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INTRODUCTION
Cell cycle progression is tightly controlled by the ubiquitin-proteasome system.
Cullin-RING ubiquitin ligases are the major players responsible for the periodic
proteolysis of many regulators of the cell cycle. In this chapter, I summarize the
known mechanisms by which the ubiquitin-proteasome system controls the cell
division cycle and describe how deregulated protein degradation mediated by
cullin-RING ubiquitin ligases may result in uncontrolled proliferation, genomic
instability and cancer.

THE EUKARYOTIC CELL CYCLE: AN OVERVIEW
The eukaryotic cell cycle consists of two major events: the cell replicates its
genome in S phase and segregates the duplicated genome to the opposite poles
of the cell in mitosis (M) to ensure that after cytokinesis the two daughter cells are
provided with two identical sets of chromosomes. Between these two key events,
two gap (G) phases occur: during G1, the cell grows in size and commits to start
the cell cycle, whereas during G2, the cell monitors the fidelity of DNA replication
(Figure 1) [1].
Regulation of cell cycle progression occurs through timely activation and
inactivation of cyclin-dependent kinases (CDKs). In addition to the catalytic
subunit, each CDK complex contains one of many regulatory subunits, called
cyclins, the levels of which change during the cell cycle. Specific CDK-cyclin
complexes are responsible for driving the various phase of cell cycle. For instance,
mitogenic signals are first sensed by the expression of the D-type cyclins (D1, D2,
and D3) that bind and activate CDK4 and CDK6 during G1. The activity of CDK2cyclin E complexes is restricted to the early stages of DNA synthesis and drives
the G1/S transition. CDK2 is subsequently activated by cyclin A2 during the late
stages of DNA replication to drive the transition from S phase to mitosis. Finally,
CDK1 is activated by A-type cyclins at the end of interphase to facilitate the onset
of mitosis. Once nuclear envelope breakdown has started, A-type cyclins are
degraded, facilitating the formation of the CDK1-cyclin B complexes responsible
for driving cells through mitosis [2].
In addition to the regulation by cyclins, the activity of CDKs is controlled by other
mechanisms, including phosphorylation, dephoshorylation and interaction with
CDK inhibitors (CKIs). For instance, phosphorylation of CDK1 by Wee1 on two
conserved tyrosine residues leads to inhibition of CDK1, whereas
dephosphorylation by Cdc25 activates CDK1. A CDK inhibitor interact with a
cyclin-CDK complex to block kinase activity. In mammals, there are two major
CKI families: the INK4 and the Cip and Kip family, composed of p21, p27 and p57.
The balance between these regulatory mechanisms controls CDK1 activity and
cell cycle progression [3, 4].
The fidelity of cell division is guaranteed by various cell cycle checkpoints. The
G1 DNA damage checkpoint blocks the entry into S phase if the genome is
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Figure 1. Schematic representation of the eukaryotic cell cycle. In eukaryotes the
cell division cycle consists of four coordinated phases: G1, S, G2 and M. In S (DNA
synthesis) DNA replication occurs and in M (mitosis) the cell divides into two daughter
cells, each with the same content of DNA. During G1, the cell grows in size and
senses nutrients availability before entering the S-phase. Later, during G2, the cell
monitors the completion and the quality of DNA replication before proceeding to
mitosis.

damaged. The G1 checkpoint is activated by the ATM/ATR kinases which directly
phosphorylate the p53 transcription factor, inducing the G1 arrest. The G2
checkpoint controls that the entry into M phase is blocked if DNA replication is not
completed whereas the mitotic spindle checkpoint blocks anaphase if chromatids
are not properly assembled on the mitotic spindle [1]. The arrest in G2 phase is
mediated by two major signalling pathway activated by the ATM/ATR kinases.
The first cascade involves the activation of CHK kinases, which in turn
phosphorylate and inactivate Cdc25, leading to inhibition of cyclin B/CDK1 thus
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prenventing mitotic entry. The second cascade leads to phosphorylation of the
p53 transcription factor, thus blocking its interaction with the MDM2 ubiquitin
ligase. Once p53 is stabilized, target genes as p21, an inhibitor of cyclin B/CDK1
activity, promotes cell cycle arrest [5].
Importantly, the amount of cyclins, CKIs, kinases and phosphatases regulating
cell cycle progression oscillates during the cell cycle as a result of periodic
proteolysis [6, 7]. This periodic degradation is executed by the ubiquitinproteasome system.

THE UBIQUITIN-PROTEASOME SYSTEM
Protein degradation by the ubiquitin-proteasome system comprises two distinct
steps: the covalent attachment of multiple ubiquitin molecules to the protein
substrate and the degradation of the polyubiquitylated protein by the 26S
proteasome [6, 7].

The Proteasome
The 26S proteasome is a massive molecular machine consisting of a barrelshaped catalytic core particle (CP), named 20S, capped on one or both ends by a
19S regulatory particle (RP) [8]. The proteolytic active sites of the peptidases are
sequestered in an internal chamber which becomes accessible to the protein
substrate only after its unfolding, deubiquitylation and translocation by the
regulatory particle [9-11].
The determination of a crystal structure of the 20S CP from the archaeon
Thermoplasma acidophilum revealed a cylindrical structure of four rings, with
seven α-subunits in each of the two end rings and seven β-subunits in each of the
two central rings [12]. Whereas archaea and bacteria typically encode a single αsubunit and a single β-subunit, eukaryotes encode seven distinct α-subunits
(alpha 1-7) and seven distinct β-subunits (beta 1-7) [13].
The 19S regulatory particle consists of 20 subunits and can be divided into two
stably associated subcomplexes: the lid and the base. The lid subcomplex binds
the holoenzyme surrounding the base which contacts the 20S peptidase. It
consists of nine subunits, (Rpn3, Rpn5, Rpn6, Rpn7, Rpn9, Rpn12 and Rpn15)
and the deubiquitylating enzyme (DUB) Rpn8 and Rpn11. Rpn8 and the essential
DUB Rpn11 [14] form a dimer that projects toward the center of the regulatory
particle. Rpn11 has been shown to remove entire ubiquitin chains from the
substrate by cleaving the isopeptide bond of the proximal ubiquitin moiety [15].
Notably, Rpn11’s deubiquitylation activity was found to depend on ATP hydrolysis
by the proteasome, suggesting a potential coupling with substrate translocation
[14]. However, the mechanism for this coupling remains unknown.
The base contains the proteasomal molecular motor, a heteroexameric ring of six
AAA+ ATPase subunits Rpt1, Rpt2, Rpt6, Rpt3, Rpt4 and Rpt5 [16, 17], the two
large scaffolding proteins (100 kDa) subunits, Rpn1 and Rpn2, the ubiquitin
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Figure 2. Schematic representation of the 26S proteasome. The 26S proteasome
consists of the 20S core particle (CP) and the 19S regulatory particle (RP). The 19S is
divided into two subcomplexes: the lid and the base. The subunits forming the lid and
the base are shown. The 20S core complex is composed of four heptameric rings of
α1–7 and β1–7 subunits. The proteolytic activities are conferred by three of the β
subunits in the interior of the barrel. Adapted from Xie Y., J Mol Cell Biol. 2010.

	
  

receptors Rpn10 and Rpn13 [18] and the deubiquitylating enzyme (DUB) Ubp6
(Figure 2) [19]. The AAA+ domains of the ATPase domain contact the substrate
through conserved loop in the central pore and use the energy of ATP hydrolysis
to undergo conformational changes, unfold and translocate the substrate into the
peptidase [19-21].

Ubiquitin
Ubiquitin can be attached to substrate proteins as a single moiety or in the form of
polymeric chains in which successive ubiquitin molecules are connected through
specific isopeptide bonds, which encode information about the substrate’s fate in
the cell.
Ubiquitin is a polypeptide of 76 amino acid residues and is almost invariant from
yeast to man. It adopts a compact β-grasp fold with a flexible six-residue Cterminal tail with two hydrophobic surfaces [22]: the Ile44 patch, which consists of
Ile44, Leu8, Val70 and His68, is bound by the proteasome [23-25] and the Ile36
patch, which is formed by Ile36, Leu71 and Leu73, is recognized by HECT E3s,
DUBs and ubiquitin-binding domains (UBDs) [26-28].
The seven lysines and the N-terminus provide the attachment sites for chain
assembly. These residues cover the whole surface of ubiquitin and point into
distinct directions: Lys6 and Lys11 are located in the most dynamic region which
undergoes conformational changes upon interaction with UBDs [29].
12	
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It has been reported that the different linkages of ubiquitin result in distinct chain
conformations. Whereas the Lys48-, Lys6- and Lys11-linked chains adopt
compact conformation, where adjacent moieties interact with each other, the
Lys63-linked chains show an open conformation [29-31].
As a functional code, the various ubiquitin conformations lead to different
outcomes in the cell. Although the Lys48 linkage is the most abundant in all
organisms, other atypical linkages lead to protein degradation. For instance,
Lys11-linked chains trigger degradation of mitotic regulators. Lys11-linked chains
accumulate in cells upon the activation of the APC/C ubiquitin ligase generating
important proteolytic signals during mitosis [31, 32]. Moreover, the Lys29-linked
chains are involved in different processes, such as the regulation of the AMPK
(AMP-activated protein kinase)-releated protein kinase. Although these
modifications inhibit kinase activity, they don’t lead to degradation of the kinase
[33, 34].
The ubiquitin machinery has also non-proteolytic functions such as regulation of
protein interactions, activity and localization. These non-proteolytic functions of
ubiquitin are mediated by monoubiquitylation or Lys63-linked ubiquitin chains. For
example, monoubiquitylation of Smad4 blocks its association with the
transcriptional cofactor Smad2 [35]. On the other hand, K63-linked chains have a
function in a variety of cellular processes, including DNA repair, stress responses,
signal transduction and intracellular trafficking of membrane proteins [36, 37]. A
growing number of yeast and mammalian plasma membrane proteins are
reported to be modified with K63-linked ubiquitin chains. Among the protein
cargoes of S. cerevisiae, K63-linked ubiquitylation of the Gap1 permease is
essential for its entry into a multivesicular body (MVB) and permits the Golgi
trafficking. Also a growing number of mammalian plasma membrane proteins like
the nerve growth factor receptor, major histocompatibility complex class 1
molecules or prolactine receptor undergo K63-linked ubiquitylation [38]. Moreover,
it has been reported that K63-polyubiquitylation has also a key role in protein
kinase activation in Interleukin-1 and Toll-like receptor pathways.
Proteins can be also modified by covalent attachment of ubiquitin-like proteins
(UBLs), such as Rub1/NEDD8 or SUMO/Sentrin/smt3/Ub11, which are
structurally similar to ubiquitin but do not form polymers on target proteins [39-41].
Like for ubiquitin, the C-terminal glycine residue of UBL is attached to a lysine
side chain of the target protein. UBL conjugation can also block the formation of
poly-ubiquitin chains if both SUMO and ubiquitin target the same lysine residue
[42, 43].

The catalytic mechanisms of ubiquitylation
Ubiquitin is attached to target proteins by a three-step mechanism involving three
enzymes (Figure 3). First, a ubiquitin-activating enzyme (E1) activates ubiquitin: it
adenylates the C-terminus of ubiquitin, releasing pyrophosphate (PPi) and then
forms a thioester bond between the C-terminus of ubiquitin and a catalytic E1
cysteine residue, with the release of adenosine monophosphate (AMP) [44, 45].
The reaction begins with the binding of MgATP and then of ubiquitin: the enzyme
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Figure 3. The ubiquitin-proteasome system. Ubiquitylation is a multistep process
catalyzed by three enzyme: E1 (ubiquitin-activating enzyme), E2 (ubiquitin-conjugating
enzyme), E3 (ubiquitin ligase). First, ubiquitin (Ub) is activated by E1 in an ATPdependent reaction with subsequent release of AMP and PPi and formation of a
thioester bond between Ub and E1. The activated ubiquitin is then transferred onto the
E2 enzyme, which in turn interacts with the E3 enzyme. In the last step, ubiquitin,
bound to E2, is transferred onto the substrate via the E3. Multiple rounds of this
reaction lead to the formation of polyubiquitylated proteins. The polyubiquitylated
substrate is recognized by the 26S proteasome, which consists of two particles: the
catalytic particle (20S) and regulatory particle (19S). The proteasome removes the
ubiquitin chain, unfolds and processes the protein into small peptides. Adapted from
Kaiser and Huang, Genome Biology 2005 .

has low affinity for ubiquitin before the binding to ATP, suggesting that ATP
induces a conformation change to increase the accessibility of a ubiquitin binding
site [46]. The thiol-linked ubiquitin is transferred to the next enzyme in the
cascade, the E2 ubiquitin-conjugating enzyme, where it is linked via a thioester
bond. By the help of a third enzyme, the E3 ubiquitin ligase, ubiquitin is
transferred from the E2 enzyme to the ε-amino group of a substrate lysine [46-49].
The organization of enzymatic conjugating cascade is hierarchical: while there are
only two E1 enzymes in eukaryotic cells (Uba1 and Uba6), about 40 E2s and
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more than 700 E3s [50-52]. Despite the structural similarity to one another, each
E2 interacts with several E3 enzymes exerting distinct biological functions.
Usually, the E3 ligases are the only component of the pathway that is subject to
regulation and provides the specificity because they bind to specific substrate
sequence or degrons. The E3, in combination with the E2, is also important in
determining the topology of the polyubiquitin chain [53-55].
The known E3 enzymes can be divided mechanistically into two families: HECT
E3s and RING E3s. While HECT E3s contain a highly conserved 350 amino acid
HECT domain and form an intermediate thioester bond between ubiquitin and a
cysteine residue [56-58], RING E3 ligases contain a RING finger domain (or a
structurally related domain such as a U-box domain) and do not form any
covalent intermediate [59, 60].

STRUCTURE AND REGULATION OF CULLIN-RING UBIQUITIN
LIGASES
Cullin-RING ubiquitin ligases (CRLs) represent the largest class of RING E3s.
CRLs are nucleated by a cullin scaffold interacting with a catalytic RINGcontaining protein, either RBX1 or RBX2 [61]. The best-studied cullins encoded
by the human genome (CUL1, CUL2, CUL3, CUL4A, CUL4B, CUL5 and CUL7)
form ~300 distinct CRL complexes in different subfamilies (CRL1 containing
CUL1, CRL2 containing CUL2, etc.) [62]. CRLs adopt an elongated architecture,
with the substrate-binding site and E2-binding RING at opposite ends [63]. A
cullin’s
N-terminal
domain
(NTD) binds to a substrate
Substrate
receptor (SR) either directly or
indirectly via an adaptor protein.
E2
Substrate Receptor
Each cullin has its own large
family of dedicated SRs, which
Adaptor
RBX1
bind a substrate’s “degron”
motif. A cullin’s C-terminal
Cullin Scaffold
domain (CTD) binds to the
RBX protein. The RING domain
recruits
an
E2-ubiquitin
intermediate, and promotes
Figure 4. Modular structure of Cullin-RING
ubiquitin transfer from the E2
ubiquitin ligases. Cullin-RING ubiquitin ligases
active site directly to the
consist of a member of the cullin family, which
substrate associated with the
acts as a scaffold (green), and a RING protein,
SR (Figure 4) [64, 65]
RBX1 (red). RBX1 is required for the binding of
The best-known mechanism of
the E3 to E2 ubiquitin-conjugating enzyme. The
N-terminus of each cullin interacts with an
CRL regulation is the activation
adaptor protein (blue), which in turn, binds the
by the binding of the ubiquitinsubstrate receptor protein (light purple).
like protein NEDD8 to a
	
  
conserved lysine near the cullin
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C-terminus. The attachment of NEDD8 stimulates ubiquitin ligase activities,
including binding to E2-ubiquitin, enhancing ubiquitin transfer from the E2 active
site, and positioning the E2 active site adjacent to the substrate [66, 67].
Structural studies have shown how NEDD8 ligation can affect the CRL structure.
Before the NEDD8 attachment, CRLs adopt a compact “closed” conformation,
where the RING domain of RBX1 contacts a portion of the cullin protein. Upon the
NEDD8 attachment, the NEDD8-ligated cullin subdomain is reoriented and the
RING domain of RBX1 is more flexible and free to rotate and adopt multiple
interactions [68].
The activation function of NEDD8 itself is tightly regulated. In higher eukaryotes,
there are distinct NEDD8 conjugation pathways for different cullins: two NEDD8specific E2s, Ubc12 and UBE2F, function with the two different RBX proteins to
modify specific cullins. Ubc12 and RBX1 neddylate CUL1, 2, 3, and 4, whereas
UBE2F and RBX2 neddylate CUL5 [69]. Conversely, NEDD8 is removed from the
COP9 Signalosome (CSN) and this cleavage is mediated by a JAMM motif in the
CSN5 subunit that specifies a zinc metalloprotease like active site. CSN also
regulates CRLs by recruiting the deubiquitinating enzyme UBP12. The free cullinRBX complexes lacking NEDD8 modification associate specifically with a cellular
inhibitor, CAND1 (Cullin-Associated and Neddylation-Dissociated 1) which inhibits
CRL assembly and NEDD8 activation [70, 71].
CAND1 binds directly to CUL1 NEDD8 acceptor lysine. Thus, CAND1 inhibits
neddylation by locking the cullin-RING complex into a closed conformation, and
blocking access to the cullin’s NEDD8 acceptor lysine. The converse is also true:
NEDD8-modification hinders CAND1 binding to CRLs because eliminates the
CAND1 binding surface at the cullin-RBX RING interface [72]. Once the CRL
complex is activated, additional regulation may occur at the level of substrate
recognition. An associated substrate’s binding motif is often referred to as a
“degron”, due to E3 interactions often directing substrates for ubiquitin-mediated
degradation [73].
Many CRLs bind substrates only after the degron motif has been posttranslationally modified by phosphorylation, glycosylation, and prolyl
hydroxylation. There are also many variations on SR recognition of posttranslationally modified substrates. For example, recognition can be amplified by
SRs preferentially binding doubly phosphorylated degrons [74, 75] or by SR
dimerization [76].

Cullin-RING ubiquitin ligases: major players in cell cycle
control
Two major cullin-RING ubiquitin ligases are involved in regulating cell cycle
progression: the Anaphase-Promoting Complex or Cyclosome (APC/C) and the
SCF complex [77]. The APC/C mediates sister chromatid separation in anaphase
and mitotic exit by targeting for degradation securin and mitotic cyclins,
respectively [78-81].
The SCF (SKP1-CUL1-FBP) complex consists of the invariable components
SKP1, CUL1 and RBX1 as well as a variable component, known as F-box protein
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(FBP), which is responsible for substrate recognition [82]. CUL1 functions as a
molecular scaffold that interacts at the N-terminus with SKP1 and at the Cterminus with RBX1, which in turn binds to a specific E2 enzyme (UBC3/CDC34
or UBCH5). SKP1 binds to the F-box protein. More than 70 F-box proteins have
been identified in humans. They can be classified in three groups based on
different protein-protein intaraction domains that mediate the binding to the
substrate. Indeed, FBXWs, FBXLs and FBXOs contain WD40 domains, leucinerich repeats domain or other domains, respectively [82].
SCF and APC/C function at different stages in the cell cycle. While APC/C is
active from anaphase to the end of G1, SCF complexes function mostly from late
G1 to M phase. Furthermore, SCF and APC/C reciprocally control each other [77].
SKP2
Three SCF complexes are mainly involved in cell cycle control: SCF
,
FBWX7
βTrCP
SCF
and SCF
. Below, I summarize the functions of these SCF
complexes in regulating cell division and proliferation.

