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Abstract

Fbw?7 is a tumor suppressor often deleted or mutated in human cancers. It serves as the
substrate-recruiting subunit of a SCF ubiquitin ligase that targets numerous critical proteins
for degradation, including oncoproteins and master transcription factors. Cyclin E was the
first identified substrate of the SCF™"” ubiquitin ligase. In human cancers bearing FBXW7-
gene mutations, deregulation of cyclin E turnover leads to its aberrant expression in mitosis.
We investigated Fbw7 regulation in Xenopus eggs, which, although arrested in a mitotic-like
phase, naturally express high levels of cyclin E. Here, we report that Fbw7a, the only Fbw7
isoform detected in eggs, is phosphorylated by PKC (protein kinase C) at a key residue
(S18) in a manner coincident with Fow7a inactivation. We show that this PKC-dependent
phosphorylation and inactivation of Fbw7a also occurs in mitosis during human somatic cell
cycles, and importantly is critical for Fow7a stabilization itself upon nuclear envelope break-
down. Finally, we provide evidence that S18 phosphorylation, which lies within the intrinsi-
cally disordered N-terminal region specific to the a-isoform reduces the capacity of Fow7a
to dimerize and to bind cyclin E. Together, these findings implicate PKC in an evolutionarily-
conserved pathway that aims to protect Fow7a from degradation by keeping it transiently in
a resting, inactive state.

Introduction

Cells rely on the ubiquitin-proteasome system to mediate the regulated degradation of protein
and maintain cellular homeostasis. In this process, one key family of ubiquitin ligases are the
SCF (Skp1/Cul-1/F-box) complexes, in which F-box-bearing proteins act as substrate-recruit-
ing factors [1]. Fbw7 (also known as Fbxw?7, hCdc4, hAgo or Sel-10) is an F-box protein that
controls the stability and thus the levels of numerous proteins including potent oncoproteins
[2, 3]. With the exception of cyclin E [4, 5], Mcll [6, 7] and Aurora A [8], the substrates of
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Fbw?7 are master transcriptional regulators including c-Myc [9, 10], c-Jun [11], JunB [12, 13],
Notch proteins [14], MED13 [15], KLF5 [16, 17], KLF2 [18], mTOR [19], PCG-10. [20], C/
EBPS [21, 22], TGIF1 [23], NFKB2/p100 [24, 25], NRF3 [26], Hif1[27], and HSF1 [28]. As a
consequence of its critical role, alteration of Fbw7 functions leads to defects in cellular prolifer-
ation, differentiation, apoptosis and metabolism, and to the deregulation of numerous path-
ways with oncogenic potential [2, 29, 30]. Functionally, Fbw7 is a haploinsufficient tumor
suppressor [31], and deletions, promoter hypermethylation or mutations of the gene are found
in many human cancers. Its role as a tumor suppressor was further demonstrated by genetic
ablation of Fbw7 in mice (reviewed in [29, 30, 32]).

The human FBXW7 gene on chromosome 4q32 comprises 11 exons and encodes three dif-
ferent isoforms Fbw7a, -p and -y, due to the expression of three mRNAs that employ distinct
5’ exons [33]. Transcription at each of the three alternative first exons is independently regu-
lated by specific transcription factors. For example, p53 upregulates Fbw7p, while Hes5 attenu-
ates its expression [34-36], and the a-isoform is indirectly repressed by presenilin [37] and
directly by C/EBP [38]. Fbw7 expression is also regulated by different oncogenic microRNAs
such as miR-27a, miR-92a and miR-223 in numerous cancers (reviewed in [39]).

The 5 exons encode signals that direct the isoforms to distinct subcellular compartments:
Fbw7a. in the nucleoplasm, Fbw7f in the cytoplasm and Fbw7y in the nucleolus [40]. The
region common to the three Fbw7 isoforms contains three important functional domains: a
D-domain to mediate Fbw7 dimerization which regulates substrate interactions and ubiquity-
lation, an F-box domain to mediate Skp1 binding and assembly of the SCF ubiquitin ligase,
and a WD40-repeat domain that binds substrates [41-44].

Fbw?7 is subjected to post-translational modifications. Firstly by ubiquitylation in an auto-
catalytic reaction within the SCF complex that is regulated by dimerization of Fbw7 via the D-
domain [44]. In addition, the autocatalytic ubiquitylation of Fbw7 can be antagonized by the
deubiquitinase Usp28 [45]. Fbw7 can also be regulated through phosphorylation at serine/
threonine residues shared by the three isoforms which influence differentially its stability. For
example, ERK kinase phosphorylates Fbw7 at T205; this is required for its interaction with the
Pin1 peptidyl-prolyl cis-trans isomerase and leads to its ubiquitylation and proteosomal degra-
dation, and consequently to increased levels of c-Myc and Mcl1 in cancer cells [46, 47]. In the
same way, Plk2-dependent phosphorylation at S176 induces destabilization of Fbw7 and the
concomitant accumulation of cyclin E [48]. In contrast, PI3K- and Sgkl-dependent phosphor-
ylation of Fbw7 at S227 results in increased levels of Fbw7 and decreased levels of cyclin E, c-
Myc and Notchl respectively [49, 50]. To date, only two phosphorylation events have been
shown to be isoform-specific: a PKC-mediated phosphorylation of S10, and S18 in the unique
N-terminal region of the o-isoform [51]. Fbw7 localizes to the nucleoplasm via two nuclear
localization signals (NLS), one in the unique N-terminal region (NLS1) and one in the com-
mon region (NLS2) [40]. In the absence of a functional NLS2, a phosphomimetic aspartate
mutation of S10, but not of S18, delocalizes Fbw7 in the cytoplasm [51].

Cyclin E associates with Cdk2 to drive cell proliferation by regulating the G1/S phase transi-
tion of the metazoan cell cycle [52]. Deregulated cyclin E expression has been linked to replica-
tive stress and genomic instability [53-55]. Cyclin E expression is periodic: it accumulates in
late G1, peaks at G1/S, and declines during S phase. Fbw?7 is crucial for the maintenance of
cyclin E periodicity in normal cell cycles, since its functional inactivation leads to increased
cyclin E levels at all cell cycle phases, including mitosis [56]. However, accumulation of cyclin
E during a mitotic-like phase does occur naturally during meiotic maturation of the Xenopus
laevis oocyte, the final stage of oogenesis [57, 58]. In fertilizable eggs arrested in metaphase II
(MII), large amounts of phosphorylated and stable cyclin E are stockpiled within active cyclin
E/Cdk2 complexes. Investigation of the causes of this egg specificity led us to the discovery of a
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novel mechanism of regulation of Fbw70.. We identify one residue of Fbw7a. (S18) that is phos-
phorylated by PKC in a manner coincident with its inactivation towards cyclin E in eggs
arrested in metaphase II. S18 was previously shown to be targeted by multiple members of the
PKC family in vitro and in mammalian cells [51]. However, a functional role for S18 phosphor-
ylation has not been identified. Here we show that phosphorylation of this site occurs when
the compartmentalization between Fbw7o. and PKC is abrogated upon nuclear envelope
breakdown in M-phase and importantly, that this phosphorylation event is important to inac-
tivate and stabilize the F-box during this cell-cycle phase.

Materials and methods
Xenopus oocytes

Xenopus laevis frogs were housed at the CRBM (Centre de Recherche de Biologie Cellulaire de
Montpellier), which has an institutional agreement (number A34-172-39) from the Direction
Départementale de la Protection des Populations (DDPP) de 'Hérault (France), operating
under the supervision of the Ministry of Agriculture. The protocol was not further submitted
to the approval of an ethics committee, as such approval was not necessary for these experi-
ments under French and European legislation at the time they were conducted. Mature
oocytes were collected from females that had been injected with 0.5 ml (500 IU) of human cho-
rionic gonadotropin (hCG) into the dorsal lymph sac. Females began laying eggs 12 hr after
the hCG injection and were used again after a recovery period of six months. The procedure to
remove oocytes of stages VI was conducted under Tricaine anesthesia (MS222, 2 g/1). The
ovarian lobes were removed through a small abdominal incision. Surgical oocyte harvest was
performed once per year on each frog for up to three years. After this period, frogs were eutha-
nized by immersion in a buffered solution of Tricaine (MS222, 4 g/1). The follicular cell layer
of stage VI oocytes isolated from freshly dissected ovaries was removed by an ~2-hr digestion
with 1 mg/ml collagenase A, and oocytes were induced to mature with progesterone as
described [59]. For capped mRNA microinjection experiments, the usual injected volume was
20 to 40 p 1 per oocyte. In vitro fertilization was carried out as described [60]. For protein
extracts, oocytes were homogenized at 4°C (5 ul per oocyte) in XB buffer: 10 mM K-HEPES
pH 7.7, 100 mM KCl, 1 mM MgCl,, 50 mM sucrose, supplemented with 1x protease inhibitor
cocktail (Roche Diagnostics) and 0.5 mM DTT and, where indicated, with a phosphatase
inhibitor cocktail: 50 mM NaF, 10 mM B-glycerophosphate, 1 mM Na;VOy,, 1 g Imicrocystin
or 2 porokadaic acid. The homogenates were then centrifuged at 12,000 g for 3 min at 4°C.
MII-arrested egg extracts were prepared from unfertilized Xenopus eggs as described [61]. For
phosphatase treatment, lambda protein phosphatase was added at 20 units/u For phosphatase
treatment, lambd°X.

Antibodies

Rabbits were handled in the animal house of the Institut Universitaire de Technologie de
Montpellier, which has an institutional agreement (number D34-172-8) from the Direction
Départementale de la Protection des Populations (DDPP) de 'Hérault (France), which oper-
ates under the supervision of the Ministry of Agriculture and is dedicated to rabbit immuniza-
tion and blood sampling. The protocol was not further submitted to the approval of an ethics
committee as such approval was not necessary for these experiments under French and Euro-
pean legislation at the time they were conducted. Rabbits were kept under in the highest qual-
ity animal facilities, with all efforts taken to keep any suffering to an absolute minimum. At the
end of the immunization protocol, rabbits were anaesthetized with Pentobarbital (30 mg/kg)
and then sacrificed by intracardiac injection of Dolethal (Vetoquinol S.A.) 1.1 ml/kg.
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Polyclonal anti-Fbw?7 and anti-pS18 antibodies were produced by immunizing rabbits with a
synthetic peptide (MKRKLDHGSEVRSES) corresponding to the N-terminal sequence com-
mon to the three Xenopus or human Fbw7 isoforms, and with a synthetic peptide (amino-
acids 11 to 22) corresponding to the human Fbw7cor human Fbw?7 isoforms, and with a syn-
thetic peptide (amino-aKRRRTGGpSLRGN), respectively. Peptides were coupled to thyro-
globulin for immunization and to bovine serum albumin (BSA) for affinity purification
performed on nitrocellulose blots, as described [57]. For purification of anti-pS18 antibodies,
immune sera were first depleted from the antibodies recognizing the non-phosphorylated
sequence using immobilized BSA-CKRRRTGGSLRGN. Rabbit polyclonal antibodies against
Xenopus cyclin E were previously described [62]. Rabbit Xenopus Cdc6 antiserum was a gift
from M. Méchali (IGH, Montpellier, France); anti-CDC27 was a gift from T. Lorca (CRBM,
Montpellier, France). Antibodies against hCyclin E (sc-247) and hCyclin B (sc-245) were pur-
chased from Santa Cruz Biotechnology. Anti-ubiquitin antibodies were from Zymed (Thermo
Fisher Scientific). Antibodies against o-tubulin (clone DM1A), hCyclin A (C4710), and anti-
Flag M2 (F1804) were from Sigma-Aldrich. Phospho-(Ser)PKC substrate antibodies (2261)
were from Cell Signaling, anti-HA (clone 12CA5) from Roche Diagnostics, and anti-GFP
(TP401) from Torrey Pines Biolabs.

