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Abstract

Cyclin D1 is an allosteric regulator for cyclin-dependent kinases 4 and 6 (CDK4/6). The cyclin D/
CDK4 kinase promotes GI/S transition through the posttranslational modification and the
subsequent inactivation of the retinoblastoma (Rb) protein and related family members (p107 and
p130). Accumulation of cyclin DI is tightly regulated through various mechanisms including
transcription, protein localization and ubiquitin-dependent proteolysis. While regulators of cyclin
DI gene expression have been under considerable scrutiny, the identity of the protein complex
that targets cyclin DI protein for degradation, the putative E3 ubiquitin ligase, has remained
obscure. In a recent report, Lin et al [|] describe the identification and characterization of a novel
SCF, wherein FBX4 and oB-crystallin serve as specificity factors that direct ubiquitination of
phosphorylated cyclin DI. As cyclin DI overexpression in human cancer has been postulated to
occur through the loss of degradation machinery, the identification of the SCFFbx#/aB-crystallin ligase
will allow new experimental approaches that address mechanisms of cyclin DI overexpression in
human cancer.

Background SCF (Skp1/Cull/F-box protein) ligases and the anaphase-

Protein ubiquitination: quick overview

Ubiquitin is a polypeptide comprised of 76 amino acids
that can be covalently attached to substrates through an
enzymatic cascade that includes three enzymes: E1, E2
and E3. E1, the ubiquitin-activating enzyme, utilizes the
energy of ATP to activate ubiquitin and passes ubiquitin
to the ubiquitin-conjugating enzyme, E2. The E2 together
with the E3, or ubiquitin ligase, attaches ubiquitin mole-
cules to target proteins.

The E3 is the most diverse and drives substrate-specific
interactions. There are two essential E3 ligases that per-
form the ubiquitination of proteins in the cell cycle: the

promoting complex/cyclosome, or APC/C. In general,
SCF ligases regulate G1 to S-phase transitions, while the
APC/C regulates G2/M. For the SCF ligase, the F-box pro-
teins act as substrate-specific receptors while the remain-
ing components of the ligase (Skpl/Cull/Rbx1) are
common for various substrates. There are at least 70 F-box
proteins in mammals [2], which can be further classified
into three sub-groups based on their substrate recognition
motifs: FBL (Leucine-rich motifs), FBW (WD40 repeats)
and FBX (F-box only), in which the substrate-binding
motif has not been identified yet.
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Discussion

SCFFbx4loB-crystallin complex: the identity uncovered

As with most cyclins, early studies revealed that cyclin D1
is a highly labile protein and this lability is dependent
upon the ubiquitin-dependent proteolysis [3,4]. Criti-
cally, the ubiquitination and degradation of cyclin D1
required phosphorylation of a single residue, threonine-
286 (T286). In addition to regulating ubiquitin-mediated
destruction, further analysis revealed that phosphoryla-
tion of T286 was required for nuclear export of cyclin D1
during S-phase [5]. While the notion of phosphorylation-
dependent degradation might have been anticipated, the
revelation that degradation was coupled with nuclear
export provided an additional layer of control and com-
plexity. Taken together, the data imply that cyclin D1 is
regulated by a cytoplasmic SCF type ligase, given that the
SCF ligases typically target phosphorylated substrates.
While such a two-step system would ensure that cyclin D1
proteolysis is highly restricted, at the same time loss of
either event, nuclear export or phosphorylation, would
likely lead to overexpression of the cyclin D1 through the
inhibition of ubiquitination.

In order to identify the putative E3 ligase, cyclin D1 com-
plexes were affinity purified under conditions of proteas-
ome inhibition, in order to stabilize otherwise labile
interactions. Through this approach oB-crystallin was
identified as a protein that bound exclusively to the wild-
type cyclin D1 but not to non-phosphorylatable mutants.
oB-crystallin is more widely known as a member of the
small heat shock protein family, which primarily function
as molecular chaperones [6]. Of note, aB-crystallin was
previously identified as a binding partner for the F-box
only protein 4, Fbx4, where it promoted Fbx4-dependent
ubiquitination of unknown cellular substrates [7].