SCFSkp2
Skp2

SCF
is responsible for the degradation of the CDK inhibitor p27/Kip1 in S
phase [83-85]. It is known that SKP2 recognizes p27 only when is phosphorylated
on Thr187 by the cyclin E-Cdk2 complex. Moreover, the ubiquitylation of p27
requires a cofactor, CKS1 (CDK subunit-1) [86], a member of the Suc1
(suppressor of Cdc2 mutation)/Cks family of cell-cycle regulatory proteins which
bind to CDKs catalytic subunit. Over the last years, several studies have
Skp2
demonstrated that the degradation of p27 in S and G2 is mediated by SCF
.
Skp2
Additional cell cycle regulators targeted by the SCF
ubiquitin ligase are the
cyclin-dependent kinase inhibitor p21 [87,88], the retinoblastoma (Rb) family
member p130 [89], cyclin A [90], cyclin D1 [91], free cyclin E [90], c-Myc [92],
Cdt1 [93] and E2F1 [94]. Recent studies have found that SKP2 also targets tumor
suppressors involved in various cellular pathways: the DNA double-strand break
repair protein BRCA2 [95] and the oncoprotein MEF/ELF4, a transcriptional
activator that promotes S phase entry and proliferation [96]. However, the
phenotype observed in SKP2-/- mice, i.e., nuclear enlargement and polyploidy in
cells of the liver, lung, kidney and testis, and increased number of centrosomes in
mouse embryonic fibroblasts are rescued in SKP2-/-; p27-/- double mutant mice,
Skp2
indicating that p27 is the predominant target of SCF
[90].
It has become evident that SKP2 expression is inversely correlated with levels of
p27 and the grade of malignancy in many cancers. Frequent SKP2 amplification
and overexpression have been observed in a wide array of cancers such as lung
cancer and colorectal carcinoma and are correlated with poor prognosis [97].

SCFFBXW7
FBXW7 was first discovered as a negative regulator of the lin-12 (Notch)
FBXW7
signalling pathway in C. elegans [98]. Besides Notch, SCF
ubiquitylates
multiple substrates that promote cell proliferation and oncogenesis, including
cyclin E [99], c-Myc [100,101], c-Jun [102], and Aurora A [103]. In view of the fact
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that FBXW7 is responsible for the degradation of several oncoproteins, it had
been thought to function as a tumor suppressor. Indeed, FBXW7 mutations or
loss of heterozygosity have been found in numerous cancer types including
breast, endometrial, pancreatic, and gastric cancers [104].
The best characterized substrate of FBXW7 is cyclin E, a cyclin frequently
deregulated in cancer. Inactivation of FBXW7 leads to accumulation of cyclin E
resulting in genomic instability and tumorigenesis [105,106]. Cyclin E, in
conjunction with CDK2, promotes S-phase entry [107]. It has been shown that two
protein kinases, glycogen synthase kinase 3 (GSK3) and CDK2, promote cyclin E
proteolysis. First, CDK2 phopshorylates cyclin E on Ser384, subsequently, GSK3,
phosphorylates cyclin E on Thr380 triggering its binding to FBXW7 and
consequent ubiquitylation and proteasomal degradation [108].
Another important substrate of FBXW7 is c-Myc, a transcription factor that has
crucial roles in mitogenic responses and cell growth and is known to be
deregulated in cancer [109, 110]. C-Myc contains two conserved sequences, MB1
and MB2, in the transactivation domain which has been reported to be implicated
both in the proteolytic and oncogenic activity of Myc [111, 112]. In particular, the
ubiquitylation and degradation of c-Myc by FBXW7 requires the phosphorylation
of two residues,Thr58 and Ser62, both localized in MB1, which are often mutated
in human tumors [113, 114]. Mitogen-activated protein kinase (MAPK)
phosphorylates c-Myc on Ser62 and primes Thr58 phosphorylation by GSK3.
Once c-Myc is phosphorylated on both residues, it is recognized and targeted for
FBXW7
degradation by SCF
[115].
FBXW7 also targets JUN for degradation, a transcription factor which has a key
role in regulating cell proliferation. Phophorylation on Ser243 at C-terminus
stimulates a subsequent GSK3-dependent phosphorylation on Thr239, resulting
in JUN ubiquitylation and proteasome-mediated degradation [116].

SCFβTrCP
Mammalian cells express two βTrCP isoforms, βTrCP1 (also termed FBXW1) and
βTrCP2 (also known as FBXW11). βTrCP recognizes a specific destruction motif,
DSGXX(X)S, tipically conserved through evolution, whose serine residues are
phosphorylated by specific kinase (Figure 5) [117-119]. βTrCP binds to this
degradation motif, known as phosphodegron, through seven WD40 repeats at its
C-terminus that form a structure named β-propeller (Figure 6) [120]. Often,
generation of a phosphodegron requires the sequential actions of two kinases: a
priming kinase phosphorylates the protein substrate thus stimulating the degron
phosphorylation. The phosphorylation-dependent interaction of the substrate with
βTrCP provides the possibility to target substrates only under specific biological
conditions and in a timely manner, i.e., when the specific kinase is activated [121].
βTrCP has a crucial role in the regulation of cell cycle progression. This was first
indicated by the finding that βTrCP1-deficient cells display polyploidy,
centrosomal overduplication, impaired progression through mitosis and
misaligned chromosomes [122]. Moreover, subsequent studies have shown that a
βTrCP
number of SCF
substrates are key cell cycle regulators. It has been shown
18	
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Consensus
S S DS S E DS G +G S S S S S S S

Figure
5.
The
βTrCP
phosphodegron.
(A)
Alignment of human degron
sequences of published βTrCP
substrates (B) Consensus of
the degron motif built from
MEME analysis of reported
βTrCP substrates. This motif is
specifically
enriched
in
Aspartate (D), Serine (S), and
Glycine
(G)
amino
acid
residues. Adapted from Low et
al., submitted.

	
  

that Emi1, an inhibitor of the APC/C ubiquitin ligase is targeted for degradation by
βTrCP
SCF
in prophase. Emi1 inhibits APC/C in S and G2 to ensure that the cyclin
B-CDK1 complex does not activate prematurely APC/C [123, 124]. However,
progression through mitosis requires the reactivation of APC/C and this is
achieved by the βTrCP- and Polo-like kinase 1 (Plk1)-mediated degradation of
Emi1 in early mitosis [125].
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Figure 6. The SCF
ubiquitin ligase. (A) SCF
consists of the cullin subunit
CUL1 (green), which interacts with the adaptor protein SKP1 (blue) at the N-terminus
and with the RING-finger protein (RBX1, red) and E2 enzyme at the C-terminus. The Fbox protein, βTrCP (light purple), binds SKP1 through its F-box domain and with the
phosphodegron of the target protein (yellow) through seven WD40 repeats. This multisubunit enzyme catalyzes the transfer of activated ubiquitin (Ub) from E2 to the
βTrCP
substrate. (B) Crystal structure of the SCF
complex. Adapted from Wu et al., Mol
Cell 2003

The activation of CDK1 at the onset of mitosis requires the downregulation of
Wee1, a kinase that phosphorylates and thereby inhibits the activity of CDK1.
Wee1 is targeted for degradation by βTrCP upon the recognition of two serine
residues at positions 53 and 123, which are phosphorylated by Plk1 and CDK1,
respectively [126, 127].
βTrCP-mediated degradation controls the DNA damage response. Indeed,
βTrCP
SCF
regulates the abundance of CDC25A, a phosphatase which positively
regulates CDKs activity, both during S-phase and in response to DNA damage. In
response to DNA damage or blocked DNA replication, CDC25A is phosphorylated
on Ser82 by Chk2 and targeted for proteasomal degradation by βTrCP, in order
to inactivate CDK1 and CDK2 and promote cell cycle arrest [128]. Furthermore,
checkpoint termination and recovery from cell cycle arrest require the proteolytic
removal of Claspin, which is required for Chk1 activation [129,130]. Following
DNA repair, Claspin is phosphorylated by Plk1, which triggers Claspin destruction
βTrCP
via SCF
[131, 132].
It has been shown that during G2 phase βTrCP targets for degradation REST, a
tumor suppressor that regulates neuronal differentiation [133]. In addition to
controlling neurogenesis, the destruction of REST by βTrCP has an important role
in permitting the optimal activation of the spindle checkpoint through
transcriptional derepression of MAD2, an essential component of the spindle
checkpoint [134].
βTrCP
SCF
also induces the degradation of IκBα in order to activate the NF-κB
signaling pathway and promote cell cycle progression and survival [119].
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Moreover, SCF
plays a key role in regulating the cellular levels of
oncoproteins such as β-catenin. Upon phosphorylation by CK1α and GSK3β, βcatenin is targeted for degradation by βTrCP in unstimulated cells, preventing the
activation of pro-proliferative genes such as Cyclin D1 and Myc [135]. Upon
activation of the Wnt signaling pathway, ubiquitylation of β-catenin is blocked and,
as a result, it accumulates in the cytoplasm and enters the nucleus to induce the
expression of Wnt target genes. Mutations in βTrCP or the DSGXX(X)S degron of
β-catenin both resulted in stabilization of β-catenin contributing to the
pathogenesis of gastric and endometrial cancers [136,137]. Transgenic mice
overexpressing wild-type βTrCP or the dominant-negative ΔF-box-βTrCP in the
intestine, liver, and kidney develop tumors in all targeted organs, in part through
β-catenin activation [138].

Scope of this thesis
This thesis focuses on how protein degradation by the ubiquitin-proteasome
system controls cell proliferation. In particular, I describe various mechanims of
crosstalk between ubiquitylation and phosphorylation in the regulation of cell
p’’’roliferation.
In chapter 2, I show that the transcription factor AP4 (TFAP4) is targeted by
βTrCP
SCF
for ubiquitylation and proteasomal degradation during the G2 phase of
the cell division cycle. I demonstrate that the degradation of TFAP4 requires the
phosphorylation of a specific serine residue present in a conserved degron motif. I
also show that failure to degrade TFAP4 inhibits G2 progression and results in a
number of defects in mitosis, including chromosome missegregation and
multipolar spindles, which cause the activation of the DNA damage checkpoint.
In chapter 3, I characterize the phosphorylation events controlling the
proteasomal degradation of the basic helix-loop helix transcription factor DEC1
during recovery from G2 DNA damage checkpoint and, in particular, a possible
role of cyclin-dependent kinases (CDKs) in the regulation of DEC1 proteolysis.
βTrCP
Finally, in chapter 4, I describe for the first time the interaction between SCF
and AS160, a substrate of AKT implicated in the insulin signaling pathway. I show
βTrCP
that the interaction depends on a specific phosphodegron motif and that SCF
is directly responsible for AS160 ubiquitylation. In this chapter I also discuss a
possible new regulatory mechanism by which the degradation of AS160 could
exert an effect on the translocation of the glucose transporter GLUT4.

	
  

21	
  

1

Chapter 1

1

REFERENCES
1.
2.

Weinberg, R.A. The Biology of cancer
Malumbres, M., and Barbacid, M. (2009). Cell cycle, CDKs and cancer: a
changin paradigm. Nat Rev 9, 153-166.
Sherr, C.J. (1999). Cancer cell cycles. Science 274, 1672-1677.
Sherr, J.C., and Roberts, J.M. (1999). CDK inhibitors: positive and negative
regulators of G1-phase progression. Genes Dev13, 1501-1512.
Kastan, M.B., and Bartek, J. (2004). Cell cycle checkpoints and cancer.
Nature 432, 316-323.
Weissman, A.M. (2001). Themes and variations on ubiquitylation. Nat Rev
Mol Cell Biol 2, 169-178.
Pickart, C.M. (2004). Back to the future with ubiquitin. Cell 116, 181-190.
Saeki, Y., and Tanaka, K. (2012). Assembly and function of the proteasome.
Methods Mol Biol 832, 315–3
Groll, M., et al. (2000). A gated channel into the proteasome core particle.
Nat
Struct Biol 7, 1062–1067.
Thrower, J.S., Hoffman, L., Rechsteiner, M., and Pickart, C.M. (2000).
Recognition of the polyubiquitin proteolytic signal. EMBO J 19, 94–102.
Smith, D.M., Benaroudj, N., and Goldberg, A. (2006). Proteasomes and their
associated ATPases: a destructive combination. J Struct Biol 156, 72–83
Lowe, J., Stock, D., Jap, B., Zwickl, P., Baumeister, W., Huber, R. (1995).
Crystal structure of the 20S proteasome from the archeon T. acidophilum at
3.4 A resolution. Science 268, 533-39.
Groll, M., Ditzel, L., Lowe, J., Stock, D., Bochtler, M., et al. 1997. Structure of
20S proteasome from yeast at 2.4 Å resolution. Nature 386, 463–71.
Verma, R., et al. (2002). Role of Rpn11 metalloprotease in deubiquitination
and degradationby the 26S proteasome. Science 298, 611–615.
Yao, T., and Cohen, R.E. (2002). A cryptic protease couples deubiquitination
and degradation by the proteasome. Nature 419, 403–407.
Glickman, M.H., Rubin, D.M., Fried, V.A., and Finley, D. (1998). The
regulatory particle of the Saccharomyces cerevisiae proteasome. Mol Cell
Biol 18, 3149–3162.
Tomko, R.J.Jr., Funakoshi, M., Schneider, K., Wang, J. and Hochstrasser, M.
Heterohexameric ring arrangement of the eukaryotic proteasomal ATPases:
implications for proteasome structure and assembly. (2010). Mol Cell 38,
393–403.
Hamazaki, J., et al. (2006). A novel proteasome interacting protein recruits
the deubiquitinating enzyme UCH37 to 26S proteasomes. EMBO J 25,
4524–4536.
Martin, A., Baker, T.A., and Sauer, R.T. (2008). Pore loops of the AAA+ ClpX
machinegrip substrates to drive translocation and unfolding. Nat Struct Mol
Biol 15,1147–1151.
Aubin-Tam, M.E., Olivares, A.O., Sauer, R.T., Baker, T.A., and Lang, M.J.
(2011). Single- molecule protein unfolding and translocation by an ATPfueled proteolytic machine.Cell 145, 257–267.

3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.

18.
19.
20.

22	
  

	
  

Introduction

	
  
21. Zhang, F., et al. (2009). Mechanism of substrate unfolding and translocation
by the regulatory particle of the proteasome from Methanocaldococcus
jannaschii. Mol Cell 34, 485–496.
22. Vijay-Kumar, S., Bugg, C.E., and Cook, W.J. (1987). Structure of ubiquitin
refined at 1.8 A resolution. J Mol Biol 194, 531–44.
23. Dikic, I., Wakatsuki, S., and Walters, K.J. (2009). Ubiquitin-binding
domains—from structures to functions. Nat Rev Mol Cell Biol 10, 659–71.
24. Shih, S.C., Sloper-Mould, K.E., and Hicke, L. (2000). Monoubiquitin carries a
novel internalization signal that is appended to activated receptors. EMBO J
19, 187–98.
25. Sloper Mould, K.E., Jemc, J.C., Pickart, C.M. and Hichel, L. (2001) Distinct
functional surface regions on ubiquitin. J Biol Chem 276, 30483-89.
26. Kamadurai, H.B., Souphron, J., Scott, D.C., Duda, D.M., Miller, D.J., et al.
(2009). Insights into ubiquitin transfer cascades from a structure of a
UbcH5B∼ubiquitin HECTNEDD4Lcomplex. Mol Cell 36, 1095–102.
27. Hu, M., Li, P., Li, M., Li. W., Yao, T., et al. (2002). Crystal structure of a UBPfamily deubiquitinating enzyme in isolation and in complex with ubiquitin
aldehyde. Cell 111, 1041–54.
28. Reyes-Turcu, F.E., Horton, J.R., Mullally, J.E., Heroux, A., Cheng, X., and
Wilkinson, K.D. (2006). The ubiquitin binding domain ZnF UBP recognizes
the C-terminal diglycine motif of unanchored ubiquitin. Cell 124, 1197–208.
29. Cook, W.J., Jeffrey, L.C., Carson, M., Chen, Z., and Pickart, C.M. (1992).
Structure of a diubiquitin conjugate and a model for interaction with ubiquitin
conjugating enzyme (E2). J Biol Chem 267, 16467–71.
30. Tenno, T., Fujiwara, K., Tochio, H., Iwai, K., Morita, E.H., et al. (2004).
Structural basis for distinct roles of Lys63- and Lys48-linked polyubiquitin
chains. Genes Cells 9, 865–75.
31. Matsumoto, M.L., Wickliffe, K.E., Dong, K.C, Yu, C., Bosanac, I., et al.
(2010). K11-linked polyubiquitination in cell cycle control revealed by a K11
linkage-specific antibody. Mol Cell 39, 477–84.
32. Williamson, A., Wickliffe, K.E., Mellone, B.G., Song, L., Karpen, G.H., and
Rape, M. (2009). Identificationofaphysio-logical E2 module for the human
anaphase-promoting complex. Proc Natl Acad Sci USA 106, 18213–18.
33. Johnson, E.S., Ma, P.C., Ota, I.M., and Varshavsky, A. (1995). A proteolytic
pathway that recognizes ubiquitin as adegradation signal. J Biol Chem 270,
17442–56.
34. Al-Hakim, A.K., et al. (2008). Control of AMPK-releated kinase by USP9X
and atypical Lys29/Lys63-linked polyubiquitin chains. Biochem J 411, 249260.
35. Dupont, S., Mamidi, A., Cordenonsi, M., Montagner, M., Zacchigna, L., et al.
(2009). FAM/USP9x, a deubiqui-tinating enzyme essential for TGFbeta
signaling, controls Smad4 monoubiquitination. Cell 136, 123–35.
36. Deng, L., Wang, C., Spencer, E., Yang, L., Braun, A., et al. (2000). Activation
of the IkappaB kinase complex by TRAF6 requires a dimeric ubiquitinconjugating enzyme complex and a unique polyubiquitin chain. Cell 103,
351–61.

