cyclin-dependent kinases (CDKs) control
eukaryotic cell division, but assigning specific func-
tions to individual CDKs remains a challenge.
During the mammalian cell cycle, Cdk2 forms active
complexes before Cdk1, but lack of Cdk2 protein
does not block cell-cycle progression. To detect
requirements and define functions for Cdk2 activity
in human cells when normal expression levels are
preserved, and nonphysiologic compensation by
other CDKs is prevented, we replaced the wild-type
kinase with a version sensitized to specific inhibition
by bulky adenine analogs. The sensitizing mutation
also impaired a noncatalytic function of Cdk2 in
restricting assembly of cyclin A with Cdk1, but this
defect could be corrected by both inhibitory and
noninhibitory analogs. This allowed either chemical
rescue or selective antagonism of Cdk2 activity
in vivo, to uncover a requirement in cell proliferation,
and nonredundant, rate-limiting roles in restriction
point passage and S phase entry.

INTRODUCTION

During G1 phase of the division cycle, a eukaryotic cell commits

to a round of duplication or enters a quiescent state (G0)

(Morgan, 2007). When conditions are appropriate for prolifera-

tion, growth factor signaling promotes passage through the

restriction (R) point, after which further cell-cycle progression

becomes growth factor independent (Pardee, 1974). This transi-

tion coincides with initiation of a transcription program directed

by the E2F family of DNA-binding factors, which regulate genes

critical for DNA synthesis (S) phase and mitosis (Bracken et al.,

2004). Analysis of gene expression in single cells suggests that

the switch governing E2F activation is bistable in response to

increasing growth factor concentration, attaining an on or off
624 Molecular Cell 42, 624–636, June 10, 2011 ª2011 Elsevier Inc.
steady state with no intermediate states of partial activation

(Yao et al., 2008).

G1/S transcription is controlledbyboth activator and repressor

E2Fs that bind to a family of pocket proteins comprising the reti-

noblastoma tumor-suppressor protein pRb, p107, and p130

(Cobrinik, 2005). In G0 and early G1, gene expression is inhibited

by repressor E2Fs, in complexes with p107 or p130 that bind

E2F-responsive promoters and recruit histone-modifying

enzymes to impose a repressive chromatin state (Frolov and

Dyson, 2004). Later in G1 and S phase, repression is relieved,

and free activator E2Fs, dissociated from pocket proteins,

promote transcription. Cyclin-dependent kinases (CDKs) play

a decisive role in this switch by phosphorylating pRb, p107,

and p130. In vitro, cyclin D-, E-, and A-dependent kinases phos-

phorylate pRb with overlapping but distinct site specificity

(Zarkowska and Mittnacht, 1997), and multiple CDKs contribute

to complete pRb inactivation in vivo (Lundberg and Weinberg,

1998). Phosphorylations on distinct sets of residues—targets

of different CDKs in vitro—decrease affinity between discrete

regions of pRb and E2F (Rubin et al., 2005; Burke et al., 2010).

The deregulation of pocket protein function and its control by

CDKs is a hallmark of many cancers (Classon and Harlow, 2002).

Cdk2 was originally implicated in this regulatory circuit

because its period of cyclin binding and activity extended from

late G1 until just prior to mitosis (Pagano et al., 1992, 1993;

Rosenblatt et al., 1992), and expression of dominant-negative

Cdk2 arrested cells in G1, S, and G2 phases (van den Heuvel

and Harlow, 1993; Hu et al., 2001). This model was challenged

by the discovery that Cdk2 is not essential for mouse viability

(Berthet et al., 2003; Ortega et al., 2003). In cells lacking a full

complement of catalytic subunits, Cdk1 can form complexes

with cyclins D and E (Aleem et al., 2005; Santamaria et al.,

2007); compensation by Cdk1 may explain how cells lacking

Cdk2, Cdk4, and Cdk6 can proliferate in culture (Santamaria

et al., 2007). It remained unclear whether events early in the

cell cycle depend exclusively on Cdk2 in wild-type cells or if

Cdk1 can perform these functions normally.

To begin to address this question, we previously determined

the relative amounts of Cdk1 and Cdk2 bound to various cyclins
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during the course of a human cell cycle (Merrick et al., 2008).

Cyclins E and B bound almost exclusively to Cdk2 and Cdk1,

respectively, whereas cyclin A formed complexes with both

CDKs in strict temporal order—predominantly with Cdk2 until

mid-S phase, and only thereafter with Cdk1. Cdk2 has priority

despite being �10-fold less abundant than Cdk1, possibly as

a consequence of different activation mechanisms for the two

kinases. In vivo, Cdk1 and Cdk2 follow distinct paths to full

activity even though they are �65% identical in sequence,

have overlapping cyclin-binding profiles, and are targets of the

same CDK-activating kinase (CAK)—the Cdk7 complex. The

primary pathway for Cdk2 comprises two steps: first, phosphor-

ylation of the activation (T) loop by Cdk7, and then binding to

cyclin (Merrick et al., 2008). Cdk1, conversely, cannot be phos-

phorylated by Cdk7 in the absence of a cyclin but cannot form

a stable complex without that phosphorylation, meaning that

the two steps must occur in concert (Larochelle et al., 2007).

In vitro, a yeast CAK that phosphorylates monomeric Cdk1 can

force it into the Cdk2 pathway, switching cyclin A-binding prefer-

ence from Cdk2 to Cdk1 in extracts (Merrick et al., 2008). This

suggested that pairing rules for CDK-cyclin assembly derive

from kinetic insulation of activation pathways.

Therefore, an important function of Cdk2 may be to exclude

Cdk1 from cyclin complexes until DNA replication has com-

menced, restricting Cdk1/cyclin A activity to later in S phase

and potentially preventing precocious firing of late replication

origins (Katsuno et al., 2009). Moreover, when that scaffolding

function is preserved, Cdk2 activity might be required for early

cell-cycle events, even though there is not a strict requirement

for Cdk2 protein. Removing Cdk2 by gene disruption abolishes

both catalytic activity and a noncatalytic function in restraining

Cdk1 activation. To distinguish and define those roles, we

needed an alternative strategy that would allow: (1) specific inhi-

bition of Cdk2 catalytic activity; and (2) control over Cdk2-cyclin

pairing and, consequently, Cdk1 complex assembly.

