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ABSTRACT Cyclin E, in conjunction with its catalytic partner cyclin-dependent ki-
nase 2 (CDK2), regulates cell cycle progression as cells exit quiescence and enter
S-phase. Multiple mechanisms control cyclin E periodicity during the cell cycle, in-
cluding phosphorylation-dependent cyclin E ubiquitylation by the SCFFbw7 ubiquitin
ligase. Serine 384 (S384) is the critical cyclin E phosphorylation site that stimulates
Fbw7 binding and cyclin E ubiquitylation and degradation. Because S384 is autophosphor-
ylated by bound CDK2, this presents a paradox as to how cyclin E can evade auto-
catalytically induced degradation in order to phosphorylate its other substrates. We
found that S384 phosphorylation is dynamically regulated in cells and that cyclin E
is specifically dephosphorylated at S384 by the PP2A-B56 phosphatase, thereby un-
coupling cyclin E degradation from cyclin E-CDK2 activity. Furthermore, the rate of
S384 dephosphorylation is high in interphase but low in mitosis. This provides a
mechanism whereby interphase cells can oppose autocatalytic cyclin E degradation
and maintain cyclin E-CDK2 activity while also enabling cyclin E destruction in mito-
sis, when inappropriate cyclin E expression is genotoxic.
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The mammalian cell cycle is regulated by cyclin-dependent kinases (CDKs) and their
associated cyclin regulatory subunits. Cyclin E-CDK2 has essential roles as cells exit

quiescence and during endoreduplication. It also regulates numerous processes during
the G1 and S-phases of the cell cycle, including S-phase entry, DNA replication, and
centrosome duplication (1–5).

Cells must tightly regulate cyclin E-CDK2 activity, and this is accomplished through
a variety of mechanisms, including E2F-dependent cyclin E transcription, binding of
CDK inhibitor proteins (p27Kip1 and p21Cip1), activating and inhibitory phosphoryla-
tion of CDK2, and cyclin E degradation by the ubiquitin-proteasome system (1, 2).
Abnormal cyclin E-CDK2 activity disrupts normal G1/S control and causes genomic
instability (6–12). Importantly, cyclin E is oncogenic in multiple contexts: the cyclin E
gene is amplified in human serous ovarian and basal breast cancers, and its deregulated
activity promotes tumorigenesis in mice (13–16).

The F-box protein Fbw7 is the substrate recognition component of an SCF ubiquitin
ligase that targets cyclin E for degradation after cyclin E becomes phosphorylated
within conserved motifs called Cdc4 phosphodegrons (CPDs) (17–22). Fbw7 substrate
CPDs contain two negative charges: a phosphorylated-Thr/Ser (pT/S) in the 0 position,
and a second pT/S or an acidic amino acid in the �4 position (23, 24). Cyclin E contains
two CPDs: a high-affinity C-terminal degron that is phosphorylated at T380 and S384
and is the primary determinant of Fbw7 binding and a low-affinity N-terminal degron
that contains only one phosphorylation site, at T62 (Fig. 1A). Phosphorylation-
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dependent cyclin E ubiquitylation by SCFFbw7 is essential for cyclin E periodicity and
normal cell division. Accordingly, inhibition of cyclin E degradation via ablation of CPD
phosphorylation sites or removal of Fbw7 results in constitutive cyclin E-CDK2 activity
throughout the cell cycle, abnormal S-phase and mitotic progression, hyperprolifera-
tion in epithelial and hematopoietic cells, and accelerated tumorigenesis (11, 15,
25–29).

While T380 is phosphorylated by multiple kinases, and its phosphorylation is largely
constitutive, S384 can be autophosphorylated only by the bound molecule of CDK2 (in
cis) (Fig. 1A) (20). Additionally, Fbw7’s affinity for the doubly phosphorylated (pT380/
pS384) C-terminal CPD is over 1,000-fold greater than for the singly phosphorylated
(pT380) form (30). S384 phosphorylation is the critical switch that initiates cyclin E
degradation; therefore, Fbw7 binding to cyclin E is stimulated by a phosphorylation

