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Loss of the CDK inhibitor p27%™®! is widely linked with poor prognosis in human cancer. In
Wnt10b-expressing mammary tumors, levels of p27%™! were extremely low; conversely, Wnt10b-null
mammary cells expressed high levels of this protein, suggesting Wnt-dependent regulation of p27¥™®*,
Interestingly we found that Wnt-induced turnover of p27¥'*! was independent from classical
SCFS%P2.mediated degradation in both mouse and human cells. Instead, turnover required Cullin 4A and
Cullin 4B, components of an alternative E3 ubiquitin ligase induced in response to active Wnt signaling. We
found that CUL4A was a novel Wnt target gene in both mouse and human cells and that CUL4A physically
interacted with p27¥™! in Wnt-responding cells. We further demonstrated that both Cul4A and Culd4B were
required for Wnt-induced p27%™* degradation and S-phase progression. CUL4A and CUL4B are therefore
components of a conserved Wnt-induced proteasome targeting (WIPT) complex that regulates p27¥™* levels

and cell cycle progression in mammalian cells.
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Activation of the Wnt/B-catenin pathway is observed in
a number of adult stem cell niches and is a common
feature of HER2/ERB-B2-negative breast cancers, where
nuclear B-catenin is observed in >50% of cases (Cowin et
al. 2005; Nusse 2005). Active Wnt signaling is also a
feature of colorectal cancer, and a difficult-to-treat sub-
group of breast cancers known as basal carcinomas.
These cancers are thought to result from proliferation of
cells within the stem cell niche. Gene expression profil-
ing of human and animal breast cancers indicate that the
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oncogenic properties of Wnt signaling directly expand
the number of mammary progenitor cells and thus rep-
resent a unique challenge for therapeutic intervention
(Perou et al. 2000; Li et al. 2003; Sarlie et al. 2003; Cowin
et al. 2005).

During development, Wnt10b is the earliest marker of
the definitive mammary lineage (Veltmaat et al. 2004).
Elevated expression of Wnt10b results in mammary can-
cer formation in mice, and has been documented in hu-
man breast carcinoma cell lines and primary tumor tis-
sue (Bui et al. 1997; Lane and Leder 1997; Sorlie et al.
2003). Multiple cellular phenotypes are observed in both
Wntl-induced (Li et al. 2003) and Wnt10b transgene
(Wnt10b™<)-induced mammary tumors (Lane and Leder
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1997), a feature consistent with a basal origin. Further-
more, Wnt transgene-induced mammary tumors express
high levels of nuclear B-catenin, stem cell antigen 1
(SCAI1), keratin 6a (KRT-6A), and other basal/stem
cell markers. In the present study, we show that
Wnt10b driven tumors express low levels of p27¥%!
(Cdkn1b) and present evidence for post-translational
control by a novel Wnt-induced proteasome targeting
pathway (WIPT) that is active in Wnt-responding S-phase
cells. This represents the first report of direct repro-
gramming of proteasome functions in Wnt-responding
cells.

p27%P1 is an inhibitor of cyclin-dependent kinases in
mammalian cells, and turnover of p27¥™* is required for
S-phase entry in a number of cell types. Previous work
has shown that p27%™! is regulated by both transcrip-
tional and post-translational mechanisms; however, the
major regulatory pathway in cycling cells involves pro-
teasomal degradation of the p27¥™* protein (Pagano et al.
1995). In quiescent or growth factor-depleted cell lines,
p27%! protein is elevated. As cells are released into G,
p27%! is degraded, reaching their lowest levels in late
G, and S (Coats et al. 1996).

The best-understood pathway for p27¥*! turnover re-
quires polyubiquitination by the SCFS**>.E3 ligase ac-
tive in late G, and early S phase. This process requires
phosphorylation of p27¥™! at Thr187 (T187) by cyclin
A/E-CDK2. Phospho-T187 then binds the SKP2 compo-
nent of SCF**P2.E3 ubiquitin ligase complex. Subse-
quent polyubiquitination of p27*** by SCFS¥F? targets
the protein for destruction by the 26S proteasome (Sheaff
et al. 1997; Carrano et al. 1999; Malek et al. 2001). Sub-
stitution of Thr187 (T187) by alanine (T187A) ablates
SCF*¥P2.mediated p27¥™®* degradation (Montagnoli et al.
1999). In the absence of SKP2, p27¥™! is stabilized in
S-phase cells, and SKP2-deficient cells fail to progress
normally through G,/M (Nakayama et al. 2000, 2004).

