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The ubiquitin-proteasome system (UPS) is the major pathway for regulated 
degradation of intracellular proteins (1, 2). It is well established that protein 
degradation by the UPS controls a broad array of crucial cellular processes. Not 
surprisingly, failure or dysfunction of the UPS is implicated in the pathogenesis of 
many human diseases, such as Alzheimer’s disease, Parkinson’s disease, 
Huntington’s disease, immune system related diseases, and cancer (3-5). Here I 
describe the latest insights into the ubiquitin-proteasome system, with a special 
emphasis on SCF ubiquitin ligases, molecular machines that control cell cycle 
progression and whose aberrant regulation contributes to oncogenesis. 

 

The UPS: ubiquitylation 
of the substrate protein 

Degradation of intracellular 
proteins by the UPS involves 
two distinct steps. Proteins are 
first marked with ubiquitin and 
then degraded by the 
proteasome (6). Ubiquitin is an 
evolutionarily conserved 
protein composed of 76 amino 
acids. The amino acids 
sequence of ubiquitin is almost 

 

Figure 1. The ubiquitin-

proteasome system (UPS). 
Precursor forms of ubiquitin 
(Ub) are maturated by 
deubiquitylating enzymes 
(DUBs). Ubiquitin is then 
activated by an E1 ubiquitin-
activating enzyme via the 
generation of a high-energy 
thioester bond and concomitant 
ATP hydrolysis. Ubiquitin is 
then transferred from the E1 to 
an E2 ubiquitin-conjugating 
enzyme. As a last step, 
ubiquitin is transferred onto a 
substrate lysine residue. HECT 
E3s form an intermediate with 
ubiquitin through a thioester 
bond. RING E3s instead 
interact with the E2 and help the 
transfer of ubiquitin onto the 
substrate. Polyubiquitylated 
substrates are then recognized 
by the 26S proteasome and 
degraded in short peptides. 
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identical from yeast to human indicating that the structure of ubiquitin is an 
important factor for its evolutionarily conserved function.  

Conjugation of ubiquitin onto a substrate is catalyzed by three types of enzymes: 
E1 ubiquitin-activating enzymes, E2 ubiquitin-conjugating enzymes and E3 
ubiquitin ligases (7-9). Ubiquitin is first activated by the E1 ubiquitin-activating 
enzyme in an ATP-dependent manner. The cysteine residue of the active site of the 
E1 enzyme forms a high-energy thioester bond with the C-terminus of ubiquitin. 
Ubiquitin is then transferred to the E2 enzyme. Finally, the E3 ubiquitin ligase helps 

the transfer of ubiquitin from the E2 to the -amino group of a lysine residue of the 
substrate forming an isopeptide bond.  

Ubiquitin conjugation can occur not only on a lysine residue of the substrate but 
also on ubiquitin moieties that are already attached to the substrate thus generating 
polyubiquitin chains (6). Ubiquitin contains seven lysine residues (K6, K11, K27, 
K29, K33, K48 and K63) (10) (Fig. 2a). It is known that the outcome of ubiquitylation 
depends on which specific lysine residue of ubiquitin is used. Ubiquitin conjugation 
can occur in many ways, i.e. monoubiquitylation, multimonoubiquitylation, 
polyubiquitylation with homogenous ubiquitin chains, mixed ubiquitin chains, 
branched ubiquitin chains and unanchored ubiquitin chains (Fig. 2b-g). 
Monoubiquitylation is mostly used in signal transduction (11-13). 
Multimonoubiquitylation mainly regulates endocytosis. For instance, endocytosis of 
epidermal growth factor and platelet-derived growth factor receptors are driven by 
multimonoubiquitylation (14). Polyubiquitylation via K48-linked chains is the main 
signal for proteasomal degradation (15-17). The K11-linked chain also leads to 
degradation. Indeed, it has been recently shown that during mitosis the APC/C 
ubiquitin ligase and its E2 UBCH10 promote K11-linked chain polyubiquitylation of 
their mitotic substrates which are then degraded by the proteasome (18, 19). In 

 

Figure 2. (A) Crystal structure of ubiquitin. Seven lysine residues are shown. (B-G) 

Different types of ubiquitin modifications have been reported: monoubiquitylation (B), 
multimonoubiquitylation (C), homogenous polyubiquitin chains (D), mixed ubiquitin 
chains (E), branched ubiquitin chains (F), and unanchored ubiquitin chains (G). 

 



   Introduction 

11 

 

1 

contrast, the K63-linked chain has mainly non-proteolytic functions. By affecting 
protein-protein interaction and subcellular localization, K63-linked 
polyubiquitylation regulates signal transduction (6).  

Ubiquitylation is a reversible process. Specific enzymes, known as deubiquitylases 
(DUBs), counteract ubiquitin conjugation by removing ubiquitin and polyubiquitin 
chains from substrate proteins (20). To date, more than 100 distinct DUBs have 
been identified in mammalian cells. DUBs are subdivided into five families based 
on their catalytic domain architecture: ubiquitin C-terminal hydrolases (UCHs), 
ubiquitin-specific proteases (USPs), ovarian tumor proteases (OTUs), Machado-
Joseph disease proteases (MJDs) and JAB1/MPN/MOV34 proteases (JAMMs). 
These five families can be further classified into two subcategories based on their 
mechanism of action. UCHs, USPs, OTUs and MJDs are cysteine proteases in 
which the cysteine residue in the catalytic site catalyzes the nucleophilic attack on 
the carbonyl group of the scissile peptide or isopeptide bond. On the other hand, 
JAMMs are zinc metalloproteases. JAMMs use two zinc ions, one of which 
activates water molecules. Polarized water molecules then attacks the isopeptide 
bond.  

DUBs are essential not only for substrate deubiquitylation but also for the 
maturation of poly-ubiquitin precursors which produces ubiquitin (20).  

 

The UPS: proteasomal degradation of the substrate protein  

Once the substrate protein is polyubiquitylated, it is recognized and degraded by 
the 26S proteasome. The 26S proteasome is a 2.5 MDa multimeric protein complex 
composed of two distinct parts: the core particle (CP), also known as 20S 
proteasome, and one or two regulatory particles (RP), referred as 19S proteasome. 
The actual proteolytic activity is located in the CP whereas the RP acts as 
gatekeeper. The CP is a 700 kDa cylinder-shaped multisubunit complex containing 

seven subunits () and sevensubunits () (21-24). These 

subunits are arranged in four seven-membered rings with a  configuration 
which form a hollow and narrow chamber that blocks unregulated access of 

substrates.  The -rings control the entry into the central channel and are usually 
in a closed conformation in the free core particle (24) and can be gated by the RP 

or activators (25-27). Proteolytic activity is located at three types of -subunits (1, 

2 and 5) inside the -rings so that there are 6 catalytic sites in total (28) (Fig.3). 
These catalytic sites have low preference toward specific amino acid sequences 
thus making possible to cleave any sequence. 

The 900 kDa RP, which is required to open the -rings, is subdivided into two 
subcomplexes, the base and the lid (29). The base contains six ATPase subunits 
(regulatory particle triple A protein 1 (RPT1) – 6) and four non-ATPase subunits 
(regulatory particle non-ATPase 1 (RPN1), RPN2, RPN10 and RPN13). These six 

members of ATPase subunits are located nearby the CP’s -ring and are 
responsible for the ATP hydrolysis which induces substrate unfolding and brings 
the unfolded substrate into the CP’s central channel. The non-ATPase subunits 
RPN10 and RPN13 recognize the polyubiquitin chain of the substrate (30). The lid 



Chapter 1 

12 

 

1 

is composed of RPN11, RPN8 and seven scaffold proteins (RPN3, RPN5, RPN6, 
RPN7, RPN9, RPN12 and RPN15). The RPN11 has the deubiquitylating activity 
that is responsible for cleaving off ubiquitin chains from the substrate (31). Because 
the CP central channel is too narrow for folded substrates, substrates must have 
an unstructured region to initiate proteolysis (32).  

 

E3 ubiquitin ligases 

The human genome encodes for two E1 ubiquitin-activating enzymes (UBE1 and 
UBE1L2) (33, 34), around 40 E2 ubiquitin-conjugating enzymes (35) and more than 
600 E3 ubiquitin ligases (36). This huge number of E3s is needed because these 
enzymes provide substrate specificity to the UPS by selectively interacting with 
substrate proteins.  

Two classes of E3s have been described, Homologous of E6-AP Carboxy Terminus 
(HECT) E3s and Really Interesting New Gene (RING) E3s. HECT E3 ubiquitin 
ligases receive ubiquitin from the E2-Ub complex forming HECT E3-Ub 
intermediates and then transfer ubiquitin to the substrate (37, 38). RING E3 
ubiquitin ligases instead transfer ubiquitin from the E2 to the substrate without 
forming an E3-Ub intermediate (9).  

RING E3 ubiquitin ligases are the most abundant E3s in mammals (39, 40). They 
contain a zinc finger-type protein-protein interaction domain, known as a RING 
finger domain, which consists of 40 to 60 amino acids. RINGs use two zinc ions to 
form a cross-brace structure with consensus sequence Cys-X2-Cys-X9-39-Cys-X1-3-
His-X2-3-Cys-X2-Cys-X4-48-Cys-X2-Cys (where X can be any amino acids; histidines 
and cysteines can be exchanged or substituted) (41). The cross-brace pattern 

 

Figure 3. Left: schematic representation of the structure of the proteasome. Side 

(middle) and top (right) view of the crystal structure of the yeast proteasome. The 1, 2 

and 5 subunits, which have enzymatic activity, are shown in yellow, green and limon.  
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provides the proper platform to interact with the E2 ubiquitin-conjugating enzyme. 
RING E3 ubiquitin ligases can be further subdivided into three subclasses based 
on their molecular architecture (42): single-subunit RING E3s (e.g. SIAH and 
CBLL1), dimeric RING E3s (e.g. BRCA1-BARD1, MDM2-MDMX) and multisubunit 
RING E3s (e.g. cullin-RING ligases (CRLs), APC/C, FANC complex). Single-
subunit RING E3s are composed of a single polypeptide which interacts with both 
the E2 enzyme and the substrate. Dimeric RING E3s can form homodimer or 
heterodimer. It is not fully understood why some RING E3s are active only when 

 

Figure 4. Schematic structure of multisubunit RING E3 ubiquitin ligase complexes. 

Cullin-based E3 ubiquitin ligases are composed of four subunits: a RING protein (blue), 
a cullin scaffold (green), an adaptor protein (pale blue), and a substrate-binding subunit 
(red). In CRL3 a single polypeptide functions both as adaptor and substrate-binding 
subunit. In APC/C, the APC2 subunit contains a cullin-homology domain and APC11 
contains a RING finger domain which mediates the E2 binding.  
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they form a dimer. The RING domain and the surrounding region form a surface for 
dimerization enhancing the E3 activity. It has been proposed that RING 
dimerization enhances the local concentration of the E2 ubiquitin-conjugating 
enzyme promoting catalysis.  

The largest family of multisubunit E3 ubiquitin ligases is the cullin-RING (CRL) 
family (Fig. 4). CRLs are composed of a cullin subunit, an adapter protein, a RING 
protein and a substrate-binding factor (1). Seven distinct cullin proteins, namely 
CUL1, CUL2, CUL3, CUL4A, CUL4B, CUL5 and CUL7, function as rigid scaffolds. 
Distinct adaptor-substrate binding protein pairs have been described for each cullin: 
SKP1-F-box protein for CUL1 (CRL1 or SCF) and CUL7 (CRL7), Elongin B/C-
SOCS box protein for CUL2 (CRL2) and CUL5 (CRL5), DDB1-DCAF protein for 
CUL4A and CUL4B (CRL4). In CRL3, a single polypeptide, the BTB protein, acts 
both as an adaptor and a substrate-binding protein. Two RING proteins, RBX1 (also 
known as ROC1 and RNF75) and RBX2 (also referred as ROC2 and RNF7), 
interact with both the cullin and the E2 enzyme.  

The Anaphase Promoting Complex/Cyclosome (APC/C), a key regulator of mitotic 
progression, is a multisubunit RING E3 ligase composed of 13 different subunits 
(APC1, APC2, APC3, APC4, APC5, APC6, APC7, APC8, APC10, APC11, APC13, 
APC16 and CDC26) and one co-activator (CDH20 or CDH1) (43-45). APC11 has 
a RING finger domain that mediates the association with the E2. APC2 instead is 
a cullin-like protein that serves as scaffold. Depending on which co-activator 
subunit is bound to the core complex (CDH1 or CDC20), APC/C targets different 
substrates (43, 44). 

 

The SCF complex and the F-box protein family 

The SCF complex is the best-characterized cullin-RING ubiquitin ligase. It is 
composed of SKP1 (S-phase kinase-associated protein 1), CUL1 (Cullin-1), RBX1 
and one of many F-box proteins (FBPs) (Fig. 4A). Many functional and structural 
details have been uncovered for the SCF complex. In this complex, similarly to 
other CRLs, the cullin subunit CUL1 functions as a molecular scaffold that binds at 
the N-terminus the adaptor subunit SKP1 and at the C-terminus the RING-finger 
protein RBX1. SKP1, in turn, binds to one of many FBPs, the substrate-binding 
subunit of the SCF. FBPs are composed of an F-box domain, in most cases located 
close to the N-terminus, and different protein-protein interaction domains that 
mediate substrate binding. The F-box is a motif of about 40 amino acids that 
mediates the interaction with SKP1. The term F-box comes from the fact that it was 
first identified in cyclin F. Sixty-nine F-box proteins have been identified in humans. 
They are classified into three subfamilies, FBXWs, FBXLs and FBXOs, based on 
the composition of their protein-protein interaction domains (46, 47) (Fig. 5). 
FBXWs contain WD40 repeats, FBXLs contain leucine-rich repeats (LRRs) and 
FBXOs contain various (other) domains.  
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Three F-box proteins, namely TrCP, SKP2, and FBXW7, have been extensively 
studied.  