The identification of aB-crystallin as a proteasome and
phosphorylation-dependent binding partner for cyclin
D1 along with the putative role for aB-crystallin in the
regulation of protein ubiquitination provided sufficient
impetus for a hypothesis wherein oB-crystallin functions
in concert with Fbx4 to regulate cyclin D1 ubiquitination.
Consistent with this hypothesis, both Fbx4 and aB-crys-
tallin associated with cyclin D1 in vivo. The evidence that
both Fbx4 and oB-crystallin were required for the associa-
tion of a bona fide SCF complex with phosphorylated cyc-
lin D1 (p-D1) in vitro and in vivo strengthened the notion
that both Fbx4 and oB-crystallin functioned in substrate
recognition. Further support for such a model derives
from in vitro ubiquitination assays wherein both Fbx4 and
oB-crystallin were essential for the cyclin D1 ubiquitina-
tion. Likewise, knockdown of either Fbx4 or aB-crystallin
in cells reduced cyclin D1 ubiquitination and reduced cyc-
lin D1 proteolytic turnover resulting in accelerated cell
cycle progression. These data indicate that the SCFFbx4/oB-
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aystallin Jjgase indeed regulates cyclin D1 turnover during
cell cycle and promotes cyclin D1 degradation at the G1/
S transition.

Biochemistry of SCFFbx4l/cB-crystallin [iggse: first insights

Two aspects of the SCFbx4/oB-crystallin ]jgase make it unique
relative to a majority of the SCF ligases. The first aspect
pertains to Fbx4 itself; because Fbx4 lacks recognizable
protein-protein interaction motifs in its C-terminus, it is
unclear how it recognizes phosphorylated cyclin D1. This
characteristic likely contributes to the second unique
aspect of this ligase, that SCFPx4/oB-crystallin jg only the sec-
ond ligase wherein substrate recognition requires a co-fac-
tor in addition to the F-box component. The other
example is Skp2, which requires Cks1 for efficient recog-
nition and ubiquitination of p27Kirl, Here, Cks1l binds
specifically to the threonine-187 phosphorylated
p27Kirland subsequently recruits Skp2 as well as core SCF
components [8]. Cks1 itself binds the C-terminus of Skp2
and induces structural changes in the distant N-terminal
region of Skp2 which in turn contribute to substrate bind-
ing [9]. With respect to the substrate, Cks1 binds directly
to Thr-187 phosphorylated p27Xirt [10]. These two events
bring p-p27Xirland SCF complex together and result in the
productive ubiquitination. The discovery of two ligases,
SCPFSkp2/Clks1 and SCFtbx4/aB-aystallin emphasizes the role of
the new regulatory element in the functionality of SCF
ligases. Thus, the activity of SCF complexes is regulated
not only at the level of the substrate phosphorylation, but
also involves novel accessory factors which fine-tune SCF
activities.

How does Fbx4 and aB-crystallin cooperate to target
phosphorylated cyclin D1? One can imagine three distinct
scenarios. In the first aB-crystallin binds directly to phos-
pho-Thr-286 and thereby serves as a bridge between cyclin
D1 and Fbx4 (Figure 1A). A second possibility is that Fbx4
and oB-crystallin both participate in the binding and rec-
ognition of phosphorylated cyclin D1. In this model, aB-
crystallin and Fbx4 cooperatively bind p-D1 (Figure 1B).
Such a model is analogous to Skp2/Cks1 recognition of p-
p27. Structural analysis of the latter complex revealed that
Cks1 provides a majority of the physical contacts with p-
27, with Skp2 providing minor additional physical con-
tacts [10]. Finally, in a third scenario, aB-crystallin bind-
ing might enforce a conformation change to Fbx4 that
then permits the recognition of phosphorylated cyclin D1
(Figure 1C). Existing biochemical evidence cannot rule
out any of the proposed models and additional experi-
ments are needed to establish the mechanism by which
SCFtbx4/aB-crystallin [jgage recognizes cyclin D1.