In the present study, we provide evidence for Wnt-
induced turnover of p27¥™! in mouse and human cells.
This turnover is distinguished from previously charac-
terized pathways in that it is independent of CRM1-me-
diated nuclear export. Furthermore, it does not require
T187 phosphorylation or recruitment of the SCFSXF2
complex. Wnt-induced turnover of p27*™**! was found in
mouse mammary tissue in vivo, mammary epithelial
cell lines, human fibroblasts, and human breast cancer
cells. We found that components of the CUL4-E3 ligase
(Cul4A and Cul4B) are expressed in Wnt10b-responding
mammary tumors and that both CUL4A and CUL4B are
required for Wnt-induced S-phase progression. CuldA
represents a previously unrecognized Wnt target gene,
transcriptionally activated in response to recruitment of
B-catenin to the Cul4A promoter. Additionally, CUL4A
is found in complex with p27%™"! in Wnt10b-expressing
cells. Therefore, CUL4A and CUL4B represent compo-
nents of a WIPT pathway that may contribute to p27<™**
turnover in development and disease. Molecular target-
ing of this pathway may provide a novel therapeutic
strategy for inhibiting stem cell-like cancers and for con-
trol of Wnt pathway-mediated cell proliferation.

3122 GENES & DEVELOPMENT

Results

Wntl0b expression correlates inversely with p27%%!
protein levels in mammary tumors and in mammary
epithelial tissue

In both male and female transgenic mice, expression
of Wnti10b under the regulation of MMTV-LTR
(Wnt10b™S) results in precocious ductal formation and
the development of stochastic adenocarcinomas (breast
cancer) in mammary tissue (Lane and Leder 1997).
Wnt10b also promotes the expression of mammary epi-
thelial stem cell markers (Supplemental Figs. S1, S2) and
enhances mammary epithelial proliferation. To under-
stand the mechanism by which Wnt10b promotes accel-
erated cell cycle progression, normal mammary gland
and mammary tumors were analyzed for cell cycle mark-
ers using immunohistochemistry (IHC) and expression
profiling (Supplemental Fig. S2). Wnt10b™ mammary
tumors (Lane and Leder 1997) were compared with those
from MMTV-ErbB2/c-neu (ErbB2"<) females (Muller et
al. 1988). Wnt10b™S tumors demonstrated nuclear local-
ized B-catenin, elevated cyclinD1, and complete loss of
p27%™! protein (Fig. 1A). In contrast, B-catenin localizes
to cellular adhesion junctions in ErbB2TC-expressing tu-
mors and p27%™! was expressed at intermediate levels.
These results indicate that Wnt10b signals via the ca-
nonical Wnt pathway in mammary tissue and suggest
that loss of p27%*! could be a previously unrecognized
target of Wnt-mediated transformation.

As a prognostic marker of human breast cancer,
nuclear B-catenin correlates significantly with cyclin D1
expression and associates independently with poor prog-
nosis (Lin et al. 2000) and poor survival (Barnes and Gil-
lett 1998). In Wnt10b™< mammary tumors, p27¥** pro-
tein expression was strongly reduced when compared
with ErbB2T€ tissue (Fig. 1A, panel iv). In fact, loss of
p27%™! could be used to reliably distinguish Wnt10™<
tumors from ErbB2"< tumors by IHC analysis (Fig. 1A,
cf. panels iv and viii). This result indicated that low
p27%PL (p27¥™1low) was specifically associated with
Wnt10b-mediated tumorgenesis in mammary glands.
Furthermore, the levels of cyclin D1 protein were not
significantly different for both Wnt10TS tumors and
ErbB27S tumors (Fig. 1A, cf. panels iii and vii). Taken
together these data define a mouse mammary tumor
model that correlates with nuclear B-catenin, high cyclin
D1, and loss of p27%"! (ErbB2-negative, nuclear
B-catenin-positive, cyclin D1-high, p27-low). This spec-
trum of markers is a common profile in human mam-
mary and colorectal carcinogenesis and is associated
with very poor prognosis (Catzavelos et al. 1997; Barnes
and Gillett 1998; Cariou et al. 1998).