FIG 1 Cyclin E is dephosphorylated specifically at S384 both in vivo and in vitro. (A) Schematic depicting
cyclin E CPDs and the relevant kinases phosphorylating each residue. Cyclin E contains two CPDs: a
low-affinity N-terminal degron centered at T62 that contains only one phosphosite (pT62) and a high-
affinity C-terminal degron centered at T380 that contains two phosphosites (pT380 and pS384). All three
cyclin E CPD phosphosites can be phosphorylated by CDK2. T62 can also be phosphorylated by an
unknown kinase, while T380 can also phosphorylated by glycogen synthase kinase 3-� (GSK3-�). Impor-
tantly, S384 can only be phosphorylated by CDK2 in cis (by the bound CDK2 molecule), as depicted. (B)
HeLa cells stably expressing an shRNA against FBXW7 (HeLa-shFBXW7) were treated with the serine/
threonine phosphatase inhibitor calyculin A for 5 min. Endogenous cyclin E was immunoprecipitated from
whole-cell lysates, and changes in phosphorylation of T62, T380, and S384 (all three cyclin E CPD
phosphosites) were determined by Western blotting (IB). Efficiency of Fbw7 knockdown was determined by
analyzing Fbw7 protein depletion in HeLa cells transduced with either nontargeting control shRNA (NT
control) or FBXW7-specific shRNA. (C) Hct116 Fbw7�/� cells were treated with calyculin A for up to 12 min
and processed as for panel B. (D) HeLa-shFBXW7 cells were treated with the CDK1/2 inhibitor roscovitine
for 5 min and processed as for panel B. (E) Hct116 Fbw7�/� cells were treated with roscovitine for up to
20 min and processed as for panel B. (F) 293A cells were cotransfected with Myc-cyclin E and HA-CDK2 and
then treated with roscovitine for up to 12 min. Myc-cyclin E was immunoprecipitated from whole-cell
lysates, and changes in S384 phosphorylation were assayed by Western blotting. (G) 293A cells were lysed
in buffer lacking phosphatase inhibitors and incubated with recombinant cyclin E for 0 to 60 min in an in
vitro dephosphorylation assay. Changes in CPD dephosphorylation over time were measured by Western
blotting.
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that is predicted to occur almost simultaneously with the formation of an active cyclin
E-CDK2 complex. Autocatalytically stimulated cyclin E degradation thus presents a
paradox: how can an active cyclin E-CDK2 complex persist in cells long enough to
phosphorylate its substrates before catalyzing its recognition and ubiquitylation by
SCFFbw7? We hypothesized that this could be counteracted by a phosphatase that
dephosphorylates cyclin E’s CPDs, thus preventing Fbw7 binding. Indeed, degron
dephosphorylation regulates the stability of c-Myc, an Fbw7 substrate with a CPD
highly related to the cyclin E T380 region (31, 32), as well as that of Cln2, the cyclin E
ortholog of budding yeast (33).

PP2A is a member of the phosphoprotein phosphatase (PPP) family of serine/
threonine phosphatases. These enzymes share a conserved catalytic core domain and
affect much of the total cellular serine/threonine phosphatase activity (34). PP2A
regulates diverse cellular processes, including cell division (35, 36). The active PP2A
holoenzyme is a heterotrimer consisting of a catalytic (C) subunit, a scaffold (A) subunit,
and a regulatory (B) subunit that dictates substrate specificity. The PP2A catalytic and
scaffold subunits are each encoded by two genes that produce nearly identical � and
� isoforms of the proteins, which are thought to be largely functionally redundant. In
contrast, PP2A regulatory subunits are divided into at least four families: B/B55, B=/B56,
B�, and B�/striatins. The structural and functional distinctions among these families
alter how PP2A holoenzymes interact with substrates and confer substrate specificity
(37, 38).

In this study, we determined the role of cyclin E CPD dephosphorylation in opposing
cyclin E degradation. We found that S384 phosphorylation is highly labile in interphase
cells and that its dephosphorylation is catalyzed by PP2A. While both PP2A-B55 and
PP2A-B56 holoenzymes can dephosphorylate S384 in vitro, only PP2A-B56 complexes
regulate S384 phosphorylation in vivo. By opposing cyclin E-CDK2 autophosphorylation
at S384, PP2A-B56 promotes cyclin E-CDK2 activity and cyclin E stability. In contrast
with interphase cells, mitotic cells exhibit very low S384 phosphatase activity, which
may reinforce cyclin E periodicity. PP2A-mediated S384 dephosphorylation thus un-
couples cyclin E activity from its degradation during the portion of the cell cycle in
which its activity is required to coordinate G1/S progression.

RESULTS
Cyclin E pS384 is rapidly dephosphorylated. To determine the role of phospha-

tases in regulating cyclin E phosphorylation, we treated cells with the serine/threonine
phosphatase inhibitor calyculin A and examined the three major regulatory cyclin E
CPD phosphorylation sites (pT62, pT380, and pS384) using phospho-specific antibodies.
Because endogenous cyclin E is rapidly degraded following S384 phosphorylation,
pS384 cyclin E is readily detectable only when cyclin E turnover is disabled (27). We
studied two cell systems in which Fbw7 function was inactivated: HeLa cells stably
expressing a short hairpin RNA (shRNA) against FBXW7 (the gene name for Fbw7; Fbw7
knockdown is shown in Fig. 1B) and Hct116 cells in which FBXW7 was deleted by gene
targeting (27). Calyculin A treatment rapidly increased S384 phosphorylation in both
cell types, whereas neither T62 nor T380 phosphorylation changed appreciably (Fig. 1B
and C). The kinetics of S384 dephosphorylation was also evaluated by treating cells with
the CDK1/2 inhibitor roscovitine to prevent ongoing S384 autophosphorylation. CDK2
inhibition led to the near-complete loss of S384 phosphorylation within minutes,
whereas pT62 and pT380 were unaffected, although this may partially reflect their
continued phosphorylation by kinases not inhibited by rosocovitine (Fig. 1D and E). To
ensure that these effects were not an indirect consequence of Fbw7 inactivation, we
also overexpressed cyclin E-CDK2 in 293A cells, which exceeds the ubiquitylation
capacity of endogenous SCFFbw7 and enables detection of S384-phosphorylated cyclin
E. Again, S384 was rapidly dephosphorylated within minutes of roscovitine addition
(Fig. 1F).