	
  

23	
  

1

Chapter 1

1

37. Zeng, W., Sun, L., Jiang, X., Chen, X., Hou, F., et al. (2010). Reconstitution
of the RIG-I pathway reveals a signaling role of unanchored polyubiquitin
chains in innate immunity. Cell 141, 315–30.
38. Lauwers, E., Jacob, C., and Andrè B. (2009). K63-linked ubiquitin chains as
a specific signal for protein sorting into the multivesicular body pathway. J
Cell Biol 185, 493-502.
39. Hochstrasser, M. (2000). Evolution and function of ubiquitin-like proteinconjugation systems. Nat Cell Biol 2, E153–E157.
40. Larsen, C.N. and Wang, H. (2002). The ubiquitin superfamily: members,
features, and phylogenies. J Proteome Res 1, 411–419.
41. Seeler, J.S. and Dejean, A. (2003). Nuclear and unclear functions of SUMO.
Nat Rev Mol Cell Biol 4, 690–699.
42. Joseph, J., Tan, S.H., Karpova, T.S., McNally, J.G., and Dasso, M. (2002).
SUMO-1 targets RanGAP1 to kinetochores and mitotic spindles. J Cell Biol
156, 595–602.
43. Muller, S., Matunis, M.J. and Dejean, A. (1998). Conjugation with the
ubiquitin-related modifier SUMO-1 regulates the partitioning of PML within
the nucleus. EMBO J 17, 61–70.
44. Haas, A. and Rose, I. (1982). The mechanism of ubiquitin activating enzyme.
A kinetic and equilibrium analysis. J Biol Chem 257, 10329–10337.
45. Haas, A., Warms, J., Hershko, A. and Rose, I. (1982). Ubiquitin-activating
enzyme. Mechanism and role in protein-ubiquitin conjugation. J Biol Chem
257, 2543–2548.
46. Breitschopf, K., Bengal, E., Ziv, T., Admon, A. and Ciechanover, A. (1998). A
novel site for ubiquitination: the N-terminal residue, and not internal lysines
of MyoD, is essential for conjugation and degradation of the protein. EMBO J
17, 5964–5973.
47. Aviel, S., Winberg, G., Masucci, M. and Ciechanover, A. (2000). Degradation
of the Epstein-Barr virus latent membrane protein 1 (LMP1) by the ubiquitinproteasome pathway. Targeting via ubiquitination of the N-terminal residue. J
Biol Chem 275, 23491–23499
48. Reinstein, E., Scheffner, M., Oren, M., Ciechanover, A. and Schwartz, A.
(2000). Degradation of the E7 human papillomavirus oncoprotein by the
ubiquitin-proteasome system: targeting via ubiquitination of the N-terminal
residue. Oncogene 19, 5944–5950.
49. Bloom, J., Amador, V., Bartolini, F., DeMartino, G. and Pagano, M. (2003).
Proteasome-mediated degradation of p21 via N-terminal ubiquitinylation.Cell,
115, 71–82.
50. Pickart, C.M. (2001). Mechanisms underlying ubiquitination. Annu Rev
Biochem 70, 503–533
51. VanDemark, A.P., and Hill, C.P. (2002). Structural basis of ubiquitylation.
Curr Opin Struct Biol 12, 822–830.
52. Pickart, C.M. (2001). Mechanisms underlying ubiquitination. Annu Rev
Biochem 70, 503–533
53. Glickman, M.H., and Ciechanover, A. (2002). The ubiquitin-proteasome
proteolytic pathway: destruction for the sake of construction. Physiol Rev 82,
373–428.

24	
  

	
  

Introduction

	
  
54. Laney, J. D., and Hochstrasser, M. (1999). Substrate targeting in the
ubiquitin system. Cell (Cambridge, Mass.) 97, 427–430.
55. Huibregtse, J.M., Scheffner, M., Beaudenon, S. and Howley, P.M. (1995). A
family of proteins structurally and functionally related to the E6-AP ubiquitinprotein ligase. Proc Natl Acad Sci U.S.A. 92, 2563–2567.
56. Scheffner, M., Nuber, U. and Huibregtse, J.M. (1995). Protein ubiquitination
involving an E1–E2–E3 enzyme thioester cascade. Nature 373, 81–83.
57. Schwarz, S.E., Rosa, J.L. and Scheffner, M. (1998). Characterization of
human HECT domain family members and their interaction with UbcH5 and
UbcH7. J Biol Chem 273, 12148–1215.
58. Deshaies, R.J. (1999). SCF and Cullin/Ring H2-based ubiquitin ligases.
Annu. Rev. Cell Dev Biol 15, 435–467.
59. Joazeiro, C.A., and Weissman, A.M. (2000). RING finger proteins: mediators
of ubiquitin ligase activity. Cell 102, 549–552.
60. Lorick, K.L., Jensen, J.P., Fang, S., Ong, A.M., Hatakeyama, S. and
Weissman, A.M. (1999). RING fingers mediate ubiquitin-conjugating enzyme
(E2)-dependent ubiquitination. Proc Natl Acad Sci U.S.A. 96, 11364-9.
61. Petroski, M.D., and Deshaies, R.J. (2005). Function and regulation of cullinRING ubiquitin ligases. Nat Rev Mol Cell Biol 6, 9–20.	
  
62. Zimmerman, E.S., Schulman, B.A., and Zheng, N. (2010). Structural
assembly of cullin-RING ubiquitin ligase complexes. Curr Opin Struct Biol 20,
714–721.	
  
63. Zheng, N., Schulman, B.A., Song, L., Miller, J.J., Jeffrey, P.D., Wang, P.,
Chu, C., Koepp, D.M., Elledge, S.J., Pagano, M., et al. (2002). Structure of
the Cul1-Rbx1-Skp1-F boxSkp2 SCF ubiquitin ligase complex. Nature 416,
703–709.	
  
64. Kleiger, G., Saha, A., Lewis, S., Kuhlman, B., and Deshaies, R.J. (2009).
Rapid E2-E3 assembly and disassembly enable processive ubiquitylation of
cullin-RING ubiquitin ligase substrates. Cell 139, 957–968.
65. Pierce, N.W., Kleiger, G., Shan, S.O., and Deshaies, R.J. (2009). Detection
of sequential polyubiquitylation on a millisecond timescale. Nature 462, 615–
619. 	
  
66. Duda, D.M., Borg, L.A., Scott, D.C., Hunt, H.W., Hammel, M., and Schulman,
B.A. (2008). Structural insights into NEDD8 activation of cullin-RING ligases:
conformational control of conjugation. Cell 134, 995–1006.
67. Saha, A., and Deshaies, R.J. (2008). Multimodal activation of the ubiquitin
ligase SCF by Nedd8 conjugation. Mol Cell 32, 21–31. 	
  
68. Huang, D.T., Ayrault, O., Hunt, H.W., Taherbhoy, A.M., Duda, D.M., Scott,
D.C., Borg, L.A., Neale, G., Murray, P.J., Roussel, M.F., et al. (2009). E2RING expansion of the NEDD8 cascade confers specificity to cullin
modification. Mol Cell 33, 483–495.
69. Lyapina S, Cope G, Shevchenko A, Serino G, Tsuge T, Zhou C, Wolf DA,
Wei N, Deshaies RJ. Promotion of NEDD-CUL1 conjugate cleavage by
COP9 signalosome. Science. 2001;292:1382–1385.
70. Liu. J., Furukawa, M., Matsumoto, T., and Xiong, Y. (2002). NEDD8
modification of CUL1 dissociates p120(CAND1), an inhibitor of CUL1-SKP1
binding and SCF ligases. Mol Cell 10, 1511–1518	
  

	
  

25	
  

1

Chapter 1

1

71. Zheng, J., Yang, X., Harrell, J.M., Ryzhikov, S., Shim, E.H., Lykke-Andersen,
K., Wei, N., Sun, H., Kobayashi, R., and Zhang, H. (2002). CAND1 binds to
unneddylated CUL1 and regulates the formation of SCF ubiquitin E3 ligase
complex. Mol Cell 10, 1519–1526.	
  
72. Goldenberg, S.J., Cascio, T.C., Shumway, S.D., Garbutt, K.C., Liu, J., Xiong,
Y., and Zheng, N. (2004). Structure of the Cand1-Cul1-Roc1 complex
reveals regulatory mechanisms for the assembly of the multisubunit cullindependent ubiquitin ligases. Cell 119, 517–528. 	
  
73. Petroski, M.D., and Deshales R.J. (2005). Function and regulation of cullinRING ubiquitin ligases. Nat Rev Mol Cell Biol 6, 9-20.	
  
74. Wu, G., Xu, G., Schulman, B.A., Jeffrey, P.D., Harper, J.W., and Pavletich,
N.P. (2003). Structure of a beta-TrCP1-Skp1-beta-catenin complex:
destruction motif binding and lysine specificity of the SCF(beta-TrCP1)
ubiquitin ligase. Mol Cell 11, 1445–1456.	
  
75. Hao, B., Oehlmann, S., Sowa, M.E., Harper, J.W., and Pavletich, N.P. (2007).
Structure of a Fbw7-Skp1-cyclin E complex: multisite-phosphorylated
substrate recognition by SCF ubiquitin ligases. Mol Cell 26, 131–143.
76. Tang, X., Orlicky, S., Lin, Z., Willems, A., Neculai, D., Ceccarelli, D.,
Mercurio, F., Shilton, B.H., Sicheri, F., and Tyers, M. (2007). Suprafacial
orientation of the SCFCdc4 dimer accommodates multiple geometries for
substrate ubiquitination. Cell 129, 1165–1176. 	
  
77. Nakayama, I.K. and, Nakayama, K. (2005). Regulation of the cell cycle by
SCF-type ubiquitin ligases. Cell and Dev Biology 16, 323-333.
78. King, R.W, Peters, J.M, Tugendreich, S. Rolfe, M. Hieter, P., and Kirschner,
MW. (1995). A 20S complex containing CDC27 and CDC16 catalyzes the
mitosis specific conjugation of ubiquitin to ciclin B. Cell 81, 279-288.
79. Sudakin, V., Ganoth D., Dahan, A. Heller, H. Hershko, J., Luca, F.C., et al.
(1995). The cyclosome,a large complex containing cyclin-selective ubiquitin
ligase activity, targets cyclins for destruction at the end of mitosis. Mol Biol
Cell 6, 185-197.
80. Cohen- Fix, O., Peters, J.M, Kirschner, M.W., and Koshland, D. (1996).
Anaphase initiation in Saccaromyces cerevisiae is controller by APCdependent degradation of the anaphase inhibitor Pds1p. Genes Dev 10,
30813083.
81. Funabiki, H., Yamano, H., Kumada, K., Nagao, K., Hunt, T., and Yanagida,
M. (1996). Cut2 proteolysis requie for sister –chromatid separation in fission
yeast. Nature 381, 438-441.
82. Cardozo, T. ,and Michele, Pagano. (2009). The SCF Ubiquitin Ligase:
insights into a molecular machine. Nat Rev Mol Cell Biol 5, 739-751.	
  
83. Carrano, A.C., Eytan, E., Hershko, A., and Pagano, M. (1999). SKP2 is
required for ubiquitin-mediated degradation of the CDK inhibitor p27. Nat
Cell Biol 1, 193-9.	
  
84. Pagano, M., Tam, S.W., Theodoras, A.M., Beer-Romero, P., Del Sal, G.
Chau, V., et al. (1995). Role of the ubiquitin-proteasome pathway in
regulating abundance of the cyclin-dependent kinase inhibitor p27. Science
269, 682-685.

26	
  

	
  

Introduction

	
  
85. Shirane, M., Harumiya, Y., Ishida, N., Hirai, A., Miyamoto, C., Hatakeyama,
S. et al. (1999). Down-regulation of p27Kip1 by two mechanisms, ubiquitinmediated degradation and proteolytic processing. J Biol Chem 274, 1388613893.
86. Sheaff, R.J., Groudine, M., Gordon, M., Roberts, J.M., Clurman, B.E. (1997).
Cyclin E-CDK2 is a regulator of p27Kip1. Genes Dev 11, 1464-1478.
87. Yu, Z.K., Gervais, J.L., and Zhang, H. (1998). Human CUL-1 associates with
theSKP1/SKP2 complex and regulates p21CIP1/WAF1 and cyclin D
proteins. Proc Natl Acad Sci USA 95, 11324–9.
88. Bornstein, G., Bloom, J., Sitry-Shevah, D., Nakayama, K., Pagano, M., and
Hershko, A. (2003). Role of the SCF Skp2 ubiquitin ligase in the degradation
of p21 Cip1 in S phase. J Biol Chem, 278, 25752–7.
89. Tedesco, D., Lukas, J., and Reed, S.I. (2002). The pRb-related protein p130
is regulated by phosphorylation-dependent proteolysis via the protein
ubiquitin ligase SCF Skp2. Genes Dev 16, 2946–57.
90. Nakayama, K., Nagahama, H., Minamishima, Y.A., et al. (2000). Targeted
disruption of Skp2 results in accumulation of cyclin E and p27(Kip1),
polyploidy and centrosome overduplication. EMBO J 19, 2069-81.	
  
91. Kim, S.Y., Herbst, A., Tworkowski, K.A., Salghetti, S.E., and Tansey, W.P.
(2003). Skp2 regulates myc protein stability and activity. Mol Cell 11, 1177–
88.
92. von der Lehr, N., Johansson, S., Wu, S., Bahram, F., Castell, A., Cetinkaya
C, et al. (2003). The F-Box protein Skp2 participates in c-Myc proteosomal
degradation and acts as a cofactor for c-Myc regulated transcription. Mol Cell
11, 1189–200.
93. Liu, E., Li, X., Yan, F., Zhao, Q., and Wu, X. (2004). Cyclin-dependent
kinases phosphorylate human Cdt1 and induce its degradation. J Biol Chem
279, 17283–8.
94. Marti, A., Wirbelauer, C., Scheffner, M., and Krek, W. (1999). Interaction
between ubiquitin-protein ligase SCF SKP2 and E2F-1 underlies the
regulation of E2F-1 degradation. Nat Cell Biol 1, 14–9.
95. Moro, L., Arbini, A.A., Marra, E., and Greco, M. (2006). Up-regulation of
Skp2 after prostate cancer cell adhesion to basement membranes results in
BRCA2 degradation and cell proliferation. J Biol Chem 281, 22100-7.	
  
96. Liu, Y., Hedvat, C.V., Mao, S., et al. (2006). The ETS protein MEF is
regulated by phosphorylation-dependent proteolysis via the protein-ubiquitin
ligase SCFSkp2. Mol Cell Biol 26, 3114-23. 	
  
97. Hershko, D.D. (2008). Oncogenic properties and prognostic implications of
the ubiquitin ligase Skp2 in cancer. Cancer 112, 1415-24.	
  
98. Hubbard, E.J., Wu, G., Kitajewski, J., and Greenwald, I. (1997). sel-10, a
negative regulator of lin-12 activity in Caenorhabditis elegans, encodes a
member of the CDC4 family of proteins. Genes Dev 11, 3182–93.
99. Koepp, D.M., Schaefer, L.K., Ye, X., et al. (2001). Phosphorylationdependent ubiquitination of cyclin E by the SCFFbw7 ubiquitin ligase.
Science 2001, 294:173-7.	
  

	
  

27	
  

1

Chapter 1

1

100. Yada, M., Hatakeyama, S., Kamura, T., et al. (2004). Phosphorylationdependent degradation of c-Myc is mediated by the F-box protein Fbw7.
EMBO J 23, 2116-25.	
  
101. Kanei-Ishii, C., Nomura, T., Takagi, T., Watanabe, N., Nakayama, K.I., and
Ishii, S. (2008). Fbxw7 acts as an E3 ubiquitin ligase that targets c-Myb for
nemo-like kinase (NLK)-induced degradation. J Biol Chem 283, 30540-8. 	
  
102. Plesca, D., Mazumder, S., Gama, V., Matsuyama, S., and Almasan, A.
(2008). A C-terminal fragment of Cyclin E, generated by caspase-mediated
cleavage, is degraded in the absence of a recognizable phosphodegron. J
Biol Chem 283, 30796-803. 	
  
103. Klotz, K., Cepeda, D., Tan, Y., Sun, D., Sangfelt, O., and Spruck, C. (2009).
SCF(Fbxw7/hCdc4) targets cyclin E2 for ubiquitin-dependent proteolysis.
Exp Cell Res 315, 1832-9. 	
  
104. Tetzlaff, M.T., Yu, W., Li, M., et al. (2004). Defective cardiovascular
development and elevated cyclin E and Notch proteins in mice lacking the
Fbw7 F-box protein. Proc Natl Acad Sci U S A. 101, 3338-45. 	
  
105. Welcker, M., and Clurman, B.E. (2008). FBW7 ubiquitin ligase: a tumour
suppressor at the crossroads of cell division, growth and differentiation. Nat
Rev Cancer 8, 83-93. 	
  
106. Kimura, T., Gotoh, M., Nakamura, Y., and Arakawa, H. (2003). hCDC4b, a
regulator of cyclin E, as a direct transcriptional target of p53. Cancer Sci 94,
431-6.	
  
107. Spruck, C.H., Won, K.A., and Reed, S.I. (1999). Deregulated cyclin E
induces chromosome instability. Nature 401, 297-300.	
  
108. Welcker, M., Singer, J, Loeb, K.R, Grim, J., Bloecher, A., Gurien-West, M.,
Clurman, B.E., and Roberts, J.M (2003). Multisite phosphorylation by Cdk2
and GSK3 controls cyclin E degradation. Mol Cell 12, 381-392.	
  
109. Yada, M., Hatakeyama, S., Kamura, T., et al. (2004). Phosphorylationdependent degradation of c-Myc is mediated by the F-box protein Fbw7.
EMBO J 23, 2116-25. 	
  
110. Welcker, M., Orian, A., Grim, J.E., Eisenman, R.N., and Clurman B.E. (2004).
A nucleolar isoform of the Fbw7 ubiquitin ligase regulates c-Myc and cell size.
Curr Biol 14, 1852-7. 	
  
111. Flinn, E.M., Busch, C.M., and Wright, A.P. (1998). The myc boxes, which are
conserved in myc family proteins, are signals for protein degradation via the
proteasome. Mol Cell Biol 18, 5961–9.
112. Grandori, C., Cowley, S.M., James, L.P., and Eisenman, R.N. (2000). The
Myc/Max/Mad network and the transcriptional control of cell behavior. Annu
Rev Cell Dev Biol 16, 653–99.
113. Lutterbach, B., and Hann, S.R. (1994). Hierarchical phosphorylation at Nterminal transformation-sensitive sites in c-Myc protein is regulated by
mitogens and in mitosis. Mol Cell Biol 14, 5510–22.
114. Bahram, F., von der Lehr, N., Cetinkaya, C., and Larsson, L.G. (2000). c-Myc
hot spot mutations in lymphomas result in inefficient ubiquitination and
decreased proteasome-mediated turnover. Blood 95, 2104–10.
115. Yada, M, at al. (2004). Phopshorylation dependent degradation of c-Myc is
mediated by the F-box protein Fbw7. EMBO J 23, 2116.2125.

28	
  

	
  

Introduction

	
  
116. Wei, W, et al. (2005). The v-Jun point mutation allows c-Jun to escape
GSK3-dependent recognition and destruction by the Fbw7 ubiquitin ligase.
Cancer Cell 8, 25-33.
117. Yaron, A., Gonen, H., Alkalay, I., et al. (1997). Inhibition of NF-kappa-B
cellular function via specific targeting of the I-kappa-B-ubiquitin ligase. EMBO
J 16, 6486-94.
118. Winston, J.T., Strack, P., Beer-Romero, P., Chu, C.Y., Elledge, S.J., and
Harper JW. (1999). The SCFbeta-TRCP-ubiquitin ligase complex associates
specifically with phosphorylated destruction motifs in IkappaBalpha and betacatenin and stimulates IkappaBalpha ubiquitination in vitro. Genes Dev 13,
270-83.	
  
119. Tan, P., Fuchs, S.Y., Chen, A., et al. (1999). Recruitment of a ROC1-CUL1
ubiquitin ligase by Skp1 and HOS to catalyze the ubiquitination of I kappa B
alpha. Mol Cell 3, 527-33.	
  
120. Wall, M.A., et al. (1995). The structure of the G protein heterotrimer Gi alpha
1 beta 1 gamma 2. Cell 83, 1047-1058.	
  
121. Wu, G., et al. (2003). Structure of a beta-TrCP1-Skp1-beta catenin complex:
destruction motif binding and lysine specificity of the SCF(betaTrCP1)
ubiquitin ligase. Mol Cell 11, 1445-1456.	
  