Recombinant proteins

xFbw70 DNA was amplified from pCS2-xFbw70 by PCR, and the product cloned into the
EcoR1-Not1 sites of pGEX-4T-1. Site-specific mutations were generated using the QuikChange
site-directed mutagenesis kit (Agilent Technologies). Expression of the GST-tagged xFbw7a
(wild-type or S18A mutant), in E. coli BL21 cells was induced by 0.5 mM IPTG for 3 hr at
37°C. Cell pellets were resuspended in lysis buffer (50 mM MES pH 6.0, 150 mM NaCl, 20

mM EDTA, 0.5% Tween-20 supplemented with 1x protease inhibitor cocktail and 5 mM
DTT), and sonicated in ice six times for 10 s each. Lysates were spun at 12,000 x g for 30 min
and the supernatant incubated at 4°C with MagneGST™ glutathione beads (Promega) for 2 hr.
Beads were collected with a magnet and washed with lysis buffer supplemented with 500 mM
NaCl for storage at 4°C. Recombinant baculovirus expressing Xenopus cyclin E with a GST tag
at its N-terminus was generated using the pFastBac-GST2 system. Baculovirus-encoded GST-
cyclin E was expressed in Sf9 insect cells seeded into 75 cm? dishes at 30-40% confluence and
infected at a MOI of 0.1 for 2 days at 27°C. Cell pellets were resuspended in lysis buffer (50
mM Tris pH 7.5, 500 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.5% Tween-20, 50 mM NaF, 10
mM B-glycerophosphate, 1 mM Na3VOy, 1 g Imicrocystin, I mM DTT and 1x protease inhib-
itor cocktail). GST-cyclin E was affinity purified with MagneGST™ glutathione beads. Recom-
binant Cdc25B was purified under native conditions as described previously [63]. In vitro
transcription and translation in rabbit reticulocyte lysate was performed using the TNT system
(Promega).

In vitro kinase assays

For the PKCo kinase assay, 3 pkinase assay, o (wild-type or SI8A mutant) pre-bound to Mag-
neGST™ glutathione beads equilibrated in kinase buffer (20 mM Tris pH 7.5, 100 upH 7.5,
10mM MgAc, 1 mM DTT) were incubated with 30 ng of recombinant PKCo. (Thermo Fisher
Scientific) in the presence of activators (750 u(Therm,, 25 u2phosphatidyl serine and

0.8 psediolin) or in the presence of 0.5 mM EGTA as a negative control. Samples were incu-
bated for 5 min at 30°C, denatured by adding SDS sample buffer, and processed for
SDS-PAGE and immunoblotting analysis. To perform in vitro kinase assays in MII-arrested
egg extract, 0.5 to 1 pxtract, 0.5 too: (wild type or S18 A mutant) pre-bound to MagneGST™

PLOS ONE | https://doi.org/10.1371/journal.pone.0183500  August 29, 2017 4/22


https://doi.org/10.1371/journal.pone.0183500

@° PLOS | ONE

Regulation of Fbw7a in mitosis

glutathione beads equilibrated in XB-EGTA buffer supplemented with 7 mM EGTA were
added to 100 pHEGTA were added to 100 0 ated in XB-EGTA buffer supplemented with 7,
denamM DTT. Assays were started by the addition of 5 uCi of [y->>P] ATP and incubated at
23°C for 30 min. When indicated, the cPKC inhibitor G66976 (Sigma-Aldrich) was added at a
final concentration of 1 pinhibitor G66976 (Sigma-Aldrich) was o beads. Beads were collected
and washed five times with XB buffer supplemented with 500 mM NaCl and 1% Triton X-100,
then twice with XB buffer supplemented with 1% Triton X-100 at 4°C. SDS sample buffer was
added and samples were boiled and processed for SDS-PAGE, western blotting and phosphor-
imaging analysis.

Cell synchronization and transient transfection

HeLa cells (American Type Culture Collection) were maintained in DMEM with 10% FBS.
HelLa cells were arrested at the G1/S phase transition by addition of 2.5 mM thymidine
(Sigma-Aldrich) for two blocks of 24 hr separated by an interval of 12 hr, and in pro-meta-
phase with 200 ng/ml nocodazole (Sigma-Aldrich) for 14 hr. Mitotic cells were recovered by
shake-off when indicated. Cells were transfected with PKCo-pEGFP-N1, PKC 8-pEGFP-N1,
PKCe-pEGFP-N1, PKCB-pEGFP-NI1 constructs [64] and with pCS2-FLAG-Fbw7a. or
pCS2-HA-Fbw7a: using GeneCellin™ (BioCellChallenge), following the manufacturer’s
instructions, except that we used no more than 2 to 3 ug of pCS2-FLAG-FBw70a. and/or
pHA-Fbw7o in 10 cm dishes. For cycloheximide chase experiments, cells were treated with
cycloheximide (50 pg/ml) for the indicated periods of time. Harvested cells were lysed in SDS
sample buffer and processed for immunoblot analysis.

Immunoprecipitation

Endogenous Fbw70o was immunoprecipitated at 4°C for 20 min from MII-arrested egg extracts
(50 pl) or for 90 min from 500 pg of proteins from HeLa cell lysates using polyclonal anti-
Fbw7 antibodies and protein A magnetic Dynabeads (Thermo Fisher Scientific). After several
washes with XB buffer, bead pellets were boiled in SDS sample buffer, separated by 7%
SDS-PAGE and transferred onto Immobilon-P membranes (Millipore). Endogenous Fbw7o.
was visualized with anti-Fbw?7 or anti-pS18 antibodies and HRP-conjugated protein A
(Thermo Fisher Scientific) was used as a second step, except in Fig 1B, where TrueBlot™ anti-
rabbit Ig IP beads (eBioscience) were used. For co-immunoprecipitation of ectopically
expressed proteins, HeLa cells were co-transfected with the corresponding constructs. Cells
were homogenized in lysis buffer: 50 mM K-HEPES pH 7.7, 100 mM KCI, 1 mM EDTA, 1%
Triton X-100, 1 mM DTT, 10% glycerol, 1x protease inhibitor and phosphatase inhibitor cock-
tail (Roche Diagnostics) and 25 uM MG132 (BML-PI102-0005, Enzo Life Sciences) at 4°C for
30 min. After centrifugation at 12,000 g for 20 min, 2 ug anti-HA or anti-FLAG antibodies
were added to the pre-cleared supernatants. Ectopic Fbw7o proteins were immunoprecipitated
at 4°C for 1 hr from 500 pg to 1 mg of protein cell lysates and collected on protein-A or -G
magnetic beads.

Indirect immunofluorescence microscopy

Cells grown on coverslips were fixed with 3.7% paraformaldehyde, then permeabilized with
0.25% Triton X-100 and cold methanol at -20°C. Cells were washed with PBS and blocked
with 1% FCS/PBS for 15 min. Incubation with primary antibodies was carried out at 37°C for
1 hr and with secondary antibodies at room temperature for 40 min. DNA was stained with
DAPI (D9542, Sigma-Aldrich). Microscopic examinations were performed with a Leica DM
6000 microscope, using a 63x/1.4 NA oil immersion objective lens. Photomicrographs were
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Fig 1. xFbw7a protein is expressed and xCyclin E can be degraded in an Fbw7a-dependent manner in
Mil-arrested eggs. A. Immunoblot analysis with anti-Fbw7 antibodies of protein extracts from Mil-arrested
oocytes. ivt: xFbw7a, $ and y isoforms translated in vitro. Asterisks denote non-specific immunoreactive bands.
B. Mll-arrested egg extracts immunoprecipitated with control IgG (C), or anti-Fbw7 antibodies. C. Stage VI
oocytes were microinjected with mRNAs coding for hFbw7a or xFbw7a, or with H,O as a control. 12 hr later,
they were induced to mature by addition of progesterone. The oocytes were collected at GVBD, 3 hr after
GVBD (+3h) and during metaphase Il arrest (Mll). The equivalent of two oocytes was loaded in each lane.
Oocyte extracts were analyzed with antibodies directed against Fbw7, xcyclin E, xCdc6 or tubulin. Cyclin E
levels were quantified using ImageJ software and were normalized to tubulin. D. Immunoblot analysis of
progesterone-treated oocytes microinjected with hFbw7a or hFbw7a-R465A mRNAs and collected during
meiotic maturation.

https://doi.org/10.1371/journal.pone.0183500.9001
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captured with a 12-bit CoolSNAP HQ2 1 camera. Images were acquired as TIFF files using the
MetaMorph imaging software (Molecular Devices).

Results
Fbw7a is expressed in Xenopus eggs

As we wished to investigate the mechanism by which cyclin E can accumulate in a mitotic-like
phase, our first question was to determine whether the Fbw7 isoforms are expressed in eggs
(S1A Fig). Using semi-quantitative PCR we detected equal amounts of Fbw7a and -B tran-
scripts in immature oocytes and mature eggs, whereas Fbw7y transcripts were not detected
(S1B Fig). We raised an antibody against a peptide corresponding to the N-terminal sequence
common to the three Fbw7 isoforms (S2A Fig), and used this to establish by immunoblotting
which of the three isoforms are present in mature oocytes. Only one band, which comigrated
exactly with in vitro translated Xenopus Fbw7o. (xFbw7a, 110 kDa), was recognized by our
antibody (Fig 1A). Using this antibody we were able to specifically immunoprecipitate this
protein from metaphase II (MII)-arrested egg extracts (Fig 1B). We thus concluded that at
least the Fbw7o isoform is expressed in MII-arrested eggs and that the stability of cyclin E can-
not be explained by the absence of Fbw7.