Here, we replace wild-type Cdk2 in human epithelial cells with

an analog-sensitive (AS) version modified to bind bulky adenine

analogs. A Cdk2as allele is hypomorphic; the mutant protein

has lost its competitive advantage over Cdk1 in binding cyclin A.

That priority can be restored by different analogs, which either

promote activation or inhibit activity of Cdk2as. Thus, we created

a chemical ‘‘allelic series’’ that allows both rescue and selective

antagonism of Cdk2 functions. Specific inhibition impedes cell

proliferation, demonstrating an essential requirement for the

catalytic activity of Cdk2. Both catalytic and scaffold functions

are required for normal responses to growth factors and timing

of R point passage. Therefore, chemical genetics reveals Cdk2

to be a nonredundant, rate-limiting regulator of G1/S progres-

sion in human cells.

RESULTS

Selective Inhibition of Cdk2 Uncovers a Required
Function in Cell Proliferation
Gene disruption did not reveal a requirement for Cdk2 in mouse

cell proliferation. However, the removal of Cdk2 protein allows

atypical CDK/cyclin complexes to compensate for, and thereby

obscure, any exclusive functions it might perform (Aleem et al.,
M

2005; Santamaria et al., 2007). Furthermore, available small

molecules effective against Cdk2 also inhibit other CDKs. There-

fore, to inactivate Cdk2 specifically while maintaining normal

expression levels, we combined chemical genetics (Bishop

et al., 1998) with homologous gene replacement in human

somatic cells (Papi et al., 2005; Larochelle et al., 2007).

Most protein kinases contain a bulky ‘‘gatekeeper’’ residue in

the ATP-binding pocket that can be mutated to a smaller Ala or

Gly residue, sensitizing them to bulky adenine analogs that do

not inhibit wild-type kinases. We targeted the endogenous

Cdk2 locus, in human telomerase-expressing retinal pigment

epithelial (RPE-hTERT) and HCT116 colon carcinoma cells,

with recombinant adeno-associated virus (rAAV) vectors con-

taining a Cdk2F80G AS mutation (Kraybill et al., 2002) (Figure 1A;

see Figures S1A and S1B available online). In this way we

created an allelic series:Cdk2as/+, which expresses normal levels

of Cdk2, half of which is AS; Cdk2as/neo, in which only Cdk2as is

expressed but at half the wild-type level due to silencing of one

allele by a retained neoR gene; and Cdk2as/as, in which Cdk2as is

expressed exclusively and at wild-type levels (Figures 1B and

S1C). AS kinases can use bulky ATP analogs as substrates

(Kraybill et al., 2002), so to test if Cdk2as expressed in human

cells was active, we added radiolabeled N6-(benzyl)-ATP to

extracts from the various lines (Figure 1C). As expected, there

was no labeling above background in extracts of wild-type cells.

However, in mutant cell extracts there was phosphorylation of

discrete proteins, which increasedwith the number of expressed

Cdk2as alleles. The labeling patterns were grossly similar in

Cdk2as/as HCT116 and RPE-hTERT extracts but with differences

in intensity of some substrates. We conclude that Cdk2as

encodes an active, AS kinase in both human cell types.

We next asked if specific inhibition of Cdk2as affected cell

proliferation (Figures 1D, 1E, S1D, and S1E). In the absence of

drugs, all four RPE-hTERT lines grew at similar rates, although

Cdk2as/asHCT116cells grewmoreslowly thandidwild-typecells.

Growth of Cdk2as/as cells—both RPE-hTERT and HCT116—was

inhibited by the pyrazolopyrimidine-based, allele-specific inhib-

itor 3-MB-PP1 in a dose-dependent manner. Wild-type cells

were impervious to 3-MB-PP1 concentrations up to 10 mM,

establishing that effects of the drug were strictly dependent on

the Cdk2as mutation. In both drug titrations (Figure 1D) and time

courses at 10 mM3-MB-PP1 (Figure 1E),Cdk2as/+ andCdk2as/neo

RPE-hTERT cells had sensitivities intermediate between those

of Cdk2+/+ and Cdk2as/as cells—a dependency on gene dosage

that validates the chemical-genetic strategy. The indistinguish-

able sensitivities of Cdk2as/+ and Cdk2as/neo cells imply that

either wild-type Cdk2 itself (in Cdk2as/+) or other CDKs, such as

Cdk1 (inCdk2as/neo), can compensate for inhibition of Cdk2as ex-

pressed from a single gene copy. Also consistent with this inter-

pretation, mouse embryonic fibroblasts (MEFs), derived from

Cdk2�/� cells but expressing Cdk2as at approximately ten

times the physiologic level (data not shown), were more sensitive

to 3-MB-PP1 than were human cells expressing Cdk2as at

50%–100% of normal levels (Figure S1E). (Construction and

characterization of Cdk2as MEFs will be described elsewhere

[D.H., N.E.H., and A.G., unpublished data].) Although overex-

pression of Cdk2as could interfere with Cdk1 functions, specific

inhibition of Cdk2as expressed at exactly wild-type levels slowed
olecular Cell 42, 624–636, June 10, 2011 ª2011 Elsevier Inc. 625



Figure 1. Cdk2 Activity Is Required for Human Cell Proliferation

(A) TheCdk2 locus was targeted by an rAAV vector containing a neomycin-resistance (neoR) cassette bounded by loxP sites and homologous arms, as indicated.

The F80G mutation and EcoRI site used for genotyping were introduced in exon 3.

(B) RPE-hTERT cells with varying amounts of total and AS Cdk2, quantified by immunoblot.

(C) HCT116 and RPE-hTERT whole-cell extract proteins were labeled by endogenously expressed Cdk2as with [g-32P]N6-(benzyl)-ATP.

(D) RPE-hTERT cells of the indicated genotype were grown for 7 days in the presence of increasing amounts of 3-MB-PP1. Cells were fixed and stained with

crystal violet solution.

(E) RPE-hTERT cells of the indicated genotype were treated with DMSO or 1 mM 3-MB-PP1 for 48 hr prior to seeding. Cells were maintained in DMSO or, if

pretreated with 1 mM 3-MB-PP1, switched to 10 mM 3-MB-PP1, and cell number was determined every 24 hr. Each data point is the mean ± SEM of three

independent plates of cells.
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or blockedproliferation of both nontransformedRPE-hTERTcells

and HCT116 cancer cells. The latter were resistant to reductions

in Cdk2 protein or activity levels by dominant-negative or anti-

sense approaches (Tetsu andMcCormick, 2003). This difference

illustrates the power of chemical genetics to uncover essential

functions missed by other methods.