TrCP1 (also called as FBXW1) and its paralog TrCP2 (also known as FBXW11) 
consist of an F-box domain, seven WD40 domains which form a beta-propeller 

structure and an -helical linker connecting the two (17). The crystal structure of 

SCFTrCP suggests that TrCP increases the local concentration of substrate lysine 

residues close to E2, contributing to lysine selectivity. TrCP binds to a motif within 
the substrate, known as phosphodegron with the consensus DSGXX(X)S (where 
X can be any amino acid). One of these serine residues can be substituted by 
glutamic acid or aspartic acid. Phosphorylation of the two serine residues is 

required for the interaction between TrCP and its substrate (46).  

Although early studies demonstrated that TrCP regulates Wnt signaling by 

targeting -catenin for degradation (48-50) and the NF-κB pathway by inducing the 

degradation of IκBα (51-55), later studies have implicated TrCP in the regulation 

of cell cycle progression. Indeed, it has been found by different groups that TrCP 
controls the destruction of key cell cycle regulators such as EMI1, Claspin, CDC25A, 

 

Figure 5. Domain architecture of human F-box proteins (FBPs). FBPs are grouped into 

three classes based on protein-protein interaction domains that mediate substrate 
binding. FBXWs contain WD40 repeats, FBXLs contain leucine-rich repeats (LRRs) and 
FBXOs contain various (other) domains.  
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and WEE1 (47, 56).  

SKP2 (also known as FBXL1) has also a major role in cell cycle progression. The 
protein levels of SKP2 increase at the G1-S transition reaching maximal levels in 
S-G2 (57, 58). It is well established that SKP2 induces the degradation of the CDK 
inhibitor p27, which has to be destroyed at the G1-S transition to trigger CDK 
activation (59). p27 is first phosphorylated on Thr187 by cyclin E/CDK2 complex, 
allowing p27 binding to SKP2. For the interaction between SKP2 and p27, the 
accessory protein CKS1 is required. CKS1 interacts with SKP2 and enhances its 
affinity for phosphorylated p27. The whole complex leads to p27 ubiquitylation and 
its consequent degradation by the proteasome (60, 61). A number of other studies 
have demonstrated that SKP2 targets for degradation many other regulators of the 
cell cycle, such as p21, ORC1, CDT1, p57, and p130 (47, 62-64).  

FBXW7 targets a number of positive regulators of cell cycle progression such as 

cyclin E, c-MYC, c-JUN and NOTCH (65-67). Similarly to TrCP and SKP2, FBXW7 
interacts with its substrates following phosphorylation of specific serine and 
threonine residues (68). The best-characterized substrate of FBXW7 is cyclin E, a 
critical regulator of the G1-S transition. Phosphorylation of cyclin E on Thr380 and 
Ser384 is required for its binding to FBXW7. It has been reported that CDK2-
mediated phosphorylation of cyclin E on Ser384 promotes its phosphorylation on 
Thr380 by GSK3. (69, 70). Another substrate of FBXW7 is c-MYC, a well-known 
oncoprotein that is involved in cell cycle regulation. Also in this case, the binding of 
c-MYC to FBXW7 requires phosphorylation on two residues, namely Thr58 and 
Ser62 (71, 72).  

Regulation of SCF ubiquitin ligases. Since the SCF complex is a critical regulator 
of numerous cellular processes, it is not surprising that its activity must be tightly 
controlled. Several mechanisms have been reported. Modification of the CUL1 C-
terminus tail with the small ubiquitin-like protein Nedd8, known as neddylation, 
enhances the activity of the SCF by reducing the gap between the E2 and the 
substrate (73). Nedd8 is conjugated onto CUL1 by a series of enzymatic reactions 
catalyzed by specific E1, E2 and E3 enzymes, similarly to what occurs for ubiquitin 
conjugation (74-76). Deconjugating of Nedd8 is driven by a large octameric 
complex called COP9 signalosome (CSN), which inhibits the activity of the SCF 
(77).  

The activity of the SCF is also controlled by a large polypeptide known as CAND1 
(78). It has been proposed that CAND1 binds to CUL1 preventing the association 
of SKP1 with CUL1. The CAND1-CUL1 interaction can be inhibited by CUL1 
neddylation (79).  

Post-translational modification of the SCF target represents another key 
mechanism that controls the activity of the SCF. As already mentioned above, it is 
well established that phosphorylation of specific residue(s) of the substrate is 

required for its binding to certain F-box proteins, e.g. TrCP, SKP2 and FBXW7 (68, 
80, 81) (82). Moreover, glycosylation of the substrate protein is in some cases 
required for its binding to the F-box protein. This has been reported for substrates 
of FBXO2 and FBXO6 (83, 84).  
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Scope of this thesis 

E3 ubiquitin ligases, the enzymes that confer specificity to proteolysis by directly 
binding substrate proteins, are encoded by over 650 human genes, exceeding the 
number of genes encoding for protein kinases. Accordingly, E3 ubiquitin ligases 
have been linked to the control of virtually all cellular processes. In spite of their 
fundamental importance, our knowledge of the biological function and mechanism 
of action for most E3 ubiquitin ligases is still poor. Increasing our knowledge of the 
biology of ubiquitin ligases is fundamental because experimental and clinical data 
have shown that their abnormal functions is involved in the pathogenesis of many 
human cancers. 

The main objective of this thesis is the identification of novel substrates of SCF 
ubiquitin ligases and the elucidation of the molecular mechanisms by which 
deregulated functions of SCF ubiquitin ligases contribute to the unchecked 
proliferation typical of cancer cells.  

In chapters 2 and 3, I show that TrCP targets for degradation two bHLH 
transcription factors, namely DEC1 (chapter 2) and TFAP4 (chapter 3), and 
demonstrate that their degradation is required for mitotic entry during recovery from 
the DNA damage checkpoint (DEC1) and during unperturbed cell cycles (TFAP4). 
In chapter 4, I describe the identification of DEC2 as a putative substrate of the 
SCFFBXW4 ubiquitin ligase. In chapter 5, I analyzed the expression of all F-box 
proteins in human primary tumors and found that six FBPs are overexpressed in 
human cancers. Finally for two of these F-box proteins, I performed a proteomic 
screen aimed at the identification of their specific substrates.  
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ABSTRACT 
In response to genotoxic stress, DNA-damage checkpoints maintain the integrity of 
the genome by delaying cell cycle progression to allow for DNA repair. Here we 
show that the degradation of the bHLH transcription factor DEC1, a critical regulator 
of cell fate and circadian rhythms, controls the DNA damage response. During 
unperturbed cell cycles, DEC1 is a highly unstable protein that is targeted for 
proteasome-dependent degradation by the SCFβTrCP ubiquitin ligase in cooperation 
with CK1. Upon DNA damage, DEC1 is rapidly induced in an ATM/ATR-dependent 
manner. DEC1 induction results from protein stabilization via a mechanism that 
requires the USP17 ubiquitin protease. USP17 binds and deubiquitylates DEC1 
markedly extending its half-life. Subsequently, during checkpoint recovery, DEC1 
proteolysis is reestablished through βTrCP-dependent ubiquitylation. Expression of 
a degradation-resistant DEC1 mutant prevents checkpoint recovery by inhibiting 
the downregulation of p53. These results indicate that the regulated degradation of 
DEC1 is a key factor controlling the DNA damage response. 

 

 

INTRODUCTION 

Cells respond to genotoxic stress by activating DNA damage checkpoints, 
molecular networks that monitor the integrity of the genome before cells commit to 
either duplicate their DNA in S phase or separate their chromosomes in mitosis. 
Once DNA damage is sensed, cells temporally stop cycling facilitating DNA repair. 
If the degree of the DNA lesions exceeds the capacity of repair processes, cells die 
by apoptosis or exit irreversibly the cell division cycle and undergo senescence. 
The molecular mechanisms controlling the DNA damage response are of 
considerable interest not only because unrepaired DNA damage underlies the 
development of cancer and checkpoints represent critical barriers to tumor 
formation, but also because DNA damage is employed therapeutically to kill cancer 
cells.  

Many studies have shown that upon DNA damage, two major molecular cascades 
activated by the sensory ATM/ATR/DNA-PK kinases are responsible for the arrest 
in the G2 phase of the cell cycle (1-4). They both converge to control the activity of 
the cyclin B/CDK1 complex, the main regulator of the G2/M transition. The first 
cascade, which rapidly prevents mitotic entry, involves the activation of the CHK 
kinases, which, in turn, phosphorylate and inactivate (or target for proteasome-
dependent degradation) CDC25 phosphatases, leading to the inhibition of CDK1. 
The second slower cascade involves the phosphorylation of p53, which impairs its 
interaction to the MDM2 ubiquitin ligase, promoting both the accumulation and 
activation of p53. Once induced, p53 target genes, such as p21, 14-3-3, and 
GADD45, contribute to block the activity of cyclin B/CDK1 through multiple 
mechanisms.  

Basic helix-loop-helix (bHLH) transcription factors are key regulators of cell fate 
specification, apoptosis, cell proliferation and metabolism (5-7). DEC1 
(differentiated embryo-chondrocyte expressed gene 1), also known as BHLHE40 
(basic helix-loop-helix family, member e40), SHARP2 (enhancer of split and hairy 
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related protein 2), and STRA13 (stimulated with retinoic acid 13), binds to E-boxes 
and functions as a transcriptional repressor through histone deacetylase-
dependent and -independent mechanisms (8, 9). It was originally identified as a 
retinoic acid-inducible gene that inhibits mesodermal and promotes neuronal 
differentiation (10). Subsequently, DEC1 was shown to have an important role in 
the regulation of mammalian circadian rhythms by repressing CLOCK/BMAL-
dependent transactivation of gene expression (11-13). Interestingly, DEC1 
expression is induced by a variety of clock resetting stimuli such as light (in the 
suprachiasmatic nucleus), feeding (in the liver), serum shock, forskolin, TGFβ and 
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PMA (in cultured cells), suggesting that DEC1 plays a key role in how the circadian 
clock senses the environment (13).  

Besides confirming that DEC1 controls the circadian clock in mammals (12), in vivo 
studies have demonstrated that DEC1 is essential for T cell activation-induced cell 
death (AICD). Indeed, DEC1 deficiency in mice results in defective clearance of 
activated T and B cells, which accumulate progressively, causing lymphoid organ 
hyperplasia and systemic autoimmune disease (14). 

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 (8, 14-16). 

In this study, we show that DEC1 degradation plays a critical role in the DNA 
damage response. Genotoxic stress induces DEC1 stabilization via the USP17 
ubiquitin protease. During recovery from the DNA damage checkpoint, DEC1 is 
targeted for proteasomal degradation by the SCFβTrCP ubiquitin ligase in 

cooperation with CK1. Importantly, inhibition of DEC1 degradation slows down 
recovery from the G2 DNA damage checkpoint by preventing p53 downregulation. 

 

 

Figure 1. DEC1 protein levels are upregulated in response to genotoxic stress.  

(A, B) U2OS cells were treated with doxorubin (A) or etoposide (B) for the indicated 
times. Cells were collected and lysed. Whole cell extracts were analyzed by 
immunoblotting with antibodies for the indicated proteins. Actin is shown as loading 
control.  

(C) U2OS cells were treated with etoposide in the presence or absence of KU55933 
(ATM inhibitor) or ATR-45 (ATR inhibitor) for the indicated times, then collected, lysed 
and analyzed by immunoblotting.  

(D) HCT116 cells were treated with etoposide in the presence or absence of caffeine for 
the indicated times, then collected, lysed and analyzed by immunoblotting.  

(E) HCT116 p53+/+ and HCT116 p53-/- cells were treated with etoposide and collected 
at the indicated times. Cells were lysed and analyzed by immunoblotting (l.e., long 
exposure; s.e., short exposure). 

(F) U2OS cells were treated with the indicated compounds, alone or in combination, and 
collected at the indicated times. Whole cell extracts were analyzed by immunoblotting 
with the indicated antibodies. CTR: DMSO-treated control. 

(G) U2OS cells were pulse-treated with etoposide. After the pulse, the inhibitor of protein 
synthesis cycloheximide (CHX) was added and cells were collected at the indicated 
times. Whole cell extracts were analyzed by immunoblotting with the indicated 
antibodies. DEC1 protein levels are quantified in the graphs below.  

(H) U2OS cells expressing HA-tagged DEC1 and MYC-tagged ubiquitin were treated 
with etoposide. Whole cell extracts were immunoprecipitated in denaturing conditions 
with an anti-HA resin. DEC1 immunoprecipitates were immunoblotted with an anti-MYC 
antibody to detect ubiquitylated DEC1. The bracket indicates a ladder of bands 
corresponding to poly-ubiquitylated DEC1. Phospho-Chk2 (Thr68) and p53 are shown 
as markers of checkpoint activation. 

 



Chapter 2 

30 

2 

RESULTS 

 

DEC1 is induced by DNA damage in an ATM/ATR-dependent 
manner.  

It has been shown that genotoxic stress triggers the induction of DEC1 (15-17). We 
first confirmed these results by showing that DEC1 is rapidly induced by 
doxorubicin and etoposide, two topoisomerase inhibitors that cause DNA double-
strand breaks (Fig. 1A and B). To extend our observations, we examined the effect 
of pharmacological inhibition of ATM and ATR, main effector kinases of the DNA 
damage response, on the induction of DEC1 in response to genotoxic stress. 
Inhibition of either ATM or ATR prevented the increase of DEC1 protein levels upon 
etoposide treatment (Fig. 1C). Similarly, treatment of cells with caffeine, which 
blocks the activation of the ATM and ATR kinases, inhibited the induction of DEC1 
upon genotoxic stress (Fig. 1D). To test whether the increase in DEC1 following a 
DNA damage insult depends on p53, we compared the levels of DEC1 in 
etoposide-treated HCT116 p53+/+ with the ones in HCT116 p53-/- cells (Fig. 1E). 
Although the levels of DEC1 are overall lower in the absence of p53, DEC1 was 
induced with similar kinetics in HCT116 p53-/- and HCT116 p53+/+ cells (compare 
long and short exposure times of DEC1 immunoblotting).  

