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Abstract. Cells are tightly regulated by sophisticated systems.
Among such systems, post-translational modification has been
intensively studied, and the ubiquitin-proteasome system is
one of the best-known proteolytic mechanisms for the timely
destruction of regulatory proteins. As progress has been
made in research on the ubiquitin-proteasome system, our
understanding of fundamental regulatory circuits, such as the
cell cycle and circadian rhythms, has progressed. Here, we
focused on the SKP1-CULI1-F-box protein of E3 ubiquitin
ligase, especially the F-box and additional characteristic
domain-containing proteins, as adaptors for regulatory
proteins. Accumulating evidence suggests that the F-box and
additional characteristic domain-containing proteins are
involved in a wide variety of cellular processes and patho-
genesis. This raises the possibility that F-box and additional
characteristic domain-containing proteins could be used as
biomarkers for certain diseases.
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. Introduction

The rapid activation and degradation of regulatory proteins
that are involved in critical pathways, such as signal trans-
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duction and the cell cycle, are essential for determining the
proper destinations of cells (1). Among post-translational
modifications, phosphorylation and dephosphorylation are
classical modifications that are recognized as important
switches for quick responses to and the termination of stimuli
(2). Another crucial system is the ubiquitin-proteasome, an
ATP-dependent ubiquitin-mediated proteolytic system that is
widely recognized in a variety of organisms and plays a
pivotal role in timely ubiquitination and the typical degra-
dation of regulatory proteins that are basically phosphorylated
(3). As an example of the ubiquitin-proteasome system, the
SKP1-CULI-F-box protein (SCF) and the anaphase-promoting
complex or cyclosome (APC/C) have been intensively
analyzed and are considered to be the most important E3
ubiquitin ligases for the regulation of cell growth and
proliferation (4,5), and SCF is the best understood example
to be implicated in tumorigenesis (6,7). The molecular
dissection of SCF complexes has revealed that they are
basically composed of 3 key components: i) SKP1, also
known as p19, an adaptor protein between the core ubiquitin
ligase and F-box proteins, ii) the core ubiquitin ligase, which
consists of CULI1 (a scaffold protein for SKP1 and the F-box
proteins described hereafter), RING-finger protein RBX1
(also known as ROC1) and the E2 ubiquitin-conjugating
enzyme CDC34, and iii) F-box proteins, which have an F-box
motif of ~40 amino acids, are responsible for the association
with SKP1, and generally possess additional domains that
can interact with a wide variety of proteins for ubiquitination
(Fig. 1). Therefore, the specificity of regulatory proteins that
are to be destroyed by a ubiquitin-mediated proteolytic
system is largely determined at the level of substrate
recognition, which is mediated by the F-box proteins (8,9).
So far, large numbers of F-box proteins have been identified
as binding partners of SKPI1 (10,11) or with sequence
homology in mammals (12). Several hundreds of F-box
proteins have also been identified in plants (13).

The human F-box only protein 1 (FBXO1 or FBX1) was
first identified as cyclin F, which is homologous with cycles
A and B, but was later shown to form a complex with SKP1
through an F-box motif, thus linking the cell cycle to ubiquitin
proteolysis (14). FBXO is known to be involved in disease
and the ubiquitination of important regulatory proteins during
the cell cycle. For example, FBXO31, a candidate tumor
suppressor in breast cancer, has been revealed to be under the
control of DNA damage signaling, a component of SCF
ubiquitin ligase, and a mediator of the degradation of cyclin
D1 (15,16). FBXO32 has been independently identified by
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two studies, as its expression has been shown to change in a
muscle atrophy model (17,18). This raises the possibility that
F-box proteins could be used as biomarkers for certain
diseases. Unlike FBXO, which only has an F-box motif,
leucine-rich repeats (LRRs) such as FBXL1 (also known as
SKP2 or p45), or tryptophan-aspartic acid 40 (WD40) repeats
such as FBXW1 (also known as the B-transducin repeat-
containing protein) have also been recognized in addition to
the F-box motif. Now, F-box proteins are characterized based
on their characteristic domains: FBXL, where L. means LRRs;
FBXW, where W means the WD40 domain; and FBXO,
where O means others.

In this review, the emphasis is on the recent findings of
F-box proteins with additional motifs in ubiquitin-mediated
proteolysis as well as in other cellular machinery and the
pathogenesis of certain diseases.