In addition to cyclin D1, recent work has also identified
Pin2/TRF1 as a substrate for Fbx4-dependent ubiquitina-
tion [11]. Pin2/TRF1 is a telomere-binding protein that
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Figure |
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Possible roles of aB-crystallin in SCFFbx4.Cyclin DI complex assembly. A. oB-crystallin serves as a bridge between
SCFFox4 and Cyclin DI. B. oB-crystallin and Fbx 4 cooperatively bind Cyclin D 1. C. The binding of aB-crystallin induces confor-
mational change in Fbx4 that provides the structural basis for the complex formation.

negatively regulates telomere length [12]. Pin2/TRF1 lev-
els are downregulated in various tumors and its ubiquitin
ligase is proposed to play a role in the deregulation of its
expression. Interestingly, the binding and ubiquitination
of Pin2/TRF1 occurs independently of oB-crystallin and
Pin2/TRF1 phosphorylation status. These results raise
intriguing issues such as, if aB-crystallin is not utilized for
Pin2/TRF1 recognition, is there a yet unidentified co-fac-
tor for recognition of Pin2/TRF1? If not, does Fbx4
directly bind a subset of substrates in a phosphorylation-
independent manner? Finally, Fbx4 apparently undergoes
alternative splicing resulting in an Fbx4 isoform with a
truncated C-terminus [13] (discussed later). One might
expect such an event to directly impact substrate selectiv-
ity. The identification of the additional SCFbx4 targets
should provide insight with regard to the precise function
of co-factors, such as aB-crystallin, that function coopera-

tively with the SCF®*4 complex to direct substrate recogni-
tion.

Cyclin DI overexpression in cancer: does SCFFbx4/aB-crystallin
play a role?

An important issue raised in this new work is whether an
altered functionality of cyclin D1 ubiquitin ligase can lead
to increased cyclin D1 expression and ultimately to the
tumorigenesis. Cyclin D1 overexpression occurs fre-
quently in human cancers, including lymphomas, breast
and esophageal carcinomas [14,15]. Gene amplification is
responsible for only 15% of cases of cyclin D1 overexpres-
sion in breast cancer [16]. Numerous studies have sug-
gested that defective cyclin D1 proteolysis may contribute
to its overexpression and thereby contribute to neoplastic
growth in the remaining cases [14,17,18]. In support of
this notion, aB-crystallin expression is lost in several
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breast cancer cell lines and this loss correlates with
decreased cyclin D1 proteolysis [19,20]. In MCF7, BT474
and MDA-MB-231 aB-crystallin is undetectable and loss
of aB-crystallin correlates with decreased cyclin D1 prote-
olysis. Expression of oB-crystallin and Fbx4 were also
assessed in primary esophageal cancers where cyclin D1 is
known be overexpressed in nearly 40% of cases [21].
Strikingly, approximately 20% of esophageal carcinomas
exhibited loss of either aB crystallin or Fbx4 as deter-
mined by immunohistochemistry. Additional screens and
in vivo models are needed to establish the role of this
ligase in cyclin D1 overexpression in tumors.

Deregulation of SCF components in cancer is not
restricted to Fbx4. Skp2 overexpression is detected in a
variety of cancer cell lines, as well as human tumors, such
as breast [22], prostate [23] and esophageal carcinomas
[24]. Increased Skp2 levels in these tumors often correlate
with the decrease in p27Xir! [evels. Another F-box protein,
Fbw7, targets cyclin E, Notch, c-Myc and c-Jun for protea-
some-dependent protein degradation and subsequently
the loss of Fbw7 contributes to tumorigenesis [25].