A number of factors suggests that the induction of DEC1 in response to genotoxic 
stress is due to regulation of its turnover. First, proteasome inhibition and DNA 
damage in U2OS cells cause a similar increase in DEC1 levels (Fig. 1F). Second, 
MG132 treatment of damaged cells does not cause a further increase of DEC1 
levels (Fig. 1F). Third, and more importantly, the half-life of DEC1 is extended by 
etoposide treatment (Fig. 1G).  

DEC1 stabilization in response to genotoxic stress might be due to regulation of its 
ubiquitylation. To test this possibility, we analyzed the ubiquitylation of DEC1 in 
U2OS cells treated with etoposide. As shown in Fig. 1H, the activation of the DNA 
damage response by etoposide treatment [monitored by the induction of p53 and 
phospho-CHK2 (Thr68)] was associated with a decrease in DEC1 ubiquitylation. 

 

USP17 is required for the stabilization of DEC1 in response to 
genotoxic stress.  

To identify DEC1 interacting proteins that may play a role in the regulation of DEC1 
ubiquitylation and degradation, FLAG-HA-tagged DEC1 was expressed in 
HEK293T cells, immunopurified, and analyzed by mass spectrometry. We 
recovered peptides corresponding to the USP17 deubiquitylating enzyme as well 
as the subunits of the SCFβTrCP ubiquitin ligase, i.e., SKP1, CUL1, RBX1, βTrCP1, 
and βTrCP2 (Table S1).  

We first confirmed the binding between USP17 and DEC1 (Fig. 2A). Next, to test 
whether USP17 controls the stability of DEC1, we expressed DEC1 along with 
USP17 in U2OS cells and blocked protein synthesis by cycloheximide treatment.  
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As shown in Fig. 2B, expression of USP17, but not of a USP17 mutant in which the 
catalytic cysteine has been replaced by serine (C89S), markedly stabilized DEC1. 
Expression of other DUBs such as USP8 or USP36 had no effect on DEC1 turnover 
(Fig. 2C). Moreover, wild type USP17, but not the catalytically inactive 
USP17(C89S) mutant, reduced the amount of ubiquitylated DEC1 in cultured cells 
(Fig. 2D).  

These results suggest that USP17 might be responsible for the stabilization of 
DEC1 observed in response to genotoxic stress. To test this hypothesis, we 
depleted USP17 using RNAi and examined the levels of DEC1 following DNA 
damage. The knockdown of USP17 in etoposide-treated cells inhibited the 
induction of DEC1 (Fig. 2E), which was rescued by proteasome inhibition (Fig. 2F). 
Next, we tested whether the physical interaction between DEC1 and USP17 is 
regulated by genotoxic stress. Fig. 2G shows that treatment of U2OS cells with 
etoposide stimulates the association of USP17 with DEC1.  

 

DEC1 is targeted for proteasome-dependent degradation by 
SCFβTrCP.  

The identification of the SCFβTrCP subunits in the immunopurification of DEC1 
(Table S1) prompted us to assess the involvement of SCFβTrCP in the regulation of 
DEC1 proteolysis. To confirm the interaction of DEC1 with βTrCP, we 
immunoprecipitated a panel of F-box proteins and tested their binding to  

Figure 2. USP17 mediates the stabilization of DEC1 in response to DNA damage. 

(A) HEK293T cells were transfected with the indicated cDNAs. Cells were lysed and 
whole cell extracts were subjected to immunoprecipitation using anti-HA resin before 
immunoblotting with antibodies for the indicated proteins.  

(B, C) Cells were transfected with the indicated constructs. After 48 hours, cells were 
treated with cycloheximide (CHX) to block protein synthesis. Cells were collected at the 
indicated times and lysed. Whole cell extracts were subjected to immunoblotting with 
antibodies specific for the indicated proteins. DEC1 abundance is quantified in the 
graphs below. EV: empty vector. 

(D) HEK293T cells were transfected with the indicated constructs and culture in the 
presence of MG132 for 3 hours. Cells were collected and lysed. Whole cell extracts 
were prepared in denaturing conditions and subjected to immunoprecipitation with anti-
HA resin. Immunocomplexes were the analyzed by immunoblotting with an anti-MYC 
antibody. The bracket indicates a ladder of bands corresponding to poly-ubiquitylated 
DEC1.  

(E, F) U2OS cells were transfected with constructs expressing either USP17 or control 
shRNAs. Cells were then treated with etoposide for the indicated times in the absence 
(E) or presence (F) of the proteasome inhibitor MG132 (where indicated). Cells were 
collected at the indicated times and lysed. Whole cell extracts were analyzed by 
immunoblotting with antibodies specific for the indicated proteins. 

(G) U2OS cells expressing MYC-tagged USP17 and HA-tagged DEC1 were treated with 
etoposide for the indicated times. Cells were lysed and whole cell extracts were 
immunoprecipitated with anti-HA resin. Immunoprecipitates were then analyzed by 
immunoblotting with antibodies specific for the indicated proteins. 
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Figure 3. DEC1 degradation is controlled by the SCFβTrCP ubiquitin ligase.  

(A) βTrCP1 and βTrCP2 interact with DEC1. The indicated FLAG-tagged F-box proteins 
(FBPs) or an empty vector (EV) were expressed in HEK293T cells. Forty-eight hours 
after transfection, cells were treated for 5 hours with the proteasome inhibitor MG132, 
then harvested and lysed. Whole cell extracts were immunoprecipitated (IP) with anti-
FLAG resin and immunoblotted with the indicated antibodies.  

(B) Arg447 in the WD40 repeat of βTrCP2 is required for βTrCP2 binding to DEC1. 
HEK293T cells were transfected as indicated. After 48 hours, cells were treated with 
MG132 for 5 hours, then harvested and lysed. Whole cell extracts (WCE) were 
subjected to immunoprecipitation with anti-FLAG resin, followed by immunoblotting with 
antibodies specific for the indicated proteins (WT: wild type).  

(C) DEC1 is ubiquitylated by SCFβTrCP in vitro. DEC1, Skp1, Cul1, and Rbx1 were 
expressed in HEK293T cells in the absence or presence of either FLAG-tagged βTrCP1 
or a FLAG-tagged βTrCP1(∆F-box) mutant. After immunopurification with anti-FLAG 
resin, in vitro ubiquitylation of DEC1 was performed. Samples were analyzed by 
immunoblotting with an antibody anti-DEC1. The bracket indicates a ladder of bands 
corresponding to poly-ubiquitylated DEC1.  

(D) 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. DEC1 expression is quantified in the graph 
below. 
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endogenous DEC1. As shown in Fig. 3A, only βTrCP1 and βTrCP2 were able to 
co-immunoprecipitate endogenous DEC1. Furthermore, mutation of Arg447, a 
residue within the WD40 repeats of βTrCP2 required for the interactions with its 
substrates (18, 19), prevented the binding of DEC1 to βTrCP (Fig. 3B). To test 
whether DEC1 is a substrate of SCFβTrCP, we reconstituted the ubiquitylation of 
DEC1 in vitro. βTrCP1, but not an inactive βTrCP1(∆F-box) mutant, was able to 
mediate DEC1 ubiquitylation in vitro (Fig. 3C). To examine whether DEC1 stability 
is regulated by βTrCP, we reduced the expression of both βTrCP1 and βTrCP2 

Figure 4. 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) Top: 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. Bottom: sequence of the 
phosphopeptide (top) and the corresponding unphosphorylated peptide (bottom) used 
to generate the anti-DEC1 phosphospecific antibody (Ser243).  

(E) U2OS cells were treated with the indicated kinase inhibitors. Cells were collected at 
the indicated times and lysed. Whole cell extracts were then immunoblotted with 
antibodies specific for the indicated proteins. Actin is shown as a loading control. DEC1 
expression is quantified in the graph below.  

(F) U2OS cells were transduced with the indicated lentiviral shRNA vectors. Cells were 
then treated with cycloheximide (CHX) for the indicated times. Cells were collected and 
lysed. Whole cell extracts were analyzed by immunoblotting. DEC1 expression is 
quantified in the graph below.  

(G) Immunoprecipitated wild type DEC1 or the DEC1(S243A/E248A) mutant were 
analyzed by immunoblotting with antibodies specific for the indicated proteins. When 
indicated, immunocomplexes were treated with lambda phosphatase (λPP) for 30 
minutes.  

(H) Immunoprecipitated wild type DEC1 or the DEC1(S243A/E248A) mutant were 
dephosphorylated by treatment with lambda phosphatase and then incubated with the 
indicated purified kinases in the presence of ATP. Reactions were stopped by adding 
Laemmli buffer and analyzed by immunoblotting with antibodies specific for the indicated 
proteins.  

(I) U2OS cells were transfected with HA-tagged wild type DEC1. Forty-eight hours after 
transfection, cells were treated with either D4476 or IC261 (CK1 pharmacological 
inhibitors). Cells were then harvested and lysed. Whole cell extracts were 
immunoprecipitated (IP) with anti-HA resin and analyzed by immunoblotting. The 
asterisk indicates a nonspecific band. 
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using a previously validated siRNA (18). As shown in Fig. 3D, the knockdown of 
βTrCP caused DEC1 stabilization in HEK293T cells. Altogether these results 
indicate that DEC1 degradation is controlled by the SCFβTrCP ubiquitin ligase. 

 

CK1α-mediated phosphorylation of DEC1 is required for its 
destruction.  

The binding of βTrCP to its substrates requires the phosphorylation of serine 
residues within a degron sequence. Some substrates of βTrCP have one or both 
serine residues replaced by either aspartic or glutamic acid (20, 21). DEC1 contains 
three putative βTrCP binding domains (Fig. 4A). To assess which of these three 
domains mediates the binding of DEC1 to βTrCP, we generated a number of 
serine/aspartic acid/glutamic acid to alanine DEC1 double mutants [all HA-tagged], 
and examined their ability to interact with endogenous βTrCP. As shown in Fig. 4B, 
mutation to alanine of Ser243 and Glu248 prevented the binding of DEC1 to βTrCP, 
whereas mutation of the other two motifs had no effect on the DEC1-βTrCP 
interaction. Accordingly, the DEC1(S243A/E248A) mutant is stable in cultured 
HEK293T cells (Fig. 4C). The βTrCP-binding domain in DEC1 is conserved in 
different species (Fig. 4D).  

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, we 
treated cells with CK1 pharmacological inhibitors and analyzed the half-life of DEC1. 
Treatment of U2OS cells with D4476 (a CK1 inhibitor), but not TBB (a CK2 inhibitor) 
caused DEC1 stabilization (Fig. 4E). Furthermore, knockdown of CK1α by RNAi 
prevented DEC1 degradation in U2OS cells (Fig. 4F).  

Next, we generated a phospho-specific antibody that recognizes DEC1 only when 
it is phosphorylated on Ser243 (Fig. 4D and 4G). We employed this antibody to test 
whether CK1α phosphorylates DEC1 on Ser243. DEC1 was immunopurified from 
HEK293T cells, dephosphorylated, and then subjected to phosphorylation in vitro 
in the presence of different purified kinases. As a control, we used the 
DEC1(S243A/E248A) mutant. DEC1 phosphorylation on Ser243 was then 
assessed by immunoblotting using the phosphospecific antibody that recognizes 
DEC1 only when it is phosphorylated on Ser243. Figure 4H shows that DEC1 
Ser243 is specifically phosphorylated by CK1α. Accordingly, pharmacological 
inhibition of CK1 blocked Ser243 phosphorylation in cultured cells (Fig. 4I). 

 

SCFβTrCP and CK1α trigger the degradation of DEC1 during 
checkpoint recovery.  
Our data demonstrate that SCFβTrCP and CK1α control the degradation of DEC1 
and suggest that they may be involved not only in the constitutive turnover of DEC1, 
but also in its destruction during checkpoint recovery to counteract the USP17-
mediated and DNA damage-induced stabilization of DEC1. To test this possibility, 
we expressed physiological levels of wild type DEC1 and the DEC1(S243A/E248A) 
mutant unable to bind βTrCP in U2OS cells (Fig. 5A). Cells were then synchronized 
in G2 and pulsed with doxorubicin to activate the G2 DNA damage checkpoint. To 
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induce checkpoint recovery, cells were then treated with caffeine, which inhibits the 
checkpoint kinases ATM and ATR, turning off the checkpoint. As shown in Fig. 5B, 
whereas wild type DEC1 was rapidly degraded during caffeine-induced checkpoint 
recovery, the DEC1(S243A/E248A) mutant was stable. Similar results were 
obtained when cells were allowed to recover spontaneously from the G2 DNA 
damage checkpoint that was activated by a lower dose of doxorubicin (Fig. 5C). In 
contrast, the abundance of wild type DEC1 did not change when cells were 
released from the G1/S border without DNA damage (Fig. 5D). In addition, no 
significant changes in the levels of endogenous DEC1 were observed in cells 
synchronized in G0 by serum deprivation and released in serum-containing 
medium to allow synchronized progression through G1, S, G2 and mitosis (Fig. 5E). 

 

Regulated degradation of DEC1 controls the G2 DNA damage 
checkpoint.  

To study the biological effect of CK1α- and βTrCP-mediated degradation of DEC1 
on checkpoint recovery, we analyzed the mitotic entry of hTERT-immortalized 
retinal pigment epithelial (RPE1) cells expressing either wild type DEC1 or the 
degradation-resistant DEC1(S243A/E248A) mutant after a pulse of doxorubicin. As 
shown in Fig. 5F, hTERT-RPE1 cells expressing DEC1(S243A/E248A) displayed 
defective checkpoint recovery when compared with control cells. Indeed, sixty 
hours after the doxorubicin pulse, approx. 50% of control cells have entered mitosis, 
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whereas only 20% of cells expressing the degradation-resistant DEC1 mutant have 
reached mitosis at that time. Failure to degrade DEC1 during unperturbed cell 
cycles had a minimal effect on mitotic entry (Fig. 5G).  