Cdk2as Has Conformational Defects Rescued
by Analogs
Mammalian cells can tolerate loss of Cdk2 protein, but not acute,

selective inhibition of Cdk2as expressed at physiologic levels,
626 Molecular Cell 42, 624–636, June 10, 2011 ª2011 Elsevier Inc.
perhaps because normal CDK-cyclin pairing was preserved in

the latter scenario. We tested this with an assay we developed

previously to compare the relative amounts of Cdk1 and Cdk2

bound to each cyclin (Merrick et al., 2008). The nearly exclusive

binding of cyclin E to Cdk2 was maintained in Cdk2as/as HCT116

cells, but Cdk2as had a defect in binding cyclin A (Figures 2A

and 2B). In asynchronously growing wild-type cells, cyclin A

complexes contained �2-fold more Cdk2 than Cdk1, but in the

mutant cells the ratio was inverted (Figure 2A, compare lanes 1

and 2 with lanes 5 and 6). We obtained similar results in RPE-

hTERT cells; introduction of one or two expressed copies of



Figure 2. Cdk2as Has Cyclin A Binding and T Loop Phosphorylation Defects In Vivo

(A) Wild-type and Cdk2as/as HCT116 cells were treated with DMSO or indicated concentration of 3-MB-PP1 for 96 hr. Cyclin A was immunoprecipitated from

extracts, and immune complexes were denatured by boiling in 1% SDS. The supernatants were diluted, Cdk1 and Cdk2 were immunoprecipitated, and the

amount of each CDK recovered was determined by immunoblotting with PSTAIRE antibody.

(B) Same as (A) except that first immunoprecipitation was of cyclin E.

(C) Wild-type and Cdk2as/as RPE-hTERT cells were synchronized by contact inhibition and released into increasing concentrations of 3-MB-PP1. Amounts of

cyclin A, total Cdk2, and Cdk2-Thr160 phosphorylation were determined by immunoblotting—the last both by electrophoretic mobility shift and with Cdk2-

Thr160-P specific antibodies.
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Cdk2as increased cyclin A binding to Cdk1, at the expense of

Cdk2 (Figure S2A). The reduction in Cdk2as/cyclin A correlated

with decreased Cdk2as T loop phosphorylation (Figures 1B and

2C). In vitro, Cdk2as readily formed complexes with cyclin A

(data not shown), suggesting that the mutation specifically

impaired the ability of Cdk2as to compete with Cdk1 in vivo.

These results seemed to indicate that normal CDK-cyclin pairing

had not been maintained in the mutant cells as we supposed.

Thus, an active site mutation that reduced ATP affinity of Cdk2

(Kraybill et al., 2002) disrupted its scaffold function and pre-

vented proper assembly with cyclin A in vivo. We reasoned

that a tight-binding ATP-analog inhibitor might correct the

conformational defects of the mutant protein (Papa et al.,

2003). Indeed, 3-MB-PP1 stimulated cyclin A-Cdk2 binding in

Cdk2as/as HCT116 cells in dose-dependent manner—restoring

the normal�2:1 ratio of Cdk2 to Cdk1 in cyclin A complexes (Fig-

ure 2A, lanes 11 and 12)—but had no effect on distribution

of cyclin A in wild-type cells or of cyclin E in either cell line

(Figure 2B). We next asked if the increase in cyclin A binding

coincided with rescue of T loop phosphorylation (Figure 2C).

To test this, we released G0-arrested RPE-hTERT cells into

freshmedia containing DMSOor 3-MB-PP1; Cdk2-Thr160 phos-

phorylation occurred upon cell-cycle reentry in wild-type cells,

but this response was diminished in DMSO-treated Cdk2as/as

cells (compare lanes 2 and 5). Treatment of Cdk2as/as but

not wild-type cells with the analog increased Thr160 phosphory-

lation in a concentration-dependent manner. The T loop

phosphorylation defect could be complemented by multiple

inhibitors of AS kinases (Figure S2B), built on two distinct scaf-

folds; degree of rescue in vivo correlated with inhibitory potency

in vitro (Zhang and Shokat, 2007). The defect in binding cyclin A
M

was accompanied by reduced association with the CDK inhibitor

(CKI) p21Cip1, which binds preferentially to CDK/cyclin com-

plexes (Harper et al., 1995); p21Cip1-binding was also restored

by 3-MB-PP1 treatment (Figure S2C). Therefore, defects in cyclin

A andCKI binding, and in phosphorylation by CAK,were rescued

by allele-specific inhibitors. In the absence of drugs, impaired

complex formation might cause Cdk2as/as cells to resemble

Cdk2�/� cells and could account for their cell-cycle defects

(see below). However, addition of 3-MB-PP1 restored the normal

distribution of cyclinAbetween itsCDKpartners, thus fulfilling the

condition we sought to establish by the AS kinase strategy.

Flipping a Three-Position Switch: Chemical
Complementation of Cdk2as

Although AS kinase inhibitors could rescue conformational

defects of Cdk2as, they would inhibit any active kinase that might

form in vivo, and are, therefore, unlikely to complement Cdk2as

phenotypes. We hypothesized that a different small molecule

might restore priority in cyclin A binding to Cdk2aswithout block-

ing its activity. Such a compound would occupy the expanded

ATP-binding pocket preferentially but could be competed off

by ATP at physiologic concentrations.

A priori, one class of compounds likely to fulfill both criteria

was the N6-modified adenines. These are nucleobase compo-

nents of ATP analogs used by AS kinases, designed to bind

with the N6-substituent group occupying space normally taken

up by the gatekeeper side chain (Kraybill et al., 2002) but apt

to bind less tightly than the corresponding nucleotides due to

their lack of a ribose sugar and phosphates. We screened

several adenines by monitoring phosphorylation of the Cdk2as

T loop upon release from contact inhibition (Figure 3A). One
olecular Cell 42, 624–636, June 10, 2011 ª2011 Elsevier Inc. 627



Figure 3. Chemical Rescue of Cdk2as by 6-BAP

(A) Wild-type and Cdk2as/as RPE-hTERT cells were synchronized by contact inhibition and released for 27 hr into medium containing DMSO, 1 mM 3-MB-PP1, or

10 mMof indicated compound. Cyclin A and Cdk2 were detected by immunoblotting, and rescue of Cdk2aswas assessed by calculating ratio of phosphorylated-

to-unphosphorylated Cdk2 in each extract.