Regulation of F-box proteins through alternative splicing
Recent studies have revealed an additional layer of regula-
tion of the SCF ligases wherein certain F-box proteins are
subject to alternative splicing. Skp2 is one such F-box pro-
tein. Alternative splicing creates a C-terminally truncated
isoform, Skp2B. The two respective isoforms localize to
different cellular compartments: Skp2B resides in the
cytoplasm and Skp2 in the nucleus [26]. Structural studies
revealed that unstructured C-terminus of Skp2 directly
participates in the binding to Cks1 [10] and therefore, it is
likely that Skp2B is defective in Cks1 binding. It is of inter-
est to note that the two isoforms of Skp2 are differentially
expressed in breast cancer [26] perhaps suggesting selec-
tion for specific Skp2 activities. In addition to Skp2, Fbw7
has three alternative splice isoforms that utilize distinct
first exons and differ in their extreme N-termini [27].
Intriguingly, N-terminus of Fbw7 promotes homo- or het-
erodimerization and N-terminal mutants of Fbw7 are
defective in cyclin E turnover.

Analogous to Skp2 and Fbw7, Fbx4 is also subject to alter-
native splicing that gives rise to two isoforms, with iso-
form 2 being the C-terminal truncation of isoform 1. The
significance of the two isoforms in the regulation of sub-
strate ubiquitination is unclear. One might suggest that
two isoforms localize to different cellular compartments
where they orchestrate the turnover of target proteins.
Phosphorylation of cyclin D1 at T286 triggers CRM1-
dependent nuclear export of protein to the cytoplasm,
where its recognized and degraded by SCFtbx4/aB-crystallin
ligase. It is not surprising that Fbx4 localizes to the cyto-
plasm, however the study did not rule out the possibility
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that the small fraction of Fbx4/oB-crystallin undergoes
nucleocytoplasmic trafficking. In the present study,
immunofluorescence localization experiments were per-
formed using two Fbx4 antibodies generated against
either N- or C-terminus of the protein and therefore
addressed the localization of both isoforms. In contrast,
another Fbx4 target, Pin2/TRF1 protein, is localized in the
nucleus where its levels drop at the G1/S boundary [28].
Fbx4 has been suggested to regulate the pool of Pin2/
TRF1that has been released from telomeres and therefore
that still might represent a cytoplasmic event. Addition-
ally, phosphorylation of aB-crystallin has been shown to
induce the accumulation of Fbx4 in nuclear speckles[29].
Further investigation of the role of C-terminus of Fbx4 in
the functionality of the ligase, substrate recognition as
well as Fbx4 localization will help to establish the signifi-
cance of two isoforms in the regulation of degradation of
substrates.

Concluding remarks

The identification of the SCFtbx4/oB-crystallin Jjgase sheds
new light on the regulation of cyclin D1 accumulation
and will permit a better analysis of the mechanisms that
contribute to cyclin D1 overexpression in cancer. Based
on the current evidence it is tempting to hypothesize that
an attenuation of the ligase function will lead to cyclin D1
overexpression, increased proliferation and, possibly,
tumorigenesis. The development of in vivo models that
target SCF'bx4/aB-crystallin activity, together with screening of
human tumors for loss of expression/mutations of either
Fbx4 or aB-crystallin are needed to critically address
whether the loss of SCFrbx4/aB-crystallin Jjgase function is
indeed an oncogenic event.

Competing interests
The authors declare that they have no competing interests.

Authors' contributions

Each of the authors contributed to the preparation of this
commentary with ideas and discussion and were involved
in the experiments reported in the reviewed paper upon
which this commentary is based.

Acknowledgements

This work was supported by grants (CA93237 and CAI11360) from the
National Institute of Health and a Leukemia Lymphoma Scholar award
(AD)

References

l. Lin DI, Barbash O, Kumar KG, Weber |D, Harper JW, Klein-Szanto
AJ, Rustgi A, Fuchs SY, Diehl JA: Phosphorylation-dependent
ubiquitination of cyclin DI by the SCF(FBX4-alphaB crystal-
lin) complex. Mol Cell 2006, 24(3):355-366.

2. Nakayama KI, Nakayama K: Regulation of the cell cycle by SCF-
type ubiquitin ligases. Semin Cell Dev Biol 2005, 16(3):323-333.

3. Matsushime H, Roussel MF, Ashmun RA, Sherr CJ: Colony-stimu-
lating factor | regulates novel cyclins during the G1 phase of
the cell cycle. Cell 1991, 65(4):701-713.

Page 4 of 5

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17081987
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17081987
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17081987
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15840441
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15840441
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1827757
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1827757
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1827757

Cell Division 2007, 2:2

13.
14.

