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Wnt-induced proteolytic targeting
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Misregulation of the Wnt pathway is a common route to
cancer, including primary breast cancers. In this issue of
Genes & Development, Miranda-Carboni and colleagues
(pp. 3121-3134) demonstrate that the cyclin-dependent
kinase inhibitor p27%i! is ubiquitylated for proteasomal
degradation in Wnt10b-induced mammary tumors ex-
clusively by the Cul4A E3 ligase, which is strongly
induced by Wnt signaling. The discovery of a new Wnt-
induced proteolytic targeting system has important im-
plications for the mechanism of Wnt-initiated tumori-
genesis.

Wnt signaling, which is notoriously deregulated in colon
cancer, has been implicated in breast cancer since the
1980s, when Wntl was first recognized as a mammary
oncogene in studies of mouse mammary tumor virus
(MMTV)-infected mice (Nusse and Varmus 1982; Tsuka-
moto et al. 1988). The Wnts are a large family of extra-
cellular signaling molecules with partially redundant
functions, and mouse mammary tumors also arise from
insertional activation of other Wnt genes, including
Wnt3 or Wnt10b (Lane and Leder 1997; Howe and Brown
2004). Wntl10b-induced mouse mammary tumors are
phenotypically diverse and express a variety of stem cell
markers, similar to human basal-like breast carcinomas,
and are thought to originate from stem/progenitor cells
in the mammary gland.

An interesting new study by Miranda-Carboni et al.
(2008) reports that the cyclin-dependent kinase inhibitor
p27%P! (p27) is down-regulated in Wnt10b-induced
mouse mammary tumors. Nuclear p27 is a potent tumor
suppressor that arrests the cell cycle at a checkpoint for
entry into S phase, and loss of p27 is commonly observed
in human cancers (Chu et al. 2008). Whereas tumor sup-
pressors are often silenced epigenetically or mutated in
cancer, p27 is instead often regulated at the level of
nuclear export or protein turnover. In some cancers, and
during S-phase progression in normal cells, p27 is polyu-
biquitylated by the SCFS<P2 E3 ligase for proteolytic de-
struction through the proteasome. Interestingly, Mi-
randa-Carboni et al. (2008) found that Skp2 levels are low
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in primary Wnt10b mammary tumors and that a phos-
phorylation-defective mutant p27 protein (T187A),
which cannot bind SCF5%P?, is readily degraded in Wnt
signaling cells. Further characterization of these tumors,
described below, revealed that Wnt signaling induces the
expression and activity of the Cul4 E3 ligase, which
targets p27 for destruction during S phase (Fig. 1).
Cul4:Ddbl is a nuclear and chromatin-targeted E3 ligase
that regulates genome integrity, cell cycle progression,
DNA replication, and the cellular response to DNA dam-
age, global histone methylation (H3K4mel,3, H3K9me3,
and H3K27me3), as well as protein translation through
the mammalian target of rapamycin (mTOR) pathway
(Higa and Zhang 2007; O’Connell and Harper 2007).
Consequently, the observation that Wnt signaling acti-
vates the Cul4A E3 ligase has broad implications for the
mechanism of Wnt-induced cell transformation.

Wnt signaling in breast cancer

The canonical Wnt signaling pathway controls progeni-
tor cell proliferation and cell fate decisions during devel-
opment (Grigoryan et al. 2008; Huang and He 2008) and
is required for maintenance of embryonic, adult and can-
cer stem cells (Reya et al. 2004; Reya and Clevers 2005;
Blanpain et al. 2007; Barker et al. 2008). The Wnt path-
way is also deregulated and constitutively active in vari-
ous cancers, including colon cancer, melanoma, and he-
patocellular and non-small-cell lung cancers. Canonical
Wnt signaling stabilizes the transcriptional coactivator,
B-catenin, which forms heterodimers with LEF-1/TCF
DNA-binding proteins to activate Wnt target genes. The
primary molecular target of Wnt signaling is the
B-catenin “destruction complex,” which contains the
GSK3p protein kinase, the adenomatous polyposis coli
(APC) tumor suppressor, and Axin, a scaffolding protein
(McCartney and Nithke 2008). In nonsignaling cells, B-
catenin is phosphorylated by CKla and GSK3, and ubig-
uitylated by the B-TrCP E3 ligase for proteolytic degra-
dation. The B-catenin destruction complex is tempo-
rarily disabled in Wnt signaling cells due to the
activation of Dishevelled, a regulatory protein that in-
hibits GSK3p phosphorylation of cytoplasmic B-catenin,
and stimulates GSK3B phosphorylation of the Friz-
zled:Lrp5/6 receptor complex at the membrane. Most co-
lorectal cancers express a truncated form of the APC
tumor suppressor that is unable to participate in the de-
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Figure 1. Wnt-induced Cul4A:Ddbl E3 ubiquitin li-
gase exclusively targets p27%®! for proteolysis in Wnt-
dependent tumors. Cul4A engages an E1 activating en-
zyme, which transfers ubiquitin transfer to an E2 con-
jugating enzyme. The ubiquitin on E2 is transferred by
the Cul4 E3 ligase to the substrate, p27%¥®!, a tumor
suppressor that blocks entry into the S phase of the cell
cycle. The adaptor protein Ddbl binds various DWD-
containing WD40 proteins, which function as substrate