(B) Cells synchronized as in (A) were released into indicated concentration of 3-MB-PP1 or 6-BAP, collected after 25 hr, and phosphorylated-

to-unphosphorylated Cdk2 ratio was determined.

(C) The ability of 6-BAP to restore normal cyclin A pairing was determined as in Figure 2A.

(D) Extracts from (C) were labeled with [g-32P]N6-(benzyl)-ATP to determine effect of treating cells with 6-BAP on amount of active Cdk2as in extracts.

(E) Cdk2as/cyclin A and Cdk2WT/cyclin A complexes were tested for sensitivity to 3-MB-PP1 by incubation with increasing concentrations of drug prior to histone

H1 kinase assay. IC50 for Cdk2
as/cyclin A is �3 nM.

(F) As in (E) for 3-MB-PP1, IC50 of 6-BAP for Cdk2as/cyclin A was determined to be �1 mM.
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compound, 6-benzylaminopurine (6-BAP), rescued phosphory-

lation in a dose-dependent manner (Figure 3B). Treating cells

with 6-BAP also corrected cyclin A- and p21Cip1-binding defects

(Figures 3CandS2C), and increased labeling byCdk2aswith [32P]

N6-(benzyl)-ATP in extracts (Figure 3D), suggesting a positive

effect on Cdk2as activation in vivo. Compared to 3-MB-PP1,

6-BAP was a weak inhibitor of Cdk2as in vitro (IC50 of �3 nM

and �1 mM, respectively), and neither compound inhibited

wild-type Cdk2 (Figures 3E and 3F). Importantly, 6-BAP, unlike

3-MB-PP1, did not slow Cdk2as/as cell proliferation at the

highest dose we tested (80 mM, Figure S3), suggesting that it

might be capable of chemical complementation. Cdk2as could

then be turned on or off with different small molecules in vivo

(see below).

Cdk2as Is Impaired at Two Steps of Its Activation
Pathway
We developed a mathematical model of CDK activation (Merrick

and Fisher, 2010), which recapitulates the normal temporal order

of Cdk2/ andCdk1/cyclin A complex formation in vivo (Figure 4A,

left, and Figure S4A). To predict how changing kinetic parame-

ters of Cdk2 activation would affect partner selection by cyclin

A, we plotted the ratio of Cdk2 to Cdk1 bound to cyclin A at

the point (i.e., the cyclin A concentration) when the two

complexes are equally abundant under physiologic conditions

(Figure 4A, right), which corresponds to late S phase. Deviating

from those conditions, either by decreasing the rate of Cdk2

monomer phosphorylation by CAK or reducing affinity of

unphosphorylated Cdk2 for cyclin A, did not significantly impair

the ability of Cdk2 to compete with Cdk1. Only when both

parameters were changed in the same simulation was there

a switch to predominant Cdk1 binding, suggesting that reinforc-

ing mechanisms ensure the normal, preferential pairing of cyclin

A with Cdk2.

Because the Cdk2as mutation abrogated normal pairing rules,

it presented an opportunity to test predictions of the model: that,

in the absence of analogs, both affinity of Cdk2as for cyclin A and

phosphorylation of monomeric Cdk2as should be reduced, rela-

tive to those of wild-type Cdk2. To test the first prediction, we

incubated wild-type and Cdk2as/as HCT116 cell extracts with

ATP and a limiting amount of recombinant, His-tagged cyclin

A, and isolated exogenous cyclin A on Ni2+ beads to determine

its relative binding to endogenous Cdk2 and Cdk1. This assay

recapitulated the loss of Cdk2 and gain of Cdk1 binding in the

mutant cells (Figure 4B, compare lanes 2 and 5). When 3-MB-

PP1 was added to Cdk2as/as extracts prior to cyclin A, Cdk2-

cyclin A assembly increased, whereas the amount of bound

Cdk1 decreased nearly to wild-type levels (lane 6). The Cdk2as

we recovered was mostly unphosphorylated on the T loop, indi-

cating that 3-MB-PP1 restored cyclin binding independent

of activating phosphorylation, consistent with the predicted

decrease in Cdk2as-cyclin A affinity. Moreover, the results

suggest that 3-MB-PP1 directly altered Cdk2as conformation

to restore a competitive advantage over Cdk1. Compared to

3-MB-PP1, 6-BAPwas less effective at promoting Cdk2as-cyclin

A pairing unless it was also included at pull-down and wash

steps (Figure 4C, compare lanes 6 and 7), indicating a lower

affinity of this compound for the AS kinase. When we omitted
M

6-BAP from post-incubation steps, we preferentially recovered

phosphorylated Cdk2, suggesting that continued presence of

the drug was needed to stabilize binding of cyclin A to unphos-

phorylated Cdk2as but dispensable for stability of phosphory-

lated complexes, once they had formed.

To test the second prediction of the model, we asked if Cdk2as

was able to follow the primary pathway of activation and become

phosphorylated as a monomer in vivo (Figure 4A). Size exclusion

chromatography of wild-type andCdk2as/asHCT116 cell extracts

revealed similar profiles of total Cdk2 (Figures S4B and S4C) but

relatively less Thr160 phosphorylation in monomer fractions

fromCdk2as/as extracts (Figure 4D). This could arise from inability

of CAK to phosphorylate Cdk2as or increased susceptibility of

Cdk2as to phosphatases. In support of the first explanation,

Cdk2 monomer from wild-type cells could be phosphorylated

in vitro by human Cdk7 or by the fission yeast CAK Csk1,

whereas Cdk2as was not efficiently phosphorylated by either

CAK (Figure 4E). Therefore, as predicted by a mathematical

model, Cdk2as is impaired in two distinctive features of its activa-

tion pathway that play reinforcing roles in ensuring selectivity of

cyclin A for wild-type Cdk2 over Cdk1.

A Heightened Requirement for Cdk2 in G1/S When
Growth Factors Are Limiting
Having established a way to manipulate catalytic and noncata-

lytic functions of Cdk2 separately, we sought to identify specific

events in cell-cycle progression that depend on Cdk2 activity.