To study cyclin E CPD dephosphorylation without using broadly acting phosphatase
inhibitors, we incubated recombinant glutathione S-transferase (GST)–cyclin E-CDK2
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with whole-cell lysates and examined the rate at which pT62, pT380, and pS384 were
dephosphorylated (recombinant cyclin E-CDK2 isolated from baculovirus-infected SF9
cells is highly phosphorylated at each site). Cell lysates contained robust phosphatase
activity against pS384 but had little activity against either pT62 or pT380 (Fig. 1G).
Together, these experiments indicate that in contrast to the case with T62 and T380,
S384 phosphorylation is highly labile in vivo and robustly dephosphorylated in vitro.

PP2A dephosphorylates cyclin E at S384. Calyculin A inhibits several PPP family
phosphatases, including PP1, PP2A, PP4, PP5, and PP6 (39). We used pharmacological
and genetic methods to identify which of these enzymes target S384. First, we
performed in vitro dephosphorylation assays using lysates pretreated with either
okadaic acid (which targets several PPP family members), or the PP1-specific inhibitor
tautomycetin (40). While okadaic acid prevented pS384 dephosphorylation, tautomy-
cetin had no effect, suggesting that PP1 does not dephosphorylate pS384 (Fig. 2A).
Next, we used RNA interference (RNAi) to identify which PPP catalytic subunit(s) targets
pS384 in vitro. Lysates from 293A cells transfected with small interfering RNA (siRNA)
pools targeting each PPP catalytic subunit were used to dephosphorylate recombinant
cyclin E-CDK2. While each targeted phosphatase was efficiently and specifically de-
pleted by the corresponding siRNA pool, only lysates depleted of PP2A catalytic subunit
had decreased pS384 phosphatase activity (Fig. 2B). To exclude possible off-target
effects of the PP2A siRNA pool, we confirmed this result with two independent siRNA
pools targeting the PP2A catalytic subunit (siPP2A-C_1 and siPP2A-C_2 [Fig. 2C]). These
data implicate PP2A as the calyculin A- and okadaic acid-sensitive phosphatase that
dephosphorylates cyclin E at S384.

PP2A-B56 dephosphorylates S384 in vivo. PP2A substrate specificity is in large
part determined by the B subunit in the PP2A holoenzyme. To identify specific PP2A
complexes that regulate pS384, we screened lysates depleted of individual PP2A B
subunits for reduced S384 phosphatase activity. 293A cells were transfected with
Qiagen siRNA screening pools, each containing four unique siRNAs, targeting each of
12 different PP2A regulatory subunits. These lysates were then used to dephosphory-

FIG 2 The serine/threonine phosphatase PP2A dephosphorylates cyclin E at S384. (A) In vitro dephos-
phorylation assay of recombinant cyclin E-CDK2 using cell lysates pretreated with either dimethyl
sulfoxide (DMSO), the PPP family phosphatase inhibitor okadaic acid (10 nM), or the PP1-specific inhibitor
tautomycetin (10 nM). (B) 293A cells were transfected with siRNA pools, each consisting of four distinct
siRNAs, against the PPP family phosphatases PP1� (PPP1CA), PP1� (PPP1CB), PP1� (PPP1CC), PP2A
(PPP2CA/B), PP4 (PPP4C), PP5 (PPP5C), and PP6 (PPP6C) or a negative-control siRNA (siAllstar control).
Lysates collected from these cells were incubated with recombinant cyclin E-CDK2 in an in vitro
dephosphorylation assay. The efficacy of catalytic subunit depletion was measured by Western blotting
using antibodies specific for each subunit. (C) Same as panel B but performed with two distinct pools of
siRNAs targeting both PP2A catalytic subunits (PPP2CA and PPP2CB), siPP2A-C_1 and siPP2A-C_2, in
comparison with a negative-control siRNA (siAllstar).
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late recombinant cyclin E-CDK2 in vitro. Depletion of three B subunits—PPP2R2A
(B55�), PPP2R5C (B56�), and PPP2R5D (B56�)—partially decreased S384 phosphatase
activity (Fig. 3A). However, depleting individual regulatory subunits had a smaller effect
on S384 dephosphorylation than did PP2A catalytic subunit depletion (depicted in the
last lane of Fig. 3A), consistent with functional redundancies among the individual B
subunits (41–43).

To determine if purified PP2A complexes can directly dephosphorylate S384, FLAG-
tagged B subunits were expressed in 293A cells and PP2A holoenzymes were isolated