122. Hunter, T., et al. (2007). The age of crasstalk: phopshorylation, ubiquitination
and beyond. Mol Cell 28, 730-738.	
  
123. Guardavaccaro, D., Kudo, Y., Boulaire, J., et al. (2003). Control of meiotic
and mitotic progression by the F box protein beta-Trcp1 in vivo. Dev Cell 4,
799-812.	
  
124. Margottin-Goguet, F., Hsu, J.Y., Loktev, A., Hsieh, H.M., Reimann, J.D., and
Jackson, P.K. (2003). Prophase destruction of Emi1 by the
SCF(betaTrCP/Slimb) ubiquitin ligase activates the anaphase promoting
complex to allow progression beyond prometaphase. Dev Cell 4, 813-26.
125. Nakayama, K.I., and Nakayama K. (2006). Ubiquitin ligases: cell-cycle
control and cancer. Nat Rev 6, 369-381.
126. Ayad, N.G., Rankin, S., Murakami, M., Jebanathirajah, J., Gygi, S., and
Kirschner, M.W. (2003). Tome-1, a trigger of mitotic entry, is degraded during
G1 via the APC. Cell 113, 101–13.
127. Watanabe, N., Arai, H., Nishihara, Y., Taniguchi, M., Hunter, T., and Osada
H. (2004). M-phase kinases induce phospho-dependent ubiquitination of
somatic Wee1 by SCF-TrCP. Proc Natl Acad Sci USA 101, 4419–24.
128. Busino L, Donzelli M, Chiesa M, Guardavaccaro D, Ganoth D, Dorrello NV,
et al. (2003). Degradation of Cdc25A by-TrCP during S phase and in
response to DNA damage. Nature 426, 87–91.
129. Kumagai, A., and Dunphy, W.G. (2000). Claspin, a novel protein required for
the activation of Chk1 during a DNA replication checkpoint response in
Xenopus egg extracts. Mol Cell 6, 839-49.
130. Chini, C.C., and Chen, J. (2003). Human claspin is required for replication
checkpoint control. J Biol Chem 278, 30057-62. 	
  
131. Mamely, I., van Vugt, M.A., Smits, V.A., et al. (2006). Polo-like kinase-1
controls proteasome-dependent degradation of Claspin during checkpoint
recovery. Curr Biol 16, 1950-5.

	
  

29	
  

1

Chapter 1

1

132. Peschiaroli, A., Dorrello, N.V., Guardavaccaro, D., et al. (2006).
SCFbetaTrCP-mediated degradation of Claspin regulates recovery from the
DNA replication checkpoint response. Mol Cell 23, 319-29. 	
  
133. Westbrook, T.F., Hu, G., Ang, X.L,, et al. (2008). SCFbeta-TRCP controls
oncogenic transformation and neural differentiation through REST
degradation. Nature 452, 370-4.	
  
134. Guardavaccaro, D., Frescas, D., Dorrello, N.V., Peschiaroli, A., Multani, A.S.,
Cardozo, T., Lasorella, A., Iavarone, A., Chang, S., Hernando, E., and
Pagano M. (2008). Control of chromosome stability by the β-TrCP–REST–
Mad2 axis. Nature 452, 365-369.
135. Hart, M., Concordet, J.P., Lassot, I., Albert, I., del los Santos, R., Durand, H.,
Perret, C., Rubinfeld, B., Margottin, F., Benarous, R., et al. (1999). The F-box
protein beta-TrCP associates with phosphorylated beta –catenin and
regulates its activity in the cell. Curr Biol 9, 07-210.
136. Kim, C.J., Song, J.H., Cho, Y.G., et al. (2007). Somatic mutations of the
beta-TrCP gene in gastric cancer. APMIS 115, 127-33.
137. Moreno-Bueno, G., Hardisson, D., Sanchez, C., et al. (2002). Abnormalities
of the APC/beta-catenin pathway in endometrial cancer. Oncogene 21,
7981-90. 	
  
138. Belaidouni, N., Peuchmaur, M., Perret, C., Florentin, A., Benarous, R., and
Besnard-Guerin, C. (2005). Overexpression of human beta TrCP1 deleted of
its F box induces tumorigenesis in transgenic mice. Oncogene 24, 2271-6.

30	
  

	
  

Introduction

	
  

1

	
  

31	
  

Proteasome-dependent Degradation of TFAP4 Controls Mitotic Division

	
  
ABSTRACT
TFAP4, a basic helix-loop-helix transcription factor that regulates the expression
of a multitude of genes involved in the regulation of cellular proliferation,
stemness and epithelial-mesenchymal transition, is upregulated in colorectal
cancer and a number of other human malignancies. We have found that, during
the G2 phase of the cell division cycle, TFAP4 is targeted for proteasomeβTrCP
dependent degradation by the SCF
ubiquitin ligase. This event requires
phosphorylation of TFAP4 on a conserved degron. Expression of a stable TFAP4
mutant unable to interact with βTrCP results in a number of mitotic defects
including chromosome missegregation and multipolar spindles, which eventually
leads to the activation of the DNA damage response. Our findings reveal that
βTrCP-dependent degradation of TFAP4 is required for the fidelity of mitotic
division.

INTRODUCTION
Transcription factor activating enhancer binding-protein 4 (TFAP4) is a
ubiquitously expressed basic helix-loop-helix leucine-zipper transcription factor
which binds to the consensus E-box sequence 5’-CAGCTG-3 [1]. It has been
reported that TFAP4 controls the expression of numerous genes regulating cell
proliferation [2, 3]. TFAP4 target genes also include stem cell markers such as
LGR5 and regulators of epithelial-mesenchymal transition like SNAIL and Ecadherin [2, 3]. Importantly, TFAP4 protein levels have been found elevated in
human colorectal, hepatocellular and gastric carcinoma [3-5]. Despite the
described role of TFAP4 in cancer, the molecular mechanisms controlling TFAP4
protein levels and the post-translational modifications regulating TFAP4 stability
are currently unknown.
In the present study, we identify TFAP4 as a new interactor of the F-box protein
βTrCP (β-transducin repeat-containing protein) in a mass spectrometry-based
βTrCP
screen aimed at the identification of substrates of SCF
, a multisubunit CullinRING ubiquitin ligase composed of a cullin scaffold, Cul1, the adaptor protein
Skp1 and the RING subunit Rbx1. It is well-established that, through its WD40
repeats, βTrCP recognizes a diphosphorylated motif with the consensus
DpSGΦX(X)pS in which the serine residues are phosphorylated to allow binding
βTrCP
to βTrCP [6]. Notably, work by several groups has demonstrated that SCF
plays a fundamental role in the regulation of many cellular processes that are
related to cancer through targeted destruction of its specific substrates [7, 8].
βTrCP
We also show that during the G2 phase of the cell cycle, SCF
targets TFAP4
for proteasomal degradation and demonstrate that defective degradation of
TFAP4 results in aberrant mitotic divisions and chromosome missegregation,
which lead to the activation of the DNA damage checkpoint.
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EXPERIMENTAL PROCEDURES
Cell culture, synchronization and drug treatment

2

HeLa, HEK293T, 293GP2, U2OS, hTERT-RPE1, DLD1 and HCT116 cells were
maintained in Dulbecco’s modified Eagle’s medium (Invitrogen) containing 10%
fetal calf serum. HeLa and hTERT-RPE1 cells were synchronized at G1/S by
thymidine treatment as described [9]. DLD1 cells were synchronized at the G1/S
transition by using FBS-depleted medium for 32 hours followed by treatment with
aphidicolin (2 µg/ml) for another 24 hours. The following drugs were used:
nocodazole (0.1 µg/ml) to arrest cells at G2/M, MG132 (10 µM) to inhibit the
proteasome, cycloheximide (100 µg/ml) to block protein synthesis and
doxycycline (1 µg/ml) to induce the expression of TFAP4 (wild type or mutants).

Biochemical methods
Immunoprecipitation and immunoblotting were performed by standard methods
and have been described previously [10-12].

Purification of βTrCP2 interactors
HEK293T cells were transfected with pcDNA3-FLAG-HA-βTrCP2 or pcDNA3FLAG-HA-βTrCP2(R447A) and treated with 10 µM MG132 for 6 hours. Cells were
harvested and subsequently lysed in lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM
NaCl, 1 mM EDTA, 0.5% NP40, plus protease and phosphatase inhibitors).
βTrCP2 was immunopurified with anti-FLAG agarose resin (Sigma-Aldrich). After
washing, proteins were eluted by competition with FLAG peptide (Sigma-Aldrich).
The eluate was then subject to a second immunopurification with anti-HA resin
(12CA5 monoclonal antibody crosslinked to protein G Sepharose; Invitrogen)
prior to elution in Laemmli sample buffer. The final eluate was separated by SDSPAGE, and proteins were visualized by Coomassie colloidal blue. Bands were
sliced out from the gels and subjected to in-gel digestion. Gel pieces were then
reduced, alkylated and digested according to a published protocol [13]. For mass
spectrometric analysis, peptides recovered from in-gel digestion were separated
with a C18 column and introduced by nano-electrospray into the LTQ Orbitrap XL
(Thermo Fisher) with a configuration as described [14]. Peak lists were generated
from the MS/MS spectra using MaxQuant build 1.0.13.13 [15], and then searched
against the IPI Human database (version 3.37, 69164 entries) using Mascot
search engine (Matrix Science). Carbaminomethylation (+57 Da) was set as fixed
modification and protein N-terminal acetylation and methionine oxidation as
variable modifications. Peptide tolerance was set to 7 ppm and fragment ion
tolerance was set to 0.5 Da, allowing 2 missed cleavages with trypsin enzyme.
Finally, Scaffold (version Scaffold_3.6.1, Proteome Software Inc.) was used to
validate MS/MS based peptide and protein identifications. Peptide identifications
were accepted if their Mascot scores exceeded 20.
36	
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Antibodies
Mouse monoclonal antibodies were from Invitrogen (Cul1), Sigma-Aldrich (FLAG,
α-tubulin FITC conjugate), Santa Cruz Biotechnology (Actin), BD (β-catenin),
Covance (HA), Novus Biologicals (TFAP4). Rabbit polyclonal antibodies were
from Cell Signaling (βTrCP1), Bethyl (PDCD4), Millipore [REST, phospho-Histone
H3 (Ser10)], Sigma-Aldrich (FLAG), Santa Cruz Biotechnology (Cyclin A, HA and
Skp1).

2

Plasmids
TFAP4 mutant was generated using the QuickChange Site-directed Mutagenesis
kit (Stratagene). For retrovirus production, both wild type TFAP4 and the nondegradable TFAP4 mutant were subcloned into the retroviral vector LZRSpBMNGFP (pallino). For producing lentivirus, both wild type TFAP4 and the TFAP4
mutant were subcloned into lentiviral vector pHAGE2-EF1α. Enhanced green
fluorescent protein-labeled histone H2B was cloned into pEGFP-N1 vector. To
generate the FUCCI cells, the constructs pCSII-EF-mKO2-hCdt1(30/120) and
pCSII-EF-mAG-hGEM(1/110) were used. For stable transfection, wild type TFAP4
and TFAP4(E135A/S139A) were subcloned into pcDNA 4/TO inducible vector. All
cDNAs were sequenced.

Transient transfections, retrovirus- and lentivirus-mediated
gene transfer
HEK293T cells were transfected using the calcium phosphate method as
described [11]. HCT116 cells were transfected with lipofectamine according to the
manufacturer’s instructions. Retrovirus-mediated gene transfer was previously
described [11, 12]. For lentivirus production, HEK293T cells were co-transfected
with pHAGE2-EF1α and packaging vectors by using PEI (Polyethylemine). Viruscontaining medium was collected 48 hours after transfection and supplemented
with 8 µg/ml polybrene. Cells were incubated with virus-containing medium for 6
hours for 2 consecutive days.

Gene silencing by small interfering RNA
The sequences and validation of the oligonucleotides corresponding to βTrCP1
and βTrCP2 were previously described [9, 16, 17]. Cells were transfected with the
oligos twice (24 and 48 hours after plating) using Oligofectamine (Invitrogen)
according to manufacture's recommendations. Forty-eight hours after the last
transfection lysates were prepared and analyzed by SDS-PAGE and
immunoblotting.
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In vitro ubiquitylation assay
βTrCP

SCF
-mediated ubiquitylation assays were previously described [12, 18].
Briefly, TFAP4 ubiquitylation was performed in a volume of 10 µl containing
βTrCP-TFAP4 immunocomplexes, 50 mM Tris pH 7.6, 5 mM MgCl2, 0.6 mM DTT,
2 mM ATP, 2 µl of in vitro translated unlabeled βTrCP1, 1.5 ng/µl E1 (Boston
Biochem), 10 ng/µl Ubc3, 2.5 µg/µl ubiquitin (Sigma), 1 µM ubiquitin aldehyde.
The reactions were incubated at 30°C for the indicated times and analyzed by
immunoblotting.

2

Phosphorylation analysis by mass spectrometry
Samples were reduced with 10 mM DTT for 30 minutes at 60˚C, followed by
addition of iodoacetamide to 20 mM followed by 30-minute incubation in the dark
at room temperature. The first digestion was performed using Lys-C for 4 hours at
37˚C. Subsequently, the digest was diluted 5-fold using 50 mM ammonium
bicarbonate to a final urea concentration of less than 2 M, and a second digestion
with trypsin was performed overnight at 37˚C. Finally, the digestion was quenched
by addition of formic acid to a final concentration of 0.1% (vol/vol). The resulting
solution was desalted using 200 mg Sep-Pak C18 cartridges (Waters
Corporation), lyophilized and reconstituted in 10% formic acid. LC-MS/MS was
performed with both collision-induced dissociation and electron transfer
dissociation in the form of data-dependent decision tree [19, 20]. MS spectra to
peptide sequence assignment is performed with Proteome Discoverer Version
1.3, with MASCOT version 2.3 as search engine and the localization of
phosphorylated sites was evaluated with PhosphoRS version 2 [21].

Immunofluorescence
Cells were plated and cultured on coverslips coated with polylysine (SigmaAldrich) with complete medium. Cells were fixed and permeabilized in 100%
methanol at -20°C for 10 minutes and then incubated with the primary FITCconjugated antibody for 1 hour at RT in 0.5% Tween 20 in PBS (TBST). Cells
were washed 3 times in 0.5% TBST. Hoechst 33342 (Sigma-Aldrich) was
included to detect the nuclei. Slides were mounted by using Vectashield Mounting
Media (Vector Labs).

Live cell imaging
Cells were plated and cultured in six-well plates in complete medium. Microscope
was equipped with an incubating chamber at 37°C and a CO2 supply. Images
were taken at 10 minutes intervals over 24 hours.
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RESULTS
Structural studies have shown that arginine 474 in the WD40 β-propeller of
βTrCP1 contacts the DpSGΦX(X)pS destruction motif of βTrCP substrates [22]. It
has been also reported that the βTrCP1(R474A) mutant is not able to promote
polyubiquitylation of its substrate IκBα in an in vitro ubiquitylation assay [22]. We
confirmed that the equivalent βTrCP2 mutant [βTrCP2(R447A)] does not bind to
previously established βTrCP substrates such as β-catenin, REST and PDCD4,
while retaining the ability to interact with the SCF subunits Cul1 and Skp1 (Figure
1A). We took advantage of these properties of βTrCP and used a differential
immunopurification strategy followed by mass spectrometry analysis to identify
βTrCP
novel substrates of SCF
. We expressed either wild type βTrCP2 or the
βTrCP2(R447A) mutant (both FLAG-HA epitope-tagged at the N-terminus) in
HEK293T cells and purified βTrCP2 immunoprecipitates, which were then
analyzed by mass spectrometry. Six unique peptides corresponding to the basic
helix-loop-helix leucine zipper (bHLH-LZ) transcription factor TFAP4 were
recovered in wild type βTrCP2 immunoprecipitates, but not in βTrCP2(R447A)
immunopurifications (Figure 1B).
To confirm the binding between βTrCP and TFAP4, we immunoprecipitated
FLAG-tagged wild type βTrCP2 and assessed its binding to endogenous TFAP4
by immunoblotting. As shown in Figure 1C, wild type βTrCP2, but not the
βTrCP2(R447A) mutant, coimmunoprecipitated with endogenous TFAP4. Similar
results were obtained with βTrCP1 (Figure 1D).
To assess the specificity of the βTrCP-TFAP4 interaction, we immunoprecipitated
a number of FLAG epitope-tagged F-box proteins as well as the related proteins
Cdh1 and Cdc20 from HEK293T cells and analyzed their ability to pull-down
endogenous TFAP4. βTrCP1 and βTrCP2 coimmunoprecipitated with
endogenous TFAP4 (Figure 1E), while other members of the FBXW family of Fbox proteins, FBXW2, FBXW4, FBXW5, FBXW7, FBXW8, or the APC/C
activators Cdh1 and Cdc20 (also containing WD40 repeats) did not.
When we immunopurified FLAG-HA epitope-tagged TFAP4, we recovered unique
βTrCP
peptides corresponding to subunits of SCF
, i.e., βTrCP1 (8), βTrCP2 (21),
Skp1 (6), and Cul1 (3) (Figure 1F), further supporting the interaction between
βTrCP
TFAP4 and SCF
.
βTrCP
To test whether SCF
is directly responsible for the ubiquitylation of TFAP4,
we reconstituted TFAP4 ubiquitylation in vitro. Immunopurified wild-type βTrCP1,
but not βTrCP1(ΔF-box), an inactive mutant that lacks the F-box domain,
triggered efficient ubiquitylation of TFAP4 in vitro (Figure 1G).
βTrCP
Substrates of SCF
contain a conserved DpSGΦX(X)pS degron that mediates
the interaction with βTrCP [6, 7, 22]. TFAP4 has a modified motif in which the first
serine residue is replaced by glutamic acid as other established substrates of
βTrCP
SCF
(Figure 2A) [11, 23, 24]. We generated a mutant TFAP4 protein in which
glutamic acid 135 and serine 139 were substituted with alanine (Figure 2A) and
examined its ability to interact with βTrCP. The TFAP4(E135A/S139A) mutant did
not bind endogenous βTrCP in immunoprecipitation experiments (Figure 2B) and

	
  

39	
  

2

Chapter 2

A

E

Cdc20

Cdh1

FBXW7

FBXW8

FBXW5

FBXW4

!TrCP2

REST

!TrCP1

EV

IP anti-FLAG
FBXW2

!TrCP2(R447A)

!TrCP2 WT

EV

WCE

IP anti-FLAG

TFAP4

!catenin

2

PDCD4

!catenin

Cul1

*

Skp1
!TrCP2
(anti-FLAG)

*

* *

*
* *

* *

FBPs
Cdh1 and Cdc20
(anti-FLAG)

B
!TrCP2 WT
Unique peptides
6
Unique spectra
8
Total spectra
10
Identified aa/total aa
72/338
% coverage
21
Peptide #1
(R)AVIVKPVR(S)
Peptide #2
(K)VPSLQHFR(K)
Peptide #3
(R)LLQQNTQLK(R)
Peptide #4
(K)VIAQQVQLQQQQEQVR(L)
Peptide #5
(R)MQSINAGFQSLK(T)
Peptide #6
(R)QNLDTIVQAIQHIEGTQEK(Q)

!TrCP2(R447A)
0
0
0
0/338
0
-

G
+

+

+

Cul1-Skp1-Rbx1

-

+

+

TFAP4

-

+

-

!TrCP1 WT

-

-

+

!TrCP1 "F

TFAP4 (Ub)n

TFAP4
!TrCP2
(anti-FLAG)

TFAP4

F

WCE

-

!TrCP1(R474A)

IP anti-FLAG

EV

!TrCP2(R447A)

!TrCP2 WT

EV

IP anti-FLAG

!TrCP1 WT

D

C

TFAP4
!TrCP1
(anti-FLAG)

Protein Protein ID Unique peptides Total spectra
TFAP4
Q01664
27
231
!TrCP2 Q9UKB1
21
30
!TrCP1 Q9Y297
8
9
Skp1
P63208
6
8
Cul1
Q13616
3
3

was markedly stabilized as demonstrated by half-life experiments carried out in
various cell lines (Figure 2C-E).
To test if Ser139 is phosphorylated in cultured cells, we purified βTrCP2 from
HEK293T cells treated with the proteasome inhibitor MG132 and analyzed the
phosphorylation of co-immunoprecipitating TFAP4 by tryptic digestion followed by
phosphopeptide enrichment and LC-MS/MS. Analysis of the recovered TFAP4
phosphopeptides demonstrated that Ser139 is phosphorylated in cells (Figure
2F).