Cyclin E can be degraded in an Fbw7a-dependent manner in eggs

As cyclin E capture by Fbw7 requires its phosphorylation within one or two specific phospho-
degron motifs [4, 5, 65], it was important to check whether its phosphorylation status in eggs is
compatible with its Fbow7-mediated degradation. Human (hFbw70,) or Xenopus xFbw7o.
mRNAs were microinjected into stage VI arrested oocytes that were then induced to mature
by addition of progesterone (Fig 1C). As shown in control (H,O-injected) oocytes, slower
migrating, i.e. phosphorylated, forms of cyclin E were readily detectable 3 hr following germi-
nal vesicle breakdown (GVBD) and completion of the first meiotic division. Hyper-phosphor-
ylated forms of cyclin E accumulated subsequently in mature oocytes arrested in metaphase II,
as previously reported [58]. In contrast, expression of either hFbw7c. or xFbw70. caused a dras-
tic decrease (>70%) of the level of hyperphosphorylated cyclin E (Fig 1C, compare lanes 4, 8
and 12) in mature oocytes without impacting on their maturation, as demonstrated by the tim-
ing of Cdc6 expression (Fig 1D). Furthermore, expression of an Fbw7o mutant
(hFbw7-R465A) that cannot bind cyclin E [43] had no effect on the accumulation of phosphor-
ylated cyclin E (Fig 1D, compare lanes 5 and 9). We thus concluded that cyclin E is phosphory-
lated in a manner appropriate for its Fbow7a-dependent degradation, and that therefore its
stability must be due to the inactivation of endogenous Fbw7a.

PKC-dependent phosphorylation of Fow7a in MIl egg extracts

Our antibodies against Fbw7 failed to recognize the endogenous xFbw?7 in egg extracts pre-
pared with extraction buffer containing phosphatase inhibitors (Fig 1C, see H,O-injected
oocytes lane MII, and S2B Fig), suggesting that the recognition epitope encompasses a site for
phosphorylation. We thus analyzed the behavior of [*°S]-Met-labeled xFbw7a. produced in
rabbit reticulocyte lysates, following its addition in egg extracts. Time course experiments
showed that surprisingly, the radiolabeled xFbw70. was converted to forms exhibiting
increased electrophoretic mobility. Treatment of the extract with A-phosphatase abolished this
accelerated migration (Fig 2A), demonstrating that this electrophoretic migration is indeed
due to phosphorylation, as seen for certain proteins including Cdk2 [66]. Since only Fbw70,
and not the B and y isoforms, presented this accelerated mobility, we hypothesized that the
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https://doi.org/10.1371/journal.pone.0183500.g002

phosphorylation site(s) lie within the N-terminal part specific for Fbw7o. We inspected this
region for S/T residues present within putative phosphorylation motifs and identified several
serine residues including S18, S119 and S129. Fbw70. constructs in which each of these serines
was individually substituted for alanine were generated, and their migration properties were
tested in Xenopus egg extracts. Fbw7a-S18A was the only mutant unable to migrate as wild-
type (wt) Fbw7a (Fig 2B), showing that Fbw7a. is phosphorylated on this residue in eggs. This
site was previously shown to be phosphorylated by PKC in mammalian cells. To analyze the
phosphorylation of this site in our system, we generated an antibody against a peptide derived
from Fbw7, containing phosphoserine at residue 18 (pS18) (Fig 2C). To validate the specificity
of our pS18 antibody, and to confirm that PKC can directly phosphorylate Fbw7, we per-
formed an in vitro kinase assay in which recombinant GST-xFbw7a-wt or -S18A proteins
were incubated with purified PKCo in the presence or absence of activating Ca**. A specific
pS18 signal was detected with xFbw7o-wt but not with the SI8A mutant, and this signal was
over ten-fold stronger in the presence of Ca** (Fig 2D). Taken together, these data are consis-
tent with our pS18 antibody being specific for Fbw7o only when phosphorylated on S18, and
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with the direct phosphorylation of Fbw7o on S18 by PKCo. Furthermore, we performed a
radiolabeled kinase assay by incubating recombinant Fbw7a-wt or -S18A in MII extracts in
the presence of [y->>P] ATP, supplemented or not with the PKC inhibitor G66976 [67]. As
shown in Fig 2E, while addition of G56976 had no significant impact on the [**P] labeling of
Fbw70.-S18A4, it severely reduced that of Fbw7o-wt by more than 50%. This, together with the
observation that the anti-phospho-PKC-substrate signal was significantly reduced by G66976
and abolished by the S18A mutation, strongly supports the notion that Ser18 is the major PKC
target site in Fbw7o (Fig 2E). Furthermore, since the S18A mutation reduced Fbw7a phos-
phorylation by 30% in the absence of PKC inhibitor, Ser18 also appears to be a major site for
Fbw7a phosphorylation in MII egg extracts.

Phosphorylation of endogenous xFbw7a by PKC prevents cyclin E
ubiquitylation

To address the putative involvement of PKC in the inactivation of Fbw7, we next examined
how the stability of cyclin E in egg extracts correlates with the phosphorylation status of
endogenous xFbw7-Ser18. Egg extraction buffer was supplemented or not with the PKC inhib-
itor G66976 (phosphatase inhibitors were omitted), and endogenous Fbw7 or cyclin E were
immunoprecipitated for only 20 min from the resulting extracts with antibodies against Fbw7
or cyclin E. Both the anti-Fbw7 and anti-pS18 antibodies recognized endogenous xFbw7 with-
out the PKC inhibitor, while the anti-pS18 signal was no longer detected in the precipitate
from G66976-treated extracts, confirming that the endogenous xFbw?7 is phosphorylated by
PKC on Ser18 (Fig 3A). Importantly, the non-phosphorylation of Fbw7 at S18 caused by the
PKC inhibitor correlated with the occurrence of a significant ubiquitylation of cyclin E precip-
itates (Fig 3B), suggesting that when Fbw?7 is kept phosphorylated on Ser18, it is inactive
towards its substrate cyclin E.

Phosphorylation of human Fbw7a on S18 occurs during mitosis

Having highlighted the PKC-dependent phosphorylation and inactivation of Fbw7 in the
Xenopus egg in metaphase I, i.e. in the absence of a nuclear envelope, we next wondered
whether this regulatory mechanism is conserved during somatic cell cycles. To this end we
analyzed Fbw7o phosphorylation at different cell cycle phases. FLAG-Fbw70. was expressed in
HeLa cells, then extracts of these cells blocked either at the G1/S phase transition or in prome-
taphase were immunoprobed with the anti-pS18 antibodies. Under these conditions, a signal
was obtained only in cells blocked in prometaphase (Fig 4A). We also analyzed the phosphory-
lation status of the endogenous Fbw7a. in HeLa cells blocked in prometaphase. A faint band,
specifically depleted from the whole cell extract with the Fbw7 antibodies, was recovered and
recognized by the pS18 antibodies on Fbw7 immunoprecipitates (Fig 4B), indicating that
Fbw7a. phosphorylation by PKC likely occurs in M-phase.

To provide complementary evidence that PKC phosphorylates Fbw7a. in M-phase, we
examined their respective subcellular localization. Although PKCs are generally cytoplasmic
kinases, among the 11 isoenzymes of the PKC family [68], one isoenzyme, PKC3, was reported
to contain a nuclear localization signal [69], and to localize in the nucleus under certain cir-
cumstances [70]. We thus co-transfected HeLa cells with FLAG-Fbw70o. and either GFP-
PKCoa, PKCB1, PKCe or PKCS. While Fbw7o. was nucleoplasmic in the four assays, PKC3 was
the only isoform that localized both in the cytoplasm and in the nucleus (Fig 4C). Of note, to
avoid a mislocalization of Fbw70. in the cytoplasm, a low amount of plasmid DNA was used in
tranfections. Consistent with their respective subcellular localizations, phosphorylation of
FLAG-Fbw70a on S18 was detected when Fbw7a was co-expressed with PKC3 and not with the
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https://doi.org/10.1371/journal.pone.0183500.g003

cytoplasmic PKC-q, B1 or € isoenzymes (Fig 4D).. Together these results indicate that under
physiological conditions PKC-mediated phosphorylation of Fbw7 at Ser18 may be restricted
to the mitotic phase in cycling somatic cells, occurring when both proteins meet upon nuclear

envelope breakdown.

A negative charge at S18 increases Fbw7a stability itself

In the Xenopus egg, PKC phosphorylation of Fbw7o at S18 correlated with the stability of its

substrate, cyclin E (Fig 3B). To determine whether this is also the case in human cells, the

PKCS3 isoenzyme was used in order to examine how overexpression of a PKC affects the level
of endogenous cyclin E. Whereas expression of FLAG-Fbw7a. decreased the amount of cyclin
E by 30%, co-expression of FLAG-Fbw70o with GFP-PKCS completely restored the steady-
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Fig 4. Endogenous and ectopic Fbw7a are phosphorylated at Ser18 in M-phase. A. FLAG-Fbw7a was transfected or
not in Hela cells, as indicated. Total extracts of asynchronous cells (AS), cells synchronized in G1/S or arrested in pro-
metaphase and recovered by shake-off (M) were analyzed by SDS-PAGE and immunoprobed for pS18-Fbw7a and
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control antibodies and analyzed by immunoblotting to detect phosphorylated Ser18 (pS18). Input 10% (i), supernatant after
IP (s). C. Hela cells grown on coverslips were co-transfected with FLAG-Fbw7a and either GFP- PKCa, PKCB1, PKCe or
PKC®b, as indicated. Coverslips were fixed and stained with FLAG antibodies and DAPI. Scale bar, 10 ym. D. HelLa cells
were co-transfected with FLAG-Fbw7a and the different GFP-PKC constructs, as indicated. At 24 hr post-tranfection, cells
were harvested and the levels of GFP-PKC, pS18-Fbw7a, FLAG-Fbw7a and tubulin were monitored by immunoblotting.

https://doi.org/10.1371/journal.pone.0183500.g004

state level of cyclin E (Fig 5A), suggesting that, as in Xenopus eggs, PKC-dependent phosphory-
lation of Fbw70. leads to its inactivation. More importantly, phosphorylation at S18 also corre-
lated with a large increase of Fbw?7 levels (Figs 4B and 5A). In fact, the extent of PKC$-
dependent S18 phosphorylation tightly correlated with the accumulation of Fbw7c and partic-
ularly of forms exhibiting accelerated mobility as observed in Xenopus egg extracts (Fig 5B).
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and M-phase respectively.

https://doi.org/10.1371/journal.pone.0183500.9005

These results indicate that the PKC-dependent phosphorylation of Fbw7c at Ser18 not only
protects cyclin E but also stabilizes Fbw?7 itself.