FIG 3 PP2A-B56 complexes regulate cyclin E S384 phosphorylation in vitro and in vivo. (A) Specific PP2A
B subunits were depleted by transfecting 293A cells with pools of siRNAs, as done for Fig. 2B. Lysates
harvested from these cells were incubated with purified cyclin E-CDK2 complexes in an in vitro
dephosphorylation assay. Lysates depleted of the PP2A catalytic subunit were used as a positive control
(siPP2A-C_1, far right lane). (B) 293A cells were transfected with FLAG-B subunits and then lysed in Tween
20 lysis buffer without phosphatase inhibitors. PP2A holoenzymes were purified via anti-FLAG immu-
noprecipitation and then incubated with recombinant cyclin E-CDK2 complexes to test for direct
dephosphorylation of S384 in vitro. IPs from cells transfected with an empty vector (EV) served to control
for nonspecific coprecipitating phosphatase activity. The relative abundance of PP2A-C served to
approximate the efficiency of purification of intact PP2A heterotrimers. (C) 293A cells were transfected
with either an EV or FLAG-tagged B56� and lysed in Tween 20 lysis buffer without phosphatase
inhibitors. Next, anti-FLAG immunoprecipitations were used to purify PP2A-B56� complexes; immuno-
precipitations of EV lysate served as a control for nonspecific background phosphatase activity. These
complexes were then used for in vitro dephosphorylation reactions of recombinant cyclin E-CDK2. The
specificity of PP2A-B56� for each cyclin E CPD phosphosite was determined by Western blotting. (D)
293A cells were cotransfected with FLAG-B subunits, Myc-cyclin E, and HA-CDK2. Cells were lysed, and
exogenous cyclin E was immunoprecipitated and analyzed for pS384 and bound CDK2 by Western
blotting.
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via anti-FLAG immunoprecipitation (IP). These purified PP2A complexes were then used
to dephosphorylate recombinant cyclin E-CDK2. Intact holoenzymes were obtained for
each B subunit except PPP2R3C (B��), as evidenced by the coprecipitating PP2A
catalytic subunit (Fig. 3B). Multiple PP2A complexes dephosphorylated S384 in vitro,
with two B55 subunits (B55� and B55�) and two B56 subunits (B56� and B56�)
exhibiting the most activity (Fig. 3B). Both the in vivo inhibitor data and in vitro
dephosphorylation experiments using whole-cell lysates suggested that phosphatases
specifically target cyclin E at pS384 and have little effect on either pT62 or pT380 (Fig.
1B, D, and G). To test the specificity of PP2A for specific cyclin E CPD phosphosites, we
performed anti-FLAG immunoprecipitations from cells transfected with either empty
vector or FLAG-B56� and assayed these purified complexes for in vitro phosphatase
activity toward all three cyclin E CPD phosphosites. As we observed previously, PP2A-
B56� had significant S384 phosphatase activity but little effect on either pT62 or pT380
(Fig. 3C). Together, these data suggest that S384 is the crucial cyclin E phosphosite
regulated by dephosphorylation.

Because key factors influencing cellular phosphatase regulation are not recapitu-
lated in vitro (e.g., subcellular localization), we used gain-of-function and loss-of-
function approaches to study the role of PP2A-B55 and PP2A-B56 complexes in S384
phosphorylation in vivo. First, we cotransfected Myc-cyclin E and hemagglutinin (HA)-
CDK2 with FLAG-tagged B55 and B56 family subunits and found that most of the
overexpressed B56 subunits (B56�, B56�, B56�, and B56�), but none of the overex-
pressed B55 proteins, affected the amount of pS384 (Fig. 3D). Because reduced S384
phosphorylation could reflect the amount cyclin E-CDK2 activity, rather than pS384
dephosphorylation, we confirmed that B56 overexpression did not impair cyclin E-CDK2
binding (with the exception of B56�) or cyclin H-CDK7 (CAK)-mediated activating
phosphorylation of CDK2 (visualized as the faster-migrating CDK2 band).

To study how endogenous PP2A complexes regulate pS384, we used siRNA pools to
knock down the B55 and B56 families in their entirety to help overcome functional
redundancies between regulatory subunits, as suggested by our results (Fig. 3A to C)
and previous studies (41–43). Both PP2A-B55 and PP2A-B56 complexes are required for
mitotic exit, and their inhibition causes mitotic arrest (44–46). We therefore synchro-
nized HeLa-shFBXW7 cells at the G1/S transition using the double-thymidine protocol
shown in Fig. 4A to specifically study pS384 regulation by PP2A in interphase cells.
Strikingly, depletion of endogenous B56 subunits (siB56 pool 1) increased endogenous
cyclin E S384 phosphorylation, whereas B55 family knockdown (siB55 pool) had no
effect (Fig. 4B). Each pool effectively silenced their respective subunits, as shown by
representative B subunits in Fig. 4B and D and also by FLAG-tagged overexpressed
subunits (data not shown). siB56 pool 1 resulted in a small fraction (10%) of G2/M-
arrested cells (Fig. 4E). To ensure that these effects were not due to off-target effects of
the siRNA pool, we also used an independent pool of siRNAs targeting each of the
PP2A-B56 subunits (siB56 pool 2) and again observed an increase in endogenous cyclin
E S384 phosphorylation in HeLa-shFBXW7 cells (Fig. 4C). Thus, while multiple PP2A
complexes exhibit S384 phosphatase activity in vitro, only B56-containing holoenzymes
regulate pS384 in vivo.