The expression of a series of cell cycle regulators was
then examined by quantitative PCR (QPCR). As pre-
dicted, Wnt10b™ tumors showed elevated expression of
several known Wnt target genes, including c-Myc and
Cyclin D1 (Fig. 1B). In contrast, ErbB2™< tumors display
low levels of c-Myc mRNA. Cyclins A and B1 transcripts
were more robustly induced in ErbB2™< tumors (Fig. 1B).
Paradoxically, the levels of p27%?? mRNA were elevated
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Figure 1. p27%™! protein, but not mRNA, is reduced in Wnt10b transgenic mammary tissue and elevated in Wnt10b-null mammary
tissue. (A) Five-micrometer paraffin sections from Wnt10b™< (panels i-iv) and MMTV-ErbB2 transgenic (ErbB2TS) (panels v—viii)
mammary tumor tissue were stained with H&E (panels i,v) to show morphological features. In parallel sections, protein expression was
characterized by IHC (brown): B-catenin (panels ii,vi), cyclin D1 (panels iii,vii), and p27%™! (panels iv,viii). Sections were counter-
stained with nuclear fast red (red) to reveal nuclei. (B) RNA expression profiling (see Supplemental Fig. S2) and QPCR expression
analysis was carried out on cDNA from similar tumors. Transcripts were quantified, and values were normalized to 18S rRNA. (C)
p27%™P! (panels i-iii) and WNT10b (panels iv-vi) protein expression was examined in 7-wk-old mammary tissue from wild-type (wt),
Wnt10b-null (Wnt10b~/~), and Wnt10bT< mice. Five-micrometer paraffin sections were stained as described above. Bars indicate scale

in micrometers.

in the Wnt10b™< tumors when compared with ErbB2T<
tumors, suggesting that the decrease in p27%™! protein
observed by IHC was due to post-translational events.
Next we set out to examine the relationship between
Wnt10b and p27%™! protein in nontransformed mam-
mary tissue.

Wnt10b~~ mice develop normally but have fewer
mammary ducts in young adult females (G. Miranda and
T.F. Lane, in prep.). In the absence of Wnt10b, we ob-
served stronger nuclear p27¥"! accumulation in ductal
epithelial cells when compared with wild-type controls
(Fig. 1C, panel v vs. panel iv). Conversely, Wnt10bT<-
derived mammary epithelial cells (precancer) show no
detectable p27%™! protein expression (Fig. 1C,panel vi).
Graded expression of WNT10B protein was also con-
firmed in these sections using anti-WNT10B antisera
(Fig. 1C, panels i-iii). The results of IHC on developing
mammary tissue provide evidence that p27¥™! expres-
sion is inversely correlated with WNT10B protein con-
centrations in vivo, and indicate that Wnt signaling may
directly impact p27%™F! expression during normal devel-
opment of mammary tissue.

Wntl0b induces proteasome-dependent S-phase
turnover of p27¥™1; however, this turnover does
not coincide with induction of SKP2 protein

in synchronized cells and is independent of CRM1
mediated nuclear export machinery

Maximal p27*™* protein levels occur in quiescent or pre-
replicative phases in mammalian cells (Coats et al.

1996). As the cell cycle progresses, p27%* blocks entry
into S phase by maintaining Cyclin/CDK complexes in
an inactive state. The mechanism of p27%™*! degradation
previously described for cells transitioning to the S phase
is dependent on the SCFS*P2 E3 ubiquitin ligase complex
and requires phosphorylation of p27*'™! on Thr187 by
Cyclin A/E-CDK2. Protein concentrations of SKP2 and
275! have been shown previously to be inversely pro-
portional in S-phase cells (Sheaff et al. 1997; Carrano et
al. 1999; Nakayama et al. 2000; Malek et al. 2001). To
determine the role of SCF*F? in Wnt10b-mediated
p27%F! degradation, we established stable clones of
NMuMG (NMG) mammary epithelial cells expressing
either pcDNA3 vector alone (NMG) or pcDNA3-Wnt10b
(NMG-Wnt10b). NMG and NMG-Wnt10b cells were
synchronized in early G, by maintenance at 100% con-
fluency for 2-3 d. Cells were then released and harvested
at various times for protein analysis. Wnt10b-mediated
p275%F! degradation was maximal at 12 h, the time at
which Cyclin E and CDK2 re-expression was first ob-
served (Fig. 2A, lane 7 vs. lane 8). This correlated with
enhanced phosphorylation of p27T™87 but did not coin-
cide with increased SKP2 protein expression levels (Fig.
2A, lanes 7,8). SKP2 protein was absent in 12-h cells (Fig.
2A, lanes 7,8), and maximal SKP2 expression was de-
tected 4 h later (at 16 h) (Fig. 2A, lanes 9,10), down-
regulated at 20 h (Fig. 2A, lanes 11,12}, and not detected
4 h later as the cells exit mitosis. Paradoxically, high
SKP2 was not followed by loss of p27¥™!, suggesting that
WNTI10B could mediate p27%™! turnover through a
mechanism other than SCFS¥F> complex in S-phase cells.
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Figure 2. Mammary cell lines expressing Wnt10b A ol an
show accelerated turnover of p27¥'"! protein in late G,/ =
early S phase, prior to the induction of SKP2. Turnover o
is blocked by inhibitors of proteasome function but not !
by inhibitors of CRM-1 nuclear export. NMG and NMG

stably expressing Wnt10b (NMG-Wnt10b) cells were —
synchronized in G, phase and released by replating. ==