20.

21.

22.

23.

24.

25.

Diehl JA, Zindy F, Sherr CJ: Inhibition of cyclin DI phosphoryla-
tion on threonine-286 prevents its rapid degradation via the
ubiquitin-proteasome pathway. Genes Dev 1997, 11(8):957-972.
Diehl JA, Sherr CJ: A dominant-negative cyclin DI mutant pre-
vents nuclear import of cyclin-dependent kinase 4 (CDK4)
and its phosphorylation by CDK-activating kinase. Mol Cell Biol
1997, 17(12):7362-7374.

Vayssier M, Polla BS: Heat shock proteins chaperoning life and
death. Cell Stress Chaperones 1998, 3(4):221-227.

den Engelsman J, Keijsers V, de Jong WW, Boelens WC: The small
heat-shock protein alpha B-crystallin promotes FBX4-
dependent ubiquitination. | Biol Chem 2003, 278(7):4699-4704.
Ganoth D, Bornstein G, Ko TK, Larsen B, Tyers M, Pagano M, Her-
shko A: The cell-cycle regulatory protein Cksl is required for
SCF(Skp2)-mediated ubiquitinylation of p27. Nat Cell Biol
2001, 3(3):321-324.

Yao ZP, Zhou M, Kelly SE, Seeliger MA, Robinson CV, ltzhaki LS:
Activation of ubiquitin ligase SCF(Skp2) by Cksl: insights
from hydrogen exchange mass spectrometry. | Mol Biol 2006,
363(3):673-686.

Hao B, Zheng N, Schulman BA, Wu G, Miller ]}, Pagano M, Pavletich
NP: Structural basis of the Cksl-dependent recognition of
p27(Kipl) by the SCF(Skp2) ubiquitin ligase. Mol Cell 2005,
20(1):9-19.

Lee TH, Perrem K, Harper JW, Lu KP, Zhou XZ: The F-box pro-
tein FBX4 targets PIN2/TRFI for ubiquitin-mediated degra-
dation and regulates telomere maintenance. | Biol Chem 2006,
281(2):759-768.

Bianchi A, Smith S, Chong L, Elias P, de Lange T: TRFI is a dimer
and bends telomeric DNA. Embo | 1997, 16(7):1785-1794.
NCBI: GeneBank database. .

Russell A TMA Hendley ], Trute L, Armes ], Germain D.: Cyclin D1
and D3 associate with the SCF complex and are coordinately
elevated in breast cancer. Oncogene 1999, 18(11):1983-1991.
Dreyling MH, Bullinger L, Ott G, Stilgenbauer S, Muller-Hermelink
HK, Bentz M, Hiddemann W, Dohner H: Alterations of the cyclin
DI1/pl16-pRB pathway in mantle cell lymphoma. Cancer Res
1997, 57(20):4608-46 1 4.

Lammie GA, Peters G: Chromosome |1ql3 abnormalities in
human cancer. Cancer Cells 1991, 3(11):413-420.

Alao JP, Stavropoulou AV, Lam EW, Coombes RC, Vigushin DM: His-
tone deacetylase inhibitor, trichostatin A induces ubiquitin-
dependent cyclin DI degradation in MCF-7 breast cancer
cells. Mol Cancer 2006, 5:8.

Huang JW, Shiau CW, Yang ], Wang DS, Chiu HC, Chen CY, Chen
CS: Development of small-molecule cyclin Dl-ablative
agents. | Med Chem 2006, 49(15):4684-4689.

Perng MD, Wen SF, van den |JP, Prescott AR, Quinlan RA: Desmin
aggregate formation by R120G alphaB-crystallin is caused by
altered filament interactions and is dependent upon network
status in cells. Mol Biol Cell 2004, 15(5):2335-2346.
Chelouche-Lev D, Kluger HM, Berger AJ, Rimm DL, Price JE: alphaB-
crystallin as a marker of lymph node involvement in breast
carcinoma. Cancer 2004, 100(12):2543-2548.