40	
  

	
  

Proteasome-dependent Degradation of TFAP4 Controls Mitotic Division

	
  
As
it
has
been
Figure 1. Immunopurification of βTrCP2 and
reported
that
TFAP4
identification of TFAP4 as a putative substrate of
βTrCP
controls
the
SCF
.
expression of many
(A) FLAG-tagged wild type βTrCP2 or the βTrCP2(R447A)
cell cycle regulators
mutant were expressed in HEK293T cells. Forty-eight
hours after transfection, cells were treated for 6 hours with
[2-3], we hypothesized
the proteasome inhibitor MG132, then collected and lysed.
that the protein levels
Whole cell extracts were immunoprecipitated with antiof
TFAP4
might
FLAG resin, and immunoblotted with antibodies for the
oscillate during cell
indicated proteins.
cycle progression. To
(B) List of proteins identified in wild type βTrCP2 and
test this hypothesis,
βTrCP2(R447A) immunopurifications. The number of
we
analyzed
by
unique peptides recovered for each protein is shown.
immunoblotting
the
(C-D) HEK293T cells were transfected with an empty
abundance of TFAP4
vector or the indicated F-box proteins. Forty-eight hours
after transfection, cells were treated for 6 hours with the
throughout the cell
proteasome inhibitor MG132, then collected and lysed.
cycle. HeLa cells were
Whole cell extracts were immunoprecipitated with antisynchronized at the
FLAG resin, and immunoblotted with anti-TFAP4 and antiG1/S transition by
FLAG antibodies.
double
thymidine
(E) HEK293T cells were transfected with an empty vector,
block
before
releasing
the indicated FLAG-tagged F-box proteins (FBPs), CDH1
them
into
fresh
or CDC20. Cells were treated as in (A). Whole cell extracts
medium (to analyze
were immunoprecipitated with anti-FLAG resin, and
immunoblotted with antibodies specific for the indicated
TFAP4 protein levels
proteins.
in the following S, G2
(F) List of proteins identified in the immunopurification of
and M phases) and in
FLAG-HA epitope-tagged TFAP4. The number of unique
mitosis
by
the
peptides and total spectra recovered for the indicated
nocodazole block-and-	
  
proteins are shown.
release
procedure
(G) In vitro ubiquitylation assay of TFAP4 by
(Figure
3A
and 3B).
immunopurified βTrCP. HEK293T cells were transfected
Synchronization was
with TFAP4, Skp1, Cul1, and Rbx1 in the absence or
monitored
by
presence of either FLAG-tagged βTrCP or a FLAG-tagged
immunodetection
of
βTrCP(ΔF-box) mutant. After immunopurification with an
anti-FLAG resin, in vitro ubiquitylation of TFAP4 was
cyclin A (an S-G2
performed. Samples were analyzed by immunoblotting with
phase protein) and
an anti-TFAP4 antibody.
phospho-histone H3 (a
	
  
mitotic marker) as well
as by flow cytometry (data not shown). We found that the abundance of TFAP4
oscillates during the cell cycle. The levels of TFAP4 decreased in early G2 (at a
time when the levels of cyclin A, which is degraded in early mitosis, were still
elevated), remained low in mitosis and in the following G1, and increased at G1/S
preceding cyclin A upregulation. Similar kinetics of TFAP4 decrease in early G2
was observed in other cell types, such as non-transformed hTERT-immortalized
retinal pigment epithelial (hTERT-RPE1) cells (Figure 3C) and DLD1 cells (Figure
3D).
The proteasome inhibitor MG132 prevented the disappearance of TFAP4 in HeLa
cells arrested in prometaphase indicating that the degradation of TFAP4 in G2 is
mediated by the proteasome (Figure 3E).
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Figure 2. A conserved phosphodegron is required for the binding of TFAP4 to
βTrCP.
(A) Schematic representation of the βTrCP-binding motifs in previously reported
substrates of βTrCP aligned with the candidate phosphodegron in TFAP4 orthologs. The
amino acidic sequence of the double mutant is shown (bottom).
(B) TFAP4 Glu135 and Ser139 are required for the interaction of TFAP4 with βTrCP1.
HEK293T cells were transfected with the indicated HA-tagged proteins. Whole-cell
extracts were subjected to immunoprecipitation (IP) with HA-resin, followed by
immunoblotting with antibodies specific for the indicated proteins. Immunoprecipitations
of the known βTrCP substrate REST (wild type and E1009A/S1013A) are shown as
additional controls.
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Figure 2. A conserved phosphodegron is required for the binding of TFAP4 to
βTrCP (continued from previous page).
(C-E) HA-tagged wild type TFAP4 and TFAP4(E135A/S139A) were expressed in
HEK293T (C), HeLa (D) and U2OS (E) cells. Cells were treated with cycloheximide
(CHX) for the indicated times and collected. Proteins were analyzed by immunoblotting
with an anti-HA antibody to detect TFAP4 or with an anti-Cul1 antibody to show loading
normalization. The graphs show the quantification of TFAP4 abundance relative to the
amount at time 0.
(F) FLAG-HA-tagged βTrCP was immunoprecipitated from HEK293T cells and
analyzed by mass spectrometry. The ion fragmentation spectrum is shown. The TFAP4
tryptic peptide DEGIGSPDIWEDEK spanning the phosphodegron was found
phosphorylated on Ser139. As shown, peptide sequences can be explained by their
respective CID (collision-induced dissociation) MS/MS spectra including phosphoSer139. The diagnostic daughter ions are highlighted with red arrows.	
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Figure 3. TFAP4 is degraded during the G2 phase of the cell cycle.
(A, B) HeLa cells were synchronized at the G1/S transition by double thymidine block and
then released in fresh medium containing nocodazole (A) or in mitosis by the nocodazole
block-and-release procedure (B).
(C) hTERT-RPE cells were synchronized at G1/S by double thymidine block and released
into nocodazole containing medium.
(D) To synchronize DLD1 cells at G1/S, cells were first serum starved (32 hours), and then
incubated in serum containing medium in the presence of aphidicolin for 24 hours. Cells
were then released from the G1/S block in nocodazole containing medium.
Cells were collected at the indicated times, lysed and analyzed by immunoblotting with the
indicated antibodies. Actin or Cul1 were used as loading controls.
(E) Asynchronously growing or nocodazole-treated HeLa cells were collected and
analyzed by immunoblotting with antibodies for the indicated proteins. When indicated,
cells were treated with the proteasome inhibitor MG132 for 6 hours.
(F) HeLa cells were transfected with siRNA corresponding to a non-relevant mRNA
(control siRNA) or to βTrCP mRNA. Twelve hours after transfection, cells were either left
untreated of treated with thymidine (to synchronize them at G1/S) or nocodazole (to
synchronize them in prometaphase). Cells were collected, lysed and analyzed by
immunoblotting.
(G) HeLa cells, transfected as in (F), were synchronized as in (A). Cells were then
collected at the indicated time points and analyzed by immunoblotting with antibodies for
the indicated proteins. Actin levels are shown as loading control.
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To test whether the degradation of TFAP4 is mediated by βTrCP, we silenced the
expression of both βTrCP1 and βTrCP2 by RNAi [18, 25] in HeLa cells. Figure 3F
shows that the knockdown of βTrCP caused accumulation of TFAP4 in
prometaphase, whereas it had no effect in cells arrested at G1/S and a moderate
effect in asynchronous cells.
To pinpoint when βTrCP targets TFAP4 for proteasome-dependent degradation,
βTrCP-silenced cells were released from a thymidine block and collected at
different time points. As shown in Figure 3G, the knockdown of βTrCP prevented
the destruction of TFAP4 occurring approximately 4-6 hours after cells were
released from the thymidine block.
To study the function of the βTrCP-mediated degradation of TFAP4 during cell
cycle, we transduced cells with lentiviruses expressing wild type TFAP4 and the
degradable-resistant TFAP4(E135A/S139A) mutant. Cells approaching mitosis
were then analyzed by immunoblotting (Figure 4A). As expected, while levels of
wild type TFAP4 decreased as cells moved toward mitosis, levels of the
TFAP4(E135A/S139A) mutant remained unchanged. Moreover, compared to cells
expressing wild-type TFAP4, cells expressing the non-degradable TFAP4 mutant
displayed a slower kinetics of mitotic entry as indicated by the phosphorylation of
histone H3 on Ser10.
To examine whether the late mitotic entry of cells expressing the non-degradable
TFAP4 mutant was caused, at least in part, by a delay in G2 progression, we
employed Fluorescent Ubiquitylation-based Cell Cycle Indicator (FUCCI, [26]) live
cell imaging. This system is based on the expression of both a red (RFP) and a
green (GFP) fluorescent protein fused to Cdt1 and geminin, respectively. Based
Skp2
on the fact that Cdt1-RFP is targeted for degradation in G2 by the SCF
ubiquitin ligase and geminin-GFP is degraded in late M and early G1 by
Cdh1
APC/C
, cells are red in G1, become yellow upon entry in S phase (where both
fusion proteins are present), are green throughout S and G2 and are colorless at
the end of mitosis. We generated stable transfectants of HCT116-FUCCI cells in
which the expression of TFAP4 [wild type or TFAP4(E135A/S139A)] could be
pulsed-induced by doxycycline. These cells were then analyzed by live cell
imaging. As shown in Figures 4B and 4C, cells expressing wild type TFAP4 and
the TFAP4(E135A/S139A) mutant displayed a similar Cdt1-positive G1 phase,
however, cells expressing the non-degradable TFAP4(E135A/S139A) mutant
showed a prolonged geminin-positive S-G2 (9.9 hours) when compared with cells
expressing wild type TFAP4 (6.8 hours).
In the course of our experiments, we observed that the expression of the nondegradable TFAP4(E135A/S139A) mutant in HCT116 cells, which have a
relatively stable karyotype, resulted in notable nuclear atypia including lobulated
and enlarged nuclei (Figure 4D and 4E). This phenotype becomes increasingly
penetrant with longer time of doxycycline treatment [which triggers the expression
of wild type TFAP4 or TFAP4(E135A/S139A)], eventually occurring in virtually all
cells. Notably, although less pronounced, nuclear atypia was also present in cells
overexpressing wild type TFAP4.

	
  

45	
  

2

6

8

10

24

0

3

6

8

10 24

nocodazole (h)

TFAP4
(anti-HA)
p53

Phospho-HH3
(Ser10)

TFAP4
(anti-TFAP4)

Actin

Actin

WT

Phospho-Chk2
(Thr68)
Actin

C

E135A/S139A

30

2h

3h

4h

5h

6h

7h

8h

9h

5h

6h

7h

8h

9h

20
15

12h

13h

14h

10h

11h

12h

13h

14h

S and G2
G1

0

A/
S1

39

W
T

11h

M
G1/S

10
5

10h

2

1h

13.6 ± 1.3

0h

A

4h

2 6.7 ± 0.8

3h

12.7 ± 1.9

2h

Hours

1h

9.9 ± 0.7

25

0h

Mock

E

E135A/S139A

Nuclear area (µm2)

WT

E1

35

D

300
200
100

A

T
E1

35

A/

S1

39

W

M
oc
k

0

F

0’

20’

40’

60’

80’

100’

120’

140’

160’

180’

200’

220’

240’

260’

280’

300’

320’

340’

!-tubulin

Hoechst

Merge

HCT116

G

hTERT-RPE

2

B

EV

TFAP4
(anti-HA)

E135A/S139A

3

I

WT

0

H

E135A/S139A

Mock

WT

TFAP4 WT

A

TFAP4(E135A/S139A)

Chapter 2

To test whether these cellular abnormalities were caused by defective mitotic
divisions, we expressed wild type TFAP4 and the non-degradable
TFAP4(E135A/S139A) mutant in HCT116 cells expressing enhanced green
fluorescent protein-labeled histone H2B, which were then analyzed by time-lapse
microscopy. We found that cells expressing TFAP4(E135A/S139A) displayed
chromosome missegregation (Figure 4F). The percentage of mitotic cells with
chromosome missegregation was 28% (n = 100) for the non-degradable TFAP4
and 14% (n = 100) for wild type TFAP4. In addition, HCT116 cells expressing
TFAP4(E135A/S139A) displayed a number of mitotic spindle abnormalities,
including the formation of multipolar spindles, as judged by α-tubulin and Hoechst
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Figure 4. Expression of the degradation-resistant TFAP4 mutant results in
delayed G2 progression, nuclear atypia, chromosome missegregation and
mitotic spindle aberrations.
(A) Cells expressing wild type TFAP4 or the TFAP4(E135A/S139A) mutant were
treated with nocodazole for the indicated times. Cells were lysed and analyzed by
immunoblotting with antibodies for the indicated proteins.
(B) HCT116 cells, transduced with FUCCI vectors and expressing either wild type
TFAP4 or the non-degradable TFAP4(E135A/S139A) mutant, were analyzed by timelapse imaging. Phase contrast images and fluorescent images using GFP and
rhodamine filters were taken every 10 minutes. Selected time points (60-minute
interval) are shown.
(C) Quantification of the length of the G1 (red), G1/S (yellow) and S/G2 (green)
phases of cells shown in (B). Average values (± SD) are indicated.
(D, E) HCT116 control cells, or expressing either wild type TFAP4 or
TFAP4(E135A/S139A), were fixed and stained with the Hoechst 33342 dye. White
arrows indicate enlarged lobulated nuclei. Quantification of the nuclear size is shown
in (E). Horizontal lines represent the mean. p < 0.001 (student’s t test).
(F) HCT116 cells, transduced with histone H2B-GFP and expressing either wild type
TFAP4 or the degradation-resistant TFAP4(E135A/S139A) mutant, were filmed for 24
hours. Still frames showing an example of aberrant mitotic divisions occurring in cells
expressing TFAP4(E135A/S139A) are shown.
(G) HCT116 (top) and hTERT-RPE1 cells (bottom), expressing either wild type TFAP4
or TFAP4(E135A/S139A), were fixed and stained with anti-α-tubulin antibody (to
visualize mitotic spindles) and Hoechst 33342 (to visualize DNA). Examples of mitotic
spindle aberrations in cells expressing TFAP4(E135A/S139A) are shown.
(H) Moderate ectopic expression of TFAP4 in cells. Cells were mock-transduced or
transduced with retroviruses expressing HA-tagged wild type TFAP4 or the
TFAP4(E135A/S139A) mutant. Cells were collected and lysed. Whole cell extracts
were analyzed by immunoblotting. An anti-TFAP4 antibody was employed to detect
endogenous (first lane) and both endogenous and exogenous (second and third lane)
levels of TFAP4. Actin is shown as a loading control.
(I) HCT116 control cells, or expressing either wild type TFAP4 or
TFAP4(E135A/S139A), were lysed and analyzed by immunoblotting with antibodies
specific for the indicated proteins. Actin is shown as a loading control.

	
  

staining. The percentage of mitotic cells with multipolar spindles was about 30%
(n = 300) for the degradation resistant TFAP4 mutant and close to 10% (n = 300)
for wild type TFAP4. Examples of mitoses with multipolar spindles in HCT116 and
hTERT-RPE1 cells are shown in Figures 4G.
Notably, the expression of the degradation-resistant TFAP4(E135A/S139A)
mutant intensified the phenotypes observed in cells expressing wild type TFAP4,
likely as a result of the persistence of TFAP4 expression in G2 rather than TFAP4
overexpression. In fact, the same mitotic aberrations and nuclear defects were
also observed when TFAP4(E135A/S139A) was expressed at moderate levels in
a retroviral vector (Figure 4H).
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It has been shown that missegregating chromosomes are often damaged during
cytokinesis, triggering a DNA double-strand break response [27]. The observed
chromosome segregation errors in cells expressing the degradation-resistant
TFAP4 mutant (Figures 4D-G), as well as their slower kinetics of mitotic entry and
prolonged progression through G2 (Figures 4A-C) prompted us to test whether
failure to degrade TFAP4 results in the activation of the G2 DNA damage
checkpoint. As shown in Figure 4I, expression of the TFAP4(E135A/S139A)
mutant leads to accumulation of p53 and phosphorylation of Chk2 on threonine
68, two markers of damaged DNA, indicating that stabilizing mutations of TFAP4
induce the activation of the DNA damage response.

DISCUSSION
In sum, we have shown that during the G2 phase of the cell division cycle, TFAP4
βTrCP
is targeted for degradation by the SCF
ubiquitin ligase. Notably, a genomewide characterization of TFAP4-controlled genes by mRNA profiling and DNA
binding analysis has been recently reported [2] and hundreds of TFAP4 target
genes, which are either induced or repressed by TFAP4, have been identified.
Gene ontology analysis revealed that genes encoding cell cycle regulators were
highly enriched among the TFAP4-regulated genes suggesting that βTrCPdependent degradation TFAP4 in G2 is required to modulate the expression of a
multitude of genes controlling cell cycle progression.
Evidence for overexpression of TFAP4 in colorectal, hepatocellular and gastric
carcinoma has been previously shown [3-5]. Our study, demonstrating that
overexpression of wild type TFAP4 and, more dramatically, the non-degradable
TFAP4 mutant, leads to aberrant mitotic division, suggests a mechanism by which
the misregulation of TFAP4 observed in cancer may contribute to genomic
instability and tumor progression. As mutations in c-MYC, a direct activator of
TFAP4, are frequent in cancer, an analysis of the occurrence of stabilizing and/or
activating mutations in the TFAP4 gene in human tumors should be warranted.
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ABSTRACT
When a G2 cell encounters DNA damage, it activates a checkpoint that prevents
entry into mitosis to allow for DNA repair. The G2 DNA damage checkpoint is
regulated by a phosphorylation-ubiquitylation network that controls the abundance
and the activity of many regulators of the DNA damage response. In this chapter,
we demonstrate that the G2 DNA damage checkpoint is regulated by the
phosphorylation-dependent degradation of the bHLH-transcription factor DEC1.
We identify an evolutionary conserved phosphodegron which mediates the
βTrCP
binding of DEC1 to the SCF
ubiquitin ligase and show that this interaction is
regulated by Casein Kinase 1 (CK1). Moreover, we investigate a possible role of
cyclin-dependent kinases in the modulation of DEC1 proteolysis.