Cell extracts were prepared at the indicated times. (A)
Lysates were analyzed by immunoblotting and probed
with the indicated antisera. (B) NMG-Wnt10b cells
were synchronized at G, phase. Following release, cells
were cultured in the presence or absence of the protea-
some inhibitor MG132 (10 pM) or the S-phase blocker
aphidicolin (1 pg/mL). Twelve-hour samples were im-
munoblotted as described above. (C) Nuclear p27¥*!
levels were measured in NMG vector (parental) and
NMG-Wnt10b cells following exposure to proteasome
blocker MG132 (10 M), TGFB (2.5 ng/mL), and LMB (1
pg/mL). Cells were synchronized at G, phase and re-
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immunofluorescence, and signal was measured quantitatively using an LSC laser cytometer. Experiments were conducted as tripli-

cates. Error bars represent SDM.

The mechanism of Wnt-induced p27¥™! degradation
was examined in NMG-Wnt10b cell lines synchronized
at G, then released for 12 h, as described above. In NMG-
Wnt10b, p27%™! is high at 0 h but is maximally reduced
by 12 h post-release (Fig. 2B, lanes 1,2). In the presence of
an inhibitor of proteasomal degradation (10 uM MG132),
p27¥L turnover was blocked (Fig. 2B, lane 3). In con-
trast, the levels of p27%?? mRNA were consistently el-
evated in the Wnt10b-expressing cells (Supplemental
Fig. S3A), suggesting that loss of p27 protein is due to
post-translational events, as previously suggested from
the analysis of primary tumor samples from Wnt10b™<
mice. To confirm that this degradation was occurring at
the G,-S-phase boundary, cells were also treated with
aphidicolin (1 pg/mL), an inhibitor of DNA polymerase
a, commonly used to block cells in early S phase. Wnt-
induced p27*™* turnover was not inhibited by aphidico-
lin treatment (Fig. 2B, lane 4), indicating that S-phase
passage was not a prerequisite for degradation.

We quantified the amount of nuclear p27%™*! in both
NMG and NMG-Wnt10b cells 12 h after release in the
presence or absence of the proteasomal inhibitor
MG132, TGF-B1 or leptomycin B (LMB) (Fig. 2C). LMB
has been shown to elevate p27¥™* by specifically block-
ing CRM1 function and preventing export of nuclear
p27%PL to cytosolic proteasomes (Ishida et al. 2002; Con-
nor et al. 2003). MG132 was able to prevent turnover of
p27%"! in both parental and Wnt10b-expressing cell
lines and increased p27-levels approximately ninefold
over untreated cells. In contrast, TGF-81 and LMB were
unable to restore p27 in the Wnt-expressing cells. Addi-
tionally, we find that LMB treatment of control NMG
cells elevates p27%™! and that TGF-B1 had no effect on
the restoration of p27%F1,

To determine the effect of either CRM1 inhibition or
TGF-B1 treatment on cell cycle progression, we moni-
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tored 5-bromo-2-deoxyuridine (BrdU) uptake in treated
cells (Fig. 2D). We found that both TGF-B1-mediated and
LMB-mediated cell cycle arrest were relieved in Wnt10b-
expressing cells. Taken together these data indicate that
Wnt10b-mediated turnover of p27*™! occurs at the G,-S
boundary. Turnover is blocked by standard inhibitors of
the 26S proteasome but is insensitive to CRM1 blockade
or TGF-B1.