PP2A-B56 regulates cyclin E kinase activity and stability. A large fraction of
cellular cyclin E is sequestered in inactive complexes with CDK2 due to the binding of
Cip/Kip CDK inhibitor proteins or CDK2 inhibitory phosphorylation. Because cyclin E
cannot be phosphorylated at S384 within these inactive complexes, only cyclin E bound
to active CDK2 is regulated by SCFFbw7. Thus, modulating Fbw7-dependent cyclin E
degradation has a substantial effect on cyclin E-associated kinase activity, which is a
readout of only the active pool of cyclin E. In contrast, steady-state cyclin E abundance
and half-life, which reflect both the active and inactive pools, are changed less
substantially. We used the synchronization protocol (Fig. 4A) and siRNA pools described
above to determine whether PP2A-B55 and PP2A-B56 regulate cyclin E activity and
stability at the G1/S transition. PP2A-B56 knockdown greatly decreased cyclin
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FIG 4 PP2A-B56 controls cyclin E kinase activity and protein stability. (A) Schematic of the experimental protocol
used for the other panels. Cells were seeded and transfected with siRNAs on the next day (time zero). Cells were
then synchronized at the G1/S transition using a double-thymidine block, and endpoint assays were conducted
approximately 51 h after siRNA transfection. (B) HeLa-shFBXW7 cells were transfected with siRNAs targeting all
four PP2A-B55 regulatory subunits (siB55 pool), all five PP2A-B56 regulatory subunits (siB56 pool 1), or a
negative-control siRNA (siAllstar control). Following transfection, the cells were synchronized as depicted in
panel A, and changes in S384 phosphorylation were assayed by Western blotting. To measure siRNA efficacy, the
abundances of endogenous B55� and B56� isoforms were analyzed by Western blotting. The asterisk indicates
a nonspecific band that cross-reacts with the B56� antibody. (C) HeLa-shFBXW7 cells were transfected with an
independent set of siRNAs targeting all five PP2A-B56 regulatory subunits (siB56 pool 2) or a negative-control
siRNA (siAllstar control) and processed as described for panel B. Numbers correspond to relative cyclin E S384
phosphorylation normalized to total immunoprecipitated cyclin E. (D) HeLa cells were transfected with siRNAs
targeting all four PP2A-B55 regulatory subunits (siB55 pool), all five PP2A-B56 regulatory subunits (siB56 pool 1),
or a negative-control siRNA (siAllstar control). Following transfection, cells were synchronized as depicted in
panel A, released for 2 h, and assayed for cyclin E protein abundance and kinase activity. To assay for changes
in the amount of bound CDK2, CDK2 inhibitory phosphorylation, and bound p27, we performed cyclin E
immunoprecipitations after normalizing the input for the amount of cyclin E present in the whole-cell extract.
To measure siRNA efficacy, the abundances of multiple B55 (B55� and B55�) and B56 (B56� and B56�) isoforms
were analyzed by Western blotting. An asterisk indicates a nonspecific band that cross-reacts with the B56�
antibody. (E) Cell cycle fluorescence-activated cell sorter (FACS) analysis of samples treated as for panel D. DNA
was stained using propidium iodide (PI). (F) Analysis of CCNE1 transcript levels in cells treated as for panel D.
Transcripts were normalized to ACTB expression. Data are means � SEMs of two independent biological
replicates. (G) Endogenous cyclin E half-life was measured using a [35S]Met pulse-chase in cells synchronized at
G1/S, as depicted in panel A.
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E-associated kinase activity and modestly decreased cyclin E abundance, while knock-
down of the B55 subunits slightly increased kinase activity and did not affect cyclin E
abundance (Fig. 4D). B55 and B56 family knockdown each modestly decreased cyclin E
mRNA abundance (Fig. 4F), while neither affected the amount of CDK2 bound to cyclin
E, the amount of CDK2-inhibitory phosphorylation (pY15), or the amount of bound p27
(in cyclin E immunoprecipitates that were normalized for the different amounts of
cyclin E in the input) (Fig. 4D). Finally, we used a [35S]Met metabolic pulse-chase to
determine the effect of B56 depletion on endogenous cyclin E stability. As predicted,
inhibition of PP2A-B56 decreased cyclin E half-life (from 6.7 h to 3.6 h) in siB56 pool cells
(Fig. 4G). However, because this half-life reflects the stability of both active and
inactive cyclin E complexes, it underrepresents the full impact of PP2A-B56 on Fbw7-
mediated cyclin E degradation. In summary, PP2A-B56 regulates cyclin E S384 phos-
phorylation, cyclin E-CDK2 activity, and cyclin E stability at the G1/S transition.

S384 phosphatase activity varies throughout the cell cycle. PP2A-B56 complexes
are inhibited at the start of mitosis before being reactivated by the PP1 phosphatase to
initiate mitotic exit in fission yeast (46), and mitotic inhibition of PP2A-B56 complexes
in human cells has also been reported (47). To test for differential S384 phosphatase
activity at different points of the cell cycle, we treated either asynchronous or
nocodazole-arrested Hct116 Fbw7�/� cells with roscovitine and analyzed the kinetics
of S384 dephosphorylation in asynchronously proliferating versus prometaphase-
arrested cells (Fig. 5A). As we observed previously, asynchronous cells rapidly dephos-
phorylated S384 upon inhibition of CDK2. However, we observed almost no dephos-
phorylation of S384 in the nocodazole-arrested cells, indicating that phosphatase
activity toward S384 is markedly lower in prometaphase than in interphase. Similar
results were obtained when we repeated this experiment in nocadazole-arrested