INTRODUCTION
Each cell in the human body receives tens of thousands of DNA lesions per day.
These lesions can block genome replication and transcription and, if not repaired
correctly, result in mutations or wider-scale genome aberrations. Once the
presence of a DNA lesion is recognized by various sensor proteins, cells
temporally stop cycling by activating DNA damage checkpoints to allow for DNA
repair before committing to either duplicate their DNA in S phase or separate their
chromosomes in mitosis. Cell cycle progression can be halted by the G1-S, intraS and G2 cell cycle checkpoints.
The G2 DNA damage checkpoint depends on the activation of the protein kinases
ATM (ataxia telengiectasia mutated) and ATR (ATM and Rad3-releated). These
kinases activate two major molecular pathways, which both converge to inhibit the
activity of the Cyclin B/CDK1 complex, triggering the arrest in G2. In the first
cascade, ATM/ATR phosphorylates and activates checkpoint kinases 1 and 2
(CHK1 and CHK2), which in turn phosphorylate and inactivate Cdc25
phosphatases,
leading
to
the
inhibition
of
CDK1.
The
second pathway involves the phosphorylation and stabilization of p53, which
promotes the transcriptional activation of the CDK inhibitor p21. Once the DNA
damage is repaired, the checkpoint is silenced through post-translational
modification of several key checkpoint components. If the rate of the DNA
damage exceeds the capacity of repair processes, cells undergo apoptosis,
senescence or exit irreversibly the cell division cycle. Over the years, the interest
for the DNA damage response (DDR) increased not only because a close
relationship exists between the DDR and cancer but also because DNA damage
is currently used therapeutically to kill cancer cells [1, 2, 3, 4].
DEC1 (differentiated embryo-chondrocyte expressed gene 1), also known as
BHLHE40 (basic helix-loop-helix family, member e40), SHARP2 (enhancer of split
and hairy related protein 2), and STRA13 (stimulated with retinoic acid 13),
belongs to a subgroup of bHLH protein family with an unusual basic domain
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sequence [5]. Although DEC1 was identified as a retinoic-inducible gene that
inhibits mesodermal and promotes neuronal differentiation in P19 embryonic
carcinoma cells [6], it is expressed in a number of tissues and cell types during
embryonic development as well as in the adult [7-11]. DEC1 functions as a
transcriptional repressor by directly binding to class B E-boxes (CACGTG) as well
as interacting with components of the basal transcription machinery and recruiting
histone deacetylase corepressor complexes [12, 13]. Like other proteins of this
family, DEC1 forms homodimers or heterodimers with other bHLH proteins,
including E47 and Mash1 [6,13]. Subsequently, it has been reported that DEC1
has a central role in regulating circadian rhythms in mammals [14-16]. The
proteins Clock and Bmal1 form a heterodimer which activates the transcription of
Per gene from the E-box elements. It has been shown that DEC1 represses the
Clock/Bmal1-induced transactivation of Per1 through direct protein-protein
interaction with Bmal1 and competition for E-box element [15]. Kon et al. have
also demonstrated that DEC1 is induced in response to a variety of clock
resetting stimuli such as light and feeding in vivo, and serum shock, forskolin and
PMA in cultured cells.
Recent work has shown that DEC1 plays a major role in T-cell activation [17].
Indeed, DEC1-/- mice, which are born and survive to adulthood, develop an
autoimmune disorder due to impaired CD4+ T-cell activation, T-cell differentiation,
and reduced clearance of activated lymphocytes. Interestingly, DEC1 null mice
show normal circadian phenotype but alteration in a subset of peripheral clock
and an aberrant regeneration of skeletal muscle in response to injury [17].
Depending on the cellular context and the specific stimuli, DEC1 was also shown
to mediate cell cycle arrest, senescence and apoptosis via p53-dependent and
independent mechanisms [18, 19]. We have recently demonstrated that the
protein turnover of DEC1 has a crucial role in the DNA damage response. During
unperturbed cell cycles, DEC1 is a highly unstable protein that is targeted for
βTrCP
proteasome-dependent degradation by the SCF
ubiquitin ligase. Upon DNA
damage, DEC1 is rapidly stabilized via a mechanism that requires the USP17
deubiquitylating enzyme. Subsequently, during recovery from the DNA damage
βTrCP
checkpoint, DEC1 is targeted for degradation by SCF
in cooperation with
CK1α. Failure to degrade DEC1 prevents recovery from G2 DNA damage
checkpoint [20].
In this chapter, I describe the identification of the phosphodegron mediating the
degradation of DEC1 and the characterization of the phosphorylation events
controlling DEC1 turnover. Finally, I discuss the role of the CDK1- and CK1αdependent phosphorylation of DEC1 in the regulation of its proteolysis.

RESULTS
To identify DEC1 interacting proteins that may play a role in the regulation of
DEC1 abundance in the cell, other members of the lab expressed FLAG-HAtagged DEC1 in HEK293T cells. FLAG-HA-tagged DEC1 was then
immunopurified and analyzed by mass spectrometry. Numerous peptides
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βTrCP

corresponding to the subunits of the SCF
ubiquitin ligase, i.e., SKP1, CUL1,
RBX1, βTrCP1, and βTrCP2, were recovered, suggesting the involvement of
βTrCP
SCF
in the regulation of DEC1 proteolysis [20]. To confirm the interaction of
DEC1 with βTrCP, Jihoon Kim, a graduate student in the lab, performed a
number of experiments. First, he immunoprecipitated several F-box proteins,
tested their binding to endogenous DEC1 and confirmed that only βTrCP1 and
βTrCP2 are able to co-immunoprecipitate endogenous DEC1. Furthermore, he
demonstrated that mutation of Arg447, a residue within the WD40 repeats of
βTrCP2 required for the interactions with its substrates [21,22], prevented the
binding of DEC1 to βTrCP. Moreover, he confirmed that βTrCP1 is able to
efficiently ubiquitylate DEC1 in vitro.
Among these experiments performed to confirm that DEC1 proteolysis is
βTrCP
mediated by SCF
, I reduced the expression of both βTrCP1 and βTrCP2
using a previously validated siRNA [21]. As shown in Figure 1, the knockdown of
βTrCP stabilizes DEC1, indicating that DEC1 degradation is controlled by
βTrCP
SCF
.

0

0.5

1

3

siRNA !TrCP

siRNA CTRL
2

0

0.5

1

2

CHX (hr)
DEC1
!TrCP1
Actin

βTrCP

Figure 1. The degradation of DEC1 is controlled by the SCF
ubiquitin ligase.
Cells were transfected with the indicated siRNA oligonucleotides and treated with
cycloheximide. Cells were then collected at the indicated times and lysed. Whole cell
extracts were subjected to immunoblotting with antibodies specific for the indicated
proteins. Actin is shown as a loading control.	
  

βTrCP interacts with its substrate proteins via a phosphorylated motif
(phosphodegron) with the consensus DpSGΦX(X)pS [23-25]. Moreover, in some
known βTrCP substrates, one or both serine residues are replaced by either
aspartic or glutamic acid. DEC1 contains three putative βTrCP binding domains
[Fig. 2A]. To determine which of these three regions is responsible for the βTrCPmediated degradation of DEC1, we generated a number of DEC1 double mutants
in which serine/glutamic acid residues are mutated to alanine and tested their
ability to interact with βTrCP. Whereas the DEC1(S235A/S237A) and
DEC1(E298A/S303A/S304A) mutants coimmunoprecipitated with endogenous
βTrCP, the DEC1(S243A/E248A) mutant did not [Fig. 2B] suggesting that Glu248
and phosphorylation of Ser243 mediate the interaction of DEC1 with βTrCP.
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Figure 2. CK1α-mediated phosphorylation of DEC1 on a conserved degron is
required for DEC1 degradation.
(A) DEC1 contains three potential βTrCP-binding domains. The amino acid residues that
were mutated to alanine are shown in bold. (B) HEK293T cells were transfected with an
empty vector (EV), HA-tagged wild type DEC1, or the indicated HA-tagged DEC1
mutants. Forty-eight hours after transfection, cells were harvested and lysed. Whole cell
extracts were subjected to immunoprecipitation (IP) with anti-HA resin, followed by
immunoblotting with antibodies specific for the indicated proteins. (C) HEK293T cells
were transfected with the indicated constructs. After 24 hours, cells were treated with the
inhibitor of protein synthesis cycloheximide (CHX) and collected at the indicated times.
Whole cell extracts were then immunoblotted with the indicated antibodies. DEC1
expression is quantified in the graph below. (D) Alignment of the amino acid regions
corresponding to the βTrCP-binding motif (highlighted in black) in previously reported
βTrCP substrates and DEC1 orthologs. The amino acidic sequence of the DEC1 double
mutant is shown. (E) U2OS cells were transfected with HA-tagged wild type DEC1.
Forty-eight hours after transfection, cells were treated with the indicated kinase inhibitors.
Cells were then harvested and lysed. Whole cell extracts were immunoprecipitated (IP)
with anti-HA resin and analyzed by immunoblotting with a phospho-specific antibody that
detects DEC1 phosphorylated on Ser246 and an anti-HA antibody (to detect the
immunoprecipitated DEC1).	
  

Next, we tested whether mutation of Ser243 and Glu248 affects the protein
turnover of DEC1. Wild type DEC1 and the DEC1(S243A/E248A) mutant (both
HA epitope-tagged) were expressed in HEK293T cells, which were then treated
with the inhibitor of protein synthesis cycloheximide. As shown in Fig. 2C, the
DEC1(S243A/E248A) mutant is markedly stabilized when compared with wild
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type DEC1. Altogether these results indicate that Ser243 and Glu248 are required
for the βTrCP-dependent degradation of DEC1. Of note, the βTrCP-binding
domain in DEC1 is conserved in different species [Fig. 2D].
We noticed that DEC1 Ser243 is part of a conserved phosphorylation consensus
site for casein kinase 1 (CK1). To test whether CK1 is involved in the degradation
of DEC1, Jihoon Kim treated cells with CK1 pharmacological inhibitors and
analyzed the half-life of DEC1. Treatment of HEK293T cells with D4476 (a CK1
inhibitor), but not TBB (a CK2 inhibitor) caused DEC1 stabilization. Furthermore,
knockdown of CK1α by RNAi prevented the degradation of DEC1 in U2OS cells
[20]. Next, we used D4476 and IC261 (a different CK1 inhibitor) to test their effect
on the Ser243 phosphorylation by immunoblotting. To this aim, we employed a
phosphospecific antibody that recognizes DEC1 only if phosphorylated on Ser243.
As shown in figure 2E, we found that both CK1 inhibitors prevented the
phosphorylation on Ser243 in cultured cells. Taken together, these results
confirmed that the CK1α-mediated phosphorylation of DEC1 on Ser243 is
required for DEC1 degradation.
βTrCP
For many established substrates of SCF
, generation of phosphodegron
requires the action of two protein kinases, where one kinase acts as a priming
kinase. The priming kinase phosphorylates the substrate thus stimulating the
phosphorylation of the substrate by the degron kinase. For example, CK1α
phosphorylates βcatenin on Ser45, priming it for GSK3-dependent
phosphorylation on Thr41, Ser37 and Ser33. In other cases, phosphorylation by
the priming kinase creates a polo-binding domain (SSpS/T) to which Plk1 binds
via its polo box, allowing Plk1 to phosphorylate a distant site, thus generating a
phosphodegron. Inhibition of the priming activity results in the inability of the
second kinase to phosphorylate efficiently the degron, consequently leading to
stabilization of the substrate [26, 27].
We noticed that DEC1 Ser309 and Ser383, downstream the phosphodegron, lie
within evolutionary conserved consensus motifs for CDK phosphorylation (Fig.
βTrCP
3A). As it has been shown that CDKs act as priming kinases for several SCF
substrates [28], we examined whether Ser309 and Ser383 are involved in the
βTrCP-mediated degradation of DEC1. We generated the DEC1(S309A) and
DEC1(S383A) single mutants as well as the DEC1(S309A/S383A) double mutant
(all HA-tagged) and tested their ability to bind to βTrCP. As a control, we used the
non-degradable DEC1(S243A/E248A) phosphodegron mutant. As shown in figure
3A, whereas wild type DEC1, the DEC1(S309A), DEC1(S383A) single mutants
and the DEC1(S309A/S383A) double mutant efficiently immunoprecipitated
endogenous βTrCP, the DEC1(S243A/E248A) degron mutant did not. This is
consistent with the cycloheximide-chase assays shown in Figure 3B, which
indicate that none of the mutations involving the putative priming sites prolonged
the half-life of DEC1 (Fig. 3B). Collectively, these data demonstrate that Ser309
and Ser383 are not required for the βTrCP-mediated degradation of DEC1.
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Figure 3. Ser309 and Ser383 are not required for priming phosphorylation of the
DEC1 degron. (A) Schematic representation of serine residues within CDK
phosphorylation consensus (B) HEK293T cells were transfected with the indicated HAtagged proteins. Whole cell extracts were subjected to immunoprecipitation (IP) with an
anti-HA resin, followed by immunoblotting with antibodies specific for the indicated proteins.
(C) HA-tagged wild type DEC1 and the indicated DEC1 mutants were expressed in
HEK293T cells. After 24 hours, cells were treated with cycloheximide (CHX) for the
indicated time points and collected. Proteins were analyzed by immunoblotting with an
anti-HA antibody to detect DEC1. CUL1 indicate even loading.

DISCUSSION
βTrCP

Multi-site phosphorylation triggers the interaction between SCF
and its
substrates. Indeed, phosphorylation-driven ubiquitylation is a crucial mechanism
for coordinating state changes within cells. Here, we provide new insights for
understanding the inter-relationship between protein phosphorylation and
ubiquitin-mediated proteolysis.
Our results demonstrate that the bHLH transcription factor DEC1 is a substrate of
βTrCP
the SCF
ubiquitin ligase and that the βTrCP-DEC1 interaction depends on a
βTrCP
conserved phosphodegron. SCF
targets DEC1 for proteasome-dependent
degradation in cooperation with CK1α, which phosphorylates the conserved
degron (Ser243), triggering DEC1 degradation during recovery from the G2 DNA
damage checkpoint.
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Our data uncover a crosstalk between
phosphorylation and ubiquitylation controlling
IP: anti-HA
DEC1 proteolysis and the DNA damage
response. A recent study, in which a largescale quantitative phosphoproteomics was
performed to identify changes in protein
phosphorylation that occur during recovery
from the G2 DNA damage checkpoint,
!TrCP1
supports our findings. Indeed, in this study,
CK1α was identified as a key regulator of
DEC1 (anti-HA)
checkpoint recovery and was found
differentially
phosphorylated.
Moreover,
when CK1α was depleted by siRNA, cells
were unable to recover from the DNA
damage-induced G2 arrest [4].
Unfortunately, we were unable to identify the
specific DEC1 sites whose phosphorylation
stimulates the CK1α- and βTrCP-dependent
degradation of DEC1. Further experiments
are needed to identify the priming kinase for
DEC degradation. It would be important to
examine the role of additional kinases
positively regulating the recovery from the
G2 DNA damage checkpoint by using pharmacological inhibitors or RNAi
technology.
Finally, a genome-wide characterization of DEC1 target genes in murine T-cells
has been recently published [29]. This study revealed that many DEC1 target
genes are involved in the control of cell cycle and in particular of the G2/M
βTrCP
transition, suggesting that the SCF
-regulated stability of DEC1 in response to
DNA damage might modulate the expression of a multitude of genes controlling
cell cycle progression.
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CUL1
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EXPERIMENTAL PROCEDURES
Cell culture and drug treatment
U2OS and HEK293T cells were maintained in Dulbecco’s modified Eagle’s
medium (Invitrogen) containing 10% fetal calf serum, 100 U/ml penicillin and
streptomycin. The following drugs were used: MG132 (Peptide Institute; 10 µM),
IC261 (Sigma-Aldrich, 50 µM), D4476 (Sigma-Aldrich, 50 µM), cycloheximide
(Sigma-Aldrich, 100 µg/ml).
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Biochemical methods
Extract preparation, immunoprecipitation, and immunoblotting were previously
described [21,30]. Mouse monoclonal antibodies were from Invitrogen (Cul1),
Santa Cruz Biotechnology (Actin), and Covance (HA). Rabbit polyclonal
antibodies were from Cell Signaling (βTrCP1), Novus Biologicals (DEC1).

Gene silencing by small interfering RNA
The sequence and validation of the oligonucleotides corresponding to βTrCP1
and βTrCP2 were previously published [21,30]. Cells were transfected with the
oligonuclotides twice (24 and 48 hours after plating) using Oligofectamine
(Invitrogen) according to manufacture's recommendations. Forty-eight hours after
the last transfection, lysates were prepared and analyzed by SDS-PAGE and
immunoblotting.

Plasmids and transient transfection

3

DEC1 mutants were generated using the QuikChange site-directed mutagenesis
kit (Stratagene). Both DEC1 WT and the non-degradable DEC1 mutant were
subcloned into pcDNA3.1.
HEK293T and U2OS cells were transfected using the polyethylenimine (PEI)
method.
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ABSTRACT
In contrast to differentiated cells, which depend on mitochondrial oxidative
phosphorylation to produce the energy required for cellular processes, normal
proliferating cells as well as cancer cells rely on aerobic glycolysis. To cope with
the inefficient way of generating ATP typical of aerobic glycolysis, normal
proliferating cells and transformed cells take up much more glucose than normal
differentiated cells.
Glucose uptake is controlled by the insulin pathway. Indeed, insulin stimulates the
translocation of the glucose transporter GLUT4 from intracellular vesicles to the
plasma membrane. This process involves signal transduction from the insulin
receptor, vesicle trafficking and actin cytoskeleton modifications. It has been
demonstrated that GLUT4 translocation is regulated by the AKT-dependent
phosphorylation of the Rab GTPase-activating protein AS160.
In this chapter, we show for the first time that AS160 is targeted for ubiquitylation
βTrCP
by the SCF
ubiquitin ligase. We identified AS160 as a novel interactor of
βTrCP in a screening that combines two sequential affinity purifications, followed
by mass spectrometry analysis. The interaction between βTrCP and AS160
occurs via a canonical phosphodegron adjacent to one of the AKT target sites
and leads to ubiquitylation of AS160. We eventually discuss the potential role of
βTrCP
the SCF
-mediated ubiquitylation of AS160 in the regulation of GLUT4
translocation to the plasma membrane.