It has been shown that DEC1 regulates the expression of p53 by directly interacting 
with p53, blocking its MDM2-mediated degradation (16). To test whether the 
defective recovery of cells expressing the non-degradable DEC1 mutant was 
associated with sustained levels of p53, we assessed the levels of p53 in cells 
expressing the degradation-resistant DEC1 mutant during checkpoint recovery. As 
shown in Fig. 5H, 24 hours after the DNA damage pulse, cells expressing 
DEC1(S243A/E248A) displayed increased levels of p53 when compared with cells 
expressing wild type DEC1.  

To demonstrate that the defective checkpoint recovery in cells expressing the 
degradation-resistant DEC1 mutant was indeed caused by the inability of these 

Figure 5. DEC1 degradation is required for checkpoint recovery.  

(A) U2OS cells were transduced with retroviruses expressing HA-tagged wild type 
DEC1, HA-tagged DEC1(S243A/E248A) or with an empty virus (EV). Cells were then 
collected and analyzed by immunoblotting with an anti-DEC1 antibody. Staining of the 
PVDF membrane with Ponceau S shows equal loading.  

(B) U2OS cells, transduced with retroviruses expressing HA-tagged wild type DEC1 or 
HA-tagged DEC1(S243A/E248A), were treated according to the scheme below. Cells 
were then collected and analyzed by immunoblotting with antibodies for the indicated 
proteins. Actin is shown as a loading control.  

(C) U2OS cells were treated as in A, except that doxorubin was used at a lower dose 
(0.125 μM) and cells were left recovering spontaneously (without adding caffeine). Cells 
were then collected and analyzed by immunoblotting with antibodies for the indicated 
proteins. Actin is shown as a loading control.  

(D) U2OS cells expressing HA-tagged wild type DEC1 were first synchronized at the 
G1/S transition by thymidine block and then washed extensively and incubated in fresh 
medium (indicated as time 0) to allow progression through S, G2 and mitosis.   

(E) T98G cells (revertants from T98 glioblastoma cells that acquired the property to 
accumulate in G0 /G1 in low serum) were synchronized in G0 by serum deprivation (0) 
and released from the arrest by the addition of serum. AS: asynchronously growing cells. 

Cells were collected at the indicated time points and lysed. Whole cell extracts were 
analyzed by immunoblotting with antibodies specific for the indicated proteins. 

(F) hTERT-RPE1 cells expressing HA-tagged wild type DEC1, HA-tagged 
DEC1(S243A/E248A) or an empty vector were pulse-treated (1 hour) with 0.5 μM 
doxorubicin. Cells were followed by time-lapse microscopy and scored for mitotic entry.  

(G) Asynchronously growing hTERT-RPE1 cells expressing wild type DEC1, 
DEC1(S243A/E248A) or an empty vector were followed by time-lapse microscopy and 
scored for mitotic entry. 

(H) As in (F). Twenty-four hours after the pulse, cells were collected and analyzed by 
immunoblotting with antibodies specific for the indicated proteins. The expression of p53 
is quantified in the graph below.  

(I, J) HCT116 p53+/+ (I) and HCT116 p53-/- (J) cells, expressing HA-tagged wild type 
DEC1, HA-tagged DEC1(S243A/E248A) or an empty vector, were pulse-treated (1 hour) 
with 0.5 μM doxorubicin. Cells were then followed by time-lapse microscopy and scored 
for mitotic entry. 
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cells to downregulate p53, we analyzed the effect of defective DEC1 degradation 
on checkpoint recovery of p53-deficient HCT116 cells. Figures 5I and 5J show that 
the recovery from the G2 DNA damage checkpoint is impaired by the expression 
of DEC1(S243A/E248A) in HCT116 p53+/+ cells, but not in HCT116 p53-/- cells. 

Finally, we examined the role of the induction of DEC1 upon DNA damage. To this 
aim, we silenced the expression of DEC1 by RNAi in hTERT-RPE1-FUCCI cells, 
which were then treated with a pulse of doxorubicin. These cells, which express 
both a red (RFP) and a green (GFP) fluorescent protein fused to the cell cycle 
regulators CDT1 and Geminin, respectively, allowed us to monitor the progression 
through cell cycle phases in response to genotoxic stress (22). Figures 6A-C 
indicate that the knockdown of DEC1 caused a defective G2 DNA damage 
checkpoint as doxorubicin-treated cells in which DEC1 was silenced have a shorter 

 

Figure 6. Role of the USP17-mediated induction of DEC1 in the G2 DNA damage 
checkpoint. 

(A) hTERT-RPE1-FUCCI cells were transfected with the indicated siRNA. Whole cell 
extracts were analyzed by immunoblotting with antibodies specific for the indicated 
proteins.  

(B, C) Cells as in (A) were pulsed-treated (1 hour) with doxorubicin and imaged by time-
lapse microscopy. The duration of S/G2 (GFP-positive cells) was measured. The graph 
indicates the quantification of the S/G2 duration. Averages values (+/- S.D.) are 
indicated. 

(D) hTERT-RPE1-FUCCI cells were transfected with HA-tagged USP17 or an empty 
vector. Whole cell extracts were analyzed by immunoblotting with antibodies specific for 
the indicated proteins.  

(E) Cells as in (D) were pulsed-treated (1 hour) with doxorubicin and imaged by time-
lapse microscopy. The duration of S/G2 (GFP-positive cells) was measured. The graph 
indicates the quantification of the S/G2 duration. Averages values (+/- S.D.) are 
indicated. 
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G2 phase when compared to doxorubicin-treated control cells. In contrast, ectopic 
expression of USP17, which mediates the stabilization of DEC1 in response to DNA 
damage, leads to a prolonged G2 checkpoint following treatment with doxorubicin 
(Figures 6D-E).  

 

 

DISCUSSION 

In the present work, we show that the rapid induction of DEC1 in response to 
genotoxic stress is dependent on the USP17 deubiquitylating enzyme and that the 
proteasomal degradation of DEC1, mediated by SCFβTrCP and CK1α, is required for 
efficient recovery from the G2 DNA damage checkpoint. In line with our findings, a 
recently performed large-scale comparative phosphoproteomic screen, aimed at 
analyzing changes in protein phosphorylation during checkpoint recovery and 
identifying factors required for this process, identified CK1α as a potential regulator 
of checkpoint recovery (23). Indeed, CK1α was found differentially phosphorylated 
during recovery from the G2 checkpoint caused by DNA damage and, importantly, 
cells in which CK1α was depleted by siRNA were unable to recover from the DNA 
damage-induced G2 arrest (23). 

A number of studies have uncovered a key function of SCFβTrCP in driving cells into 
mitosis during recovery from DNA replication and the DNA damage checkpoints. 
Indeed, during checkpoint recovery, SCFβTrCP, in cooperation with Polo-like kinase-
1, contributes to turn CDK1 activity on by targeting both Claspin and WEE1 for 
proteasomal degradation. Claspin is an adaptor protein that in response to DNA 
replication and DNA damage checkpoints promotes ATR-mediated 
phosphorylation and activation of CHK1. Claspin degradation triggered by βTrCP 
and Polo like kinase-1 leads to CHK1 inactivation and subsequent accumulation of 
CDC25A and activation of CDC25B and CDC25C. WEE1 is a direct inhibitor of 
CDK1 and its destruction by βTrCP and Polo like kinase-1 removes the break on 
CDK1 activity. These degradation events, despite being crucial, are insufficient to 
account for the whole checkpoint recovery process. In fact, inactivation of p53, a 
second important brake responsible for a sustained cell cycle arrest upon genotoxic 
stress, is essential for checkpoint recovery. Our study indicates that, by targeting 
DEC1 for degradation during recovery from the G2 checkpoint, SCFβTrCP is also 
responsible for the termination of the inhibitory action of p53 on G2 progression 
and mitotic entry. 

Interestingly, a genome-wide characterization of DEC1-regulated genes in T-
lymphocytes has been recently reported (24). Gene ontology analysis revealed that 
cell cycle genes, and in particular genes that control the G2/M transition, were 
highly enriched (third highest category) among the DEC1-regulated genes, 
implying that, in addition to its effect on p53 expression, DEC1 regulated stability 
in response to DNA damage might modulate the expression of a multitude of genes 
controlling cell cycle progression. 

Finally, as DEC1 is a crucial regulator of circadian rhythms, our findings suggest 
that acute induction of DEC1 in response to genotoxic stress, carried out by the 
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coordinated actions of USP17 and CK1α/SCFβTrCP, might enable a rapid resetting 
of the circadian clock following DNA damage. 

 

 

MATERIALS AND METHODS 

 

Cell culture and drug treatment.   

U2OS, HEK293T, HEK293-GP2, HCT116, HCT116 p53 -/-, T98G, hTERT-RPE1, 
and hTERT-RPE1-FUCCI 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: etoposide (Sigma-Aldrich, 20 µg/ml), 
doxorubicin (Sigma-Aldrich; 0.125 μM for spontaneous recovery and 1 mM for 
caffeine-induced recovery), MG132 (Peptide Institute; 10 µM), TBB (EMD Millipore, 
75 μM), D4476 (Sigma-Aldrich, 50 μM), IC261 (Sigma-Aldrich, 50 μM), 
cycloheximide (Sigma-Aldrich, 100 μg/ml), caffeine (Sigma-Aldrich, 5 µM), 
thymidine (Sigma-Aldrich, 2.5 µM), nocodazole (Sigma-Aldrich, 0.1 µg/ml), 
KU55933 (ATM inhibitor, EMD Millipore, 10 μM), ATR-45 (ATR inhibitor, Ohio State 
University, 2 μM). 

 

Biochemical methods.  

Extract preparation, immunoprecipitation, and immunoblotting were previously 
described (20, 25). Mouse monoclonal antibodies were from Cell Signaling 
[phospho-p53(Ser15)], Invitrogen (CUL1), Sigma-Aldrich (FLAG), BD Transduction 
Laboratories (p27), Santa Cruz Biotechnology (Actin), and Covance (HA). Rabbit 
polyclonal antibodies were from Cell Signaling [βTrCP1, CK1α, p53, MYC, 
phospho-CHK2(Thr68)], Sigma-Aldrich (FLAG, USP8), Novus Biologicals (DEC1, 
USP17), Santa Cruz Biotechnology (cyclin A) and EMD Millipore [phospho-Histone 
H3 (Ser10)].  

To generate the anti-DEC1 phosphospecific antibody (Ser243), rabbits were 
immunized with the SDTDTDpSGYGG phosphopeptide (pS = phospho-Ser243). 
The rabbit polyclonal antiserum was purified through a two-step purification 
process. First, the antiserum was passed through a column containing the 
unphosphorylated peptide (SDTDTDSGYGG) to remove antibodies that recognize 
the unphosphorylated peptide. The flow-through was then purified against the 
phosphopeptide to isolate antibodies that recognize DEC1 phosphorylated on 
Ser243. The final product was dialyzed with 1XPBS, concentrated and tested for 
phosphopeptide and phosphoprotein specificity.  

 

Purification of DEC1 interactors.  

HEK293T cells were transfected with pcDNA3-FLAG-HA-DEC1 and treated with 
10 μM MG132 for 5 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). DEC1 was immunopurified with anti-FLAG 
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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 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 (26). 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 (27). 
Peak lists were generated from the MS/MS spectra using MaxQuant build 1.0.13.13 
(28), 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. To filter out false positives, all MS/MS spectra 
were searched against a forward and a reverse (decoy) protein database. All 
peptide-spectrum matches (PSMs) containing both forward and decoy hits were 
then trained and validated with an algorithm named Percolator (29) which uses 
semi-supervised machine learning to discriminate between the correct and decoy 
matches. Finally, we only accepted PSM based on a high stringency filter of q = 
0.01 or 1% false discovery rate (FDR). This 1% FDR filter is currently the standard 
for the proteomics community. 

 

Plasmids and small hairpin RNAs.  

Mammalian expression plasmids for CK1α, His-USP17, MYC-USP17, USP8 and 
HA-USP36 were provided by H. Clevers, J. Johnston, K. Baek, M. Donzelli and M. 
Komada, respectively. DEC1 cDNAs (wild type and mutants) were cloned in 
pcDNA3.1. For retrovirus production, HA-tagged DEC1 and MYC-tagged USP17 
cDNAs (wild type and mutants) were subcloned into pBABE-PURO. DEC1 mutants 
were generated using the QuickChange Site-directed Mutagenesis kit (Stratagene). 
shRNAs targeting human CK1α were provided by W. Wei (30). The shRNA for 
USP17, CCAAGACGTTAACTTTACA (construct 1) and 
GCAGGAAGATGCCCATGAA (construct 2) were in cloned in pSUPER. All 
constructs were sequenced.   

 

Transient transfections, retrovirus- and lentivirus-mediated transfer.  

HEK293T and U2OS cells were transfected using the polyethylenimine (PEI) 
method. For retrovirus production, HEK293-GP2 cells were co-transfected with 
pBABE-puro-HA DEC1 and packaging vectors, and the virus-containing medium 
was collected after 48 hours and supplemented with 8 μg/ml polybrene. Lentivirus 
produced in HEK293T cells transfected with pLKO-CK1 and packaging vectors. 
Virus containing medium was collected 48 hours after transfection and served with 

8 g/ml polybrene. Target cells were incubated with the virus for 6 hours. 

 

Gene silencing by small interfering RNA.  



USP17- and SCFβTrCP-Regulated Degradation of DEC1 Controls the DNA Damage Response 

43 

2 

The sequence and validation of the oligonucleotides corresponding to βTrCP1 and 
βTrCP2 were previously published (20, 31). Cells were transfected with the 
oligonuclotides twice (24 and 48 hours after plating) using Oligofectamine 
(Invitrogen) according to manufacturer’s recommendations. Forty-eight hours after 
the last transfection, lysates were prepared and analyzed by SDS-PAGE and 
immunoblotting.  