Mutation of p27%"* Thr'®” to Ala'®” does not block
Wntl0b-mediated degradation

As previously discussed, interaction of p27¥™! with the
SCF5%P2 complex provides an important mechanism for
p27%PL turnover as cells approach S phase. Interaction of
p27%™! with the SCFS¥"? requires phosphorylation of
Thr187 (T187), and p27¥™! is stabilized by mutation of
T187 to alanine. In addition, SCFS**? mediated polyu-
biquitination requires a cluster of three lysine residues
(K134R, K153R and K165R) located near the C terminus
of the p27%™! protein. When this triad of lysines is sub-
stituted with arginine (KR5 mutation), ubiquitination of
p27%P1 is blocked and p27¥P! protein is stabilized (Shi-
rane et al. 1999). To establish the requirement for T187
and the KR5 domain in Wnt10b-mediated degradation,
we used an expression system where human p27<*! is
tagged with an N-terminal Flag epitope (Ishida et al.
2002). T187A and KR5 mutations were introduced
within the backbone of the Flag-human p27*F! expres-
sion vector (Fig. 3A). Coexpression of Wnt10b with the
wild-type human Flag-p27%™! resulted in dose-depen-
dent turnover in human embryonic kidney fibroblasts
(HEK-293T) by 24 h (Supplemental Fig. S3B). Human
HEK-293T cells (arrested in 1% serum for 2 d) were then
transfected with Flag-p27wt, Flag-p27T187A, or Flag-
p27KR5 plasmids and the indicated amounts of Wnt10b
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Figure 3. Wnt-mediated turnover of p27%'*! is sensitive to mu-
tations that block ubiquitination (KR5) but not to mutations
that block SKP2 binding (T187). (A) Schematic illustration of a
Flag-tagged human p27%'*! expression vector with the location
of functional mutations KR5 (K134R, K153R, and K165R) or
T187 (T187A). (B) Human 293T cells, known to respond to Wnt
signals, were synchronized in 1% serum were transfected with
Flag-tagged wild-type p27%™®!, or with the indicated mutants in
combination with increasing amounts of the pBA-Wnt10b ex-
pression vector. Eight hours post-transfection, cells were re-
leased with 10% serum and extracts were prepared at 16 h for
immunoblotting with the indicated antisera. (C) LiCl (a wnt
mimetic) mediates turnover of wild-type and T187A mutated
p27¥P! vectors. Randomly cycling human 293T fibroblasts
were transiently transfected with plasmid vectors directing ex-
pression of wild-type human p27%¥®! or T187A mutant. Flag
epitope vectors (1 npg) alone (lanes 1,4) or with increasing
amounts of LiCl (25 mM and 50 mM; lanes 2,3,5,6). Control
lanes 1 and 4 had 50 mM of NaCl. Twenty-four hours post-
transfection, whole-cell lysates were analyzed by SDS-PAGE
and immunoblotted with indicated antisera. (D) Schematic il-
lustration of pYFP-tagged p27 and mutant T187 (T187A). NMG
control (cont) or NMG-Wnt10b (wnt) cells, synchronized at G,
phase for 2 d, were then electroporated with pYFP-tagged
p27¥"1 or its T187A mutant variant. Cells were released for 12
h and analyzed by immunofluorescence microscopy for YFP ex-
pression. Propidium iodide (PI) was used as a counterstain. Cells
from D were quantified with an LSC laser cytometer, and the
percentage of YFP-positive cells is presented graphically for
samples run in triplicate. Error bars represent SDM.

expression plasmid. Immunoblot analysis with anti-Flag
antibodies revealed that T187A mutant p27 was de-
graded when exposed to Wnt10b (Fig. 3B, lanes 1-6). In-
terestingly, the KR5 mutant was resistant to Wnt10b-
mediated degradation (Fig. 3B, lanes 7-9), showing that
polyubiquitination at the KR5 site is required in Wnt-
induced p27 turnover.

To assess the role of canonical Wnt signaling compo-
nents in this turnover, we examined the response of cells
transiently exposed to LiCl (a Wnt mimetic), known to
inhibit GSK3B. We observe that LiCl could induce turn-

Wnt-induced proteasome targeting

over of both Flag-p27wt and Flag-p27T187A in human
HEK-293T fibroblasts (Fig. 3C). These results provide
evidence that Wnt-mediated degradation of p27¥™* is in-
dependent of T187 but dependent on the KR5 lysine
cluster for ubiquitin conjugation in human fibroblasts.
The involvement of the KR5 ubiquitination domain po-
tentially indicates that while SKP2 may not be involved,
an alternative E3 complex is likely required for Wnt-
mediated p27¥™! turnover.

To demonstrate that turnover of p27%"!-T187A also
occurred in Wnt-responding mammary epithelial cell
lines, we used a vector containing a green fluorescent
protein variant (YFP) fused to the N terminus of human
p27%P! (Connor et al. 2003). Wild-type p27%™®! was
highly unstable in Wnt10b-expressing S-phase cells (Fig.
3D). The YFP-p277'874 variant (lacking the SKP2 recog-
nition motif) was more stable than wild-type p27 when
expressed in control NMG cells (Fig. 3D, right panels)
but was rapidly degraded in NMG-Wnt10b cells. Quan-
tification of YFP intensity showed comparable loss of
wild-type and T187A variants in cells expressing
Wnt10b (Fig. 3D, graphical data). These data further sup-
port the concept that Wntl0b-mediated turnover of
p27%P1 is independent of T187 phosphorylation but de-
pendent on KR5 polyubiquitination.