Since, as reported in previous studies [71], overexpression of PKC3 affected cell cycle pro-
gression as shown in Fig 5C by the decrease of cyclin B levels, we monitored the impact of a
negative charge on the residue in position 18 by monitoring the expression levels of wild-type
Fbw7a and its phospho-deficient S18A and phospho-mimetic S18E mutant forms. In asyn-
chronous cells, using equal low amounts of FLAG-Fbw7a expression plasmids, Fbw70.-S18E
was reproducibly expressed in slightly higher amounts than Fbw7a-wt or Fbow70-S18A (Fig
5D), suggesting that the phospho-mimetic mutant is the most stable mutant form. Indeed, the
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half-life of Fbw70.-S18E was prolonged compared to Fbw70-S18A (Fig 5E). The difference was
however much more obvious in prometaphase-arrested cells. Strikingly, Fbw7a-S18A was no
longer detected, while the steady-state abundance of Fbw7a-S18E was higher than that of
wild-type Fbw7a (Fig 5F). Notably, Fbw7a-S18A immunoprecipitates from cell extracts
arrested in prometaphase and treated with the proteasome inhibitor MG132 displayed a strong
ubiquitin smear compared to Fbw7o.-wt phosphorylated at S18 or Fbw7a-S18A (Fig 5G), dem-
onstrating that when Fbw7a is either phosphorylated or harbors a negative charge on residue
18, it is not subjected to self-ubiquitylation. To further support the direct link between Fbw7o.
stabilization and the presence of a negative charge at Ser18, equal low amounts of
FLAG-Fbw70-S18E and HA-Fbw70.-S18A expression plasmids were co-transfected in cells
arrested at the G1/S phase transition or in prometaphase. While both mutants were detected
in S phase, the phospho-mimetic mutant was the only one still detected in mitosis (Fig 5H).
Taken together, these results demonstrate that a phosphorylation-dependent event at Ser18 is
required to stabilize Fbw7o in mitosis.

A negative charge at S18 reduces the capacity of Fbw7 to dimerize and
to bind cyclin E

Next, we went on to explore how a negative charge at Ser18 might improve Fbw7a. stability
while preventing cyclin E ubiquitylation. We found that the known interactions of Fbw7,
namely with the SCF component Skpl and with ubiquitin or the deubiquitinase USP28, were
not affected by the charge at position 18 (S3A-S3C Fig). A recent study revealed that Fbw7
exists as dimers to optimize substrate binding and importantly that ectopically expressed Fbw?7
monomers are stable [44]. This prompted us to test the putative involvement of S18 phosphor-
ylation in Fbw7o. dimerization. We addressed this issue by co-transfecting HeLa cells with
HA-Fbw70. and FLAG-Fbw7o. either S18A or S18E, and analyzing their interaction using
immunoprecipitation. Interestingly, we observed that the negative charge at Ser18 reduced co-
precipitation of FLAG-Fbw7a with HA-Fbw7a by 40% (Fig 6A). We also performed in vitro
binding studies by mixing FLAG-Fbw70 immunoprecipitates with radiolabeled Fbw7a pro-
duced in rabbit reticulocyte lysates by in vitro transcription-translation. The intensity of the
Fbw70-S18E radioactive band retained on Fbw7a-S18E precipitates was reduced by 80% com-
pared to the reaction performed with the Fbw70.-S18A proteins (Fig 6B), demonstrating that
addition of a negative charge at S18 interferes with Fbw7o. dimerization. Consistent with this
conclusion and knowing that dimerization of Fbw7 is important for cyclin E binding, we fur-
ther found that the interaction between radiolabeled cyclin E, phosphorylated in egg extracts,
and the Fbw70.-S18E mutant form was also severely reduced compared with the Fbw70.-S18A
mutant which forms dimers (Fig 6C). Conversely, radiolabeled Fbw7a-wt phosphorylated in
egg extracts was retained at a much smaller amount on GST-cyclin E beads compared to the
Fbw70-S18A mutant form (Fig 6D). Taken together, these data support the notion that PKC
negatively regulates cyclin E binding by interfering with Fbw7a dimerization.

Discussion

The present study sheds light on an unexpected role for PKC in regulating SCF-Fbw7o. activity
in an M-phase-specific manner. Our results show that once phosphorylated by PKC, Fbw7o. is
inactive towards its substrate cyclin E and is itself stabilized, thus, kept in a resting inactive
state.

The Fbw7a site targeted by PKC, Ser18, was previously shown to be phosphorylated by var-
ious PKC isoenzymes in vitro and in mammalian cells. However, no functional role for S18
phosphorylation was identified [51]. As we initially identified S18 as a target of PKC in
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Fig 6. Fbw7 dimerization and cyclin E binding is reduced by a negative charge at Ser18. A. FLAG-and HA-tagged versions of Fbw7a
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immunoblotting.

https://doi.org/10.1371/journal.pone.0183500.g006

Xenopus eggs arrested in metaphase II of meiosis, we analyzed this phosphorylation event in
different cell-cycle phases in mammalian cells. In order to not affect cell-cycle progression, we
had to greatly decrease the amount of Fbw7a-expressing vector used in transfection assays. As
a consequence, the subcellular localization of Fbw7o was mainly in the nucleoplasm during
interphase. This allowed us to demonstrate that because PKCs reside in the cytoplasm, they
can only target Fbw70 during M-phase, i.e., when the nuclear envelope breaks down.
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Xenopus as well as mammalian eggs express many PKC isoenzymes belonging to each of
the three groups, classified according to their structures and mechanism of activation: “con-
ventional” cPKCs (PKCs o, BL, BII or ), “novel” nPKCs (PKC §, e,n and 0) or “atypical”
aPKCs (PKC { and V) [72-74]. In egg extracts, phosphorylation at S18 was efficiently com-
promised in the presence of 1 uM G66976, suggesting that this event might be dependent on
the activity of a cPKC [67], however, at this concentration, this compound may lack specificity
among members of the PKC family. Since the accumulation of cyclin E in mature eggs is can-
celed by expression of exogenous Fbw70, whatever the PKC involved in S18 phosphorylation,
its level is not sufficient to phosphorylate and inactivate most of the exogenous Fbw7a that
was overexpressed during egg maturation. In addition, our data show that PKC is a limiting
factor in HeLa cells, as only a low amount of exogenous Fbw7o.-wt was phosphorylated at
Ser18 and protected from degradation. Welcker et al. have shown that ectopic Fbw7a is unsta-
ble compared with endogenous Fbw7o [44]. This suggested that a limiting factor such as a
deubiquitinase could not ensure the protection of an excess of Fbw7. However, they also dem-
onstrated that exogenous monomers of Fbw?7 are stable, most likely because Fbw7 degradation
requires trans-ubiquitylation within a dimer. In the present study, we identify PKC as another
limiting factor contributing to Fbw7a stability but whose protective effect appears to be linked
to the decreased capacity of Fbw7o. to form dimers once phosphorylated by PKC.

How does phosphorylation of S18 impede Fbw7a dimerization? To investigate the struc-
tural basis for this effect, we performed a computational analysis of the isoform-specific N-ter-
minal sequence of Fbw7o. Of note, the available crystal structure of Fbw7 was obtained with a
truncated protein (residues 263-707) [43]. The Fbw7o N-terminal specific sequence, 167 resi-
dues in length, which contains an unusually high proportion of negative charges (S1A Fig) was
predicted to be intrinsically disordered by five disorder prediction methods (S4A Fig). This
type of disordered region, highly flexible, generally harbors a variety of conformations that are
in dynamic equilibrium. When S18 is not phosphorylated, whatever the adopted conforma-
tion, it does not affect the dimerization process of the a-isoform. Mechanistically, the phos-
phorylation of Fbw7c on S18 could create a new charge-charge interaction, triggering a
disturbance that could impede the formation of dimers.

Although the regulation of Fbw7a by PKC is normally restricted to M-phase, an attractive
hypothesis is that it could also operate in response to cellular stress. Consistent with this, we
observed that ectopic expression of PKCS induced stabilization of Fbw70o. while impairing
Fbw70a-mediated degradation of cyclin E. Translocation of PKCS into the nucleus has been
demonstrated after exposure of cells to various genotoxic stresses, and it is involved together
with p53 in the apoptotic responses [70]. Our data therefore support the notion that maintain-
ing adequate levels of Fbw7a in a resting inactive state must be important for a cell transiently
arrested, such is the case for an egg awaiting fertilization or a cell awaiting its fate, that is, sur-
vival or apoptosis, following DNA damage. Such a regulation has the advantage of allowing
transient inactivation of the protein, which in turn permits its activity to rapidly recover once
the regulatory signal has stopped. In this regard, the fact that this transient phosphorylation
event occurs within the disordered domain of Fbw7a. is in agreement with the notion that
these intrinsically disordered regions serve as excellent substrates to facilitate rapid conforma-
tional changes via post-translational modifications [75, 76].

Of note, Fbw7o. is not the only target of PKC whose phosphorylation induces stabilization.
PKC-mediated phosphorylation of p27*'P! also promotes its accumulation, contributing to
cell cycle arrest [77].

Under normal conditions, the evolutionarily conserved pathway highlighted in this study
ensures the protection of Fbw70, upon nuclear envelope breakdown. However, as a conse-
quence of this regulation, Fbw7o is not functional in M-phase. Thus, ubiquitylation of
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potential mitotic Fbw?7 substrates should be assumed by another Fbw7 isoform. One identi-
fied mitotic substrate of Fbw?7 is the anti-apoptotic protein Mcll, which was shown to be tar-
geted by Fbw7 during a prolonged mitotic arrest [6]. To date, one study has reported the
involvement of the Fbw7f isoform in the degradation of Mcll [78]. The same may be true in
response to various cellular stresses, as Fbw78 is the only p53-responsive isoform and as
reported recently, the most potently induced p53 target gene in HCT116 cells [35]. Although
Fbw70 is the most abundant isoform and is thought to perform most of Fbw7’s function
[79], Fbw7p may have a prominent role in mitosis, and also most likely in cells arrested in
response to various stresses. Further investigation is required to determine if this is the case
or not.

Like Fbw7, PKC is often mutated in human cancers. It was recently demonstrated that the
majority of mutations identified throughout the PKC family are loss of function, indicating a
general role for PKCs as tumor suppressors [80]. The PKC-mediated stabilization of Fbw7o.
might therefore contribute to the tumor suppressive functions of PKC.