During exit from G0, E2F activation is bistable in response to

serum concentration (Yao et al., 2008), suggesting that early

cell-cycle events might be more dependent on CDK activity

when mitogens are limiting (Lee et al., 2010). Treatment of

Cdk2as/as RPE-hTERT cells grown in 10% serum with 10 mM

3-MB-PP1 increased doubling time from�26 to�40 hr, whereas

1 mM 3-MB-PP1 was less effective at slowing proliferation

(doubling time �33 hr). However, in 1% serum, 1 or 10 mM

3-MB-PP1 was equally effective at prolonging doubling time,

to 96 hr, compared to �28 hr for mock-treated cells (Figure 5A;

data not shown). Therefore, growth factor limitation sensitized

RPE-hTERT cells to specific inhibition of Cdk2, consistent with

a function at or near the R point.

We next asked if Cdk2 activity was required for S phase entry

and, if so, whether that requirement was sensitive to changing

serum concentration.Cdk2as/asHCT116 cells were synchronized

by serum starvation and released into media containing varying

concentrations of serum with or without 10 mM 3-MB-PP1.

Nocodazole was added, to trap any cells that progressed

through S and G2 phases in mitosis, and cells were collected

for flow cytometry 24 hr after release. In 10% serum, 3-MB-

PP1 caused a delay in accumulation of cells with 4 N DNA

content, which became more pronounced as serum concentra-

tion was lowered (Figure S5). Upon release into a medium con-

taining 1% serum, selective inhibition of Cdk2 caused a fraction

of cells to arrest with 2 N DNA content (Figure 5B).

In parallel we asked if specific inhibition of Cdk2 affected

phosphorylation of pRb, p107, and p130 (Figure 5C). Treatment

with 3-MB-PP1 reduced phosphorylation of pRb on residues

recognized preferentially by Cdk2 (Thr821) or by both Cdk2

and Cdk4 (Ser795), but not on those targeted exclusively by
olecular Cell 42, 624–636, June 10, 2011 ª2011 Elsevier Inc. 629



Figure 4. Two Defects in Cdk2as Activation Lead to Aberrant CDK/Cyclin Pairing

(A) Amathematical model of CDK activation (see Figure S4 and Supplemental Experimental Procedures for details) was used to test effects of perturbing different

parameters on cyclin pairing. The ratio of Cdk2/cyclin A to Cdk1/cyclin A at the end of each simulation (dashed line on left) was calculated and plotted as

a function of changing the activation parameters, Cdk2-cyclin A affinity (‘‘Kf Cdk2-CycA’’), and rate of Cdk2 monomer phosphorylation (‘‘Vmax Cdk2 monomer

phosphorylation’’), as indicated.

(B) To test cyclin A selectivity in vitro, an ATP-regenerating system and a limiting amount of purified His-tagged cyclin A were added to extracts of wild-type or

Cdk2as/as HCT116 cells. After a 1 hr incubation, His-cyclin A-associated proteins were recovered by Ni2+ affinity, and amounts of bound Cdk1 and Cdk2

determined by immunoblotting. Where indicated, 1 mM 3-MB-PP1 was added to extracts 1 hr prior to cyclin A and ATP.
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Cdk4 (Ser807/811) in vitro (Zarkowska and Mittnacht, 1997). In

addition, Cdk2 inhibition limited accumulation of hyperphos-

phorylated isoforms of p107 and p130, indicating that Cdk2

activity is required for phosphorylation of all three pocket

proteins in vivo. In 10% serum the effects of Cdk2 inhibition on

pocket protein phosphorylation were less severe (Figure 5D;

data not shown), consistent with its diminished impact on G1/S

progression (Figure S5). Therefore, requirements for Cdk2

activity to phosphorylate pocket proteins and drive S phase

entry become more stringent when growth factors are limiting.

Cdk2 Activity Is Required for Normal R Point Timing
Activation of E2F-dependent transcription correlates with

passage through the R point, so we tested whether inhibition

of Cdk2 affected timing of this irreversible transition. We first

asked how RPE-hTERT cells respond to stimulation with

different concentrations of serum, by measuring the fraction

that passed into S phase after release from contact inhibition

(Figure 6A). Even in the absence of drugs, Cdk2as/as cells were

more sensitive than wild-type cells to decreased serum concen-

tration. In the presence of 3-MB-PP1, Cdk2as/as cells became

more sensitive still, and a large fraction remained arrested in

G0/G1 even at saturating serum concentrations. In contrast,

releasing Cdk2as/as cells into media containing 6-BAP shifted

their serum response closer to that of wild-type cells, suggesting

that this compound could indeed complement Cdk2as in vivo.

Neither drug affected serum responsiveness of wild-type RPE-

hTERT cells (Figure S6A). These results, together with the

increased sensitivity of HCT116 cells to Cdk2 inhibition in low

serum (Figures 5B and S5), suggest a general requirement for

Cdk2 activity in the response to mitogens.

We next asked if modulating Cdk2 activity with small mole-

cules affected the timing of R point passage in response to satu-

rating levels of growth factors. Cells were released from contact

inhibition into media containing 10% serum and DMSO, 6-BAP,

or 3-MB-PP1. The medium was removed at various times and

replaced by a serum-free medium containing the same

compound present during the first incubation. Finally, we scored

R point passage by measuring BrdU incorporation 40 hr after

release. Compared to wild-type cells, Cdk2as/as cells were

delayed in passing the R point, suggesting that the mutation

per se hindered the ability to respond to mitogens. Treatment

with 3-MB-PP1 caused a further delay in passage of the R point,

whereas 6-BAP advanced the timing of R point passage to near

that of wild-type cells (Figure 6B). Neither drug had any effect on

R point timing in wild-type cells (Figure S6B). Therefore, Cdk2

activity is rate limiting for cell-cycle commitment.

We sought to determine when Cdk2 activity is needed: during

growth factor stimulation, to pass the R point; after serum

removal, to execute a post-R point function required for S phase

entry; or both. We repeated the R point experiment with a varia-
(C) Cyclin A selectivity was tested as in (B), except where indicated 1 mM 6-BAP w

also included in buffers for pull-down and wash steps.

(D) Extracts from wild-type and Cdk2as/as HCT116 cells were fractionated in a S

immunoblotted with antibodies for Cdk2 and Cdk2-Thr160P.