Shiraki M, Odajima T, lkeda T, Sasaki A, Satoh M, Yamaguchi A,
Noguchi M, Nagai |, Hiratsuka H: Combined expression of p53,
cyclin DI and epidermal growth factor receptor improves
estimation of prognosis in curatively resected oral cancer.
Maod Pathol 2005, 18(11):1482-1489.

Signoretti S, Di Marcotullio L, Richardson A, Ramaswamy S, Isaac B,
Rue M, Monti F, Loda M, Pagano M: Oncogenic role of the ubiq-
uitin ligase subunit Skp2 in human breast cancer. | Clin Invest
2002, 110(5):633-641.

Yang G, Ayala G, De Marzo A, Tian W, Frolov A, Wheeler TM,
Thompson TC, Harper JW: Elevated Skp2 protein expression in
human prostate cancer: association with loss of the cyclin-
dependent kinase inhibitor p27 and PTEN and with reduced
recurrence-free survival. Clin Cancer Res 2002, 8(11):3419-3426.
Fukuchi M, Masuda N, Nakajima M, Fukai Y, Miyazaki T, Kato H,
Kuwano H: Inverse correlation between expression levels of
P27 and the ubiquitin ligase subunit Skp2 in early esophageal
squamous cell carcinoma. Anticancer Res 2004, 24(2B):777-783.
Minella AC, Clurman BE: Mechanisms of tumor suppression by
the SCF(Fbw7). Cell Cycle 2005, 4(10):1356-1359.

26.

27.

28.

29.

http://www.celldiv.com/content/2/1/2

Radke S, Pirkmaier A, Germain D: Differential expression of the
F-box proteins Skp2 and Skp2B in breast cancer. Oncogene
2005, 24(21):3448-3458.

Zhang W, Koepp DM: Fbw7 isoform interaction contributes to
cyclin e proteolysis. Mol Cancer Res 2006, 4(12):935-943.

Lan JP, La XY, Zhu YY, Sun, LiJY, Yu ], Tan YM, Shi JM, Lin MF, Huang
H: [Localization of human telomere repeat binding factor |
in telomerase-positive and-negative cells and its expression
during cell cycle]. Zhejiang Da Xue Xue Bao Yi Xue Ban 2004,
33(6):475-80, 495.

den Engelsman J, Bennink EJ, Doerwald L, Onnekink C, Wunderink L,
Andley UP, Kato K, de Jong WW, Boelens WC: Mimicking phos-
phorylation of the small heat-shock protein alphaB-crystallin
recruits the F-box protein FBX4 to nuclear SC35 speckles.
Eur | Biochem 2004, 271(21):4195-4203.

disseminating the results of biomedical research in our lifetime."

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Publish with BioMed Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for

Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and publishedimmediately upon acceptance
« cited in PubMed and archived on PubMed Central

O BioMedcentral

« yours — you keep the copyright

Page 5 of 5

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9136925
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9136925
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9136925
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9372967
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9372967
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9372967
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9880234
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9880234
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12468532
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12468532
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12468532
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11231585
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11231585
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16979657
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16979657
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16979657
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16209941
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16209941
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16275645
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16275645
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16275645
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9130722
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9130722
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10208420
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10208420
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10208420
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9377576
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9377576
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1760243
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1760243
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16504004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16504004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16504004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16854074
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16854074
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15004226
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15004226
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15004226
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15197794
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15197794
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15197794
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16007067
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16007067
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12208864
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12208864
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12429629
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12429629
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12429629
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15161026
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15161026
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15161026
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16131838
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16131838
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15782142
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15782142
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17189384
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17189384
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15586401
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15586401
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15586401
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15511225
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15511225
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Protein ubiquitination: quick overview

	Discussion
	SCFFbx4/aB-crystallin complex: the identity uncovered
	Biochemistry of SCFFbx4/aB-crystallin ligase: first insights
	Cyclin D1 overexpression in cancer: does SCFFbx4/aB-crystallin  play a role?
	Regulation of F-box proteins through alternative splicing

	Concluding remarks
	Competing interests
	Authors' contributions
	Acknowledgements
	References