FIG 5 Phosphatase activity toward S384 is decreased in mitosis. (A) Hct116 Fbw7�/� cells were grown
as asynchronous cultures or arrested in prometaphase by adding nocodazole for 18 h. The CDK1/2
inhibitor roscovitine was then added for up to 15 min before harvesting the cells. Endogenous cyclin E
was immunoprecipitated, and changes in pS384 were analyzed by Western blotting. (B) HeLa-shFBXW7
cells were treated and processed as described for panel A. (C) Hct116 Fbw7�/� cells were either grown
asynchronously or harvested by mitotic shake-off, following a double-thymidine block and release. Prior
to harvesting, cells were treated for 10 min with roscovitine. Changes in endogenous cyclin E S384
phosphorylation were measured by immunoprecipitation followed by Western blotting. (D) Semiquan-
titative RT-PCR analysis of PPP2R2B (B55�), PPP2R2D (B55�), and ACTB mRNA expression in Hct116 and
HeLa cells.
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HeLa-shFBXW7 cells (Fig. 5B). Finally, to ensure that this was not an artifact of activating
the spindle checkpoint via nocodazole treatment, we also analyzed cyclin E S384
dephosphorylation in Hct116 Fbw7�/� cells that were allowed to enter mitosis unper-
turbed following release from a double-thymidine block. After the cells were treated
with roscovitine for 10 min, mitotic cells were harvested by shake-off (Fig. 5B). Again,
we observed markedly less S384 dephosphorylation in mitotic cells than in asynchro-
nous cultures. Thus, S384 dephosphorylation—which protects cyclin E from autocata-
lytically stimulated degradation—is highest in the portions of the cell cycle in which
cyclin E-CDK2 activity is needed and lowest in mitosis.

DISCUSSION

In this study, we have shown that PP2A-B56 specifically dephosphorylates cyclin E
at S384, which is the phosphorylation site that links cyclin E activity to its degradation.
Preventing S384 dephosphorylation by inactivating PP2A-B56 decreased cyclin
E-associated kinase activity and shortened its half-life, which is consistent with the
increased degradation of catalytically active cyclin E. Dephosphorylation of S384 thus
provides a solution to the paradox of how cyclin E evades autocatalytically mediated
destruction and can phosphorylate its substrates.

Our finding that mitotic cells have low S384 phosphatase activity is consistent with
other reports showing that PP2A-B56 phosphatases are repressed during mitosis (46,
47). Additionally, we have previously shown that Fbw7-null cells have high cyclin
E-CDK2 specific activity in mitosis due to decreased inhibitory phosphorylation of CDK2
(27). Together, the combined effects of maximal S384 autophosphorylation by CDK2
and decreased S384 dephosphorylation by PP2A-B56 may synergistically protect mi-
totic cells against inappropriate cyclin E-CDK2 activity, which causes chromosome
segregation failures and aneuploidy (11).

In contrast with our work, a previous study found that PP2A-B55� dephosphorylates
all three cyclin E CPD phosphosites (pT62, pT380, and pS384) and stabilizes cyclin E (48).
While we detected phosphatase activity of PP2A-B55 complexes toward S384 in vitro,
we found that only B56 regulatory subunits affected S384 phosphorylation and cyclin
E-CDK2 kinase activity in vivo (Fig. 3B and D and 4B and C). Moreover, Hct116 cells
contain robust S384 phosphatase activity (Fig. 1C and D) but have been reported not
to express the B55� isoform due to promoter hypermethylation at the PPP2R2B gene
(49). We also confirmed the lack of B55� mRNA in Hct116 cells experimentally (Fig. 5D).
Thus, a phosphatase other than PP2A-B55� must regulate cyclin E dephosphorylation
in Hct116 cells. However, because the reasons underlying the discrepancies between
our studies remain unclear, we cannot preclude roles for PP2A-B55� in cyclin E
regulation in other contexts. Finally, while S384 is autophosphorylated only by CDK2,
T62 and T380 are phosphorylated by multiple cellular kinases, even when cyclin E is in
an inactive CDK2 complex (20). The difference between general cyclin E CPD dephos-
phorylation and specific S384 dephosphorylation suggests that PP2A-B56 functions to
specifically stabilize cyclin E within active CDK2 complexes. Cell cycle-regulated cyclin
E S384 dephosphorylation, in turn, provides a mechanism to protect cyclin E from
autocatalytic degradation specifically when its activity is required, and we speculate
that this is an important mechanism to reinforce cyclin E periodicity during the cell
cycle.

The cyclin E gene (CCNE1) is commonly amplified in human cancers, including
serous ovarian adenocarcinomas and basal breast cancers (13, 14, 50). Because over-
expression of B56 regulatory subunits might be expected to phenocopy cyclin E
overexpression in tumorigenesis, we used cBioportal to examine TCGA ovarian and
breast cancer data sets for amplifications of CCNE1 and the B56 subunits (13, 14, 51, 52).
As shown in Fig. 6, PP2A-B56 subunits are amplified in cancers from both organ sites,
and the amplifications of the various B56 subunits are nearly mutually exclusive of one
another. This suggests that they may, in part, function redundantly. Intriguingly, there
is also a strong tendency toward mutual exclusivity with CCNE1 amplifications. While
merely correlative, these data raise the possibility that amplifications of B56 subunits
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contribute to tumorigenesis and that this may, in part, involve cyclin E deregulation.
While overexpression of PPP2R5D did not drive S384 dephosphorylation in 293A cells
(Fig. 3D), it is possible that this PP2A subunit regulates cyclin E phosphorylation in other
cell types and/or in tumors with PPP2R5D amplifications. Several lines of evidence have
implicated PP2A as a tumor suppressor, including its opposition of many progrowth
signaling pathways, inactivation by the simian virus 40 (SV40) small T viral oncoprotein,
and the frequent mutation of the A scaffold subunit in cancer (53–58). The finding that
PP2A-B56 complexes promote cyclin E activity at the G1/S transition and are amplified
in primary human tumors suggests that in some contexts, a subset of PP2A complexes
may alternatively function as oncogenes. Thus, to fully understand the multifaceted
roles of PP2A in tumorigenesis, it will be necessary to continue to characterize the
molecular pathways regulated by the large number of unique PP2A complexes and the
cellular contexts of their regulation.