(E) Cdk2 monomer populations from (D) were immunoprecipitated and treated w

detected by mobility shift of Cdk2.

M

tion: when 6-BAP or 3-MB-PP1-treated cells were transferred to

serum-free media, they were either maintained in the same

compound or switched into a medium containing the other

drug (Figure 6C). There was no difference in the BrdU-positive

fraction between cells kept in 3-MB-PP1 for the entire experi-

ment and those switched from 3-MB-PP1 to 6-BAP. This indi-

cates that Cdk2 activity is required to drive cells past the R

point and that establishment of permissive conditions only

after serum withdrawal is not sufficient for continued progres-

sion. The reciprocal treatment—6-BAP during stimulation and

3-MB-PP1 upon withdrawal—revealed time-dependent effects:

at 8 and 12 hr, the number of BrdU-positive cells was reduced

compared to the population maintained in 6-BAP; but this effect

was lost at 16 and 20 hr, possibly due to breakdown of cell

synchrony. This suggests that there is a window of time, after

the R point, during which Cdk2 activity is still required to nego-

tiate the G1/S transition. Therefore, Cdk2 is a nonredundant

regulator of both R point passage and S phase entry in human

cells.

DISCUSSION

Chemical Genetics Reveals a Requirement for Cdk2
Activity in Human Cell Division
Gene disruptions revealed that Cdk2 protein is dispensable for

viability (Berthet et al., 2003; Ortega et al., 2003) and that Cdk1

can perform all essential functions of interphase CDKs when it

is able to form complexes with the relevant cyclins, i.e., when

their usual partners are missing (Santamaria et al., 2007). These

studies sidestepped whether Cdk2 performs essential functions,

exclusively, in wild-type cells. This question is important for

understanding how different CDK/cyclin complexes collaborate

to make metazoan cell cycles run smoothly, and for efforts to

target CDKs therapeutically. The viability of Cdk2�/� animals

has been invoked both to discourage and to justify attempts to

inhibit Cdk2 in cancer cells (Malumbres and Barbacid, 2009).

One line of reasoning holds, simply, that drugs selective for

Cdk2 are unlikely to be effective because absence of Cdk2

protein fails to block cell proliferation. A counterargument—

that certain tumors might be more dependent on Cdk2 and,

therefore, susceptible to its inhibition, whereas normal cells

might be relatively resistant—gained support from studies impli-

cating Cdk2 in suppression of oncogene-dependent cellular

senescence (Campaner et al., 2010; Hydbring et al., 2010).

However, that role was inferred from comparisons of Cdk2�/�

and wild-type cells, and from responses to drugs that target

other CDKs besides Cdk2.

Our previous work, showing that Cdk2 excludes Cdk1 from

active complexes throughout G1 and early S phase (Merrick

et al., 2008), suggested a unique function for Cdk2 during the

interval when cells commit to a round of division. That role is
as added to extracts 1 hr prior to cyclin A and ATP. In lane 7, 1 mM 6-BAP was

uperdex 200 sizing column, and Cdk2 monomer fractions were pooled and

ith either Cdk7 complex or S. pombe Csk1. Increased phosphorylation was
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Figure 5. A More Stringent Cdk2 Activity Requirement When Growth Factors Are Limiting

(A) Wild-type orCdk2as/asRPE-hTERT cells were grown in 1%or 10%serum-containingmediumwith DMSOor 1 mM3-MB-PP1, and cell number was determined

every 24 hr. Cells were pretreated with DMSO or 1 mM3-MB-PP1 for 48 hr as in Figure 1E. Each data point is themean ± SEM of three independent plates of cells.

(B) Cdk2as/as HCT116 cells were synchronized in G0/G1 by serum starvation and released into medium containing 1% serum, nocodazole, and DMSO or 10 mM

3-MB-PP1. Cells were collected at indicated times, and cell-cycle distribution was determined by flow cytometric analysis of DNA content.

(C) Cdk2as/as HCT116 cells synchronized as in (B) were analyzed for pocket protein phosphorylation by immunoblotting with indicated antibodies.

(D)Cdk2as/asHCT116 cells were synchronized as in (B) and released into medium containing 1% or 10% serum and DMSO or 10 mM3-MB-PP1. Phosphorylation

of p130 was detected by mobility shift in immunoblots with pan-specific antibodies.
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likely to be general, i.e., not restricted to particular cell types; and

to depend critically on Cdk2 levels because lowering the amount

of Cdk2 would advance onset of Cdk1-cyclin assembly and

reduce dependency on Cdk2 (as it might, for example, in

Cdk2as/neo cells), whereas increasing it would interfere with

normal activation of Cdk1 (as it might in MEFs overexpressing

Cdk2as).
632 Molecular Cell 42, 624–636, June 10, 2011 ª2011 Elsevier Inc.
Here, by a chemical genetic strategy that maintained physio-

logic expression levels, we showed that Cdk2 activity is required

for proliferation even though Cdk2 protein is not essential. Drug

sensitivity was dependent on mutant gene dosage (Cdk2as/as >

Cdk2as/neo zCdk2as/+ > Cdk2+/+), implying that �50% inhibition

is sufficient to slow, but complete blockade is needed to arrest,

cell division. We probably never achieved 100% inhibition of



Figure 6. Manipulating Cdk2 with Small Molecules Uncovers
a Nonredundant Role in R Point Control

(A) Wild-type and Cdk2as/as RPE-hTERT cells were synchronized in G0 by

contact inhibition and released into medium containing nocodazole, BrdU,

the indicated concentration of serum, and DMSO, 0.5 mM 6-BAP or 10 mM
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M

Cdk2as with 3-MB-PP1 (or complete rescue of function with

6-BAP), so we cannot rule out a more stringent dependence

on Cdk2 in vivo. However, we can be certain that conventional

small-molecule inhibitors could not have uncovered this require-

ment. In vitro, CVT-313 and -2584 are�8- to 10-foldmore potent

toward Cdk2 than toward Cdk1 but�100-fold less potent than is

3-MB-PP1 toward Cdk2as (Brooks et al., 1997; Campaner et al.,

2010). Thus, concentrations required for equivalent inhibition of

Cdk2 in vivo would also inhibit other kinases. Consistent with

this interpretation, 10 mM CVT-313 blocked S phase

more effectively in wild-type cells than did 10 mM 3-MB-PP1 in

Cdk2as/as cells (Figure S6C). Therefore, even the most Cdk2

selective drugs available probably have off-target effects that

contribute to their phenotypes—a problem obviated by the AS

kinase strategy.