Supporting information

S1 Fig. Sequence alignment of the amino-terminal moieties of xFbw7 and hFbw?7 isoforms.
A. Sequences were obtained from UniProt, RefSeq or GenBank, aligned using the Clustal
Omega tool of the UniProt server (http://www.uniprot.org/align/), and sequences were dis-
played with Jalview (http://www.jalview.org/). The sequences are as follows: Hs-FBW?7 alpha
(Q969H0), Hs-FBW?7 beta (BAA91986.1), Hs-FBW7 gamma (Q969H0-4), X1-FBW?7 alpha
(L8B5P6), XI-FBW7 beta (XP_018105049.2), XI-FBW7 gamma (XP_018105041.1). Primers for
subcloning and PCR amplification of X. laevis FBW7 cDNA isoforms were designed according
to the sequences available in databases with the following RefSeq accession numbers:
XM_018249534.1 (alpha); XM _018249560 (beta); XM_018249552 (gamma). B. Expression of
xFbw?7 isoforms mRNA during Xenopus oocyte maturation. Semi-quantitative PCR analysis
was performed on pCS2-xFbw7a, B or ¥ (Vc), total RNA of stage VI or mature (MII) oocytes.
The level of the 185 mRNA remains fairly constant throughout early development and thus
serves as a control.

(TIF)

S2 Fig. Characterization of Fbw7 antibodies. A. Immunoprecipitation (IP) of xFbw7a,  and
v isoforms. xFbw?7 isoforms were translated in vitro in the presence of [**S]-methionine and
immunoprecipitated with specific anti-Fbw7 antibodies for phosphorimaging and for immu-
noblotting analysis with anti-Fbw7 antibodies. (i) and (s) designate the radiolabelled protein
input and supernatant, respectively. B. MII-arrested eggs were extracted with XB buffer sup-
plemented (+) or not (-) with phosphatase inhibitors (PI) and subsequently treated with an
excess of lambda protein phosphatase (AP). The asterisk indicates a non specific immunoreac-
tive band; ivt: xFbw7a. translated in vitro.

(TIF)

S3 Fig. The Fbw70-S18E mutant interacts with Skp1, ubiquitin or Usp28 as well as the
S18A mutant. A. Fbw7 (IPFb) or control (IPc) immunoprecipitates from HeLa cells trans-
fected with FLAG-Fbw70.-S18A or —-S18E. Complexes between Fbw7a and endogenous Skpl
were analyzed by immunoblotting. Input 10% (i), supernatant after IP (s). B. In vitro translated
[*°S]-FLAG-hFbw70.-18A or -wt were incubated in MII-egg extracts and mixed with either
GST or GST-ubiquitin bound to magnetic beads. Input represents 25% of the total extract (i),
total beads (B). Complexes were analyzed by phosphorimaging and immunoblotting. C.
Usp28 or control immunoprecipitates from HeLa cells transfected with HA-Usp28 were
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mixed with in vitro translated [*°>S]-Fbw70.-18A or -18E as indicated. Input (i) represents 10%.
Complexes were analyzed by phosphorimaging and immunoblotting.
(TIF)

$4 Fig. Structural prediction analysis of the human Fbw7a-wt protein. A. The propensity
for the Fbw7aN-terminal domain (residues 1 to 165) to be disordered was predicted using a
selection of the latest disorder prediction methods, which includes: TUPRED [81]; Espritz [82];
DISEMBL [83]; DISOPRED3 [84] and IntFOLD-DR [85]. B. A model of full-length Fbw7a,
including the extended disordered domain, was constructed using the IntFOLD server [85].
Molecular graphics rendering was performed using PYMOL (www.pymol.org), showing the
disordered and the dimerization domains in red, the F-box domain in green and the WD40
domain in blue.

(TIF)

S1 NC3Rs ARRIVE guidelines checklist.
(DOCX)

S1 Uncropped images.
(TIF)

$2 Uncropped images.
(TIF)

$3 Uncropped images.
(TIF)

S$4 Uncropped images.
(TIF)

Acknowledgments

We are grateful to D. Fesquet and S. Boulon and to the past members of the Coux laboratory
for their advice and suggestions. We thank D. Joubert for the gift of GFP-PKC constructs, S.
Reed for the gift of P>CMVFLAG-hCdc4o, P. Richard from the animal facility for the produc-
tion of rabbit polyclonal antibodies, Y. Boublik for baculovirus production, the Montpellier
Ressources Imagerie (MRI) facility for assistance with immunofluorescence microscopy and J.
Hutchins for checking the scientific English of the manuscript. S.Z. was supported by student-
ships from the Agence Universitaire de la Francophonie and the Ligue Nationale Contre le
Cancer.

Dr. Catherine Papin passed away before the submission of the final manuscript. Dr. Cather-
ine Bonne-Andrea accepts responsibility for the integrity and validity of the data collected and
analyzed by Dr. Papin for Fig 1C and 1D.

Author Contributions
Conceptualization: Catherine Bonne-Andrea.

Data curation: Sihem Zitouni, Francisca Méchali, Catherine Papin, Armelle Choquet, Daniel
Roche, Véronique Baldin, Catherine Bonne-Andrea.

Formal analysis: Sihem Zitouni, Francisca Méchali, Catherine Papin, Armelle Choquet, Dan-
iel Roche, Véronique Baldin, Catherine Bonne-Andrea.

Funding acquisition: Catherine Bonne-Andrea.

PLOS ONE | https://doi.org/10.1371/journal.pone.0183500  August 29, 2017 17/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0183500.s004
http://www.pymol.org
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0183500.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0183500.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0183500.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0183500.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0183500.s009
https://doi.org/10.1371/journal.pone.0183500

@° PLOS | ONE

Regulation of Fbw7a in mitosis

Investigation: Sihem Zitouni, Francisca Méchali, Catherine Papin, Armelle Choquet, Daniel
Roche, Véronique Baldin, Catherine Bonne-Andrea.

Methodology: Catherine Papin, Catherine Bonne-Andrea.
Resources: Catherine Bonne-Andrea.

Supervision: Catherine Bonne-Andrea.

Validation: Catherine Bonne-Andrea.

Visualization: Catherine Bonne-Andrea.

Writing - original draft: Catherine Bonne-Andrea.

Writing - review & editing: Sihem Zitouni, Véronique Baldin, Olivier Coux, Catherine
Bonne-Andrea.

References

1. Cardozo T, Pagano M. The SCF ubiquitin ligase: insights into a molecular machine. Nat Rev Mol Cell
Biol. 2004; 5(9):739-51. https://doi.org/10.1038/nrm1471 PMID: 15340381

2.  Welcker M, Clurman BE. FBW?7 ubiquitin ligase: a tumour suppressor at the crossroads of cell division,
growth and differentiation. Nat Rev Cancer. 2008; 8(2):83—-93. https://doi.org/10.1038/nrc2290 PMID:
18094723

3. Crusio KM, King B, Reavie LB, Aifantis |. The ubiquitous nature of cancer: the role of the SCF(Fbw7)
complex in development and transformation. Oncogene. 2010; 29(35):4865—73. https://doi.org/10.
1038/0onc.2010.222 PMID: 20543859

4. Koepp DM, Schaefer LK, Ye X, Keyomarsi K, Chu C, Harper JW, et al. Phosphorylation-dependent ubi-
quitination of cyclin E by the SCFFbw7 ubiquitin ligase. 2001; 294(5540):173-7. https://doi.org/10.
1126/science.1065203 PMID: 11533444

5. Strohmaier H, Spruck CH, Kaiser P, Won KA, Sangfelt O, Reed SI. Human F-box protein hCdc4 targets
cyclin E for proteolysis and is mutated in a breast cancer cell line. 2001; 413(6853):316—22. https://doi.
org/10.1038/35095076 PMID: 11565034

6. Wertz IE, Kusam S, Lam C, Okamoto T, Sandoval W, Anderson DJ, et al. Sensitivity to antitubulin che-
motherapeutics is regulated by MCL1 and FBW7. Nature. 2011; 471(7336):110-4. https://doi.org/10.
1038/nature09779 PMID: 21368834.

7. Inuzuka H, Shaik S, Onoyama |, Gao D, Tseng A, Maser RS, et al. SCF(FBW?7) regulates cellular apo-
ptosis by targeting MCL1 for ubiquitylation and destruction. Nature. 2011; 471(7336):104-9. https://doi.
org/10.1038/nature09732 PMID: 21368833

8. Fujii Y, Yada M, Nishiyama M, Kamura T, Takahashi H, Tsunematsu R, et al. Fbxw7 contributes to
tumor suppression by targeting multiple proteins for ubiquitin-dependent degradation. Cancer Sci.
2006; 97(8):729-36. https://doi.org/10.1111/j.1349-7006.2006.00239.x PMID: 16863506

9. Welcker M, Orian A, Jin J, Grim JE, Harper JW, Eisenman RN, et al. The Fbw7 tumor suppressor regu-
lates glycogen synthase kinase 3 phosphorylation-dependent c-Myc protein degradation. Proc Natl
Acad Sci U S A. 2004; 101(24):9085-90. https://doi.org/10.1073/pnas.0402770101 PMID: 15150404

10. Yada M, Hatakeyama S, Kamura T, Nishiyama M, Tsunematsu R, Imaki H, et al. Phosphorylation-
dependent degradation of c-Myc is mediated by the F-box protein Fow7. Embo J. 2004; 23(10):2116—
25. https://doi.org/10.1038/sj.emboj.7600217 PMID: 15103331

11.  Wei W, JinJ, Schlisio S, Harper JW, Kaelin WG Jr. The v-Jun point mutation allows c-Jun to escape
GSK3-dependent recognition and destruction by the Fbw7 ubiquitin ligase. 2005; 8(1):25-33. https:/
doi.org/10.1016/j.ccr.2005.06.005 PMID: 16023596

12. Perez-Benavente B, Garcia JL, Rodriguez MS, Pineda-Lucena A, Piechaczyk M, Font de Mora J, et al.
GSK3-SCF(FBXW?7) targets JunB for degradation in G2 to preserve chromatid cohesion before ana-
phase. Oncogene. 2013; 32(17):2189-99. https://doi.org/10.1038/onc.2012.235 PMID: 22710716

13. Perez-Benavente B, Farras R. Regulation of GSK3beta-FBXW7-JUNB axis. Oncotarget. 2013; 4
(7):956—7. https://doi.org/10.18632/oncotarget. 1151 PMID: 23918007.