 

In vitro ubiquitylation assay.  

DEC1 ubiquitylation was performed in a volume of 10 µl containing SCFβTrCP- DEC1 
immunocomplexes, 50 mM Tris pH 7.6, 5 mM MgCl2, 0.6 mM DTT, 2 mM ATP, 1.5 
ng/µl E1 (Boston Biochem), 10 ng/µl UBC3, 2.5 µg/µl ubiquitin (Sigma-Aldrich), 1 
µM ubiquitin aldehyde. The reactions were incubated at 30°C for 60 minutes and 
analyzed by immunoblotting.  

 

Live cell microscopy.  

Time-lapse microscopy to analyze mitotic entry was performed as described (32, 
33).  

 

Statistical analysis.  

All data shown are from one representative experiment of at least three performed.  
Statistical analysis was performed using Student’s t-test. Results with p < 0.005 
were considered to be statistically significant. 
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ABSTRACT 

The transcription factor TFAP4 (Transcription factor activating enhancer-binding 
protein 4) is a basic helix-loop-helix leucine-zipper transcription factor. It has been 
reported that TFAP4 is a c-MYC target gene that can either activate or suppress 
gene expression. TFAP4 is implicated in many crucial cellular processes such as 
regulation of stemness, epithelial-mesenchymal transition, neuronal differentiation, 
cell proliferation. Importantly, TFAP4 is up-regulated in human colorectal cancer 
and other cancer types. We have recently demonstrated that the abundance of 
TFAP4 in the cell is controlled by proteasomal degradation and is mediated by the 

SCFTrCP ubiquitin ligase. Here, I have studied the biological function of TFAP4 
degradation by expressing a degradation-resistant TFAP4 mutant in cells and 
characterizing the effect on cell cycle progression. I have found that failure to 
degrade TFAP4 leads to accumulation of cells in S and G2. Moreover, by using the 
fluorescence-based cell cycle tracking system FUCCI, I was able to show that 
inhibition of TFAP4 degradation leads to a delayed progression through S/G2. 

 

 

INTRODUCTION 

TFAP4, a ubiquitously expressed member of the family of basic helix-loop-helix 
leucine zipper (bHLH-LZ) transcription factors, binds to the symmetric E-box 
element 5’-CAGCTG-3' (1). Through its multiple protein-protein interaction domains, 
i.e. bHLH, LZ1 and LZ2, TFAP4 specifically forms homodimers (2). TFAP4 was 
originally identified as a cellular factor that activates viral genes from the simian 
virus 40 (SV40) enhancer (3). Thereafter, several reports have described additional 
roles of TFAP4. The Hermeking lab has demonstrated that TFAP4 regulates cell 
proliferation by suppressing the expression of the cyclin-dependent kinase 
inhibitors p16 and p21 (4). Indeed, it has been found that the direct interaction of 
TFAP4 with the conserved E-box elements present in the promoters of p16 and 
p21 results in inhibition of cellular senescence.  

TFAP4 was also shown to control epithelial-mesenchymal transition (EMT) by 
regulating the expression of a large number of genes implicated in EMT, such as 
SNAIL, E-cadherin, OCLN, VIM, FN1, CLDN1, CLDN4, CLDN7, miR-15a and miR-
16-1 (5, 6). Moreover, it has been reported that the p53-induced microRNAs miR-
15a and miR16-1 together with TFAP4 form a double negative feedback loop to 
regulate EMT in colon cancer (6). Others have reported that TFAP4 regulates 
apoptosis by binding the promoter of caspase-9 (7), however, TFAP4 
overexpression and knock down do not dramatically affect caspase-9 expression 
indicating that TFAP4 might have a role in maintaining the basal expression of 
caspase-9. Moreover, TFAP4 cooperates with other factors, namely, geminin, 
SMRT and HDAC3, in repressing the neuron-specific genes such as PAHX-AP1 in 
non-neuronal cells thus contributing to the developmental expression of neuronal 
genes in the brain (8). Remarkably, TFAP4 expression is up-regulated in colorectal 
cancer, hepatocellular carcinoma, gastric cancer and pancreatic cancer (5, 9-12).  
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In spite of the reported key roles of TFAP4 in the control of crucial cellular processes 
linked to cancer development, very little is known about the regulation of TFAP4 
protein levels.  

 

 

RESULTS 

 

TFAP4 is degraded by SCFTrCP in the G2 phase of the cell 
division cycle. 

In Guardavaccaro lab, TFAP4 was recently found in a mass spectrometry-based 

screen aimed at the identification of new substrates of SCFTrCP (13). We confirmed 

that TFAP4 specifically binds to TrCP1 and its paralog TrCP2 and not to other F-
box proteins (FBXW2, FBXW4, FBXW5, FBXW7 and FBXW8) or the APC/C 
activators CDH1 and CDC20 (13). Moreover, mutation of arginine 474, a residue 

within the WD40 repeats of TrCP crucial for substrate binding (14), prevents 

TFAP4 binding to TrCP (13). Furthermore, we demonstrated that TrCP, but not a 

TrCP-ΔF mutant that lacks the F-box domain, mediates the ubiquitylation of 
TFAP4 in vitro (13). We also identified, downstream of the TFAP4 bHLH domain, a 

conserved phosphodegron that is required for the interaction of TFAP4 with TrCP. 
Indeed, replacing glutamic acid 135 and serine 139 with alanine abolishes the 

binding of TFAP4 with TrCP in co-immunoprecipitation assays and leads to TFAP4 
stabilization in half-life experiments (13). Altogether these results demonstrate that 

TFAP4 is a substrate of SCFTrCP.  

Next, we determined the biological condition under which TFAP4 is targeted for 
proteasomal degradation. We found that TFAP4 protein levels decrease during the 
S and G2 phases of the cell cycle and that this degradation depends on the 

proteasome and TrCP because it is abolished by the proteasome inhibitor MG132 

or by TrCP RNAi (13). Importantly, the TFAP4(E135A/S139A) mutant unable to 

bind TrCP is not degraded in S/G2 (13). Taken together, these data indicate that 

TFAP4 is targeted for proteasomal degradation by SCFTrCP during the S and G2 
phases of the cell cycle.  

 

Inhibition of TFAP4 degradation leads to accumulation of S/G2 
cells.  

To study the effect of the TrCP-mediated degradation of TFAP4 on cell cycle 
progression, we expressed wild type TFAP4 and the non-degradable 
TFAP4(E135A/S139A) mutant in cells. To this aim, we employed a doxycycline 
inducible system in HCT116 colorectal cancer cells (Fig. 1A). This system allowed 
us to culture the cells without the effect of inhibiting TFAP4 degradation until the 
beginning of the experiment. When asynchronously growing cells were treated with 



The SCF-mediated Degradation of TFAP4 Regulates Progression Through the S and G2 Phases of the 

Cell Cycle 

51 

3 

doxycycline, the expression of wild type TFAP4 and the non-degradable 
TFAP4(E135A/S139A) mutant was induced (Fig. 1A). We then analyzed the cell 
cycle profile by propodium iodide (PI) staining followed by flow cytometry analysis. 
Cells expressing TFAP4-wild type, the TFAP4(E135A/S139A) mutant or an empty 
vector were fixed with methanol and washed. Cells were then stained with PI, 
treated with RNAse and analyzed with flow cytometry. Figure 1B shows that cells 
expressing the degradation-resistant TFAP4 mutant show a larger population of S 
and G2 cells when compared to cells expressing wild type TFAP4. Interestingly, the 
accumulation of S/G2 cells caused by the expression of the non-degradable TFAP4 
mutant was not observed in p53-deficient HCT116 cells (Fig. 1C) or in HeLa in 
which p53 is inactive (Fig. 1D).  

These data indicate that the TrCP-mediated degradation of TFAP4 is required for 
normal cell cycle progression and that the accumulation of S/G2 cells upon 
inhibition of TFAP4 degradation depends on the intact function of p53.  

 

Generation of cells expressing FUCCI and the non-degradable 
TFAP4 mutant. 

 

Figure 1. Effect of inhibiting the degradation of TFAP4 on the cell cycle.  

(A) HCT116 cells were pulse-treated with doxycycline. At the indicated times after the 
pulse, cells were then collected and lysed. Whole cell lysate were analyzed by 
immunoblotting with antibodies specific for the indicated proteins. (B) HCT116 cells as in 
(A) were fixed, stained with propidium iodide and analyzed by flow cytometry. (C) Hela 
(C) and HCT116 p53-/- cells (D) expressing with wild type TFAP4, TFAP4(E135A/S139A) 
or an empty vector were treated as in (B).  
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To characterize the phenotype caused by the inhibition of TFAP4 degradation, we 
established cell lines in which the inducible expression of wild type TFAP4 or the 
degradation-resistant mutant was coupled to the expression of fluorescent 
ubiquitination-based cell cycle indicator (FUCCI), a fluorescent, two-color sensor 
that allows to monitor cell cycle progression and division of living cells in real time 
(15). In this system, red fluorescent protein (RFP) and green fluorescent protein 
(GFP) are fused to human CDT1 and Geminin, respectively. CDT1 is present only 
in G1 because is targeted for degradation by the SCFSKP2 ubiquitin ligase 
specifically in S/G2/M, whereas Geminin is present only in S/G2 because is 
targeted for degradation by APC/CCDH1 specifically in late M and G1. As a result, 
these two chimeric proteins, RFP-CDT1 and GFP-Geminin, accumulate 
reciprocally in the nuclei of transfected cells during the cell cycle, labeling red the 

nuclei of G1 cells and green those of S/G2 cells green (Fig. 2A). 

We first delivered these constructs by lentiviral transduction into cells that can 
express wild type TFAP4 or the non-degradable mutant in an inducible manner 
(upon doxycyclin treatment) and then sorted the cells that expressed high levels of 
GFP and RFP by flow cytometry (Fig. 2B and 2C).  

 

 

 

Figure 2. Generation of 
cells expressing FUCCI and 
the non-degradable TFAP4 
mutant. 

(A) Schematic presentation of 
the FUCCI system. See text 
for details. (B) HCT116 cells 
in which the expression of 
TFAP4 (wild type or 
E135A/S139A) can be induce 
by doxycycline treatment 
were transduced by FUCCI 
lentiviruses (see text for 
detail) and sorted for high 
expression of GFP and RFP 
double positive. (C) Time 
course experiment of FUCCI 
system established HCT116 
inducible cell line. Cells 
expressing color cell cycle 
dependent manner. The 
single asterisk marks a green 
cell dividing into two daughter 
cells 8 hours after filming. The 
double asterisk marks a cell 
turning color from red to green 
8 hours after filming.  
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Failure to degrade TFAP4 delays progression through the S and 
G2 phases. 

Once established the FUCCI-HCT116 cells in which the expression of the non-
degradable TFAP4 mutant can be induced by treatment with doxycycline, we 
analyzed the effect of inhibiting the degradation of TFAP4. We pulse-induced the 
expression of wild type TFAP4 and TFAP4(E135A/S139A) and monitored cell cycle 
progression by time-lapse microscopy. Figure 3 shows that the duration of the 
CDT1-positive G1 phase of HCT116 cells expressing wild type TFAP4 was 
comparable with the one of cells expressing the TFAP4(E135A/S139A) mutant. 

However, cells expressing TFAP4(E135A/S139A) exhibited a prolonged geminin-
positive S/G2 (9.9 hours) when compared with cells expressing wild type TFAP4 
(6.8 hours). Altogether, our data indicate that failure to degrade TFAP4 leads to 
accumulation of cells in S/G2 and that this is due to a delayed S/G2 progression.  

 

 

DISCUSSION 

 

Figure 3. Effect of inhibiting TFAP4 degradation on cell cycle progression.  

(A) FUCCI-HCT116 cells were treated with doxycycline to induce the expression of wilt 
type TFAP4 (top) or the non-degradable mutant (bottom). Cells were then filmed for 14 
hours and introduced time-lapse microscopy analysis. Fluorescent images using GFP and 
RFP filters as well as phase contrast images were taken every ten minutes. Sixty-minute 
interval time points are shown. (C) Quantification of the duration of each cell phase shown 
in (B). Average values (± SD) are indicated.   
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In this study we have shown that the βTrCP-dependent degradation of TFAP4 is 
required for the progression through the S and G2 phases of the cell cycle. Indeed, 
expression of a TFAP4 mutant that is resistant to degradation leads to accumulation 
of S/G2 cells. We have also demonstrated that this accumulation is caused by a 
delayed progression through S and G2.  

Additional studies are required to identify the TFAP4 target genes whose 
misregulation is responsible for the defective progression through the S and G2 cell 
cycle phases. Interestingly, it has been recently demonstrated that TFAP4 
represses the expression of the CDK inhibitor p21 (10). In this regard, several labs 
have shown that during unperturbed cell cycles, p21 has two peaks of expression, 
the first in G1 and the second in G2, needed to establish the two cell cycle pauses 
(16-18). According to these studies, the βTrCP-mediated degradation of TFAP4 in 
S/G2 would allow the derepression of p21 expression in G2. Although we have not 
confirmed this hypothesis, the repression of p21 caused by the expression of the 
degradation-resistant TFAP4 mutant is expected to result in increased CDK activity 
and faster (rather than slower) G2 progression compared to cells expressing wild 
type TFAP4. However, it is worth mentioning that hyperphosphorylated p21 in G2 
was shown to play a positive role (rather than negative) in promoting the G2/M 
transition (19). According to this study, the interaction between p21 and cyclin B1-
CDK1 appears to promote (instead of inhibiting) the activity of cyclin B1-CDK1 at 
G2/M. Indeed, p21-deficient cells were shown to have a delayed activation of cyclin 
B1-CDK1 kinase activity and a delayed G2 progression compared to cells 
expressing wild type p21. 