MATERIALS AND METHODS
Cell lines, plasmids, and drug treatments. All cells were maintained in Dulbecco modified Eagle

medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and penicillin-streptomycin. Myc-
cyclin E and HA-CDK2 have been described previously (59). All PP2A B subunits were PCR amplified from
either a collection of green fluorescent protein (GFP)-tagged expression constructs (a gift from T. Kapoor,
Rockefeller University) as previously described (41) or HEK293A cDNA, cloned into pCS2-3�FLAG vectors,
and sequence verified. Transient transfections of plasmids were performed using the calcium phosphate
precipitation method as described previously (60). Tautomycetin (Tocris) and okadaic acid (Santa Cruz
Biotechnology) were used at 10 nM, roscovitine (Sigma) was used at 25 �M or 10 �M (Fig. 5), and
calyculin A (Cell Signaling Technology) was used at 50 nM.

RNAi. FBXW7 shRNA was obtained from Open Biosystems (pGIPZ backbone; sense strand; 5=-CAGA
GAAATTGCTTGCTTT-3=), and lentiviral particles were produced in HEK293T cells by cotransfection of
pGIPZ, psPAX, and pMD2.G (obtained from Addgene). The following siRNAs were purchased from Qiagen:
Allstar negative control, PPP2CA_1 (sense strand; 5=-GGAACUUGACGAUACUCUATT-3=), PPP2CA_2 (sense
strand; 5=-CAAACAAUCAUUGGAGCUUAATT-3=), PPP2CB_1 (sense strand; 5=-GGAAUUAGAUGACACUUUA
TT-3=), and PPP2CB_2 (sense strand; 5=-CCGACAAAUUACCCAAGUAUATT-3=). siRNAs used in the siB55
pool were purchased from Qiagen: PPP2R2A (sense strand; 5=-CUGCAGAUGAUUUGCGGAUUATT-3=),
PPP2R2B (sense strand; 5=-CCGGAAGAUCCAAGCAACAGATT-3=), PPP2R2C (sense strand; 5=-CGCUCAUUC
UUCUCGGAAATT-3=), and PPP2R2D (sense strand; 5=-UUCAUCCAUAUCCGAUGUAAATT-3=). siRNAs used
in siB56 pool 1 have been described previously (41) and were ordered from IDT. siB56 pool 2 siRNAs
were ordered from Qiagen and targeted the following sequences: PPP2R5A (5=-CTGTATCATGGCCA
TAGTATA-3=), PPP2R5B (5=-CCGCATGATCTCAGTGAATAT-3=), PPP2R5C (5=-AACGAGCTGCTTTAAGTG
AAA-3=), PPP2R5D (5=-ACGGGCCGAGATGCCCTATAA-3=), and PPP2R5E (5=-CACCGGGATTGCAAATCT
AAT-3=). siRNAs used for PPP family catalytic subunit and PP2A-B subunit in vitro screens were comprised
of pools of four independent siRNAs targeting each gene (Qiagen). Sequences are provided in Table S1

FIG 6 CCNE1 and B56 subunits are amplified in breast and ovarian cancers. (A) The cBioPortal online interface (51,
52) was used to analyze amplifications of CCNE1 and PP2A-B56 subunits in the TCGA ovarian cancer data set (14).
Individual patient samples are presented in columns. Percentages represent fraction of patients in study that had
an alteration in each gene. (B) Same analysis as panel A, except for the TCGA breast cancer data set (13).
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in the supplemental material. All siRNA transfections were performed using Lipofectamine RNAiMax (Life
Technologies) by following the manufacturer’s protocol.