2. F-box and LRR-containing proteins

So far, 22 members of FBXL proteins have been identified
(Table I). FBXL1, was one of the first F-box and LRR-con-
taining proteins involved in ubiquitin-mediated proteolysis to
be identified, and together with SKP1, were initially regarded
as S phase kinase-associated proteins, namely interactors of
cyclin A/CDK2, and have thus been implicated in the
regulation of cell cycle control, especially in the entry and
maintenance of the S phase in human cells (19). Thereafter,
SKP1 and FBXL1 were shown to associate with CULI, and
this protein complex was shown to be capable of functioning
as an E3 ligase targeting important regulators of the cell
cycle in a selective manner. Other than cyclin A/CDK2,
FBXLI1 has been shown to target the phosphorylated CDK
inhibitor p27Kip!1 for ubiquitination and degradation (20,21).
This tight regulation is considered to be an important
mechanism for safeguarding against tumorigenesis (22). In
addition to p27Kipl, cyclin E was identified as a FBXL1
target based on data obtained from studies using FBXL1-
knockout mice (23). At present, cyclin D and the CDK
inhibitors, p21Cipl and p57Kip2, as well as p130, Tobl and
ING3 have all been identified as targets for ubiquitin-
dependent protein degradation via FBXL1. Thus, FBXL1 is
highly likely to be important for proper cell cycle regulation
and tumor-suppressive mechanisms (24,25). The phospho-
rylation of FBXL1 by AKT has been shown to be critical for
SCF complex formation and E3 ligase activity (26). FBXLI
itself is poly-ubiquitinated for degradation during the G1
phase, and this is mediated by the ubiquitin ligase, APC/C,
and its activator, CDHI1 (27).

FBXL2, which has a CAAX motif (CVIL) in addition to
an F-box domain, can be geranylgeranylated and is associated
with the nonstructural protein SA (NS5A) of the hepatitis C
virus (HCV), and this association has been shown to be
crucial for HCV RNA replication (28). The F-box of FBXL2
is not required for the association with NSSA, but the
depletion of the F-box resulted in the suppression of HCV
RNA replication (28).

A subset of FBXL has been implicated in the regulation
of the circadian clock. Among the tested members including
FBXLI1, FBXL3, FBXL10 and FBXL11, only FBXL3 has
been shown to bind with the circadian photoreceptor crypto-
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Figure 1. SCF complex. E3 recruits the F-box protein through SKP1, and the
substrates captured by the F-box protein are then ubiquitinated for degra-
dation.

chromes CRY1 and CRY2, which are downstream targets
and simultaneously act as negative regulators of the CLOCK-
BMALI1 heterodimeric transcription factor (29). Together
with the results observed in FBXL 3-inactivated mice, which
exhibit a slower circadian clock, these findings indicate that
FBXL3 controls the oscillations of the circadian clock in
mammals as an ubiquitin ligase (29-31). In Drosophila, light
stimuli promote the binding of CRY to Timeless, and this
leads to the subsequent ubiquitination and degradation of
Timeless via the ubiquitin-proteasome pathway (32). The
Drosophila mutant of Jetlag, which is a human FBXL15
homolog, resulted in aberrant circadian rhythms, and Jetlag
promoted the ubiquitination of Timeless in cultured cells
(33). FBXL21 has also been shown to bind to CRY1 for
degradation (34). These findings indicate the involvement of
FBXL in the circadian clock regulation as well as cell cycle
control.

Two independent studies have reported that FBXLS5 is
uniquely involved in the iron-dependent ubiquitination and
degradation of the iron regulatory protein 2, and the degra-
dation of FBXLS itself is controlled through its N-terminal
iron-binding hemerythrin-like domain upon iron depletion
(35,36).

FBXL10 has been shown to have an additional domain
other than the C-terminal F-box and 8 LRRs, the N-terminal
JmjC, the central zinc finger and PHD domains. FBXL10
was identified as a putative tumor suppressor during the
search for tumor suppressors using insertional mutagenesis in
Blm-deficient mice (37). FBXLI10 is involved in the transcrip-
tional repression of certain genes. FBXL10 can interact with
Jun, and this enables FBXL10 to bind to the Jun promoter,
and then FBXL10 recruits transcription repressors through
the zinc finger domain. Under ultraviolet (UV) damage,
FBXL10 was down-regulated, inducing Jun expression and
leading to cell cycle progression and UV-induced apoptosis
(38). In addition, FBXL10 represses the transcription of
ribosomal RNA genes via the JmjC domain (39). Similar to
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Table I. FBXL proteins and their F-box motif.
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FBXL Chromosomal ~ Amino F-box motif