An alternative model is based on the fact that the G2 expression of p21 is required 
to promote a transient pause that contributes to the integration of the G2 cell cycle 
checkpoints. According to this scenario, the βTrCP-dependent degradation of 
TFAP4 in G2, which remains low in the following mitosis and G1, would be required 
to keep the cells competent for the G2 as well as the next G1 DNA damage 
checkpoint. Indeed, in case of genotoxic stress, TFAP4 degradation would remove 
a break for p21 induction to enable temporary or permanent (senescence) cell cycle 
arrest. Further experiments are needed to test these hypotheses. 

 

 

MATERIALS AND METHODS 

 

Cell culture, synchronization and drug treatment. 

HEK293T, HeLa, HCT116, HCT116p53-/- and HCT116-FUCCI cells were maintained 
in Dulbecco’s modified Eagle’s medium (Invitrogen) containing 10% fetal calf serum. 

Doxycycline (1 g/ml) was added to induce the expression of TFAP4. 

 

Plasmids 

The TFAP4 non-degradable mutant was generated using the QuickChange Site-
directed Mutagenesis kit (Stratagene). For retrovirus production, both wild type 
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TFAP4 and the non-degradable TFAP4 mutant were subcloned into the retroviral 
vector LZRSpBMN-GFP (pallino). For lentivirus production, both wild type TFAP4 
and the TFAP4 mutant were subcloned into the lentiviral vector pHAGE2-EF1α. 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 
(20). Retrovirus-mediated gene transfer was previously described (20, 21). For 
lentivirus production, HEK293T cells were co-transfected with pHAGE2-EF1α and 
packaging vectors by using PEI (Polyethylenimine). Virus-containing 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.  

 

Antibodies 

Mouse monoclonal antibodies were from Santa Cruz Biotechnology (Actin) and 
Covance (HA). 

 

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 for 3 days.  
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Abstract 

The DEC1 paralog DEC2 is a basic helix-loop-helix (bHLH) transcription factor that 
binds to E-box elements. It is known that DEC2 regulates cell cycle, response to 
hypoxia, apoptosis, circadian rhythm, and differentiation. Moreover, the expression 
of DEC2 is altered in several cancer types, such as ovarian, lung, and pancreatic 
cancer. Although DEC2 is involved in a number of crucial cellular processes, 
nothing is known about its posttranslational regulation. Here, we show that FBXW4, 
the substrate-binding component of the SCFFBXW4 ubiquitin ligase, regulates DEC2 
protein levels in a proteasome-dependent manner. 

 

 

Introduction 

The basic helix-loop-helix transcription factor DEC2 (also known as Bhlhe41 and 
Sharp1) is a paralog of DEC1 (1, 2). Like other bHLH proteins, DEC2 binds to the 
E-box element CAXXTG and regulates the expression of genes involved in several 
important biological processes (3).  

The best-characterized function of DEC2 is its regulation of the mammalian 
circadian rhythm (4). It has been reported that DEC2 and its paralog DEC1 repress 
the transactivation of gene expression mediated by CLOCK/BMAL, a heterodimeric 
transcription factor complex, which represents the core molecular complex of the 
circadian rhythm molecular network (5, 6). Two possible mechanisms of regulation 
of CLOCK/BMAL-dependent transactivation of gene expression by DEC2 have 
been proposed. DEC2 might inhibit CLOCK/BMAL by directly binding to the 
complex or by competing for the same E-box element that is bound by 
CLOCK/BMAL (4).  

Genetic studies in mice unveiled that both single and double DEC1/DEC2 knock-
out animals have defective (i) period length, (ii) CLOCK/BMAL target gene 
expression and (iii) re-setting of the circadian rhythm (7). Unlike mice deficient for 
Cryptochrome (CRY), an additional protein involved in the circadian clock 
molecular network, DEC1 and DEC2 knock-out mice still have rhythmicity, 
suggesting that DEC1 and DEC2 have a role in fine-tuning the circadian rhythms 
(7, 8).  

Remarkably, DEC2 is implicated in the regulation of sleep length in human. Indeed, 
it has been recently reported that a mutation in DEC2 (DEC2-P385R) is associated 
with a human short sleep phenotype (9). Shortened sleep length and more vigilance 
time were also confirmed in mice carrying the equivalent hDEC2-P385R mutation. 
The authors suggested that this mutation has a dominant negative function in 
mammals.  

Another well-studied function of DEC2 is its regulation of apoptosis. Whereas a 
number of studies have shown that DEC1 has a pro-apoptotic function, DEC2 
seems to be anti-apoptotic (10-12). Biochemical studies have demonstrated that 
DEC2 suppresses the expression of Bim, a negative regulator of the pro-survival 
protein Bcl-2, thus leading to increased cell viability.   
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A number of studies have implicated DEC2 in human cancer. Montagner and 
colleagues have recently found that DEC2 suppresses metastasis of triple negative 
breast cancer by triggering the proteasome-dependent degradation of the hypoxia-

inducible factors, HIF-1 and HIF-2(13). Moreover, It has been reported that 
ectopic expression of DEC2 inhibits migration and invasion of pancreatic cancer 
cells. In these cells, DEC2 regulates the expression of Slug, a key transcription 
factor involved in epithelial-mesenchymal transition (EMT), by binding the E-box 
element present in its promoter region. 

F-box/WD repeat-containing protein 4 (FBXW4) is member of the family of F-box 
proteins, substrate-recognizing subunits of SCF ubiquitin ligases (14). As all other 
F-box proteins, FBXW4 contains an F-box motif that interacts with the adaptor 
protein SKP1 and five WD40 repeats, which provide the substrate-interacting 
interface. It has been recently shown that FBXW4 interacts with the other SCF 
components SKP1, CUL1, RBX1 and mediates protein ubiquitylation. Moreover, 
FBXW4 can be co-immunoprecipitated with the components of the COP9 
signalosome (15).  

The function of FBXW4 has been studied in zebrafish and mice (16-18). The 
Hopkins lab has shown that mutation of hagoromo (the zebrafish ortholog of 
FBXW4) leads to defective stripe patterning in fish (16). In this study, the authors 
employed insertional mutagenesis and found that the defective stripe patterning 
results from mutation in the hag (hagoromo) gene. Defects in the formation of 
iridophores was found to be the primary cause of the observed phenotype. 
Furthermore, disruption of Dactylin, the FBXW4 ortholog in the mouse, results in 
the absence of central digits, underdeveloped or absent metacarpal/metatarsal 
bones and syndactyly (18). This phenotype is remarkably similar to the human split 
hand-split foot malformation (SHFM), also known as ectrodactyly, a congenital limb 
malformation, characterized by a deep median cleft of the hand and/or foot (19). A 
significant decrease of FBXW4/Dactylin transcript in several individuals affected by 
SHFM has been reported (20). However, it is worth to mention that there is much 
debate in the field as to whether or not loss of FBXW4 is actually the causal lesion 
leading to SHFM in humans or mice. In fact some in the field believe that it is the 
alteration of the adjacent Fgf8 gene that causes the SHFM malformations. 

It has been reported that FBXW4 has tumor suppressive functions. FBXW4 is often 
mutated, lost or deleted and expressed at low levels in many human cancer cell 
lines. Approximately 25% of human cancer cell lines show lost/deletion of the 
FBXW4 locus with more than 40% in certain types of cancer cell lines (skin, breast, 
central nervous system and lung). Moreover, patients who have low levels of 
FBXW4 show less survival rate compared to patients with higher FBXW4 
expression (15).  

Despite the described functions of FBXW4 in development and oncogenesis, its 
specific substrates as well as its function in the regulation of downstream signaling 
pathways are currently unknown. 

 

 

Results 
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In the previous study (Chapter 2), I found that DEC1, a paralog of DEC2, is targeted 

by SCFTrCP for proteasome-dependent degradation (21). While I was investigating 

the functional role of the TrCP-mediated degradation of DEC1, I wondered how 
the abundance of DEC2 is regulated. The sequence homology between the two 
paralog proteins suggested that also DEC2, similarly to DEC1, may be targeted by 

SCFTrCP for proteasome-dependent degradation. To test this hypothesis, HEK293T 
cells were transfected with a number of FLAG epitope-tagged F-box proteins and 
CDC20, the substrate-binding protein of the APC/C ubiquitin ligase. Cells were then 
treated with the proteasome inhibitor MG132 before lysis. Whole cell extracts were 
then immunoprecipitated with a FLAG antibody. Immunoprecipitated complexes 
were separated by SDS-PAGE and immunoblotted with antibodies specific for 
DEC1 or DEC2. Figure 1 shows that whereas DEC1 is specifically pulled down by 

TrCP1 and TrCP2, DEC2 co-immunoprecipitates with FBXW4 but not with 

TrCP1 or TrCP2. These results indicate that FBXW4 interacts specifically with 
DEC2 in HEK293T cells and suggest that FBXW4 might target DEC2 for 
proteasomal degradation. 

Next, I employed a CUL1 deletion mutant (CUL1-N385) that acts in a dominant 
negative manner since it binds SKP1-F-box protein complexes but it is unable to 
bind RBX1 and the E2 ubiquitin-conjugating enzyme (22) (Fig. 2A). If DEC2 is 
targeted for proteasomal degradation by an SCF ubiquitin ligase, i.e. SCFFBXW4, 
DEC2 protein levels are expected to increase upon overexpression of CUL1-N385. 
Figure 2B shows that DEC2, as well as established SCF substrates such as WEE1 

and catenin, accumulated upon overexpression of the CUL1-N385 mutant.  

To test whether DEC2 abundance is controlled by the proteasome, we analyzed 
the levels of endogenous DEC2 in cells treated with the proteasome inhibitor 
MG132. Endogenous DEC2 accumulated in response to MG132 treatment (Fig. 3) 
suggesting that the turnover of DEC2 is regulated by proteasome-dependent 

 
Figure 1. DEC2 binds to FBXW4. FLAG epitope-tagged F-box proteins and 

the APC/C co-activator CDC20 were expressed in HEK293T cells. Forty-
eight hours after transfection, cells were treated with the proteasome inhibitor 
MG132 for 5 hours. Cells were harvested and lysed. Whole cell extracts were 
subjected to immunoprecipitation (IP) with a FLAG antibody and 
immunoblotted with antibodies for the indicated proteins.  
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degradation. 

 

 

Discussion 

We have demonstrated that the F-box protein FBXW4 interacts specifically with the 
bHLH transcription factor DEC2. We have also shown that overexpression of a 
CUL1 deletion mutant (CUL1-N385), which functions in a dominant negative 
fashion because it interacts with Skp1 and the F-box protein but it does not to bind 
to RBX1, leads to accumulation of DEC2. Finally we have found that proteasome 
inhibition causes accumulation of DEC2 in cells. Taken together these results 
suggest that DEC2 is targeted by SCFFBXW4 for proteasome-dependent degradation.  

Additional experiments are needed to confirm this model. First, it is necessary to 
verify whether DEC2 is ubiquitylated by SCFFBXW4 in vitro. It would be also important 
to test if FBXW4 controls the turnover of DEC2. To address this question, two 
different loss-of-function approaches could be used. Knock-down of FBXW4 or 
overexpression of FBXW4 mutant lacking the F-box motif are expected to cause 
DEC2 accumulation. Also, it would be key to identify the specific regions in DEC2 
that are required for the binding to FBXW4 and DEC2 proteolysis. DEC2 mutants 
that are unable to bind FBXW4 and resistant to degradation would be precious tools 
to understand the biological function of DEC2 degradation.  

A possible scenario is that FBXW4 may mediate the periodic ubiquitylation and 
degradation of DEC2 during its circadian oscillation. In this regard, it has been 
shown that a number of F-box proteins are responsible for the oscillation of core 
molecules of the circadian clock molecular network. For instance, FBXL3 and 
FBXL21 have been shown to target CRY1 and CRY2 for proteasome-dependent 

degradation in a circadian manner. In addition, TrCP induces the ubiquitylation 

 

Figure 2. DEC2 is an SCF substrate.  

(A) Schematic representation of the molecular mechanism underlying the dominant-
negative function of the CUL1 deletion mutant (CUL1-N385). (B) HEK293T cells were 
transiently transfected with either an empty vector or CUL1-N385. Two days later, cells 
were harvested and lysed. Whole cell extracts were analyzed by immunoblotting with 
antibodies specific for the indicated proteins.  
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and degradation of PER1 and PER2 regulating their circadian periodicity. If FBXW4 
is responsible for the periodic ubiquitylation and degradation of DEC2, the 
abundance of DEC2 mutants that are unable to interact with FBXW4 are expected 
to be constant during circadian rhythms. Moreover, blocking this oscillation might 
have an effect on the circadian rhythms of these cells. 

FBXW4-dependent periodic ubiquitylation and degradation of DEC2 could be 
achieved in different ways, for instance by opposite periodic oscillation of FBXW4, 
or by periodic changes of those posttranslational modifications of DEC2 that are 
likely required (on the basis of the analogy with other FBXW substrates) for its 
binding to FBXW4 (e.g. phosphorylation).   

It would be interesting to test whether the FBXW4-dependent ubiquitylation and 
degradation of DEC2 is responsible for the decreased levels of DEC2 observed in 
metastatic TNBC (13). Do the decreased levels of DEC2 in metastatic TNBC result 
from increased FBXW4-mediated degradation during epithelial-mesenchymal 
transition of TNBC cells? Does expression of the DEC2 non-degradable mutant 
prevent epithelial-mesenchymal transition of TNBC cells?  

Interestingly, an increase in the incidence of breast cancer has been reported in 
women who work night shifts, and the incidence is higher among women who 
spend more hours per week and years working at night. These findings suggest 
that perturbed circadian rhythmicity is linked to cancer development.  

In conclusion, characterizing the molecular mechanisms by which FBXW4 targets 
DEC2 for proteasomal degradation and studying its biological significance will shed 
light on possible links between the circadian clock and cancer.  