14. Gupta-Rossi N, Le Bail O, Gonen H, Brou C, Logeat F, Six E, et al. Functional interaction between SEL-
10, an F-box protein, and the nuclear form of activated Notch1 receptor. J Biol Chem. 2001; 276
(37):34371-8. https://doi.org/10.1074/joc.M101343200 PMID: 11425854

PLOS ONE | https://doi.org/10.1371/journal.pone.0183500  August 29, 2017 18/22


https://doi.org/10.1038/nrm1471
http://www.ncbi.nlm.nih.gov/pubmed/15340381
https://doi.org/10.1038/nrc2290
http://www.ncbi.nlm.nih.gov/pubmed/18094723
https://doi.org/10.1038/onc.2010.222
https://doi.org/10.1038/onc.2010.222
http://www.ncbi.nlm.nih.gov/pubmed/20543859
https://doi.org/10.1126/science.1065203
https://doi.org/10.1126/science.1065203
http://www.ncbi.nlm.nih.gov/pubmed/11533444
https://doi.org/10.1038/35095076
https://doi.org/10.1038/35095076
http://www.ncbi.nlm.nih.gov/pubmed/11565034
https://doi.org/10.1038/nature09779
https://doi.org/10.1038/nature09779
http://www.ncbi.nlm.nih.gov/pubmed/21368834
https://doi.org/10.1038/nature09732
https://doi.org/10.1038/nature09732
http://www.ncbi.nlm.nih.gov/pubmed/21368833
https://doi.org/10.1111/j.1349-7006.2006.00239.x
http://www.ncbi.nlm.nih.gov/pubmed/16863506
https://doi.org/10.1073/pnas.0402770101
http://www.ncbi.nlm.nih.gov/pubmed/15150404
https://doi.org/10.1038/sj.emboj.7600217
http://www.ncbi.nlm.nih.gov/pubmed/15103331
https://doi.org/10.1016/j.ccr.2005.06.005
https://doi.org/10.1016/j.ccr.2005.06.005
http://www.ncbi.nlm.nih.gov/pubmed/16023596
https://doi.org/10.1038/onc.2012.235
http://www.ncbi.nlm.nih.gov/pubmed/22710716
https://doi.org/10.18632/oncotarget.1151
http://www.ncbi.nlm.nih.gov/pubmed/23918007
https://doi.org/10.1074/jbc.M101343200
http://www.ncbi.nlm.nih.gov/pubmed/11425854
https://doi.org/10.1371/journal.pone.0183500

@° PLOS | ONE

Regulation of Fbw7a in mitosis

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Davis MA, Larimore EA, Fissel BM, Swanger J, Taatjes DJ, Clurman BE. The SCF-Fbw?7 ubiquitin
ligase degrades MED13 and MED13L and regulates CDK8 module association with Mediator. Genes
Dev. 2013; 27(2):151-6. https://doi.org/10.1101/gad.207720.112 PMID: 23322298.

LiuN, Li H, Li S, Shen M, Xiao N, Chen Y, et al. The Fbw7/human CDC4 tumor suppressor targets pro-
proliferative factor KLF5 for ubiquitination and degradation through multiple phosphodegron motifs. J
Biol Chem. 2010; 285(24):18858—-67. https://doi.org/10.1074/jbc.M109.099440 PMID: 20388706.

Zhao D, Zheng HQ, Zhou Z, Chen C. The Fbw7 tumor suppressor targets KLF5 for ubiquitin-mediated
degradation and suppresses breast cell proliferation. Cancer Res. 2010; 70(11):4728-38. https://doi.
org/10.1158/0008-5472.CAN-10-0040 PMID: 20484041

Wang R, Wang Y, Liu N, Ren C, Jiang C, Zhang K, et al. FBW?7 regulates endothelial functions by tar-
geting KLF2 for ubiquitination and degradation. Cell Res. 2013; 23(6):803—19. https://doi.org/10.1038/
cr.2013.42 PMID: 23507969

Mao JH, Kim IJ, Wu D, Climent J, Kang HC, DelRosario R, et al. FBXW?7 targets mTOR for degradation
and cooperates with PTEN in tumor suppression. 2008; 321(5895):1499-502. https://doi.org/10.1126/
science.1162981 PMID: 18787170

Olson BL, Hock MB, Ekholm-Reed S, Wohlischlegel JA, Dev KK, Kralli A, et al. SCFCdc4 acts antago-
nistically to the PGC-1alpha transcriptional coactivator by targeting it for ubiquitin-mediated proteolysis.
Genes Dev. 2008; 22(2):252—64. https://doi.org/10.1101/gad.1624208 PMID: 18198341

Bengoechea-Alonso MT, Ericsson J. The ubiquitin ligase Fbxw7 controls adipocyte differentiation by
targeting C/EBPalpha for degradation. Proc Natl Acad Sci U S A. 2010; 107(26):11817-22. https://doi.
org/10.1073/pnas.0913367107 PMID: 20534483

Balamurugan K, Sharan S, Klarmann KD, Zhang Y, Coppola V, Summers GH, et al. FBXW7alpha
attenuates inflammatory signalling by downregulating C/EBPdelta and its target gene TIr4. Nat Com-
mun. 2013; 4:1662. https://doi.org/10.1038/ncomms2677 PMID: 23575666

Bengoechea-Alonso MT, Ericsson J. Tumor suppressor Fbxw7 regulates TGFbeta signaling by target-
ing TGIF1 for degradation. Oncogene. 2010; 29(38):5322-8. https://doi.org/10.1038/0nc.2010.278
PMID: 20622901

Fukushima H, Matsumoto A, Inuzuka H, Zhai B, Lau AW, Wan L, et al. SCF(Fbw7) modulates the NFkB
signaling pathway by targeting NFkB2 for ubiquitination and destruction. Cell Rep. 2012; 1(5):434—43.
https://doi.org/10.1016/j.celrep.2012.04.002 PMID: 22708077

Busino L, Millman SE, Scotto L, Kyratsous CA, Basrur V, O’Connor O, et al. Fbxw7alpha- and GSK3-
mediated degradation of p100 is a pro-survival mechanism in multiple myeloma. Nat Cell Biol. 2012; 14
(4):375-85. https://doi.org/10.1038/ncb2463 PMID: 22388891

Kannan MB, Dodard-Friedman |, Blank V. Stringent Control of NFE2L3 (Nuclear Factor, Erythroid 2-
Like 3; NRF3) Protein Degradation by FBW7 (F-box/WD Repeat-containing Protein 7) and Glycogen
Synthase Kinase 3 (GSK3). J Biol Chem. 2015; 290(43):26292-302. https://doi.org/10.1074/jbc.M115.
666446 PMID: 26306035

Flugel D, Gorlach A, Kietzmann T. GSK-3beta regulates cell growth, migration, and angiogenesis via
Fbw7 and USP28-dependent degradation of HIF-1alpha. Blood. 2012; 119(5):1292-301. https://doi.
org/10.1182/blood-2011-08-375014 PMID: 22144179

Kourtis N, Moubarak RS, Aranda-Orgilles B, Lui K, Aydin IT, Trimarchi T, et al. FBXW7 modulates cellu-
lar stress response and metastatic potential through HSF1 post-translational modification. Nat Cell Biol.
2015; 17(3):322-32. https://doi.org/10.1038/ncb3121 PMID: 25720964

Davis RJ, Welcker M, Clurman BE. Tumor suppression by the Fbw7 ubiquitin ligase: mechanisms and
opportunities. Cancer Cell. 2014; 26(4):455-64. https://doi.org/10.1016/j.ccell.2014.09.013 PMID:
25314076

Xu W, Taranets L, Popov N. Regulating Fbw7 on the road to cancer. Semin Cancer Biol. 2016; 36:62—
70. https://doi.org/10.1016/j.semcancer.2015.09.005 PMID: 26459133

Mao JH, Perez-Losada J, Wu D, Delrosario R, Tsunematsu R, Nakayama Kl, et al. Foxw7/Cdc4 is a
p53-dependent, haploinsufficient tumour suppressor gene. 2004; 432(7018):775-9. https://doi.org/10.
1038/nature03155 PMID: 15592418

Akhoondi S, Sun D, von der Lehr N, Apostolidou S, Klotz K, Maljukova A, et al. FBXW7/hCDC4 is a gen-
eral tumor suppressor in human cancer. Cancer Res. 2007; 67(19):9006—12. https://doi.org/10.1158/
0008-5472.CAN-07-1320 PMID: 17909001

Spruck CH, Strohmaier H, Sangfelt O, Muller HM, Hubalek M, Muller-Holzner E, et al. hCDC4 gene
mutations in endometrial cancer. Cancer Res. 2002; 62(16):4535-9. PMID: 12183400

Kimura T, Gotoh M, Nakamura Y, Arakawa H. hCDC4b, a regulator of cyclin E, as a direct transcrip-
tional target of p53. Cancer Sci. 2003; 94(5):431-6. PMID: 12824889

PLOS ONE | https://doi.org/10.1371/journal.pone.0183500  August 29, 2017 19/22


https://doi.org/10.1101/gad.207720.112
http://www.ncbi.nlm.nih.gov/pubmed/23322298
https://doi.org/10.1074/jbc.M109.099440
http://www.ncbi.nlm.nih.gov/pubmed/20388706
https://doi.org/10.1158/0008-5472.CAN-10-0040
https://doi.org/10.1158/0008-5472.CAN-10-0040
http://www.ncbi.nlm.nih.gov/pubmed/20484041
https://doi.org/10.1038/cr.2013.42
https://doi.org/10.1038/cr.2013.42
http://www.ncbi.nlm.nih.gov/pubmed/23507969
https://doi.org/10.1126/science.1162981
https://doi.org/10.1126/science.1162981
http://www.ncbi.nlm.nih.gov/pubmed/18787170
https://doi.org/10.1101/gad.1624208
http://www.ncbi.nlm.nih.gov/pubmed/18198341
https://doi.org/10.1073/pnas.0913367107
https://doi.org/10.1073/pnas.0913367107
http://www.ncbi.nlm.nih.gov/pubmed/20534483
https://doi.org/10.1038/ncomms2677
http://www.ncbi.nlm.nih.gov/pubmed/23575666
https://doi.org/10.1038/onc.2010.278
http://www.ncbi.nlm.nih.gov/pubmed/20622901
https://doi.org/10.1016/j.celrep.2012.04.002
http://www.ncbi.nlm.nih.gov/pubmed/22708077
https://doi.org/10.1038/ncb2463
http://www.ncbi.nlm.nih.gov/pubmed/22388891
https://doi.org/10.1074/jbc.M115.666446
https://doi.org/10.1074/jbc.M115.666446
http://www.ncbi.nlm.nih.gov/pubmed/26306035
https://doi.org/10.1182/blood-2011-08-375014
https://doi.org/10.1182/blood-2011-08-375014
http://www.ncbi.nlm.nih.gov/pubmed/22144179
https://doi.org/10.1038/ncb3121
http://www.ncbi.nlm.nih.gov/pubmed/25720964
https://doi.org/10.1016/j.ccell.2014.09.013
http://www.ncbi.nlm.nih.gov/pubmed/25314076
https://doi.org/10.1016/j.semcancer.2015.09.005
http://www.ncbi.nlm.nih.gov/pubmed/26459133
https://doi.org/10.1038/nature03155
https://doi.org/10.1038/nature03155
http://www.ncbi.nlm.nih.gov/pubmed/15592418
https://doi.org/10.1158/0008-5472.CAN-07-1320
https://doi.org/10.1158/0008-5472.CAN-07-1320
http://www.ncbi.nlm.nih.gov/pubmed/17909001
http://www.ncbi.nlm.nih.gov/pubmed/12183400
http://www.ncbi.nlm.nih.gov/pubmed/12824889
https://doi.org/10.1371/journal.pone.0183500