receptors. Miranda-Carboni et al. (2008) show that Wnt
signaling

Cul4 is directly regulated by Wnt signals and targets
p27%P! for ubiquitylation-proteolysis in Wnt10b-in-
duced mouse mammary tumors, promoting cell cycle
progression. The identity of the WD40 substrate receptor
that links Cul4:Ddbl to p27%P! is currently unknown.

struction complex, or a mutated form of B-catenin that
cannot be phosphorylated by GSK3p, either of which is
sufficient to permanently activate Wnt target genes.

Although APC mutations are rare in breast cancer,
many primary mammary tumors, including basal/stem
cell-like carcinomas, contain high levels of nuclear -
catenin and constitutively express Wnt target genes.
Wnt signaling enhances the proliferation and self-re-
newal of mammary progenitor cells, and chronic stimu-
lation of the pathway increases the stem cell population
that gives rise to mammary tumors (Lindvall et al. 2007).
Basal carcinomas are a heterogeneous collection of inva-
sive breast cancers that constitute 10%-15% of human
breast cancers, most of which are classified as “triple-
negative” based upon the absence (or very low expres-
sion) of estrogen, progesterone, and HER2/Neu (ErbB2)
receptors. These cancers appear to originate from Wnt-
stimulated mammary progenitor cells within the stem
cell niche and generally express high levels of EGFR,
c-Myc, CycD1, as well as various stem cell markers and
markers of mammary epithelial and myoepithelial cells.
In breast and colon cancer, loss of p27 is associated with
resistance to chemotherapy, increased metastasis, and a
relatively poor prognosis.

Regulated destruction of the p27*i?* tumor suppressor
in Wnt signaling cells

In the current study, Miranda-Carboni et al. (2008) ex-
amined mammary tumors from MMTV-Wnt10b trans-
genic mice by immunohistochemical staining and ex-
pression profiling, and found that these tumors express
high levels of nuclear B-catenin and CycD1, but low lev-
els of p27 and Skp2. In contrast, p27 levels were not
significantly reduced in mouse mammary tumors de-
rived from MMTV-ErbB2/Her2 transgenic mice. Down-
regulation of p27 could also be initiated by Wnt signaling
in MEF cells isolated from Skp2~/~-null mice, and in
mouse or human cells expressing variants of p27 that
lack the Skp2-binding site. SCF®<2.independent p27
turnover was observed both in primary mammary tumor
tissues, as well as in cultured cells lines (293T and MCF-
7) stimulated with LiCl, a Wnt mimetic. Microarray data
pointed to Cul4A and Cul4B as candidates for the Wnt-
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induced p27-specific E3 ligase, and follow-up studies
showed that siRNA-mediated depletion of Cul4A
blocked p27 turnover in vivo and delayed progression of
the mammary epithelial cells through S phase. In addi-
tion, dominant-negative Cul4 proteins effectively stabi-
lized p27 throughout S phase in Wnt signaling MCEF-7
cells. Chromatin immunoprecipitation experiments fur-
ther revealed that B-catenin and LEF/TCF are recruited
to the Cul4A promoter in Wnt signaling cells, raising the
possibility that Cul4A is a direct Wnt target gene. These
findings support and significantly extend earlier reports
that p27 is a physiological substrate for Cul4A:Ddbl,
both in flies and mammals (Bondar et al. 2006; Cang et
al. 2006; Higa et al. 2006). More broadly, these data iden-
tify Cul4A:Ddb1 as the primary E3 ligase responsible for
p27 destruction in basal breast carcinomas and in Wnt
signaling mammary epithelial cells (Fig. 1) and establish
that Cul4:Ddb1 ubiquitin ligase activity is strongly up-
regulated during S phase in Wnt signaling cells.