Wntl10b promotes the turnover of p27%'"* in the
absence of SKP2 and relieves the G,-to-M progression
defect observed in Skp2~/~ embryonic fibroblasts

To determine whether Skp2 was required for Wnt-medi-
ated turnover of p27¥"! in mammary epithelial cells,
we used shRNA expression vectors to generate siRNA
(Katagiri et al. 2006). Stable Skp2-siRNA-expressing
clones were generated in both NMG parental and NMG-
Wnt10Db cells, and selected clones demonstrating at least
90% reduction in Skp2 mRNA were used for further
analysis (data not shown). A control silencing vector
(siScrmbl) had no effect on SKP2 protein expression (data
not shown).

Cells were synchronized in G, and then released by
passage onto fresh plates. To ensure that we could detect
SKP2 protein levels at 12 h, we loaded 500 pg of total
extract, five times more protein than was analyzed in
Figure 2. Immunoblots show that SKP2 protein expres-
sion was markedly silenced (>80%) at 12 h in both
NMG-siSkp2 and NMG-Wnt10b siSkp2 clones (Fig. 4A,
lane 2 vs. lane 4, lane 6 vs. lane 8). Furthermore, the
silencing of SKP2 protein expression restored p27¥%F!
protein in NMG-siSkp2 control cell lines but not in
NMG-Wnt10b-siSkp2 clones (Fig. 4A, lane 4 vs. lane 8).
Restoration of cyclin E expression in NMG-siSkp2 (Fig.
4A, lane 2 vs. lane 4) further illustrates that we silenced
Skp2 in S-phase cells since it has been reported that
SKP2 regulates cyclin E turnover (Nakayama et al. 2000).
We observed no change in CULLIN1 (CULI1) and CDK2.
Taken together the data provide evidence that Wnt10b is
able to mediate the proteolytic degradation of p27¥*! in
mammary epithelial cells engineered to express low lev-
els of SKP2 protein.
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Figure 4. Wnt10b stimulates turnover of p27%! protein in the
absence of SKP2 and promotes M-phase entry in Skp2~/~ embry-
onic fibroblasts following synchronization. NMG-control and
NMG-Wnt10b cell lines were transfected with pSuppressorNeo
vector generating synthetic siRNA for Skp2. (A) Cells were har-
vested at 0 h and 12 h post-release. Whole-cell lysates were
analyzed for expression of SKP2, p27, cyclin E, CDK2, Cullin 1,
and B-actin. (B) Cells from A were subsequently pulsed for 15
min with BrdU to label S-phase entry and then fixed at 12 h
post-release. BrdU incorporation was assessed by immunofluo-
rescence and quantified by LSC. (C) MEFs from Skp2*/* and
Skp2~/~ mice were synchronized in early S phase in the presence
of aphidicolin (1 ng/mL). Whole-cell lysates were analyzed for
p27%"! by immunoblotting. (D) Skp2~/~ and Skp2*/* MEFs were
stably transduced with lentivirus expressing GFP or Wnt10b
and synchronized with aphidicolin. Whole-cell lysates were im-
munoblotted to identify p27*"! and tubulin. (E) Wild-type and
Skp2-/~ MEFs from C were arrested in S phase by aphidicolin
treatment, released for 24 h and then analyzed for M-phase en-
try using a nuclear morphology protocol established for the LSC
(Luther and Kamentsky 1996). (F) Skp2~/~ MEFs cells (+Wnt10b)
from D were analyzed for M-phase entry after release. Arrows
identify the fraction of M cells 8 h after release into S phase.
Experiments were conducted in triplicate, and error bars repre-
sent SDM.

We then examined S-phase progression in Skp2-si-
lenced NMG clones using a BrdU incorporation assay.
After synchronization, NMG-siSkp2 clones showed a
3.8-fold loss in BrdU labeling when compared with NMG
control (18.3% vs. 4.8%) (Fig. 4B). In contrast, NMG-
Wnt10b-siSkp2 clones show only minor loss of BrdU-
positive cells when compared with NMG-Wnt10b (38%
vs. 24.25%). These results provide evidence that NMG,
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but not NMG-Wnt10b cells, are dependent on SKP2 pro-
tein for S-phase progression.