@° PLOS | ONE

Regulation of Fbw7a in mitosis

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Sionov RV, Netzer E, Shaulian E. Differential regulation of FBXW?7 isoforms by various stress stimuli.
Cell Cycle. 2013; 12(22):3547-54. https://doi.org/10.4161/cc.26591 PMID: 24091628

Sancho R, Blake SM, Tendeng C, Clurman BE, Lewis J, Behrens A. Fbw7 repression by hes5 creates a
feedback loop that modulates Notch-mediated intestinal and neural stem cell fate decisions. PLoS Biol.
2013; 11(6):€1001586. https://doi.org/10.1371/journal.pbio.1001586 PMID: 23776410

Rocher-Ros V, Marco S, Mao JH, Gines S, Metzger D, Chambon P, et al. Presenilin modulates EGFR
signaling and cell transformation by regulating the ubiquitin ligase Fbw7. Oncogene. 2010; 29
(20):2950-61. https://doi.org/10.1038/onc.2010.57 PMID: 20208556

Balamurugan K, Wang JM, Tsai HH, Sharan S, Anver M, Leighty R, et al. The tumour suppressor C/
EBPdelta inhibits FBXW?7 expression and promotes mammary tumour metastasis. Embo J. 2010; 29
(24):4106-17. https://doi.org/10.1038/emboj.2010.280 PMID: 21076392

WangL, Ye X, Liu Y, Wei W, Wang Z. Aberrant regulation of FBW?7 in cancer. Oncotarget. 2014; 5
(8):2000-15. https://doi.org/10.18632/oncotarget. 1859 PMID: 24899581

Welcker M, Orian A, Grim JE, Eisenman RN, Clurman BE. A nucleolar isoform of the Fbw7 ubiquitin
ligase regulates c-Myc and cell size. Curr Biol. 2004; 14(20):1852—7. https://doi.org/10.1016/j.cub.
2004.09.083 PMID: 15498494

Orlicky S, Tang X, Willems A, Tyers M, Sicheri F. Structural basis for phosphodependent substrate
selection and orientation by the SCFCdc4 ubiquitin ligase. 2003; 112(2):243-56. PMID: 12553912

Zhang W, Koepp DM. Fbw7 isoform interaction contributes to cyclin E proteolysis. Mol Cancer Res.
2006; 4(12):935-43. https://doi.org/10.1158/1541-7786.MCR-06-0253 PMID: 17189384

Hao B, Oehimann S, Sowa ME, Harper JW, Pavletich NP. Structure of a Fbw7-Skp1-cyclin E complex:
multisite-phosphorylated substrate recognition by SCF ubiquitin ligases. Mol Cell. 2007; 26(1):131—43.
https://doi.org/10.1016/j.molcel.2007.02.022 PMID: 17434132

Welcker M, Larimore EA, Swanger J, Bengoechea-Alonso MT, Grim JE, Ericsson J, et al. Fbw7 dimer-
ization determines the specificity and robustness of substrate degradation. Genes Dev. 2013; 27
(23):2531-6. https://doi.org/10.1101/gad.229195.113 PMID: 24298052

Schulein-Volk C, Wolf E, Zhu J, Xu W, Taranets L, Hellmann A, et al. Dual regulation of Fow7 function
and oncogenic transformation by Usp28. Cell Rep. 2014; 9(3):1099-109. https://doi.org/10.1016/j.
celrep.2014.09.057 PMID: 25437563

JiS,QinY, Shi S, Liu X, Hu H, Zhou H, et al. ERK kinase phosphorylates and destabilizes the tumor
suppressor FBW?7 in pancreatic cancer. Cell Res. 2015; 25(5):561-73. https://doi.org/10.1038/cr.2015.
30 PMID: 25753158

Min SH, Lau AW, Lee TH, Inuzuka H, Wei S, Huang P, et al. Negative regulation of the stability and
tumor suppressor function of Fbw7 by the Pin1 prolyl isomerase. Mol Cell. 2012; 46(6):771-83. https://
doi.org/10.1016/j.molcel.2012.04.012 PMID: 22608923

Cizmecioglu O, Krause A, Bahtz R, Ehret L, Malek N, Hoffmann I. PIk2 regulates centriole duplication
through phosphorylation-mediated degradation of Fbxw7 (human Cdc4). J Cell Sci. 2012; 125(Pt
4):981-92. https://doi.org/10.1242/jcs.095075 PMID: 22399798

Mo JS, Ann EJ, Yoon JH, Jung J, Choi YH, Kim HY, et al. Serum- and glucocorticoid-inducible kinase 1
(SGK1) controls Notch1 signaling by downregulation of protein stability through Fbw7 ubiquitin ligase. J
Cell Sci. 2011; 124(Pt 1):100-12. https://doi.org/10.1242/jcs.073924 PMID: 21147854

Schulein C, Eilers M, Popov N. PI3K-dependent phosphorylation of Fbow7 modulates substrate degra-
dation and activity. FEBS Lett. 2011; 585(14):2151-7. https://doi.org/10.1016/j.febslet.2011.05.036
PMID: 21620836

Durgan J, Parker PJ. Regulation of the tumour suppressor Fbw7alpha by PKC-dependent phosphoryla-
tion and cancer-associated mutations. Biochem J. 2010; 432(1):77-87. https://doi.org/10.1042/
BJ20100799 PMID: 20815813

Dulic V, Lees E, Reed SI. Association of human cyclin E with a periodic G1-S phase protein kinase. Sci-
ence. 1992; 257(5078):1958-61. PMID: 1329201

Spruck CH, Won KA, Reed SI. Deregulated cyclin E induces chromosome instability. 1999; 401
(6750):297-300. https://doi.org/10.1038/45836 PMID: 10499591

Ekholm-Reed S, Mendez J, Tedesco D, Zetterberg A, Stillman B, Reed SI. Deregulation of cyclin E in
human cells interferes with prereplication complex assembly. J Cell Biol. 2004; 165(6):789-800. https:/
doi.org/10.1083/jcb.200404092 PMID: 15197178

Teixeira LK, Wang X, Li Y, Ekholm-Reed S, Wu X, Wang P, et al. Cyclin E deregulation promotes loss
of specific genomic regions. Curr Biol. 2015; 25(10):1327-33. https://doi.org/10.1016/j.cub.2015.03.
022 PMID: 25959964

PLOS ONE | https://doi.org/10.1371/journal.pone.0183500  August 29, 2017 20/22


https://doi.org/10.4161/cc.26591
http://www.ncbi.nlm.nih.gov/pubmed/24091628
https://doi.org/10.1371/journal.pbio.1001586
http://www.ncbi.nlm.nih.gov/pubmed/23776410
https://doi.org/10.1038/onc.2010.57
http://www.ncbi.nlm.nih.gov/pubmed/20208556
https://doi.org/10.1038/emboj.2010.280
http://www.ncbi.nlm.nih.gov/pubmed/21076392
https://doi.org/10.18632/oncotarget.1859
http://www.ncbi.nlm.nih.gov/pubmed/24899581
https://doi.org/10.1016/j.cub.2004.09.083
https://doi.org/10.1016/j.cub.2004.09.083
http://www.ncbi.nlm.nih.gov/pubmed/15498494
http://www.ncbi.nlm.nih.gov/pubmed/12553912
https://doi.org/10.1158/1541-7786.MCR-06-0253
http://www.ncbi.nlm.nih.gov/pubmed/17189384
https://doi.org/10.1016/j.molcel.2007.02.022
http://www.ncbi.nlm.nih.gov/pubmed/17434132
https://doi.org/10.1101/gad.229195.113
http://www.ncbi.nlm.nih.gov/pubmed/24298052
https://doi.org/10.1016/j.celrep.2014.09.057
https://doi.org/10.1016/j.celrep.2014.09.057
http://www.ncbi.nlm.nih.gov/pubmed/25437563
https://doi.org/10.1038/cr.2015.30
https://doi.org/10.1038/cr.2015.30
http://www.ncbi.nlm.nih.gov/pubmed/25753158
https://doi.org/10.1016/j.molcel.2012.04.012
https://doi.org/10.1016/j.molcel.2012.04.012
http://www.ncbi.nlm.nih.gov/pubmed/22608923
https://doi.org/10.1242/jcs.095075
http://www.ncbi.nlm.nih.gov/pubmed/22399798
https://doi.org/10.1242/jcs.073924
http://www.ncbi.nlm.nih.gov/pubmed/21147854
https://doi.org/10.1016/j.febslet.2011.05.036
http://www.ncbi.nlm.nih.gov/pubmed/21620836
https://doi.org/10.1042/BJ20100799
https://doi.org/10.1042/BJ20100799
http://www.ncbi.nlm.nih.gov/pubmed/20815813
http://www.ncbi.nlm.nih.gov/pubmed/1329201
https://doi.org/10.1038/45836
http://www.ncbi.nlm.nih.gov/pubmed/10499591
https://doi.org/10.1083/jcb.200404092
https://doi.org/10.1083/jcb.200404092
http://www.ncbi.nlm.nih.gov/pubmed/15197178
https://doi.org/10.1016/j.cub.2015.03.022
https://doi.org/10.1016/j.cub.2015.03.022
http://www.ncbi.nlm.nih.gov/pubmed/25959964
https://doi.org/10.1371/journal.pone.0183500

@° PLOS | ONE

Regulation of Fbw7a in mitosis

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Ekholm-Reed S, Spruck CH, Sangfelt O, van Drogen F, Mueller-Holzner E, Widschwendter M, et al.
Mutation of hCDC4 leads to cell cycle deregulation of cyclin E in cancer. Cancer Res. 2004; 64(3):795—
800. PMID: 14871801

Rempel RE, Sleight SB, Maller JL. Maternal Xenopus Cdk2-cyclin E complexes function during meiotic
and early embryonic cell cycles that lack a G1 phase. J Biol Chem. 1995; 270(12):6843-55. PMID:
7896832

Chevalier S, Couturier A, Chartrain |, Le Guellec R, Beckhelling C, Le Guellec K, et al. Xenopus cyclin
E, a nuclear phosphoprotein, accumulates when oocytes gain the ability to initiate DNA replication. J
Cell Sci. 1996; 109 (Pt 6):1173-84. PMID: 8799808

Fisher DL, Morin N, Doree M. A novel role for glycogen synthase kinase-3 in Xenopus development:
maintenance of oocyte cell cycle arrest by a beta-catenin-independent mechanism. 1999; 126(3):567—
76. PMID: 9876185