location acid

length

FBXL1 S5pl3 424 aa  GVSWDSLPDELLLGIFSCLCLPELLKVSGVCKRWYRLASDESLWQTL
FBXL2 3p22.3 423 aa  GLINKKLPKELLLRIFSFLDIVTLCRCAQISKAWNILALDGSNWQRI
FBXL3 13q22 428 aa CDWGNLLQDIILQVFKYLPLLDRAHASQVCRNWNQVFHMPDLWRCFEF
FBXL4 6q16.1 621 aa  NGYFDKLPYELIQLILNHLTLPDLCRLAQTCKLLSQHCCDPLQYIHLNLQPYWAKL
FBXL5 4p15.33 691 aa  STGITHLPPEVMLSIFSYLNPQELCRCSQVSMKWSQLTKTGSLWKHL
FBXL6 8q24.3 539aa  RRRARAAPRPRSAEDWWWDRLAPRGSGYHLLQSDSMLLVLSEPGPARPRAQRRASRRTPR
FBXL7 S5pl5.1 491 aa  QASIDRLPDHSMVQIFSFLPTNQLCRCARVCRRWYNLAWDPRLWRTI
FBXLS 16q22.1 374 aa  AEPGEGLPEEVLALIFRHLSLRDRAAAARVCRAWAAAATCSAVWHDT
FBXL9 16q22.1 223 aa  SHCSRLSDKGWAQAASSWPRLQHLNLSSCSQLIEQTLDAIGQACRQLR
FBXL10 12q24 .31 1336 aa DGAAHVMHREVWMAVFSYLSHQDLCVCMRVCRTWNRWCCDKRLWTRI
FBXLI11 11q13.1 1162aa  DESWMQREVWMSVFRYLSRRELCECMRVCKTWYKWCCDKRLWTKIDLS
FBXL12 19p13.2 326 aa  MATLVELPDSVLLEIFSYLPVRDRIRISRVCHRWKRLVDDRWLWRHV
FBXL13 7q22.1 735aa  KCDISLLPERAILQIFFYLSLKDVIICGQVNHAWMLMTQLNSLWNAI
FBXL14 12p13.33 418 aa  ETHISCLFPELLAMIFGYLDVRDKGRAAQVCTAWRDAAYHKSVWRGV
FBXL15 10g24.32 300 aa FLDLPWEDVLLPHVLNRVPLRQLLRLQRVSRAFRSLVQLHLAGLRRFD
FBXL16 16p13.3 479 aa PLATDEKILNGLFWYFSACEKCVLAQVCKAWRRVLYQPKFWAGLTP
FBXL17 5q21.3 701 aa TPDINQLPPSILLKIFSNLSLDERCLSASLVCKYWRDLCLDFQFWKQL
FBXL18 Tp22.2 718 aa GVHLLGFSDEILLHILSHVPSTDLILNVRRTCRKLAALCLDKSLIHTV
FBXL19 16pl1.2 694 aa  AGSDHPLPRAAWLRVFQHLGPRELCICMRVCRTWSRWCYDKRLWPRM
FBXL20 17q21.2 436 aa  AVINKKLPKELLLRIFSFLDVVTLCRCAQVSRAWNVLALDGSNWQRI
FBXL21 5g31 434 aa  LLDWGSLPHHVVLQIFQYLPLLDRACASSVCRRWNEVFHISDLWRKF
FBXL.22 15q22.1 241 aa  MHITQLNRECLLHLFSFLDKDSRKSLARTCSQLHDVFEDPALWSLL

Chromosomal locations and amino acid lengths are shown. The F-box motif was predicted using UniProt information.

FBXL10, FBXLI11 contains an N-terminal JmjC domain,
central zinc finger and PHD domains as well as a C-terminal
F-box and 8 LRRs. The JmjC domain of FBXL11 has been
shown to demethylase activity towards histone H3 at lysine
36, which is important for chromatin dynamics and trans-
cription (40). Collectively, FBXL proteins containing the
JmjC domain have been strongly implicated in the regulation
of transcription responsible for the proper regulation of cell
proliferation and cancer development. Among the FBXL
proteins, FBXL10 and FBXLI11 are extraordinarily large
(Table I). Based on the multiple sequence alignment executed
by ClustalW analysis using full-length and F-box motif
amino acids, it is predicted that FBXL10 and FBXL11 are
the ones most closely related to each other (Fig. 2). This
raises the possibility that amino acid comparisons could be
useful for predicting the function of uncharacterized F-box
proteins.