A Gatekeeper Mutant Holds Keys to CDK Activation
A mathematical model indicated that cyclin A pairing rules are

enforced by: (1) ability of Cdk7 to phosphorylate Cdk2monomer,

and (2) high affinity of unphosphorylated Cdk2 for cyclin A. Intro-

duction of Cdk2as into human cells allowed us to confirm the

model’s prediction that both properties would need to be disrup-

ted for Cdk1 to become the preferred partner in vivo.

The order of Cdk2 and Cdk1 activation may coordinate the

temporal program of replication origin firing (Katsuno et al.,

2009). In addition, Cdk1/cyclin A has been specifically implicated

in attenuating expression of histone genes at the end of S phase

(Koseoglu et al., 2008); therefore, premature onset of Cdk1/

cyclin A assembly could lead to histone depletion and genomic

instability. Cdk1 activity is normally kept low until mid-S phase,

both by preferential formation of Cdk2/cyclin A complexes

(Merrick et al., 2008) and by inhibitory phosphorylation of

Cdk1 (Katsuno et al., 2009). Therefore, reinforcing mechanisms

evolved to ensure that activation of Cdk2 precedes that of

Cdk1 in mammalian cells. Consistent with strong selection to

maintain that order, Cdk2as/as cells, in which the barrier to

Cdk1/cyclin A activation is lowered, have cell-cycle delays and

defective responses to mitogens in the absence of analogs.

The biochemical defects caused by a gatekeeper mutation,

and their rescue by small molecules, suggest an important

role of active site structure in normal Cdk2 activation. Similar

observations were made for the Ser/Thr kinases Akt, B- and

C-Raf, and PKC isoforms a and 3. In each case an ATP-compet-

itive inhibitor induced T loop phosphorylation in vivo by a

different mechanism. Drug binding had two distinct effects on

Akt—enhanced membrane localization and a conformational
3-MB-PP1. Cells were fixed 40 hr after release and stained to detect BrdU

incorporation.

(B) Wild-type and Cdk2as/as RPE-hTERT cells were synchronized in G0 by

contact inhibition and released into 10% serum-containing medium supple-

mentedwith BrdU andDMSO, 0.5 mM6-BAP or 10 mM3-MB-PP1, for 9, 12, 16,

or 20 hr. Cells were washed and changed to serum-free medium containing

BrdUwhile maintaining drug treatment. Cells were fixed 40 hr after release and

stained to detect BrdU incorporation.

(C) R point passage was determined as in (B), except that when cells were

transferred from 10% to 0% serum, drug treatment was switched from 3-MB-

PP1 to 6-BAP (orange bars) or from 6-BAP to 3-MB-PP1 (dark-green bars).

Each data point is the mean ± SEM of four fields of cells.

olecular Cell 42, 624–636, June 10, 2011 ª2011 Elsevier Inc. 633



Figure 7. Cdk2as: A Three-Position Switch to Regulate R Point

Passage with Small Molecules

Cdk2as has activation defects in untreated cells, leading to lower abundance of

Cdk2/cyclin A complexes and impaired R point control. From this partially

active state, Cdk2as can be turned on or off, respectively, with the small

molecules 6-BAP or 3-MB-PP1—both of which correct conformation but with

opposite effects on catalytic activity—to uncover a rate-limiting role of Cdk2 in

pocket protein phosphorylation, R point passage, and S phase entry.
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change—both of which favored phosphorylation (Okuzumi et al.,

2009). In contrast, Raf inhibitors promoted activating phosphor-

ylation through kinase dimerization (Poulikakos et al., 2010).

Cdk2as appears most similar to a PKC gatekeeper mutant with

weakened nucleotide binding and reduced T loop phosphoryla-

tion, which was complemented by ATP analogs (Cameron et al.,

2009), but may be unique in its impaired binding to an allosteric

regulator, cyclin A. This might be analogous to effects of a gate-

keeper mutation on interactions between the plant kinase Pto

and its bacterial effector proteins, which were also corrected

by PP1-based analogs (Salomon et al., 2009).

Here, we recapitulated the Cdk2as-activation defect and its

rescue by small molecules in vitro, to yield insight into how active

site conformation influences the steps of Cdk2 activation.

Cdk2as is a poor substrate for both Cdk7 and Csk1, which was

surprising because Csk1, unlike Cdk7, readily phosphorylates

monomeric Cdk1 (Merrick et al., 2008). This suggests the T

loop is generally unavailable for protein-protein interactions in

the Cdk2as monomer. Because the T loop contributes to cyclin

binding (Jeffrey et al., 1995; Russo et al., 1996), its misorientation

could also explain a lower affinity for cyclin A.

We were able to correct these defects in vivo with 3-MB-PP1,

a strong inhibitor, or 6-BAP, which is weakly inhibitory in vitro and

had no negative effect on cell proliferation. Therefore, Cdk2as is

a three-position switch (Figure 7): defective for activation in the

absence of drugs; bound normally to cyclins, but inhibited, in

the presence of 3-MB-PP1; and closer to wild-type Cdk2 in

both cyclin binding and activity in the presence of 6-BAP. Chem-

ical rescue of a kinase hypomorph has been described previ-

ously; active site mutations in the Tyr kinases Src and Csk

impaired their activity, but imidazole could act as a prosthetic

group to restore catalytic function (Williams et al., 2000; Qiao

et al., 2006). 6-BAP is likely to rescueCdk2as by a differentmech-

anism—transient binding to allow complex formation and phos-

phorylation, and subsequent displacement by ATP to permit

catalytic activity. It will be interesting to see if 6-BAP can rescue

other AS kinases in which gatekeeper mutations impair function.

Cdk2 Is a Nonredundant Regulator of R Point Passage
and the G1/S Transition
In response to growth factor signaling, Myc drives expression of

cyclin D,which activates Cdk4 andCdk6, leading to partial phos-

phorylation of pocket proteins and derepression of E2F targets

including cyclin E, which promotes further phosphorylation of

Rb family members and full E2F activation (Yao et al., 2008). Inhi-

bition of Cdk2 disrupted normal R point control, possibly by

interrupting this positive feedback loop. Even in the absence of

drugs, S phase entry was more sensitive to lowered serum

concentration in Cdk2as/as than in wild-type cells; that sensitivity

could be enhanced by 3-MB-PP1 or suppressed by 6-BAP.