Newport J, Kirschner M. A major developmental transition in early Xenopus embryos: |. characterization
and timing of cellular changes at the midblastula stage. 1982; 30(3):675-86. PMID: 6183003

Murray AW. Cell cycle extracts. Methods Cell Biol. 1991; 36:581-605. PMID: 1839804

Cueille N, Nougarede R, Mechali F, Philippe M, Bonne-Andrea C. Functional interaction between the
bovine papillomavirus virus type 1 replicative helicase E1 and cyclin E-Cdk2. J Virol. 1998; 72(9):7255—
62. PMID: 9696820

Thomas Y, Peter M, Mechali F, Blanchard JM, Coux O, Baldin V. Kizuna is a novel mitotic substrate for
CDC25B phosphatase. Cell Cycle. 2014; 13(24):3867-77. https://doi.org/10.4161/15384101.2014.
972882 PMID: 25558830

Collazos A, Diouf B, Guerineau NC, Quittau-Prevostel C, Peter M, Coudane F, et al. A spatiotemporally
coordinated cascade of protein kinase C activation controls isoform-selective translocation. Mol Cell
Biol. 2006; 26(6):2247—61. https://doi.org/10.1128/MCB.26.6.2247-2261.2006 PMID: 16508001

Welcker M, Singer J, Loeb KR, Grim J, Bloecher A, Gurien-West M, et al. Multisite phosphorylation by
Cdk2 and GSK3 controls cyclin E degradation. Mol Cell. 2003; 12(2):381-92. PMID: 14536078

Gu Y, Rosenblatt J, Morgan DO. Cell cycle regulation of CDK2 activity by phosphorylation of Thr160
and Tyr15. Embo J. 1992; 11(11):3995-4005. PMID: 1396589

Aaltonen V, Peltonen J. PKCalpha/beta | inhibitor Go6976 induces dephosphorylation of constitutively
hyperphosphorylated Rb and G1 arrest in T24 cells. Anticancer Res. 2010; 30(10):3995-9. PMID:
21036713

Steinberg SF. Structural basis of protein kinase C isoform function. Physiol Rev. 2008; 88(4):1341-78.
https://doi.org/10.1152/physrev.00034.2007 PMID: 18923184

DeVries TA, Neville MC, Reyland ME. Nuclear import of PKCdelta is required for apoptosis: identifica-
tion of a novel nuclear import sequence. Embo J. 2002; 21(22):6050—-60. https://doi.org/10.1093/emboj/
cdf606 PMID: 12426377

Dashzeveg N, Yoshida K. Crosstalk between tumor suppressors p53 and PKCdelta: Execution of the
intrinsic apoptotic pathways. Cancer Lett. 2016; 377(2):158—63. https://doi.org/10.1016/j.canlet.2016.
04.032 PMID: 27130668

Santiago-Walker AE, Fikaris AJ, Kao GD, Brown EJ, Kazanietz MG, Meinkoth JL. Protein kinase C
delta stimulates apoptosis by initiating G1 phase cell cycle progression and S phase arrest. J Biol
Chem. 2005; 280(37):32107—14. https://doi.org/10.1074/jbc.M504432200 PMID: 16051606

Dominguez |, Diaz-Meco MT, Municio MM, Berra E, Garcia de Herreros A, Cornet ME, et al. Evidence
for a role of protein kinase C zeta subspecies in maturation of Xenopus laevis oocytes. Mol Cell Biol.
1992; 12(9):3776-83. PMID: 1508183

Halet G. PKC signaling at fertilization in mammalian eggs. Biochim Biophys Acta. 2004; 1742(1—
3):185-9. https://doi.org/10.1016/j.bbamcr.2004.09.012 PMID: 15590069

Kalive M, Faust JJ, Koeneman BA, Capco DG. Involvement of the PKC family in regulation of early
development. Mol Reprod Dev. 2010; 77(2):95-104. https://doi.org/10.1002/mrd.21112 PMID:
19777543

Uversky VN. The multifaceted roles of intrinsic disorder in protein complexes. FEBS Lett. 2015; 589(19
Pt A):2498-506. https://doi.org/10.1016/j.febslet.2015.06.004 PMID: 26073257

Babu MM. The contribution of intrinsically disordered regions to protein function, cellular complexity,
and human disease. Biochem Soc Trans. 2016; 44(5):1185-200. https://doi.org/10.1042/
BST20160172 PMID: 27911701

De Vita F, Riccardi M, Malanga D, Scrima M, De Marco C, Viglietto G. PKC-dependent phosphorylation
of p27 at T198 contributes to p27 stabilization and cell cycle arrest. Cell Cycle. 2012; 11(8):1583-92.
https://doi.org/10.4161/cc.20003 PMID: 22441823

PLOS ONE | https://doi.org/10.1371/journal.pone.0183500  August 29, 2017 21/22


http://www.ncbi.nlm.nih.gov/pubmed/14871801
http://www.ncbi.nlm.nih.gov/pubmed/7896832
http://www.ncbi.nlm.nih.gov/pubmed/8799808
http://www.ncbi.nlm.nih.gov/pubmed/9876185
http://www.ncbi.nlm.nih.gov/pubmed/6183003
http://www.ncbi.nlm.nih.gov/pubmed/1839804
http://www.ncbi.nlm.nih.gov/pubmed/9696820
https://doi.org/10.4161/15384101.2014.972882
https://doi.org/10.4161/15384101.2014.972882
http://www.ncbi.nlm.nih.gov/pubmed/25558830
https://doi.org/10.1128/MCB.26.6.2247-2261.2006
http://www.ncbi.nlm.nih.gov/pubmed/16508001
http://www.ncbi.nlm.nih.gov/pubmed/14536078
http://www.ncbi.nlm.nih.gov/pubmed/1396589
http://www.ncbi.nlm.nih.gov/pubmed/21036713
https://doi.org/10.1152/physrev.00034.2007
http://www.ncbi.nlm.nih.gov/pubmed/18923184
https://doi.org/10.1093/emboj/cdf606
https://doi.org/10.1093/emboj/cdf606
http://www.ncbi.nlm.nih.gov/pubmed/12426377
https://doi.org/10.1016/j.canlet.2016.04.032
https://doi.org/10.1016/j.canlet.2016.04.032
http://www.ncbi.nlm.nih.gov/pubmed/27130668
https://doi.org/10.1074/jbc.M504432200
http://www.ncbi.nlm.nih.gov/pubmed/16051606
http://www.ncbi.nlm.nih.gov/pubmed/1508183
https://doi.org/10.1016/j.bbamcr.2004.09.012
http://www.ncbi.nlm.nih.gov/pubmed/15590069
https://doi.org/10.1002/mrd.21112
http://www.ncbi.nlm.nih.gov/pubmed/19777543
https://doi.org/10.1016/j.febslet.2015.06.004
http://www.ncbi.nlm.nih.gov/pubmed/26073257
https://doi.org/10.1042/BST20160172
https://doi.org/10.1042/BST20160172
http://www.ncbi.nlm.nih.gov/pubmed/27911701
https://doi.org/10.4161/cc.20003
http://www.ncbi.nlm.nih.gov/pubmed/22441823
https://doi.org/10.1371/journal.pone.0183500

@° PLOS | ONE

Regulation of Fbw7a in mitosis

78.

79.

80.

81.

82.

83.

84.

85.

Ekholm-Reed S, Goldberg MS, Schlossmacher MG, Reed Sl. Parkin-dependent degradation of the F-
box protein Fbw7beta promotes neuronal survival in response to oxidative stress by stabilizing Mcl-1.
Mol Cell Biol. 2013; 33(18):3627—43. https://doi.org/10.1128/MCB.00535-13 PMID: 23858059

Grim JE, Gustafson MP, Hirata RK, Hagar AC, Swanger J, Welcker M, et al. Isoform- and cell cycle-
dependent substrate degradation by the Fbw7 ubiquitin ligase. J Cell Biol. 2008; 181(6):913-20. https://
doi.org/10.1083/jcb.200802076 PMID: 18559665

Antal CE, Hudson AM, Kang E, Zanca C, Wirth C, Stephenson NL, et al. Cancer-associated protein
kinase C mutations reveal kinase’s role as tumor suppressor. Cell. 2015; 160(3):489-502. https://doi.
org/10.1016/j.cell.2015.01.001 PMID: 25619690

Dosztanyi Z, Csizmok V, Tompa P, Simon |. I[UPred: web server for the prediction of intrinsically
unstructured regions of proteins based on estimated energy content. Bioinformatics. 2005; 21
(16):3433—4. https://doi.org/10.1093/bioinformatics/bti541 PMID: 15955779

Walsh I, Martin AJ, Di Domenico T, Tosatto SC. ESpritz: accurate and fast prediction of protein disorder.
Bioinformatics. 2012; 28(4):503-9. https://doi.org/10.1093/bicinformatics/btr682 PMID: 22190692

Linding R, Jensen LJ, Diella F, Bork P, Gibson TJ, Russell RB. Protein disorder prediction: implications
for structural proteomics. Structure. 2003; 11(11):1453-9. PMID: 14604535

Jones DT, Cozzetto D. DISOPREDS: precise disordered region predictions with annotated protein-bind-
ing activity. Bioinformatics. 2015; 31(6):857-63. https://doi.org/10.1093/bioinformatics/btu744 PMID:
25391399

McGuffin LJ, Atkins JD, Salehe BR, Shuid AN, Roche DB. IntFOLD: an integrated server for modelling
protein structures and functions from amino acid sequences. Nucleic Acids Res. 2015; 43(W1):W169—
73. https://doi.org/10.1093/nar/gkv236 PMID: 25820431

PLOS ONE | https://doi.org/10.1371/journal.pone.0183500  August 29, 2017 22/22


https://doi.org/10.1128/MCB.00535-13
http://www.ncbi.nlm.nih.gov/pubmed/23858059
https://doi.org/10.1083/jcb.200802076
https://doi.org/10.1083/jcb.200802076
http://www.ncbi.nlm.nih.gov/pubmed/18559665
https://doi.org/10.1016/j.cell.2015.01.001
https://doi.org/10.1016/j.cell.2015.01.001
http://www.ncbi.nlm.nih.gov/pubmed/25619690
https://doi.org/10.1093/bioinformatics/bti541
http://www.ncbi.nlm.nih.gov/pubmed/15955779
https://doi.org/10.1093/bioinformatics/btr682
http://www.ncbi.nlm.nih.gov/pubmed/22190692
http://www.ncbi.nlm.nih.gov/pubmed/14604535
https://doi.org/10.1093/bioinformatics/btu744
http://www.ncbi.nlm.nih.gov/pubmed/25391399
https://doi.org/10.1093/nar/gkv236
http://www.ncbi.nlm.nih.gov/pubmed/25820431
https://doi.org/10.1371/journal.pone.0183500