To directly test the role of Skp2 in Wnt-mediated turn-
over of p27¥™! we examined p27*! turnover in mouse
embryonic fibroblasts (MEFs) derived from Skp2~/~-null
mice. As previously shown (Nakayama et al. 2000),
p27%™! is stabilized in G,-S-arrested (aphidicolin 1 ng/
mL treatment for 14 h) Skp2~/~ MEFs (Fig. 4C). Skp2~/~
and Skp2** MEFs were transduced with lentivirus en-
coding either hrGFP (GFP control) or Wnt10b. These
transduced MEFs were then arrested at the G,-S transi-
tion and analyzed for the presence of p27¥™!. The accu-
mulation of p27¥"! was significantly reduced in the
MEFs that expressed Wnt10b (Fig. 4D).

Skp2~/~-null MEFs also display G,-to-M progression
defects resulting from p27°™! accumulation (Nakayama
et al. 2004). We hypothesized that Skp2-independent
degradation of p27¥™! would relieve the defect in M-
phase entry observed in Skp2~/~ embryonic fibroblasts.
Using a nuclear condensation assay developed for the
laser-scanning cytometer (LSC) (Luther and Kamentsky
1996), we observed a relief of the G, arrest when com-
pared with control cells 24 h post-release (Fig. 4E,arrows,
indicating the percentage of cells that have entered M
phase). Similarly we used the Skp2~/~ cells from Figure 4D
to test if Wnt10b-expressing cells were able to relieve
mitotic accumulation in the absence of SKP2 (Fig. 4F,
arrows). The results illustrate that Wnt10b-expressing
Skp2~/~ MEFs were able to enter M phase fourfold more
efficiently than in Skp2~/~ control cells. The schematic
illustration for the experimental protocol and the scat-
tergram data from one experiment are provided (Supple-
mental Fig. S4).

Taken together these data provide evidence that
Wnt10b signaling can mediate p27%*! turnover in the
absence of SKP2 protein in S-phase cells. The functional
consequences of this pathway include the ability to re-
lieve defective G,-to-M progression in Skp2~/~ MEFS.

Wntl0b”™“ tumors express low SKP2 protein
concentrations

Based on the preceding experiments, we hypothesized
that Wnt10b™< tumors would express low p27%"! in the
context of low SKP2 (SKP2-low), similar to a large group
of human breast cancer patients (Traub et al. 2006). We
used IHC to analyze the relationship between p27%™*!
(Fig. 5e-h) and SKP2 (Fig. 5i-1) protein expression profiles
in transgenic mouse breast specimens. Specifically, we
compared expression in tumor sections from MMTV-
ErbB2 mammary tumors and MMTV-Wnt10b mammary
tumors. Two controls were also included: (1) MMTV-
TGF-B1 (TGF-B17%)-derived mammary tissue (Pierce et
al. 1995), modeling low SKP2 protein expression, and (2
MMTV-c-Myc-derived mammary tissue, modeling high
expression of SKP2 protein (Stewart et al. 1984).

We observed that both p27%™! and SKP2 immunore-
activity was absent in Wnt10b™ tumors (Fig. 5f,j).
ErbB2TS tumor tissue expressed significant levels of
nuclear p27*¥™! but low SKP2 protein (Fig. 5¢,i). As ex-
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Figure 5. p27%"llow phenotype of Wnt10b™ mammary tumors correlates with low SKP2 protein. Five-micrometer paraffin sections
were prepared from transgenic mouse mammary tumor tissue isolated from ErbB2TS (a,e,i) and Wnt10b™€ (b,f,j) animals. Mammary
tissue was also isolated from MMTV-TGFB (c,g,k) and MMTV-myc (d,h,l) transgenic mice. H&E (a—d) show morphological features of
the tissues (10x objective). IHC analysis with antibodies to p27%™! (e-h) and SKP2 (i-I). Immune complexes were visualized by HRP
reaction product (brown), and sections were counterstained with nuclear fast red (red) to reveal nuclei. Photomicrographs were
collected with 10x (a-d), 40x (e-I), and 100x (inserts) objectives. Five-micrometer paraffin sections were stained as described above. Bars

indicate scale in micrometers.

pected, TGF-B17T< tissue expressed no SKP2 protein but
had the highest levels of nuclear p27¥™! (Fig. 5g,k). The
MMTV-c-Myc tumor tissue displayed intermediate lev-
els of p27¥™! protein expression (Fig. 5h) when compared
with either ErbB2T or TGF-B1T€. Interestingly, p27<**
was diffused throughout the cytoplasm and was not re-
stricted in the nucleus in MMTV-c-Myc tissues (Fig. 5h).
Additionally, c-Myc™S tumors expressed the highest lev-
els of SKP2 protein (Fig. 51), consistent with our predic-
tion. A scoring system was established to quantify the
results of these immunohistochemical studies, and the
data are presented graphically (Supplemental Fig. S5).
These results provide strong support for the hypothesis
that Wnt-induced tumors display both a p27-low and
SKP2-low phenotype.