Similarly, E2F expression in rat fibroblasts was more sensitive

to CDK inhibition by CVT-313 at low serum concentrations

(Lee et al., 2010). Manipulating Cdk2as activity with 3-MB-PP1

or 6-BAP delayed or accelerated R point passage, respectively,

revealing a rate-limiting function of Cdk2 and, possibly, of posi-

tive feedback.Whenmitogens are limiting, blocking that function

arrests cells in G1, but in 10% serum, signaling through other

pathways can override inhibition of Cdk2 to allow progression,
634 Molecular Cell 42, 624–636, June 10, 2011 ª2011 Elsevier Inc.
albeit delayed, through the cell cycle. Indeed, this result might

have been predicted by a mathematical model, in which

increased amplitude of Myc expression converted the R point

switch from a bistable to a monostable one (Yao et al., 2008).

Once budding yeast cells pass Start—analogous to the

mammalian R point—they proceed through division indepen-

dent of environmental cues (Johnston et al., 1977). Also like

the R point, Start depends on CDK/cyclin complexes that acti-

vate a transcription program important for later cell-cycle events

(Spellman et al., 1998; Skotheim et al., 2008). The cyclin Cln3

initiates the transition by promoting transcription dependent on

the activators SBF and MBF, targets of which include CLN1

and CLN2, which also encode cyclins that act, through Cdk1

and SBF/MBF, to promote their own expression (Dirick et al.,

1995). Removal of this positive feedback by deletion of CLN1

andCLN2 had twomain effects on G1/S transcription. First, acti-

vation of the program took longer and occurred with greater cell-

to-cell variability. Second, there was a variable delay between

onset and maximal expression of target genes. The aberrant

timing and incoherence of gene expression in cln1D cln2D cells

led to increased frequency of cell-cycle arrest, demonstrating

the importance of positive feedback for normal cell division

(Skotheim et al., 2008).
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We hypothesize that Cdk2 activity is specifically required for

timely and coherent expression of E2F-dependent genes—func-

tions analogous to those of G1 cyclin/CDK complexes in yeast.

Selective inhibition of Cdk2as in human cells dampened the

response to growth factor signaling in G1, impeded passage of

the R point, and impaired proliferation. This is consistent with

the previous finding that S phase entry was defective in MEFs

exiting G0without cyclin E (Geng et al., 2003), which binds nearly

exclusively to Cdk2 in human cells (Merrick et al., 2008). The

ability to escape quiescence and proliferate, often under subop-

timal growth conditions, is a feature of oncogenic transforma-

tion. Therefore, specific functions of Cdk2 uncovered by chem-

ical genetics could yield new insight into how CDKs in general,

and R point control in particular, might be effectively targeted

by anticancer therapy.

EXPERIMENTAL PROCEDURES

Construction of Cdk2as Cell Lines

To replace wild-type Cdk2 with Cdk2as, we followed the strategy used to

create Cdk7as/as cells (Larochelle et al., 2007). We constructed an rAAV vector

containing two contiguous regions of theCdk2 locus amplified fromBAC clone

RP11-973D8 (Children’s Hospital of Oakland Research Institute) flanking

a loxP-neoR-loxP cassette, mutated exon 3 to change Phe80 to Gly and create

an EcoRI restriction site for screening purposes, and performed two rounds of

targeting as follows: (1) rAAV infection and selection for G418 resistance, PCR

screening for correct integration and verification of mutations by sequencing;

(2) Cre recombinase-mediated excision of neoR to yield Cdk2as/+ clones, veri-

fied by PCR and reversion to G418 sensitivity; and (3) repetition of steps 1 and

2 to yield homozygous Cdk2as/as clones.

Biochemical and Immunological Methods

Extract preparation, analyses of CDK assembly and activation, Superdex 200

chromatography, immunoblotting, and immunoprecipitation were carried out

as described (Merrick et al., 2008).

Chemical Genetic Methods

Labeling with [g-32P]N6-(benzyl)-ATP was performed as previously described

(Larochelle et al., 2007; Merrick et al., 2008). 3-MB-PP1, 6-BAP, and other

N6-modified adenines were dissolved in DMSO and used at indicated concen-

trations. IC50 was measured by incubating purified Cdk2/cyclin A with varying

concentrations of 3-MB-PP1 or 6-BAP, prior to kinase reactions containing

25 mM HEPES (pH 7.4), 150 mM NaCl, 10 mM MgCl2, 200 mM ATP, 5 mCi

[g-32P]ATP, 5 mg histone H1, and �3 nM Cdk2/cyclin A. Incorporation was

visualized by autoradiography and quantified by phosphorimager.

Cell-Based Analysis of Cdk2 Function

To test a requirement for Cdk2 activity, we seeded 100 cells/well in 96-well

dishes with varying amounts of 3-MB-PP1. After 7 days, medium was

removed, and cells were stained with crystal violet. For proliferation curves,

asynchronously growing cells pretreated for 48 hr with DMSO or 3-MB-PP1

(to allow correction of the cyclin A-binding defect) were plated at 105 cells/

well in a 6-well dish, and cell number was determined in triplicate every

24 hr with a hemacytometer. To analyze Cdk2 functions in G1/S, we synchro-

nized cells by serum starvation for 72 hr (HCT116) or by contact inhibition

(RPE-hTERT). HCT116 cell-cycle progression was monitored by analyzing

DNA content with propidium iodide staining and flow cytometry. To quantify

cells that entered S phase, we released RPE-hTERT cells from G0 in chamber

slides containingmedium plus 10 mg/ml BrdU. Cells were fixed in 70% ethanol,

DNA was denatured with 1 M HCl for 10 min, and the rest of the staining

protocol was performed as described (Terret et al., 2009). Incorporation was

detected with anti-BrdU antibody (1:100) and visualized with secondary anti-

body conjugated to DyLight488 or Cy5. Cells were counterstained with DAPI

to determine total numbers. R point assays were performed in the same way
M

except that, at various times after release, serum-containing medium was

removed, cells were washed twice, and serum-free medium containing BrdU

was added.

SUPPLEMENTAL INFORMATION
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and six figures and can be found with this article online at doi:10.1016/
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