Two mRNAs for FBXL13 have been reported in leukemia
cell lines to have 5 and 12 LRRs, respectively (41), suggesting
possible differences in binding partners or affinities. Together
with FBXW1, FBXL14 was identified as being involved in
the ubiquitination and proteasome degradation of SNAILI, a
master regulator of the epithelial to mesenchymal transition.
This process occurs independently of phosphorylation by
GSK-38 and during hypoxia (42). We recently identified

FBXL16 as an E2F1-regulated gene (43). FBXL17 has been
shown to bind to the ribonucleotide reductase M2 (RRM?2)
subunit to promote RRM2 overexpression in the breast cancer
cell line, MCF-7 (44). Mouse FBXL20, known as Scrapper,
has been shown to be localized in a specific region of the
brain and to be essential for RIM1 degradation for synaptic
tuning (45).

3. F-box and WD40 domain-containing proteins

FBXW1 was originally identified as a human immunodefi-
ciency virus type 1 (HIV-1) Vpu interactor, and this interaction
enables CD4 degradation in the endoplasmic reticulum by
proteasome (46). FBXW1 is composed of the N-terminal F-box
and the C-terminal 7 WD40 repeats. The former binds to
SKP1 and the latter to Vpu. The phosphorylation of target
proteins is the key step for FBXW1-mediated ubiquitination
and degradation (47). The nuclear factor k-B (NF-xB) acti-
vation requires the phosphorylation of the NF-kB inhibitor
IKB-a (IKBA). FBXW1 has been shown to have a unique role
in IKBA ubiquitination and destruction in the proteasome
when IKBA is phosphorylated (48). In addition to NF-xB
signaling, FBXW1 has also been implicated in the regulation
of WNT signaling (3). The phosphorylation-dependent
ubiquitination of Claspin by SCFs containing FBXW1, is an
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Figure 2. Neighbor-joining tree of FBXL proteins. Full-length (left) and F-box motif (right) amino acids are used for multiple sequence alignment using

ClustalW analysis.

important mechanism for Claspin degradation coinciding
with the onset of mitosis and also the proper execution of
checkpoint machinery (49,50). In Drosophila, FBXW1 has
been asssociated with phosphorylated Period, a circadian
clock regulator, for ubiquitin-mediated proteolysis (51).

FBXW?2 has been shown to interact with CUL1 and SKP1
but not with CUL2 (11). FBXW4 was identified in mouse
mutant dactylaplasia lacking hands and feet by positional
cloning (52). FBXW7 was originally identified in Drosophila
as Archipelago, which interacts with cyclin E. Mutation in
Archipelago resulted in the persistent up-regulation of cyclin
E (53). Based on accumulating reports that FBXW7 mediates
the degradation of cyclin E, Notch, Jun and Myc, FBXW7
could be a tumor suppressor gene (54).

As a scaffold for F-box proteins, the diversity in CUL has
been reported. For example, CUL7 has been found to act as
an interactor of RBX1. Unlike CUL1, which binds to SKP1,
CULY7 has been associated with a complex containing SKP1
and FBXWS, but not with SKP1 alone (55). TSC2, which is
a responsible gene for tuberous sclerosis (TSC), has been
shown to be recruited by FBXWS5 to CUL4-DDBI, a large
B-propeller protein and recruiter for the WD40, -ROC1 E3
ubiquitin ligase (56). The CUL4-DDB1 ubiquitin ligases
have been associated with multiple WD40-containing proteins
and the regulation of chromatin functions, such as DNA
replication, transcription, and histone modification (57,58).
FBXWO9, 10, 11, 12 have been identified, but their involve-
ment in ubiquitin-mediated proteolysis has not yet been
reported.

4. Future perspectives

Spatial regulation of the cell cycle by the coupling of SCF
and APC/C is an important example for understanding the
complex molecular mechanisms executed by E3 ubiquitin
ligases. SCF and APC/C are responsible for the ubiquiti-
nation of regulatory protein function in the G1 to G2 phases
and mainly the M phase, respectively (59). There are 2
structural types of ubiquitin ligases: RING-finger and HECT-
domain type proteins. SCF and APC/C are characterized as
RING-finger types. The diversity of the CUL family, which
acts as a scaffold for RING-finger type proteins, should be
noted. Uniquely, SCF and APC/C are not involved in the
regulation of p53 and pRb. This raises the possibility that
SCF and APC/C could have evolved as fundamental cell
cycle regulators of the basic cell cycle machinery. However,
high-order regulation of the genome, such as the maintenance
of genome stability, which is critical for protection against
tumorigenesis, is unique to multi-cellular organisms where
additional E3 ubiquitin ligases have evolved. In conclusion,
the ubiquitin-proteasome system is considered to have evolved
simultaneously with the acquisition of high-order functions
in organisms.
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