Enhanced turnover of p27 has also been observed pre-
viously in gastrointestinal tumors that develop in APC
mutant Min/+ mice, which constitutively activate the
Wnt/B-catenin pathway, and loss of p27 is associated
with tumor progression (Philipp-Staheli et al. 2002). In
contrast, p27 levels are not affected in colorectal tumors
of Smad3 mutant mice, which do not activate Wnt sig-
naling, and germline deletion of p27 in these mice does
not affect tumor initiation or progression. Moreover, ex-
pression of a p27 mutant (T187A) that blocks ubiquityla-
tion by Cull, but not Cul4A, in mouse tumor models for
lung or colon cancer did not significantly affect tumor
incidence or survival, indicating that SCFSP? is not the
predominant regulator of p27 turnover in these tumors
(Timmerbeul et al. 2006). Thus it will be interesting to
learn whether Cul4:Ddb1 regulates p27 stability in colon
and other Wnt-initiated cancers, and whether induction
of Cul4A and Cul4B is a conserved feature of all Wnt
signaling cells.

What is Cul4:Ddb1?

Cul4A and Cul4B belong to a large family of cullin-type
E3 ubiquitin ligases, two of which (Cull and Cul3) target
B-catenin and Dishevelled (Angers et al. 2006) for de-



struction, respectively, and thus function, at least in
part, antagonistically to the Wnt pathway. The Cul4 pro-
teins use an adaptor protein, Ddbl (UV damage-specific
DNA-binding protein 1), which associates with a diverse
group of WD40 proteins that contain a 16-amino-acid
motif called the DWD box (Ddb1 binding and WD40 re-
peat) (Higa and Zhang 2007). The large DWD class of
WD40 proteins (>100 in humans) are substrate selectiv-
ity receptors that use their distinctive WD40 domains to
recruit proteins that are destined for ubiquitylation-de-
struction by Cul4A, although on occasion the WD40 pro-
tein itself is targeted for degradation (He et al. 2006; Lee
and Zhou 2007).

One well-characterized target of the Cul4:Ddbl com-
plex is the Ddb2 WD40 protein, which promotes polyu-
biquitylation of the nucleotide excision repair protein
Xeroderma pigmentosum group C (XPC) to regulate glob-
al genome repair. The Cul4A:Ddb1:Ddb2 complex also
controls the turnover of the chromatin-bound DNA rep-
lication licensing factor, Cdtl, which is maintained at
low levels to prevent DNA rereplication. Another sub-
strate is the Cockayne’s syndrome B (CSB) protein on
stalled RNA Polymerase II complexes, which connects
to Cul4:Ddbl through the Cockayne’s syndrome A
(CSA) WD40 protein, and regulates transcription-
coupled repair.

The Cul4A:Ddb1:Ddb2 complex also monoubiquiti-
nates core histones in response to UV-induced DNA
damage, and ubiquitylation of histones H3 and H4 pro-
motes XPC-mediated repair of damaged DNA (Dai and
Wang 2006; Wang et al. 2006). Other WD40 proteins
known to interact with Cul4A:Ddb1 include the WDR5
and RBBP5 subunits of the MLL-1 (mixed lineage leuke-
mia)/Setd]l complex, which mediates H3K4me3, an epi-
genetic mark of gene activation (Higa et al. 2006). Inter-
estingly, siRNA-mediated knockdown of Cul4A or
Ddb1, like WDRS5, significantly reduces global levels of
mono- and trimethylated H3K4 in HeLa cells. Cul4A
also associates with EED/ESC, a WD40 subunit of the
EZH2 (Enhancer of Zeste homolog 2) histone methyl-
transferase complex to promote H3K9me3 and
H3K27me3, and affects the formation and spread of het-
erochromatin in vivo (Jia et al. 2005). It would be inter-
esting to learn whether activation of Cul4A in Wnt-in-
duced mammary tumors, or in colon cancer cells where
the Wnt pathway is permanently induced, is accompa-
nied by sustained global changes in histone methylation
that might contribute to cell transformation.