4

INTRODUCTION
One of the major pathway regulating cell growth and proliferation is the insulin
pathway. The canonical insulin signaling pathway is triggered by the activation of
the insulin receptor tyrosine kinase, leading to tyrosine phosphorylation of insulin
receptor substrate proteins and their recruitment of phosphatidylinositol (PI) 3kinase. This results in the generation of the critical second messenger PI-3,4,5triphosphate, which in turn triggers the activation of AKT (also known as protein
kinase B) through the action of two distinct upstream mediators, 3phosphoinositide-dependent protein kinase-1 (PDK-1) [1] and the mammalian
target of rapamycin (mTOR) complex 2 [2].
The insulin signalling pathway has a key role in the control of glucose uptake
needed to generate energy required for cellular processes [3]. The translocation
of the glucose transporter GLUT4 from vesicular intracellular compartments to the
cell surface in response to insulin is a multiple-step process involving intracellular
sorting, vesicular transport to the cell surface along cytoskeletal elements, and,
finally, fusion of the GLUT4 storage vesicles with the cell surface [4, 5, 6]. This
process is regulated by a family of proteins termed as Rab GTPases. There are
more than 60 Rabs in human genome and are implicated in all of various stages
of the vesicle transport. Rabs switch between active and inactive forms via GTP
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loading and GTP hydrolysis, which are catalyzed by guanine nucleotide exchange
factors (GEFs) and GTPase-activating proteins (GAPs) [7, 8, 9].
One major regulator of Rab activity is a 160KDa Rab GTPase-activating protein
termed as AS160, also known as TBC1D4 [10, 11] (Figure 1). In unstimulated
cells, the GAP activity of AS160 promotes the hydrolysis of GTP to GDP of Rabs
on the GLUT4 storage vesicle (GSV). AS160 has selective GAP activity toward
GAP Rab2A, -8A, -8B, -10, -11, and -14. In their inactive GDP-bound form, the
GSV-bound Rabs are unable to elicit GLUT4 translocation to the cell surface.
Upon insulin stimulation, AS160 is phosphorylated and inhibited by AKT. As a
result, GLUT4 storage vesicle-associated Rabs are loaded with GTP and promote
mobilization of GLUT4 to the plasma membrane [12]. Indeed, it has been reported
that RNAi-mediated depletion of AS160 increases the fraction of GLUT4 at the
surface of unstimulated cells, in agreement with its suggested role in intracellular
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Figure 1. Signaling pathway of the insulin-mediated glucose transporter (GLUT4)
translocation to the plasma membrane. Upon insulin stimulation, activated AKT
phosphorylates AS160 mainly at Thr642. Phosphorylation enhances the 14-3-3 binding,
which promotes the inhibition of Rab-GTPase-activating protein (GAP) activity. Active
GTP-loaded Rab allows GLUT4 storage vesicles to move to and fuse with the plasma
membrane. IRS, insulin receptor substrate, PI3K, phosphatidylinositol 3-kinase.	
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GLUT4 retention that is relieved upon insulin stimulation [13, 14]. This effect is
rescued by wild type AS160, but not by a GAP-domain mutant, suggesting that
most of the effect of AS160 in unstimulated cells is due to its Rab GAP activity.
It has been published that AS160 is abundant in brain and pancreas as well as
adipose and muscle tissues [15, 16]. Structural studies have revealed that AS160
contains two phosphotyrosine-binding (PTB) domains at the N-terminus, a RabGAP domain at the C-terminus and a calmodulin-binding domain (CBD) [11, 12,
17]. The function of the PTB domains is unknown. A recent study showed that the
second PTB domain (amino acid residues 197 to 449) contains a lipid-binding
domain that forms a transient interaction with phospholipids on the plasma
membrane. This is a new evidence that AS160 plays both negative and positive
regulatory roles in vesicle transport by using the PM binding domain. Indeed, this
domain either colocalizes AS160 with upstream and downstream regulators or
interacts with the plasma membrane [18].
Sano H. et al. [12] have identified several potential AKT phosphorylation sites in
mouse AS160 that match criteria for an AKT consensus motif, and found that
insulin treatment increased phosphorylation at five of the sites (Ser318, Ser570,
Ser588, Thr642, and Thr751). They have demonstrated that expression of a
mutant form of AS160 in which four of these phosphorylation sites (Ser318,
Ser588, Thr642, Ser751) were mutated to alanine reduced insulin-stimulated
GLUT4 translocation, whereas expression of wild type AS160 has no effect. This
result strongly indicates that phosphorylation of AS160 is necessary for GLUT4
translocation. However, expression of AS160 with combined mutations in the
phosphorylation sites and the Rab GAP domain largely reversed the inhibition
given by AS160 only mutated at the phosphorylation sites, demonstrating that the
inhibitory effect of mutated AS160 requires a functional Rab Gap domain.
Although AS160 is regulated by insulin, other upstream inputs can modulate its
activity. Muscle contraction stimulates GLUT4 translocation and acts through
AMP-activated protein kinase (AMPK) and calmodulin to phosphorylate AS160
[19, 20]. Collectively, these data provide evidence that AS160 is not only an AKT
substrate but also a substrate for other kinases such as AMPK.
Interestingly, a rare truncation of AS160/TBC1D4 causes severe postprandial
insulin resistance [21]. The truncated protein dimerizes with wild type AS160 and
likely acts by a dominant negative effect.
βTrCP
In this chapter, we report that AS160 binds SCF
in a ligase substrate-manner
βTrCP
and that AS160 is directly ubiquitylated by SCF
in vitro. We also identify the
conserved phosphodegron motif in AS160 required for the interaction with
βTrCP
SCF
.
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AS160 interacts with βTrCP
βTrCP

4

To identify novel substrates of the SCF
ubiquitin ligase, we used an
immunoaffinity assay coupled to mass spectrometry. We overexpressed FLAGHA epitope-tagged βTrCP2 in HEK293T cells, which were then treated with
βTrCP
MG132 to inhibit the proteasome and prevent the degradation of SCF
substrates. We performed two consecutive immunoprecipitations, using antiFLAG and anti-HA specific antibodies, which were followed by mass spectrometry
analysis. We recovered 26 unique peptides corresponding to the Rab-GTPaseactivating protein AS160.
To confirm the βTrCP-AS160 interaction and assess its specificity, we
immunoprecipitated from HEK293T cells a number of FLAG epitope-tagged F-box
proteins as well as the related proteins Cdh1 and Cdc20 (substrate-receptor
subunits of the APC/C ubiquitin ligase) and tested their ability to pull down
endogenous AS160. As shown in Figure 2A, only βTrCP1 and βTrCP2 interacted
with endogenous AS160, whereas the other F-box proteins, Cdh1 and Cdc20 did
not.
To examine whether the binding of βTrCP to AS160 represents a typical βTrCPsubstrate interaction, we used βTrCP mutants in which Arg474 in βTrCP1 and
Arg447 in βTrCP2, known to be required for substrate recognition, are replaced
by alanine [22-24]. We immunoprecipitated FLAG-tagged wild type βTrCP1 and
βTrCP2 as well as the βTrCP1(R474A) and βTrCP2(R447A) mutants from
HEK293T cells and tested their binding to endogenous AS160 by immunoblotting.
As shown in figure 2B, whereas wild type βTrCP1 and βTrCP2
coimmunoprecipitated with endogenous AS160, the βTrCP1(R474A) and
βTrCP2(R447A) mutants did not.
βTrCP
To test weather SCF
is directly responsible for AS160 ubiquitylation, we
performed a ubiquitylation assay in vitro, in which we used either wild type βTrCP
or an inactive mutant form that lacks the F-box domain (βTrCP-∆F) and is unable
to bind the rest of the SCF complex. We showed that wild type βTrCP, but not the
βTrCP-∆F mutant, directly polyubiquitylates AS160 in vitro (Figure 2C).
βTrCP
Taken together, these results suggest that AS160 is a new substrate of SCF
.

The binding of AS160 to βTrCP requires a conserved
phosphodegron
βTrCP recognizes its substrates via a motif, known as phosphodegron, with the
consensus DpSGXXpS, where the serine residues are phosphorylated by specific
kinases [25-27]. We identified one putative phosphodegron in human AS160, in
which the second serine is replaced by glutamic acid as in other known
βTrCP
substrates of SCF
. We observed that this motif is highly conserved in
vertebrates, except in rodents, in which, unexpectedly, Ser304 is replaced by a
cysteine residue (Figure 3A). Interestingly, the putative phosphodegron, 303-
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Figure 2. AS160 binds to and is ubiquitylated by SCFβ
TrCP
. (A) HEK293T cells were transfected with an empty
vector, the indicated FLAG-tagged F-box proteins (FBPs),
CDH1, or CDC20. Forty-eight hours after transfection,
cells were treated with the proteasome inhibitor MG132
for 5 hours and lysed. Whole cell extracts were used for
FLAG-immunoprecipitations, which were then analyzed
by immunoblotting with the indicated antibodies. (B)
HEK293T cells were transfected as in (A). Whole cell
extracts were immunoprecipitated with anti-FLAG resin
and immunoblotted with anti-AS160 and anti-FLAG
antibodies. (C) HEK293T cells were transfected with
AS160, Skp1, Cul1, and Rbx1 in the absence or presence
of either FLAG-tagged βTrCP1 or a FLAG-tagged
βTrCP1(∆F-box) mutant. After immunopurification with an
anti-FLAG resin, in vitro ubiquitylation of AS160 was
performed. Samples were analyzed by immunoblotting
with an anti-AS160 antibody.

	
  

DpSGFDE-308, lies a few amino acid residues upstream of Ser318, whose
phosphorylation, mediated by AKT, was shown to inhibit the Rab-GAP activity
of AS160 leading to Rabs activation and subsequent GLUT4 translocation in
response to insulin [12].
To confirm that the 303-DpSGFDE-308 motif is required for the AS160 binding to
βTrCP, we generated an AS160 double mutant in which Ser304 and Glu308 were
replaced by alanine and tested its ability to interact with βTrCP. We found that the
AS160 mutant did not bind to βTrCP in immunoprecipitation experiments,
confirming that Ser304 and Glu308 are indeed required for the AS160-βTrCP
interaction (Figure 3B).
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Figure 3. A conserved phosphodegron is required for the binding of AS160 to
βTrCP. (A) Schematic representation of the AS160 protein and alignment of the putative
βTrCP binding motifs in AS160 orthologs. (B) AS160 Ser304 and Glu308 are required for
the interaction of AS160 with βTrCP. HEK293T cells were transfected with the indicated
HA-tagged proteins. Whole-cell extracts were subjected to immunoprecipitation (IP) with
HA-resin, followed by immunoblotting with antibodies specific for the indicated proteins.
(C) FLAG-HA-tagged βTrCP was immunoprecipitated from HEK293T cells and analyzed
by mass spectrometry. The ion fragmentation spectrum of coimmunoprecipitated AS160
is shown. The AS160 tryptic peptide ILEDpSGFDEQQEFR spanning the phosphodegron
was found phosphorylated on Ser304. As shown, peptide sequences can be explained
by their respective collision-induced dissociation MS/MS spectra, including phosphoSer304. EV, empty vector; PTB, phosphotyrosine-binding domain; CBD, calmodulinbinding domain; GAP, RabGap domain.

	
  

To test whether Ser304 is phosphorylated in cultured cells, we immunopurified
βTrCP2 from HEK293T cells that were treated with the proteasome inhibitor
MG132 and analyzed the phosphorylation of the co-immunoprecipitating AS160
by tryptic digestion followed by phosphopeptide enrichment and LC-MS/MS.
Analysis of the recovered AS160 phosphopeptides demonstrated that Ser304 is
phosphorylated in cells (Figure 3C).
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Biological significance of the βTrCP-mediated degradation of
AS160
Next, we started exploring the biological significance of the βTrCP-mediated
ubiquitylation of AS160. As ubiquitylation may target proteins for degradation, we
examined the AS160 turnover in asynchronous cells. To this aim, we treated
HEK293 cells with the inhibitor of protein synthesis cycloheximide (CHX) and
collected cells at different time points. Unexpectedly, we found that AS160 is a
very stable protein as no change in its abundance was detected until 6 hours of
CHX treatment (Figure 4A).
Since AS160 is a RabGAP that promotes the hydrolysis of GTP to GDP of several
Rab GTPses (Rab8A, Rab10 and Rab14) which, in their GDP-bound state, inhibit
GLUT4 exocytosis, we hypothesized that upon insulin stimulation, AS160 might
be targeted for βTrCP-mediated proteasomal degradation to stimulate GLUT4
exocytosis and glucose uptake. To test this hypothesis, we analyzed the steadystate levels of AS160 in response to insulin-like growth factor-1 (IGF1). As shown
in Figure 4B, treatment of HEK293 cells with IGF1 had no effect on AS160 protein
levels.
It has been reported that phorbol esters such as PMA (phorbol-12-myristate-13acetate) induce AS160 phosphorylation on Ser318 [28], a serine residue adjacent
to the βTrCP-binding domain of AS160 that might be the target of a priming
phosphorylation event that stimulate AS160 proteolysis. To examine whether
phorbol esters trigger the degradation of AS160, we treated HEK293 cells with
PMA and analyzed the abundance of AS160. As shown in Figure 4C, stimulation
of HEK293 cells with PMA did not cause any detectable change in AS160 protein
levels.
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Figure 4. Analysis of the AS160 turnover.
(A) Asynchronous HEK293T cells were
treated with cycloheximide (CHX) for the
indicated times. Proteins were analyzed by
immunoblotting with an anti-AS160 antibody
or with an anti-actin antibody to show loading
normalization. (B) HEK293 cells were treated
with IGF-1 and collected at the indicated time
points. Protein extracts were immunoblotted
with anti-AS160 and anti-actin antibodies. (C)
HEK293 cells were treated with PMA,
collected at the indicated time points, lysed
and analyzed by immunoblotting.

	
  

4
DISCUSSION

βTrCP

In this study, we demonstrated that AS160 is a novel substrate of the SCF
ubiquitin ligase and showed that the binding of AS160 to βTrCP is mediated by a
canonical phosphodegron.
For most of βTrCP targets, formation of phosphodegron requires the action of two
different kinases: first the substrate is phosphorylated by a priming kinase, whose
phosphorylation allows the binding by a second kinase, which phosphorylates the
typical consensus recognized by βTrCP. For instance, Magliozzi and colleagues
recently demonstrated that the Rap guanine nucleotide exchange factor
βTrCP
RAPGEF2 is targeted for proteasome-dependent degradation by SCF
in
cooperation with two kinases: IKKβ and CK1α. By phosphorylating RAPGEF2 on
Ser1254, IKKβ primes RAPGEF2 for phosphorylation by CK1α on a conserved
degron triggering RAPGEF2 ubiquitylation and proteasomal degradation [23].
Since the AS160 phosphodegron lies few amino acids upstream of the AKT target
site, it is conceivable that the AKT-dependent phosphorylation of Ser318 acts as
a priming phosphorylation event that triggers the phosphorylation of the AS160
degron and consequently its proteasomal degradation. However, further
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experiments are required to examine the link (if any) between the AKT-mediated
phosphorylation of AS160 on Ser318 and the phosphorylation-dependent
interaction of AS160 (via Ser303 and Glu308) with βTrCP. To this aim, it would be
crucial to generate a phospho-specific antibody that detects phosphorylated
Ser303.
Additional work is needed to identify the specific conditions under which the
βTrCP-mediated degradation of AS160 occurs. It is known that the PTB domain
has a spatial effect on the localization of AS160. This domain localizes a small
pool of AS160 to the precise site of vesicle docking at the PM, where AKT
functions, by promoting the role of AS160 on the docking and fusion reaction [18].
βTrCP
We cannot rule out that SCF
targets for degradation only the PM-associated
pool of AS160, which cannot be analyzed in our “whole-cell” assays. A cell
fractionation approach would be needed to determine the degradation of the
membrane-bound pool of AS160. In addition, FRET analysis might be employed
to investigate the interaction between AS160 and βTrCP in membrane
compartments [29].
βTrCP
Alternatively, although it is well established that SCF
targets substrates for
degradation by mediating the formation of Lys48-linked chains onto its substrates,
we cannot rule out the possibility that βTrCP may mediate the conjugation of
atypical non-degradable ubiquitin chains onto AS160. For instance, Lys63-linked
chains function as molecular platforms for protein-protein interactions and have a
role in regulating protein trafficking [30-34]. Interestingly, Yuan and colleagues
KLHL20
have recently reported that CRL3
, a Cul3-based ubiquitin ligase, catalyzes
non-degradable K33-linked polyubiquitylation on coronin 7 (Crn7), an F-actin
regulator involved in post-Golgi transport. Ubiquitylated Crn7 is recruited to the
trans-Golgi network where it promotes F-actin assembly and post-Golgi trafficking.
It would be important to analyze the type of ubiquitin chain conjugated on AS160
βTrCP
by SCF
. One possible approach would be to employ epitope-tagged ubiquitin
mutants in which each of the lysine residues is replaced by arginine and test their
effects on the abundance of AS160 ubiquitylation in cells overexpressing the
βTrCP
SCF
complex. Alternatively, a different set of ubiquitin mutants in which all
but one lysine residues have been replaced by arginine can be used. In both
approaches the analysis of AS160 ubiquitylation can be performed either by pulldown/immunoblotting or by pull-down/mass spectrometry [35].
βTrCP
Although Cdc34/UbcH3, the E2 involved in the ubiquitylation of SCF
substrates, catalyzes K48-linked polyubiquitin chains, it is still possible that a less
βTrCP
abundant or specifically localized E2 cooperates with SCF
to catalyze the
formation of atypical ubiquitin chains onto AS160. Interestingly, it has been
βTrCP
reported that SCF
can use the UbcH5 ubiquitin-conjugating enzyme to form
heterotypic polyubiquitin chains on the N-terminus of Myc that lead to enhanced
Myc stability [36].
βTrCP
In sum, our data indicate that AS160 is a novel target of SCF
. Further
investigation aimed at uncovering the biological significance of the βTrCPmediated ubiquitylation of AS160 would be important to understand the regulation
of glucose uptake in normal and cancer cells.
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MATERIALS AND METHODS
Cell culture and drug treatment
HEK293T and HEK293 cells were maintained in Dulbecco’s modified Eagles’s
medium (DMEM, Life Technologies) containing 10% fetal calf serum, 100 U/ml
penicillin and 100-µg/ml streptomycin. Cells were treated with 25 ng/ml insulin-like
growth factor (IGF) or 10 ng/ml phorbol-12-myristate-13-acetate (PMA, SigmaAldrich). The following drugs were used: MG132 (10 µM) to inhibit the
proteasome, and cycloheximide (100 µg/ml) to block protein synthesis.

Transient transfections
HEK293 and HEK293T cells were transfected using the polyethylenimine (PEI)
method as described [37].

DNA plasmids
AS160 mutants were generated using the QuikChange site-directed mutagenesis
kit (Stratagene).

Biochemical methods

4

Cells were harvested and lysed with lysis buffer (50mM Tris-HCL at pH 7.4, 1mM
EDTA, 250 mM NaCl, 0.1% Triton X-100, 50 mM NaF, 1 mM DTT, 0.1 mM DTT),
containing proteases and phosphatases inhibitors (Sigma-Aldrich), for 30 minutes
on ice. After a centrifugation at 13000 rpm for 20 minutes, supernatants were
collected and processed for immunoblotting or immunopurification. For
immunopurification, lysates were precleared with Protein G-sepharose 4B
(Invitrogen) for 1 hour at 4°C and then, incubated with the indicated antibodies for
3 hours at 4°C in rotation. Immunocomplexes were pulled down with protein GSepharose 4B for 1 hour at 4°C. Beads were washed 5 times with lysis buffer and
proteins eluted with Laemmli buffer.
For immunoblotting, proteins were loaded and separated by SDS-PAGE and
transferred onto PVDF membrane.