 

 

MATERIALS AND METHODS. 
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Figure 3. Proteasome-

dependent degradation 
of DEC2. U2OS cells 
were treated with the 
proteasome inhibitor 
MG132 for indicated 
times. Cells were 
harvested and lysed. 
Whole cell extracts 
were analyzed by 
immunoblotting with 
antibodies for the 
indicated proteins. The 
graph illustrates the 
quantification of DEC2 
abundance relative to 
the amount at time 0. 
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Tissue culture and drug treatment.  

HEK293T and U2OS cells were maintained in Dulbecco’s modified Eagle’s medium 
(Invitrogen) supplemented with 10% fetal calf serum, 100 U/ml penicillin and 

streptomycin. MG132 (Peptide Institute; 10 M) was used to inhibit the proteasome.  

 

Biochemical methods.  

Whole cell extracts preparation, immunoprecipitation and immunoblotting were 
previously described (23, 24). Mouse monoclonal antibodies were purchased from 
Sigma-Aldrich (FLAG) and Santa Cruz (Actin). The polyclonal anti-DEC2 antibody 
was from Santa Cruz Biotechnology.  

 

Plasmids and transient transfection.  

The cDNAs for FLAG-tagged F-box proteins and CDC20 were cloned in pcDNA3.1 
and sequenced. The C-terminal truncated mutant of CUL1 (CUL1-N385) was 
subcloned into pcDNA3.1. Cells were transfected using the polyethylenimine (PEI) 
method.   
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ABSTRACT 

F-box proteins (FBPs), substrate-binding subunits of SCF ubiquitin ligases, are 
encoded by 69 different genes in humans but only for a few of them biological roles 
and substrates are known. It is well established that a handful of FBPs, which target 
for degradation cancer-related substrates, are either overexpressed or inactivated 
in many types of cancer. Here we performed a systematic analysis of the gene 
expression profile of most members of the FBP family in human primary tumors. 
According to our analysis, at least 6 additional FBPs are highly overexpressed in 
cancer. We further studied two of these overexpressed FBPs, namely FBXW9 and 
FBXO6, which were immunopurified and analyzed by mass spectrometry to identify 
their specific substrates and regulators.  

 

 

INTRODUCTION 

The SCF (SKP1-CUL1-F-box protein) complex is composed of four major subunits, 
SKP1, CUL1, RBX1 and one of many F-box proteins (FBPs). The human genome 
encodes for 69 distinct F-box proteins which selectively interact with their 
substrates (1, 2). F-box proteins are grouped into three classes based on the 
architecture of their protein-protein interaction domains which mediate substrate 
binding: FBXWs, FBXLs and FBXOs containing, respectively, WD40 domains, 
leucine-rich repeats (LRR) and various (other) domains. F-box proteins recognize 
short motifs within the substrate, which, in many cases, have to be post-
translationally modified (phosphorylation, glycosylation) to be able to interact with 
the F-box protein.  

It is well established that a number of F-box proteins, i.e. FBXW7, SKP2 and βTrCP, 
have oncogenic or tumor suppressive functions (1). FBXW7, for instance, is a 
renowned tumor suppressor mutated in approximately 6% of overall human 
cancers and in some cases (cholangiocarcinomas and T-cell acute lymphocytic 
leukemia) the mutation frequency reaches more than 30%. There are two known 
mutation hotspots (Arg465 and Arg479) on FBXW7 occurring approximately in 43% 
of overall mutations. Structural studies of FBXW7 in complex with its substrate 
cyclin E have revealed that Arg465 and Arg479, located in the third WD40 domain 
of FBXW7, form hydrogen bonds with phosphorylated Thr380 of cyclin E (3, 4). 
This finding explains why mutations of Arg465 and Arg479 lead to accumulation of 
FBXW7 oncogenic substrates, namely, MYC, Cyclin E, JUN, TRF1, NOTCH1, 
NOTCH4, and MCL1 (5, 6). In addition, genetic studies have revealed that FBXW7 
deficiency in mice contributes to tumor initiation (7-10). Conditional knock-out of 
FBXW7 in murine bone marrow drives pancytopenia and abnormal proliferation of 
hematopoietic stem cells (HSCs). Moreover most of these mice develop leukaemia 
that has been attributed to accumulation of MYC (8). 

Many studies have demonstrated that SKP2, also known as FBXL1, is an 

oncoprotein. SKP2 overexpression was observed in various cancers such as  
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lymphoma, prostate cancer, melanoma, nasopharyngeal carcinoma, gastric cancer, 

colon cancer, and breast cancer (11-18). The oncogenic functions of SKP2 are 

attributed to its role in the ubiquitylation of tumor suppressor substrates such as 

p27, p21, and FOXO1, whose degradation is accelerated in tumor cells 

overexpressing SKP2 (1). The tumor suppressor function of SKP2 is also indicated 

by the fact that its expression is reversely correlated with prognosis in breast cancer, 

gastric cancer and melanoma (17, 19, 20).  Mouse genetic studies support SKP2 

oncogenic functions. Constitutive expression of SKP2 in mouse prostate promotes 

marked overproliferation, which result in hyperplasia, dysplasia and low-grade 

carcinoma of the prostate gland, and, in agreement with its role in p27 proteolysis, 

leads to downregulation of p27. Analogously, SKP2 overexpression in the T-

lymphoid lineage cooperates with N-ras in lymphomagenesis (21).  

Due to the diversity of its targets, βTrCP is expected to have both oncogenic and 
tumour suppressor functions, however, accumulating data suggest that βTrCP 
displays mostly an oncogenic role. In fact, it has been shown that βTrCP is 
overexpressed in many human tumors. For instance, βTrCP1 mRNA and protein 
levels are increased in human colorectal cancer and that this increase is associated 
with reduced apoptosis and poor prognosis (22). Moreover, pancreatic carcinoma 
cells display increased expression of βTrCP1 and constitutive activation of NFκB 
(23). βTrCP1 levels are increased in human hepatoblastomas (24), whereas 
βTrCP2 overexpression is found in human breast cancers (25). Accordingly, 
targeted expression of βTrCP1 in murine mammary epithelia leads to increased 
proliferation, and formation of breast carcinomas in 38% of these mice (26). Notably, 
ectopic expression of βTrCP in lymphoid organs does not lead to any evident 
phenotype, indicating that βTrCP-mediated oncogenesis is tissue specific (26).  

FBXO11 provides another example of FBP with tumor suppressive function. It has 
been recently found that FBXO11 triggers the proteasome-dependent degradation 
of BCL-6, an oncoprotein involved in the pathogenesis of human B-cell lymphomas. 
Moreover, it has been demonstrated that the gene encoding FBXO11 is deleted or 
mutated in aggressive diffuse large B-cell lymphoma cell lines and primary tumors 
and that these mutations lead to BCL6 stabilization (27-31).  

The aim of this study is to systematically analyze the expression of all F-box 
proteins in human primary tumors. We found that the expression of two FBPs, 
namely FBXW9 and FBXO6, is elevated in many cancer types. We then performed 
affinity purification followed by mass spectrometry analysis for both FBPs for an 
initial characterization of their interactomes.  

RESULTS 

Figure 1. Gene expression analysis of F-box proteins.  

(A) Expression of FBPs (βTrCP2, SKP2 and EMI1) that are known to be up-regulated in 
cancer. Each red dot indicates an individual sample from a cancer patient. FBP 
expression is shown in different cancer types and in normal tissues. (B) FBP expression 
of six differentially expressed FBPs in cancer. The gene expression profile of all FBPs is 
shown in Fig. S1. (C) Schematic representation of the domain architecture of FBXO6 
and FBXW9.  
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Expression profiling of FBPs in human primary tumors  

Although many studies have implicated abnormal functions of a number of F-box 
proteins in oncogenesis, a large-scale analysis is still necessary. We decided to 
perform a systematic analysis of FBP gene expression from primary tumor samples. 

We used primary tumor microarray data sets (GEO microarray experiment ID: 
GSE2109), which contain the following cancer samples: 292 colon cancers, 125 
breast cancers, 87 melanomas, 72 lung cancers, 70 cervical cancers, 38 gastric 
cancers, 276 ovarian cancers and 79 renal tumors.  

To test the reliability of this approach, we first analyzed the gene expression in 

numerous cancer types and in normal tissues of FBXO5, FBXL1/SKP2 and TrCP, 
which are known to be overexpressed in many human cancers. As shown in Fig 

1A, the gene expression of FBXO5, FBXL1 and TrCP2 is highly increased in 
various cancer types when compared with the one in normal tissues.  

Next, we assessed the gene expression of additional 64 F-box proteins in the same 
primary tumor microarray data set (Fig. S1). We found that FBXW9, FBXW12, 
FBXL7, FBXL15, FBXO6 and FBXO22 are either highly overexpressed or 
underexpressed in some or most cancer types (Fig. 1B). For instance, the 
expression levels of FBXO6, FBXO22 and FBXL15 are increased (if compared with 
normal tissues) in most cancer types. Interestingly, FBXW9 was highly expressed 
in specific cancers, typically breast cancer, ovarian cancer and melanomas. On the 
other hands, FBXL7 and FBXW12 were underexpressed specifically in pancreatic 
cancer.    

 

Identification of FBXW9 and FBXO6 interactors 

As FBXW9 and FBXO6 are highly expressed in most of cancer types, we decided 
to focus on these two F-box proteins. From a structural point of view, in addition to 
the F-box domain, FBXW9 contains WD40 repeats while FBXO6 contains an FBA 
(F-box associated domain) domain (Fig. 1C). 

Since very little is known about the function of FBXW9 and FBXO6, we decided to 
immunopurify them from cells and perform mass spectrometry analysis for an initial 
characterization of their interactomes and possible substrate candidates. To this 
aim, we generated constructs (for expression in mammalian cells) of FBXW9 and 
FBXO6 bearing double FLAG and HA epitope tags. FBXW9 was stably expressed 
in MCF7 breast cancer cells and FBXO6 was transiently expressed in HEK293T 
cells. Five hours before harvesting, cells were treated with MG132 to block 
proteasome-dependent degradation. Cells were then lysed and two sequential 
immunoprecipitations (FLAG and HA) were performed. The final eluate was then 
separated and proteins were analyzed by mass spectrometry. We recovered 
hundreds of hits including components of the SCF complex, i.e. Cul1, SKP1 and 
the FBP baits FBXW9 and FBXO6. After removing common contaminants (proteins 
also found in the control sample (EV) where no bait was present), we overall 
identified 44 putative interactors for FBXW9 and 418 for FBXO6 (Table S1).  
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Figure 2. Identification of FBXW9 and FBXO6 interactors. FBXW9 and FBXO6 were 

expressed in MCF7 or HEK293T cells. Five hours before collecting the cells, MG132 
added to block the function of the proteasome. Cells were then lysed. Whole cell extracts 
were then subjected to FLAG and HA sequential immunoprecipitations. 
Immunocomplexes were then analyzed by mass spectrometry analysis. The top 10 
proteins in our mass-spectrometry analysis list are presented based on the number of 
unique spectra. The complete lists of proteins used for categorization are available in 
Table S1. SCF components were highlighted in green. Functional categorization of 
biological processes of FBXW9 and FBXO6 interacting proteins are shown in the bar 
graph below the table. 
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Next, we categorized these interacting proteins based on gene ontology terms. As 
shown in Fig. 2, the top listed biological processes are metabolic (GO: 0008152, 
cellular amino acid, lipid, protein metabolic process, glycolysis), cellular (GO: 
0009987, cell communication, cell cycle, cytokinesis, cellular component 
movement and chromosome segregation), biological regulation (GO: 0065007, 
homeostatic process, regulation of biological process and regulation of molecular 
function), developmental (GO: 0032502, anatomical structure morphogenesis, cell 
differentiation, system development) and localization (GO: 0051179, RNA, protein 
localization and transport) or immune system process (GO: 0002376, B cell 
mediated immunity and response to interferon-gamma).  

 

Validation of FBXW9 interactors 

According to our mass spectrometry 
analysis data, Adenomatosis Polyposis 
Coli-2 (APC2, also known as APCL) is 
pulled down specifically with FBXW9. APC2 
is a paralog of the Adenomatosis Polyposis 
Coli (APC) tumor suppressor which is 
frequently mutated in colon cancer and 
other cancer types (32-36). These APC 

mutations lead to stabilization of the -
catenin oncoprotein resulting in 
uncontrolled cell proliferation. APC, 
together with axin/axin2, glycogen synthase 

kinase 3 beta (GSK3) and casein kinase 1 

alpha (CK1), forms the -catenin 
destruction complex (37, 38). Similarly to 
APC, APC2 has a conserved domain 
architecture that makes it possible to 

interact with -catenin and possibly with 
axin/axin2 (39). Interestingly, unlike APC, 
APC2 mutations have not been reported in 
cancer.  

To confirm the interaction of FBXW9 with 
APC2, we performed a co-
immunoprecipitation assay followed by 
immunoblotting. We transiently co-
overexpressed MYC-tagged APC2 along 

with FLAG-tagged FBXW6, FBXW9, FBXW11, FBXO6 or FBXO21 in HEK293T 
cells. Forty-eight hours later, cells were harvested and lysed. Whole cell extracts 
were immunopurified with a FLAG resin and APC2 was detected with a MYC 
antibody. As shown in Fig. 3, APC2 is specifically pulled down by FBXW9 but not 
by other FBPs indicating that APC2 selectively interacts with FBXW9.  