Does Cul4A:Ddb1 target other proteins in Wnt
signaling cells?

The effect of Cul4A on histone methylation, particularly
H3K4me3, also raises the question of whether this E3
ligase might influence Wnt/B-catenin transcription. In-
deed, B-catenin physically associates with the MLL-1/
Setd]l complex and stimulates H3K4me3 at the c-Myc
gene in vivo (Sierra et al. 2006), and the B-catenin coac-
tivator, Pygopus, is a PHD finger protein that binds di-
rectly to H3K4me2,3 (Fiedler et al. 2008). Previous stud-
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ies have also shown that Cul4A:Ddbl1 interacts directly
with TLE-1/Groucho (Higa et al. 2006}, a WD40 repeat
protein that represses Wnt target gene transcription in
nonsignaling cells through binding to LEF-1/TCF pro-
teins in the corepressor complex. Thus long-term expres-
sion of active Cul4A could lead to the ubiquitylation
destruction of TLE1-bound LEF-1/TCF or associated co-
repressors in Wnt-expressing tumors and constitutively
derepress Wnt target genes.

TBL1 and TBLR1 are WD40-F-box repeat proteins re-
lated to TLE-1/Groucho and contain the DWD motif
that mediates binding to Cul4A:Ddbl (He et al. 2006).
These proteins function at nuclear receptor-regulated
genes to mediate the ubiquitin-conjugating/19S protea-
some-dependent exchange of coactivator and corepressor
complexes at target promoters (Perissi et al. 2004). A
recent study found that TBL1 and TBLRI1 are recruited to
Wnt target genes and promote transcription by stabiliz-
ing the binding of the B-catenin:LEF-1/TCF complex to
chromatin (Li and Wang 2008). Thus the Cul4A:Ddbl
ubiquitin ligase might in principle target proteins asso-
ciated with the TBL1:TBLR1 WD40 proteins and block
coregulator exchange. In this respect, it is interesting to
note that the APC tumor suppressor, which, like TBL1
and TBLR1, has also been implicated in the cyclic ex-
change of coregulator complexes at Wnt target genes in
vivo (Sierra et al. 2006).

Both Cul4:Ddb1 and Wnt signaling affect the mTOR
pathway

The Wnt signaling pathway not only affects gene tran-
scription through B-catenin but also controls protein
translation through activation of the mTOR signaling
pathway (Inoki et al. 2006). mTOR signaling is regulated
by the tuberous-sclerosis TSC1/2 complex, a potent tu-
mor suppressor that inhibits translation through the
mTOR complex proteins (for review, see Huang and
Manning 2008). Previous work has shown that TSC2 ac-
tivity requires phosphorylation by GSK3p and the AMP-
activated protein kinase, AMPK (Inoki et al. 2006). Inhi-
bition of GSK3p activity in Wnt signaling cells blocks
TSC2 phosphorylation and greatly reduces its activity,
which induces mTOR, a master regulator of cell growth
and cell size that controls translation 10%-15% of cel-
lular genes. Activated mTOR is a critical mediator of
Wnt-induced cell growth, and inhibition of mTOR by
rapamycin blocks the formation of Wnt-induced tumors
in vivo. Wnt induction of mTOR requires GSK3, Axin,
and APC but is independent of B-catenin and does not
require ongoing transcription (Inoki et al. 2006). Inter-
estingly, GSK3-mediated phosphorylation of TSC2 may
take place within the B-catenin destruction complex.
Physical interaction studies show that TSC2 associates
with GSK3 and Axin in nonsignaling cells and then
switches to associate with Dishevelled in Wnt signaling
cells (Mak et al. 2005). In this model, disruption of the
destruction complex and inhibition of GSK3 in TSC-re-
lated tissues inactivates TSC2 and enables mTOR sig-
naling.
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Several studies have suggested a role for Cul4A in
mTOR signaling. mTOR signaling requires the 26S pro-
teasome, and Cul4 interacts with the mTOR complex
subunit Raptor (Ghosh et al. 2008). Moreover, binding of
Cul4A to the FBW5 WD40 protein ubiquitylates TSC2
for destruction, thereby inducing mTOR signaling (Hu et
al. 2008). Thus, in principle, Wnt-induced Cul4 activity
in tumors might eventually degrade the TSC2 tumor
suppressor and permanently up-regulate the mTOR
pathway. Additional studies have shown that the
TSC1/2 proteins negatively regulate steady-state levels
of B-catenin, consistent with their association with
GSK3p and Axin within the B-catenin destruction com-
plex (Mak et al. 2003), and induces Wnt signaling in tu-
berous sclerosis (Mak et al. 2005). Although entirely
speculative, these published data raise the possibility
that Cul4:Ddb1 could play a direct role in Wnt signaling
by changing B-catenin levels, chromatin structure and
transcription, or mTOR-dependent translation of growth
control genes.