Antibodies. Antibodies were purchased from suppliers as follows: Santa Cruz Biotechnology, cyclin
E IP (HE111; mouse monoclonal), cyclin E WB (HE12; mouse monoclonal; 1:1,000), CDK2 (M2; rabbit
polyclonal; 1:1,000), p27 (C-19; rabbit polyclonal; 1:500), and �-tubulin (C-20; goat polyclonal; 1:1,000); BD
Biosciences, PP2A-C (610555; mouse monoclonal; 1:20,000); Calbiochem, CDK1/2 pY15 (219440; rabbit
polyclonal; 1:1,000); Cell Signaling Technology, B55� (5689; mouse monoclonal; 1:1,000); Thermo Fisher,
B55� (PA5-30763; rabbit polyclonal; 1:500); Sigma, FLAG (M2; mouse monoclonal; 1:4,000) and �-tubulin
(DM1A; mouse monoclonal, 1:1,000); and Bethyl Antibodies, PP1� (A300-904A; rabbit polyclonal; 1:1,000),
PP1� (A300-905A; rabbit polyclonal; 1:1,000), PP1� (A300-906A; rabbit polyclonal; 1:1,000), PP4 (A300-
835A; rabbit polyclonal; 1:1,000), PP5C (A300-909A; rabbit polyclonal; 1:1,000), PP6C (A300-844A; rabbit
polyclonal; 1:1,000), B56� (A300-967A; rabbit polyclonal; 1:1,000), B56� (A303-814A; rabbit polyclonal;
1:1,000), Fbw7 IP (A301-721A; rabbit polyclonal), and Fbw7 WB (A301-702A; rabbit polyclonal; 1:1,000).
Cyclin E phospho-specific rabbit polyclonal antibodies for T62, T380, and S384 were developed by
PhosphoSolutions as described previously (20, 27, 59). 9E10 hybridoma supernatant was used at 1:5.

Western blotting. Cells were harvested in NP-40 lysis buffer (50 mM Tris [pH 8.0], 150 mM NaCl, 0.5%
NP-40, 1 mM dithiothreitol [DTT]) supplemented with protease and phosphatase inhibitor cocktail, with
the following exceptions. Lysates collected for in vitro dephosphorylation assays were harvested in lysis
buffer containing only protease inhibitors. Cells harvested for PP2A complex purification were lysed in
Tween 20 lysis buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 0.1% Tween 20, 10% glycerol, 1 mM EDTA, 2.5
mM EGTA, and 1 mM DTT) supplemented with a protease inhibitor cocktail. All lysates for Western
blotting were prepared in Laemmli sample buffer, boiled, and resolved on polyacrylamide gels before
semidry transfer to polyvinylidene difluoride (PVDF) membranes. All membranes were blocked in 5%
milk–Tris-buffered saline with Tween 20 (TBST) and probed with primary antibodies from 1 h at room
temperature to overnight at 4°C. Horseradish peroxidase (HRP)-conjugated secondary antibodies were
prepared in blocking solution at 1:10,000.

In vitro dephosphorylation assays. In vitro dephosphorylation assays using whole-cell lysates were
performed by incubating cell extracts with either recombinant glutathione S-transferase (GST)–cyclin
E-CDK2 (Fig. 1F, 2A to C, and 3B) or immunoprecipitated Myc-cyclin E/HA-CDK2 complexes (Fig. 3A) at
30°C for up to 60 min, with agitation. Assays testing the activity of specific PP2A complexes were
performed by immunoprecipitating PP2A holoenzymes from cell lysates transfected with FLAG-tagged B
subunits. These immunoprecipitates were washed twice in lysis buffer and once in phosphatase reaction
buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 1 mM MnCl2, and 5 mM MgCl2, supplemented with a protease
inhibitor cocktail) and then incubated with recombinant GST-cyclin E-CDK2 in phosphatase reaction
buffer at 30°C for up to 60 min. All reactions were quenched by the addition of 4� Laemmli sample
buffer, boiled, and assayed by Western blotting.

qRT-PCR. Total RNA was extracted from cells using TRIzol and purified with an RNA miniprep kit
(Zymo Research). RNA was quantified and equal amounts were DNased before reverse transcription using
a high-capacity cDNA reverse transcription kit (Applied Biosystems). Quantitative reverse transcription-
PCRs (qRT-PCRs) were performed using transcript-specific primer probe sets (Applied Biosystems) (Fig.
4D) or transcript-specific SYBR primer sets (IDT) (Fig. 5D) and 2� Taq universal PCR master mix (Applied
Biosystems) on a QuantStudio 5 instrument. Transcripts were normalized using ACTB as an endogenous
control. Primer sequences for Fig. 5D are as follows: for PPP2R2B, 5=-AGGACATTGATACCCGCAAA
(forward [Fwd]) and 5=-AATTCTCCCGTGTGGTTGAA (reverse [Rev]); for PPP2R2D, 5=-TGCGACAGACACTC
CAAGTT (Fwd) and 5=-CGCCCACTATGACTGAATTT (Rev); and for ACTB, 5=-GCACAGAGCCTCGCCTT (Fwd)
and 5=-GTTGTCGACGACGAGCG (Rev).

Cyclin E kinase assays and [35S]Met pulse-chase. Kinase assays were performed by immunopre-
cipitating endogenous cyclin E from cell lysates for 2 h at 4°C. IPs were washed twice in lysis buffer and
once in kinase assay buffer (50 mM HEPES [pH 7.4], 10 mM MgCl2, 1 mM DTT) and incubated at 30°C for
30 min in a 20-�l reaction mixture containing 30 �M ATP, 2 �Ci of [�-32P]ATP, and histone H1 as a
substrate. Reactions were quenched by the addition of sample buffer, boiled, resolved on polyacrylamide
gels, and exposed to film. Endogenous cyclin E half-life was measured by [35S]Met pulse-chase as
previously described (61).

Flow cytometry. For cell cycle flow cytometry analysis, cells were fixed in 90% ethanol before
staining with a propidium iodide-RNase A solution and processed on a CANTO II flow cytometer (Becton
Dickinson). Data were analyzed using FlowJo.
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