Additional experiments are needed to demonstrate that APC2 is a substrate of the 
SCFFBXW9 ubiquitin ligase. It is necessary to assess whether SCFFBXW9 is able to 

 

Fig 3. Validation of the APC2-
FBXW9 interaction. FLAG epitope-

tagged F-box proteins, namely 
FBXW6, FBXW9, FBXW11, FBXWO6 
and FBXO21, were co-expressed 
with MYC-tagged APC2 in HEK293T 
cells. Cells were collected 48 hours 
after transfection. F-box proteins 
were immunoprecipitated (IP) with a 
mouse monoclonal anti-FLAG 
antibody. Immunocomplexes were 
subjected to SDS-PAGE, transferred 
onto a PVDF membrane and blotted 
with an anti-MYC antibody to detect 
APC2 and an anti-FLAG to detect the 
immunoprecipitated F-box proteins.  
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ubiquitylate APC2 in vitro. It would be also crucial to test if APC2 is degraded in an 
ubiquitin- and proteasome-dependent manner and if its turnover is mediated by 
FBXW9. Loss-of-function and gain of function approaches could be used. Moreover, 
it is important to identify the specific regions in APC2 that mediate APC2 binding to 
FBXW9. APC2 mutants that are unable to bind FBXW9 and resistant to degradation 
could then be expressed in cells to study the biological function of APC2 
degradation.  

 

 

DISCUSSION 

A growing body of evidences indicates that mutational inactivation or 
overexpression of FBPs as well as mutations of FBP substrates contribute to 
cancer development. In this study, we provide new insights on novel FBPs and their 
possible binding partners which might have functional roles in cancer development. 
We propose that a number of FBPs, namely FBXW9, FBXW12, FBXL7, FBXL15, 
FBXO6 and FBXO22, might be good candidates for more detailed studies as they 
are differentially expressed in either all or specific cancer types when compared to 
normal tissues.  

We performed additional studies on FBXW9 and FBXO6. By using affinity 
chromatography followed by mass spectrometry analysis, we identified many 
candidate interacting proteins of FBXW9 and FBXO6 and confirmed that one of 
them, APC2, is a specific binding partner of FBXW9.  

 

 

MATERIALS AND METHODS 

 

Tissue culture and drug treatment.  

Human embryonic kidney 293T cells and breast adenocarcinoma MCF7 cells were 
maintained in Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen) or 
DMEM:Nutrient Mixture-F12 (DMEM/F-12) containing 10% fetal calf serum, 100 

U/ml penicillin and streptomycin. MG132 (Peptide institute; 10 M) was added for 
5 hours to inhibit the proteasome.  

 

Biochemical methods.  

Cells were lysed in triton lysis buffer (50 mM Tris-HCl at pH 7.4, 1 mM EDTA, 250 
mM NaCl, 0.1% Triton Tx-100 50 mM NaF, 1 mM DTT and 0.1 mM Na3VO4) with 
additional protease and phosphatase inhibitors (Sigma-Aldrich) and incubated on 
ice for 30 min. Whole cell extracts (WCE) were then centrifuged for 20 min at 4oC. 
Protein concentration was measured with Bio-Rad Dc protein assay. For 
immunoprecipitation, WCE was pre-cleared with Protein G-Sepharose 4B 
(Invitrogen) for 1 hour at 4oC. Pre-cleared WCE were incubated with mouse 
monoclonal FLAG antibody for 2 hours at 4oC. Protein G-Sepharose 4B beads were 
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added and incubated more 45 min at 4oC. Beads were washed 5 times with lysis 
buffer. All proteins were then eluted with Laemmli buffer. Proteins were separated 
by SDS-PAGE and transferred to polyvinylidene difluoride membrane (PVDF, 
Millipore) overnight at 4oC.  

 

Antibodies.  

Mouse monoclonal antibodies were purchased from Sigma-Aldrich (FLAG). Rabbit 
monoclonal antibodies were from Cell Signaling (MYC). 

 

Plasmids.  

Human FBXW9 (isoform 3) and FBXO6 cDNAs were purchased from imaGENE. 
FBXO6 cDNA was then subcloned into pcDNA3 with 2XFLAG and 2XHA epitope-
tags at its N-terminus. FBXW9 cDNA was subcloned in LZRSpBMN-GFP (pallino) 
vector with 2XFLAG and 2XHA epitope-tags at its N-terminus. All constructs were 
sequenced. MYC-tagged human APC2 was a generous gift from Dr. Hidewaki 
Nakagawa.  

 

Transient transfection and retroviral infection.  

The FBXO6 expression vector was transiently transfected in HEK293T cells by 
using the polyethylenimine (PEi) transfection method. The retroviral FBXW9 
construct was transfected into HEK293-GP2 cells along with packaging vectors. 
Forty-eight hours after transfection, the virus containing medium was collected and 

supplied to MCF7 cells with polybrene (8 g/ml).  

 

Mass spectrometry analysis.  

FBXO6 was transiently expressed in HEK293T cells. MCF7 cells stably expressing 
FBXW9 were visualized with GFP to assess the efficiency of FBXW9 expression.  
To inhibit proteasome-dependent degradation, MG132 was added 6 hours before 
collecting the cells. Harvested cells were then 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). FBPs were immunopurified with anti-FLAG agarose resin (Sigma-
Aldrich). After washing, proteins were eluted by competition with a FLAG peptide 
(Sigma-Aldrich). The eluate was then subjected to a second immunopurification 
with anti-HA resin (12CA5 monoclonal antibody cross-linked to protein G 
Sepharose; Invitrogen) prior to elution in Laemmli sample buffer. The final eluate 
was separated by SDS-PAGE. 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 
(40). 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 (41). Peak lists 
were generated from the MS/MS spectra using MaxQuant build 1.0.13.13, and then 
searched against the IPI Human database (version 3.37, 69164 entries) using 
Mascot search engine (Matrix Science). Carbaminomethylation (+57 Da) was set 
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as fixed modification and protein N-terminal acetylation and methionine oxidation 
as variable modifications. To filter out false positives, all MS/MS spectra were 
searched against a forward and a reverse (decoy) protein database. All peptide-
spectrum matches (PSMs) containing both forward and decoy hits were then 
trained and validated with an algorithm named Percolator which uses semi-
supervised machine learning to discriminate between the correct and decoy 
matches. Finally, we only accepted PSM based on a high stringency filter of q = 
0.01 or 1% false discovery rate (FDR). This 1% FDR filter is currently the standard 
for the proteomics community. 
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General discussion 

In this thesis, I have studied SCF-mediated protein degradation by using 
biochemical and cell biological approaches as well as mass-spectrometry analysis. 

I have identified two previously unknown substrates of SCFTrCP, DEC1 and TFAP4, 
and uncovered the importance of their degradation in cell cycle progression. In 
addition, I started exploring how the SCF-mediated degradation of DEC2, a paralog 
of DEC1, is regulated. Finally, I have performed a large-scale analysis of the gene 
expression of most FBPs in human primary tumors and focused on two FBPs that 
I have found overexpressed in cancer. 

In chapter 2, I showed that SCFTrCP targets for proteasomal degradation the basic 
helix-loop-helix (bHLH) transcription factor DEC1. In particular, I have found that 
the regulated proteolysis of DEC1 controls the DNA damage checkpoint. I have 
demonstrated that in response to DNA damage, DEC1 is stabilized by the USP17 
deubiquitylating enzyme and that during recovery from the G2 DNA damage 

checkpoint DEC1 is targeted for degradation by SCFTrCP in collaboration with 

CK1. In chapter 3, I have shown that the same SCF ubiquitin ligase, SCFTrCP, is 
responsible for the destruction of another bHLH transcription factor, namely TFAP4, 

and demonstrated that the SCFTrCP-mediated degradation of TFAP4 is required for 
efficient G2 progression and mitotic entry. In chapter 4, I have shown that DEC2, a 
paralog of DEC1, is targeted for degradation by SCFFBXW4 and that this degradation 
is mediated by the proteasome. Finally, in chapter 5, I have performed a systematic 
analysis of the gene expression profile of most members of the FBP family in 
human primary tumors. I have found that six FBPs are either overexpressed or 
underexpressed in some specific or most of cancer types. I have then focused on 
two FBPs, FBXW9 and FBXO6, which are highly overexpressed in most cancer 
types. To provide initial insights into the function of these two FBPs, I have 
immunopurified them from cells and performed mass spectrometry analysis.  

I believe that this study increases our understanding of the key roles of SCF 
ubiquitin ligases in the cell division cycle and their links to malignancies. This 
knowledge is needed to explore the possibility of modulating the activity of specific 
SCF ubiquitin ligases as a way of developing novel mechanism-based, approaches 
to fight cancer. The clinical success of the proteasome inhibitor Bortezomib 
provided the proof-of-concept of targeting the ubiquitin-proteasome system as an 
anti-cancer therapeutic approach (1-3). Indeed, this drug has striking efficacy 
against multiple myeloma and is used for the treatment of mantle cell lymphoma. 
Moreover, an inhibitor of NAE-E1 (MLN4924), the enzyme needed for the activation 
of Cullin-RING ubiquitin ligases, has entered clinical trials for the treatment of 
multiple myeloma and non-Hodgkin’s lymphoma (4). I expect that inhibition of the 
activity of individual ubiquitin ligases will cause fewer side effects and have a better 
therapeutic ratio than general inhibition of the proteasome or a whole class of 
ubiquitin ligases.  

A small molecule capable of inhibiting the ubiquitin ligase specific for a negative 
regulator of cell proliferation is expected to cause an increase in the cellular levels 
of such a negative regulator leading to a block in cellular proliferation, and 
consequently in cancer progression (5, 6). This is especially true in those tumors 
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that have low levels of negative regulators as a result of a "hyperactivated" 
ubiquitylation pathway. The example of the Nutlins, small-molecule inhibitors that 
target protein-protein interaction between the tumor suppressor p53 and its 
ubiquitin ligase MDM2, serves as proof-of-principles of selectively targeting 
ubiquitin ligases (7-9). Depending on the molecular characteristics of the different 
tumors, one could envisage targeting specific ubiquitin ligases in different cancers 
as a valid approach in clinical oncology. 

Importantly, βTrCP and other F-box proteins promote proteasome-dependent 
degradation in cooperation with protein kinases for which targeted drugs have been 
already approved for clinical use (10, 11). Elucidating the phosphorylation events 
and identifying the kinases involved in the degradation of a particular substrate can 
lead to a rational therapeutic strategy in times relatively shorter than the ones 
needed to develop a novel small molecule inhibitor of an E3 ligase. 
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In deze thesis heb ik de degradatie van eiwitten door SCF ubiquitine ligases 
bestudeerd met behulp van biochemische en celbiologische methodes en 
massaspectrometrie. Daarnaast heb ik de gen expressie van zevenenzestig F-Box 
eiwitten in primaire tumoren geanalyseerd en verdiepend onderzoek gedaan naar 
twee F-box eiwitten, FBXW9 en FBXO6, beide zeer overexpressief in de meeste 
kankersoorten. 
 
In Hoofdstuk 1 vat ik de laatste inzichten samen in de belangrijkste moleculaire 
spelers van het ubiquitine-proteasoom systeem met een speciale nadruk op SCF 
ubiquitine-ligases. Dit zijn moleculaire machines die celcyclus progressie 
controleren en waarvan deregulatie bijdraagt aan oncogenese. 
 
In Hoofdstuk 2 beschrijf ik de SCF-gemedieerde degradatie van de bHLH 
trancriptie factor DEC1, een kritische regulator van cel determinatie en 
circadiaanse ritmes. Tijdens onverstoorde cel cycli is DEC1 een zeer instabiel eiwit 
wat het doel is van proteasoom-afhankelijke degradatie door de SCFβTrCP ubiquitine 
ligase in samenwerking met CK1. DNA schade resulteert in de een ATM/ATR 
afhankelijke inductie van DEC1. DEC1 inductie resulteert in eiwit stabilisatie via 
een mechanisme dat via het USP17 ubiquitine protease gaat. Vervolgens wordt 
tijdens checkpoint recovery DEC1 proteolyse hersteld via βTrCP-afhankelijke 
ubiquitilatie. Belangrijk is dat de expressie van een niet-degradeerbare DEC1 
mutant checkpoint recovery voorkomt door de negatieve regulatie van p53 te 
inhiberen 
 
In Hoofdstuk 3 beschrijf ik het onderzoek naar de biologische functie van de SCF-
afhankelijke degradatie van TFAP4, een transcriptie factor die in vele cruciale 
cellulaire processen geïmpliceerd wordt zoals regulatie van stemness, epitheliale-
mesenchymale transitie, neurale differentiatie en cel proliferatie. Uit mijn onderzoek 
blijkt dat het niet degraderen van TFAP4 tot de accumulatie leidt van cellen in de S 
en G2 fases van de celdelingscyclus. Door het gebruiken van het FUCCI systeem 
heb ik ook kunnen aantonen dat inhibitie van TFAP4 degradatie tot een vertraagde 
progressie door S/G2 leidt. 
 
In Hoofdstuk 4 schets ik de degradatie van DEC2, een paraloog van DEC1, die 
de cel cyclus, de respons op hypoxie, apoptose, circadiaans ritme en differentiatie 
reguleert en wiens expressie veranderd is in verschillende kankersoorten als 
eierstok-, long-, en alvleesklierkanker. Mijn onderzoek wijst uit dat de stabiliteit van 
DEC2 gecontroleerd wordt door FBXW4, de substraat bindende component van de 
SCFFBXW4 ubiquitine ligase. 
 
In Hoofdstuk 5 beschrijf ik de systematische analyse van het gen expressie profiel 
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van bijna alle humane F-box eiwitten in primaire tumoren. Ik heb ontdekt dat 
tenminste zes F-box eiwitten zeer tot overexpressie komen in kanker. Ik heb 
FBXW9 en FBXO6 verder bestudeerd door deze te zuiveren en vervolgens te 
analyseren met massaspectrometrie om hun specifieke substraten en regulatoren 
te identificeren. 
 
In Hoofdstuk 6 vat ik mijn onderzoeken samen en bediscussieer ik de belangrijkste 
vindingen. Daarnaast beschrijf ik de therapeutische implicaties van dit werk door 
verschillende manieren te schetsen waarop het ubiquitine-proteasoom systeem 
kan dienen als doel voor anti-kanker therapie. 
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