In this respect, it should be noted that although Cul4A
and Cul4B mRNA levels are clearly elevated in Wnt10b-
induced tumors, it is not clear that this is the sole
mechanism responsible for the observed increase in
Cul4:Ddb1 activity in Wnt signaling cells. For example,
it is not known whether ongoing transcription and B-
catenin are required for the Wnt-induced degradation of
p27, nor is it known whether dominant-negative LEF/
TCF proteins would block p27 degradation. As an aside,
the presence of B-catenin and LEF/TCF at the Cul4A
gene promoter does not fully qualify Cul4A as a direct
Wnt target gene, because it is not clear that this bind-
ing site is a regulatory element for Cul4A transcrip-
tion. Thus these data do not exclude the possibility that,
in addition to increasing transcription of the Cul4A
gene, Wnt signaling might also directly up-regulate
Cul4A:Ddb1 E3 ligase activity in vivo. Cul4A is known
to be activated by post-translational neddylation, and its
ligase activity can be inactivated by a deneddylase sub-
unit present in the COP9 signalosome. This issue is of
particular interest because direct changes in the neddyla-
tion state or activity of Cul4A could allow it to act as an
“immediate responder” to transient Wnt signaling, in
addition to its transcriptional up-regulation in constitu-
tive Wnt-expressing tumors.

Perspectives

The study of Mirandi-Carboni et al. (2008) firmly estab-
lishes Cul4A as the E3 ligase responsible for the destruc-
tion of p27 in Wnt10b-induced mammary tumors in vivo
and in Wnt signaling mammary tissues and cells and,
most importantly, identifies Cul4:Ddbl as a Wnt-in-
duced ubiquitin ligase. Based on these findings, the in-
vestigators propose that inhibitors of Cul4A ligase activ-
ity could be useful therapeutics for the relatively large
subgroup of human breast cancers that express low lev-
els of both p27 and Skp2. However, the cellular context
of p27 regulation is also likely to be an important con-
sideration for therapeutic approaches. For example, inhi-
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bition of GSK3 and induction of Wnt/B-catenin signaling
was shown recently to stabilize p27%P! protein levels
and block MLL oncogene-dependent proliferation and
transformation in human MLL leukemia cells (Wang et
al. 2008), in contrast to the destabilization of p27 ob-
served in breast and colorectal cells.

The study by Miranda-Carboni et al. (2008) raises
many interesting questions for follow-up studies, includ-
ing the identity of the DWD-WD40 protein that links
p27 to the Cul4A:Ddbl complex in Wnt signaling cells
(Fig. 1). As mentioned above, much remains to be learned
of the broader role of Cul4 ubiquitylation in Wnt tumors,
including the identity of other WD40 substrate adaptors
attached to Cul4A:Ddbl in these cells, potentially in-
cluding TLE-1/Groucho, TBL1/TBLR1, and TSC2, and
what effects these additional targets of Cul4A may have
on Wnt transformation. A major question is whether
Cul4A associates with the intact B-catenin destruction
complex, and, if so, how it is targeted there and how it
might function within the complex. Lastly, it would be
useful to know whether Wnt signaling up-regulates
Cul4A activity directly, and, if so, whether this affects
early signaling steps, including the fate and function of
the destruction complex. Future studies of this new
Wnt-induced proteolytic targeting system may therefore
continue to provide valuable insight into the control of
cell growth in Wnt-transformed tumors.
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