Purification of βTrCP2 interactors
HEK293T cells were transfected with pcDNA3-FLAG-HA-βTrCP2 or pcDNA3FLAG-HA-βTrCP2(R447A) and treated with 10µM MG132 for 6 h. Cells were
harvested and subsequently lysed in lysis buffer (50 mM Tris-HCl, pH 7.5, 150
mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40, plus protease and phosphatase
inhibitors). βTrCP2 was immunopurified with anti-FLAG agarose resin (SigmaAldrich). After washing, proteins were eluted by competition with FLAG peptide
(Sigma-Aldrich). The eluate was then subjected to a second immunopurification
with anti-HA resin (12CA5 monoclonal antibody cross-linked to protein G78	
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Sepharose; Invitrogen) prior to elution in Laemmli sample buffer. The final eluate
was separated by SDS-PAGE, and proteins were visualized by Coomassie
colloidal blue. Bands were sliced out from the gels and subjected to in-gel
digestion. Gel pieces were then reduced, alkylated, and digested according to a
published protocol [38]. For mass spectrometric analysis, peptides recovered
from in-gel digestion were separated with a C18 column and introduced by nanoelectrospray into the LTQ Orbitrap XL (Thermo Fisher) with a configuration as
described [39]. Peak lists were generated from the MS/MS spectra using
MaxQuant build (version 1.0.13.13) [40] and then searched against the IPI
Human database (version 3.37, 69164 entries) using Mascot search engine
(Matrix Science). Carbaminomethylation (57Da) was set as fixed modi- fication,
and protein N-terminal acetylation and methionine oxidation were set as variable
modifications. Peptide tolerance was set to 7 ppm, and fragment ion tolerance
was set to 0.5 Da, allowing two missed cleavages with trypsin enzyme. Finally,
Scaffold (version Scaffold_3.6.1, Proteome Software, Inc.) was used to validate
MS/MS-based peptide and protein identifications. Peptide identifications were
accepted if their Mascot scores exceeded 20.

Antibodies
Mouse monoclonal antibodies were from Invitrogen (anti-Cul1), Covance (antiHA), Santa Cruz Biotechnology (Actin), Sigma-Aldrich (anti-FLAG), Cell Signaling
(phospho-Erk1/2 (Thr202/Tyr204). Rabbit polyclonal antibodies were from Cell
Signaling (AS160; βTrCP1), Sigma-Aldrich (FLAG),

In vitro ubiquitylation assay
AS160 ubiquitylation was performed in a volume of 10 ul containing βTrCPAS160 immunocomplexes, 50 mM Tris, pH 7.6, 5 mM MgCl2, 0.6 mM DTT, 2 mM
ATP, 2 µl of in vitro-translated unlabeled βTrCP1, 1.5 ng/µl E1 (Boston
Biochem),10 ng/µl Ubc3, 2.5 µg/µl ubiquitin (Sigma-Aldrich), and 1M ubiquitin
aldehyde (Boston Biochem). The reactions were incubated at 30°C for the
indicated times and analyzed by immunoblotting.

Phosphorylation analysis by mass spectrometry
Samples were reduced with 10 mM DTT for 30 min at 60°C, followed by addition
of iodoacetamide to 20 mM followed by a 30 min incubation in the dark at room
temperature. The first digestion was performed using Lys-C for 4 h at 37 °C.
Subsequently, the digest was diluted 5-fold using 50 mM ammonium bicarbonate
to a final urea concentration of 2 M, and a second digestion with trypsin was
performed overnight at 37°C. Finally, the digestion was quenched by addition of
formic acid to a final concentration of 0.1% (v/v). The resulting solution was
desalted using 200 mg Sep-Pak C18 cartridges (Waters Corp.), lyophilized and
reconstituted in 10% formic acid. LC-MS/MS was performed with both collisioninduced dissociation and electron transfer dissociation in the form of datadependent decision tree [41,42]. MS spectra to peptide sequence assignment is
performed with Proteome Discoverer (version 1.3), with MASCOT (version 2.3) as
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search engine and the localization of phosphorylated sites was evaluated with
PhosphoRS (version 2) [43].
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GENERAL DISCUSSION
In this thesis we have uncovered a number of cases in which a highly coordinated
crosstalk between protein phosphorylation and ubiquitylation controls cell
proliferation. The starting point of this study was an affinity purification approach
coupled to mass spectrometry analysis aimed at the identification of new
TrCP
substrates of the SCF β
ubiquitin ligase. I decided to focus on the
phosphorylation-dependent degradation of three previously unknown interactors
of βTrCP, namely, TFAP4, DEC1 and AS160, as earlier literature had suggested
a role of these proteins in the control of cell cycle progression and cellular growth.
We have demonstrated that all three βTrCP interactors, TFAP4, DEC1 and
βTrCP
AS160, are novel substrates of SCF
. We have also identified for all three
substrates specific amino acid residues whose phosphorylation mediates
substrate binding to βTrCP and, in the case of TFAP4 and DEC1, substrate
degradation.
We have found that the phosphorylation-dependent degradation of TFAP4 and
DEC1, two bHLH transcription factors, is required for proper mitotic entry during
normal cell cycle (TFAP4) and during recovery from the G2 DNA damage
checkpoint (DEC1). While failure to degrade TFAP4 leads to a slower kinetics of
mitotic entry and results in a number of mitotic defects, including chromosome
missegregation and multipolar spindles, which activate the DNA damage
checkpoint, inhibition of DEC1 degradation prevents efficient checkpoint recovery
due to a prolonged G2 phase.
However, many unanswered questions remain about the function of the βTrCPmediated ubiquitylation of AS160 and further experiments are required, as
discussed in chapter 3, to uncover the role of AS160 ubiquitylation. We may
speculate that the βTrCP-dependent degradation of AS160 may have a role in
coordinating cell cycle progression and glucose supply. It is known that nutrient
availability affects cell cycle progression and that glucose import and metabolism
are required for the induction of genes involved in cell cycle control in yeast [1].
The availability of nutrients represents also the nutrient-sensitive restriction point
in mammalian cells. One of the major determinants to overtake the restriction
point is the metabolic activity of the cell and the UPS is known to play a role in
coupling glucose metabolism and with proliferation. Tudzarova and colleagues
have shown that βTrCP regulates the G1/S transition during cell cycle by
targeting the glycolysis promoting enzyme, 6-phosphofructo-2-kinase/fructose2,6-bisphosphatase isoform 3 (PFKFB3) [2].
A crucial step for βTrCP-mediated degradation is the recognition of a
phosphodegron within the substrate. Identification of the kinase(s) responsible for
AS160 modifications may help to understand when AS160 is targeted by βTrCP.
Besides computational methods employed to assess if the phosphodegron or
surrounding residues contain a consensus for a specific kinase, specific kinase
inhibitors and RNAi can be used to validate candidates obtained by the previous
method. The use of an shRNA library against the human kinome represents an
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alternative approach to identify the kinase(s) involved in the AS160-βTrCP
interaction.
A different approach involves the immunopurification of AS160 from cells followed
by mass spectrometry analysis. Although the transient nature of a substratekinase interaction does not allow to easily identify the kinase by immunopurifying
its substrate, we have successfully identified Polo like kinase-1 by
immunopurifying its substrate Emi1, CK1 and CK2 by immunopurifying their
substrate Per2 (unpublished) and CK1 by purifying its target RAPGEF2 [3].
In all cases (TFAP4, DEC1 and AS160) the availability of phosphospecific
antibodies able to recognize the degron only when phosphorylated is key to study
the dynamics and the regulation of these phosphorylation events. Although we
have generated an anti-phospho-DEC1(Ser243) antibody [4], phosphospecific
antibodies that can specifically detect the TFAP4 and AS160 phosphodegrons are
currently unavailable.

Deregulated functions of the UPS in cancer

5

Components of the ubiquitin system are often the target of cancer-related
deregulation and are involved in oncogenic transformation and tumor progression.
Three major molecular mechanisms by which deregulation of the ubiquitinproteasome system contributes to oncogenesis have been described: (i)
Mutational inactivation of ubiquitin ligases, (ii) Overexpression of genes encoding
for ubiquitin ligases and (iii) Stabilizing mutations of targets of ubiquitin ligases [5].
Mutational inactivation of the machinery involved in linking ubiquitin to specific
substrates can occur in ubiquitin ligases involved in restraining cell growth and
proliferation. The von Hippel-Lindau protein (pVHL) is an E3 enzyme that
mediates the degradation of the transcription factor hypoxia-inducible factor-1
(HIF-1) under normal oxygen conditions. In normal cells, hypoxic stress inhibits
the interaction between pVHL and HIF-1, resulting in HIF-1 accumulation with
subsequent tissue vascularization. Mutations in pVHL gene are associated to a
wide range of malignant conditions, including renal cell carcinoma,
pheochromocytoma, and cerebellar hemangioblastomas. A hallmark of these
pVHL-mutated tumors is a high degree of vascularization that arises from
upregulation of HIF-1 and continuous expression of hypoxia-inducible genes [6].
Overexpression of genes encoding for ubiquitin ligases is also linked to
tumorigenesis, as in the case of the F-box protein SKP2 that mediates the
degradation of the tumor suppressor p27. Many studies have demonstrated a
decrease in p27 protein levels in many malignant conditions, including gliomas
and lymphomas as well as cancer of the colorectum, prostate, lung, and uterine
endometrium [7]. Although the p27 gene encodes for a wild type protein, the low
level of p27 reflects an enhanced degradation by the UPS as a result of
overexpression of SKP2 [8]. Several studies have shown a correlation among the
low level of p27, the high level of SKP2, and tumor grading, clinical staging, and
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overall prognosis in colorectal [9], breast [10] prostate [11] and other types of
cancer.
In addition, targets of the ubiquitin-proteasome system (e.g. βcatenin) are
frequently mutated in human tumors. The target protein, normally programmed for
degradation, becomes mutated in residues that are required for recognition by the
ubiquitin ligase, making this protein refractory to the action of the degradation
machinery. Mutations in the βcatenin gene, affecting the N-terminal region of the
protein, make it resistant to regulation by the ubiquitin-proteasome system. These
mutations affect specific serine and threonine residues, and amino acids adjacent
to them, which are essential for the phosphorylation-dependent interaction of
βTrCP
βcatenin with the SCF
ubiquitin ligase. This regulatory sequence in βcatenin
is mutated in a wide variety of human cancers, such as colorectal, hepatocellular,
pancreatic, prostate, gastric, thyroid cancers, as well as in chemically and
genetically induced animal tumors [12].
All three βTrCP interactors, which have been discussed in this thesis, are linked
to tumorigenesis in humans. TFAP4 is up-regulated in colorectal cancer and
numerous other tumor types. In addition to many genes involved in the control of
cell proliferation, TFAP4 targets genes include markers of epithelial-mesenchymal
transition (EMT). Indeed, tumors with the highest TFAP4 expression can be
associated with an increased metastatic capacity and a short overall patient
survival [13].
DEC1 is upregulated jn breast cancer but is downregulated in colorectal and lung
cancer. It has been proposed that the low expression in lung and colon tumors is
an early event in tumorigenesis and the subset of tumors that show increased
levels of DEC1 may reflect its reactivation at later stages [14]. We may speculate
that missregulation of DEC1 degradation may result in abnormal DEC1 protein
levels observed in different tumor stages.
Enhanced cellular glucose uptake is also a frequent characteristic of malignant
cells. However, studies on the involvement of AS160 in cancer are only few.
Remarkably, it has been reported that AS160 phosphorylation on Thr642 is
frequently increased in breast cancer [15]. It may be interesting to investigate
whether phosphorylation of Thr642 is linked to the βTrCP-mediated ubiquitylation
of AS160. We may speculate that the increased phosphorylation of AS160 in
tumors could affect AS160 degradation, enhancing the glucose uptake of cancer
cells.

Targeting UPS in drug discovery
Elucidating the mechanisms underlying βTrCP-mediated substrate degradation is
an important step to clarify the potential role of βTrCP as a target for cancer
βTrCP
therapies. Development of strategies for targeting SCF
could provide
theraupetic tools for treating diseases, particularly cancer, since several βTrCP
substrates control cell cycle and pro- and anti-proliferative pathways. Currently
different strategies for targeting various steps of the UPS are explored as cancer
therapies.
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Targeting the proteasome in tumors
Since proteasome activity is higher in tumor cells and the proteasome has a
central role in cell cycle progression, it had been thought that drugs that modulate
the activity of the proteasome could have potential for therapeutic intervention.
Bortezomib was the first proteasome inhibitor to enter clinical trials for the
treatment for multiple myeloma. Bortezomib acts as cancer therapy by the
modulation of several important pathways. One proposed mechanism is the
inactivation of NF-κB mediated by the stabilization of its inhibitor IKβ, a substrate
βTrCP
of SCF
. Inactivation of NF-κB results in increased apoptosis of cancer cells
cells [16].
The clinical success of bortezomib has given rise to interest in the development of
a new generation of proteasome inhibitors. An example of the next generation of
proteasome inhibitor is argyrin A, which is a compound that stabilizes the cell
cycle inhibitor p27 [17].
Although proteasome inhibition appears to be efficient in a few cases, the risk is
that long-term treatment with the inhibitors may affect many processes
nonspecifically [18].

5

Targeting ubiquitin ligases in tumors
A different and more targeted approach in drug development consists in targeting
the active site of E3 enzymes or their interaction with substrates. One obvious
candidate is Mdm2, whose inactivation in tumors should activate the p53 pathway,
leading to cell cycle arrest and apoptosis [19]. In case of Mdm2, various
approaches have been attempted, including the inhibition of Mdm2 expression,
blocking its ubiquitin ligase activity and preventing the interaction between Mdm2
and its substrate p53. Currently the best-characterized chemical compounds are
Nutlins, which disrupt the interaction between Mdm2 and p53 [20]. Although the
initial results with Nutlins were promising, more recent studies have shown that
these inhibitors also induce cell cycle arrest in a p53-deficient cell line and they
may compete with other proteins for Mdm2 binding [21].
Another example is represented by small compounds called RITA, which bind the
amino terminus of p53 and promote growth arrest [22]. The major problem is that
these inhibitors are not specific for the p53-Mdm2 interaction and also affect other
p53-binding proteins [19].
Peptidomimetic compounds are also being explored in anticancer therapy to
inhibit the binding of the ligase to its substrate. For this strategy, one needs to
consider that most ligases target multiple proteins. For example, interference with
βTrCP can prevent degradation of IKβ in tumors cells but it may also inhibit the
degradation of the oncoprotein βcatenin in cells and promote cancer [19].
Development of small molecule which allow recognition of mutant substrates
Studies performed in plants suggest that it is possible to follow the opposite
approach, that is to identify small molecules that promote (instead of preventing)
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the interaction between a substrate and a ubiquitin ligases. Following this
principle, a number of pharmaceutical companies are now focusing on the
development of protein interaction agonists that could potentially rescue substrate
binding to the ubiquitin ligase, in those cases in which the substrate brings a
disease-causing mutation that blocks the substrate-E3 interaction [23].
Interfering with recognition of ubiquitin
One of the most challenging therapeutic approaches is to interfere with the
ubiquitin-UBD interaction in the cells. The first compounds to be identified that
interfere with ubiquitin-UBD interactions are small molecules called ubistatins [24].
Ubistatins act by binding the hydrophobic interface of Lys-48-linked polyubiquitin,
preventing the recognition of ubiquitylated substrates by UBDs present in the
proteasome [25]. The difficult task would be to generate compounds that are able
to penetrate the membrane to target the UBD of a given effector protein, allowing
the targeting of specific cellular processes [19].

CONCLUSIONS
The results described in this thesis provide important insights on novel functions
of the UPS in the regulation of cell proliferation. Identifying substrates of ubiquitin
ligases and characterizing the molecular mechanisms regulating their degradation
is important as it could lead to the development of new strategies for anticancer
therapies.
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In dit proefschrift wordt beschreven hoe een specifieke en tijdige samenwerking
tussen phosphorylering en ubiquitylering de groei en proliferatie van cellen
controleert, door middel van het aanmerken van specifieke substraat-eiwitten
voor degradatie door het proteasoom.
Het startpunt voor deze studie was een immunopurificatie gevolgd door massaspectrometrische analyse gericht op de identificatie van nieuwe substraten van de
βTrCP
SCF
ubiquitine ligase. We besloten onze aandacht te richten op de
phosphoryleringsafhankelijke degradatie van drie, indertijd onbekende,
interactiepartners van βTrCP, namelijk TFAP4, DEC1 en AS160. Dit omdat
eerdere literatuur een rol suggereert voor deze eiwitten in het controleren van
celgroei en de voortgang van de celcyclus. TFAP4 en DEC1 zijn beiden bHLH
transcriptiefactoren, AS160 is Rab-GTPase activerend eiwit.
Hoofdstuk 1. De voortgang van de celcyclus wordt strikt gereguleerd door het
ubiquitine-proteasoom systeem. Cullin-RING ubiquitine ligases zijn de
voornaamste factoren verantwoordelijk voor de periodieke proteolyse van vele
regulatoren van de celcyclus. In dit hoofdstuk vat ik de verschillende
mechanismen samen waarmee het ubiquitine-proteasoom systeem de cyclus van
celdeling controleert en ik beschrijf hoe afwijkingen in de regulatie van
eiwitafbraak door cullin-RING ubiquitine ligases kunnen leiden tot
ongecontroleerde celdeling, genomische instabiliteit en kanker.
Hoofdstuk 2. In dit hoofdstuk beschrijf ik de identificatie van de
βTrCP
TranscriptieFactor AP4 (TFAP4) als een nieuw substraat van SCF
. We tonen
βTrCP
hier aan dat TFAP4 door SCF
wordt aangemerkt voor ubiquitylering en
proteasoom-afhankelijke afbraak gedurende de G2 fase van de celcyclus. We
laten ook zien dat wanneer TFAP4 niet kan worden afgebroken, dit leidt tot
verschillende mitotische defecten, waaronder missegregatie van chromosomen
en de formatie van multipolaire spoelfiguren, wat uiteindelijk zorgt voor de
activering van het DNA-schade checkpoint. Samengenomen tonen deze
observaties aan dat de βTrCP-afhankelijke proteolyse van TFAP4 een vereiste is
voor een betrouwbare uitvoering van mitotische celdeling.
Hoofdstuk 3. In dit hoofdstuk karakteriseer ik het phosphodegron van DEC1,
βTrCP
alsmede de phosphoryleringen die de afbraak van DEC1 door SCF
controleren tijdens het herstel van het DNA-schade checkpoint in de G2-fase. In
het bijzonder richt ik me hierbij op de rol van CDK1-afhankelijke phosphorylering
in het reguleren van DEC1 proteolyse. Deze bevindingen dragen bij aan de
identificatie van een samenwerking tussen phosphorylering en ubiquitylering ter
controle van zowel DEC1 proteolyse als de DNA-schade respons.
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Hoofdstuk 4. Dit hoofdstuk omvat de eerste beschrijving van een interactie
βTrCP
tussen de SCF
E3 ligase en AS160, een AKT-substraat dat geassocieerd
wordt met insulinesignalering. Deze interactie is afhankelijk van een specifiek
βTrCP
phosphodegron motief en SCF
is direct verantwoordelijk voor de
ubiquitylering van AS160. Dit hoofdstuk bespreekt de mogelijkheid van een nieuw
regulatiemechanisme, waarbij de afbraak van AS160 een effect zou kunnen
hebben op de translocatie van de glucosetransporter GLUT4.
Tenslotte bespreek ik in hoofdstuk 5 het potentiële verband tussen de
βTrCP
proteasomale afbraak van bovenstaande substraten door SCF
en het
ontstaan van kanker en daarmee de mogelijkheid om antikanker therapieën te
ontwikkelen met het ubiquitine-proteasoom systeem als doelwit.
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