Cul4A is a direct Wnt target gene necessary

for p27XIP1 turnover in mammary epithelial cells
expressing Wntl0b, and sufficient for turnover
of p27KIP1.T187A

Due to the dispensability of SKP2 in Wnt10b-mediated
proteolysis of p27%™*!, we searched for other molecules
that might provide mechanistic insight into this SKP2-
independent S-phase turnover pathway. Hierarchical
analysis of microarray data from Wnt10b-induced tu-
mors revealed that that both Cullin 4A and 4B were el-

evated in Wnt10b™ tumors (Supplemental Fig. S2A).
CUL4A is known to function as a ubiquitin E3 ligase and
has been implicated in Dacapo/p27*'*! turnover in early
G, in Drosophila cells (Bondar et al. 2006; Higa et al.
2006; Li et al. 2006). Cul4-E3 ligase activity has not been
implicated previously in CRM1-independent functions,
or as a Wnt target gene.

In silico analysis was carried out to identify potential
TCF/LEF1-binding sites that could represent Wnt re-
sponse elements within the Cul4A and Cul4B genes.
Both human CUL4A and mouse Cul4A genes were
found to contain several potential TCF/LEF1-binding
sites based on analysis by multiple algorithms (data not
shown).

To test the functionality of these putative Lefl sites,
and to examine whether Cul4A represents a previously
unrecognized Wnt target gene, we conducted chromatin
immunoprecipitation (ChIP) analysis. Initially, we ex-
amined Cul4A promoter occupancy by RNA polymerase
II (pol II), LEF1, and B-catenin, in Wnt-responding mam-
mary epithelial cells. Figure 6 presents data from syn-
chronized NMG and NMG-Wnt10b cells (at 0 h and 8 h
post-release) at the Cul4A proximal promoter. Results
illustrate that Wnt10b-expressing cells enhanced the re-
cruitment of RNA pol II to the Cul4A promoter by 2.5-
fold at 0 h and by 7.4-fold at 8 h, indicating both cell
cycle-independent and cell cycle-dependent activation of
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the Cul4A promoter (Fig. 6A). In similar extracts, we
found Wnt-induced recruitment of both LEFI (Fig. 6B)
and B-catenin (Fig. 6C) to the same region of the Cul4A
promoter. Consistent with these events, Cul4A mRNA
production was elevated (approximately threefold) at S
phase in Wnt ligand-expressing cells (Fig. 6D) and for
several other Wnt target genes (Supplemental Fig. S2).
The data are consistent with recruitment of canonical
Wnt pathway transcriptional mediators and with in-
creased Cul4A mRNA production in S-phase cells.
Taken together these data provide evidence that Cul4A
is a direct Wnt target gene in mouse mammary cell lines
expressing Wnt10b.

We hypothesized that CUL4A would regulate p27%™*!
expression and S-phase progression in Wnt10b-express-
ing cell lines. Cul4A knockout MEF cells are currently
unavailable due to early embryonic lethality of Cul4A~/~
mice (Li et al. 2002). Therefore, we generated stable
clones of NMG-Wnt10b cells expressing shRNA knock-
down vectors targeted against Cul4A (siCuld4A) or a
siScrmbl-control. In NMG-Wnt10b cells, siCul4A re-
duced Cul4A mRNA production sevenfold, assessed by
QPCR (Supplemental Fig. S6C). To examine the func-
tional consequences of Cul4A knockdown, we assessed
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BrdU uptake at 8 h and 12 h post-release (Fig. 6E). BrdU
labeling was reduced by 2.6-fold (47.17% vs. 18.3%) at 12
h, in Cul4A-silenced Wnt10b-expressing cells. No differ-
ences were observed at 8 h, prior to S-phase entry, con-
sistent with the notion that CUL4A is required for S-
phase progression in Wnt10b-expressing cells.

To determine whether Cul4A-silencing would restore
expression of p27¥™! in NMG-Wnt10b cells, we syn-
chronized cells as previously described and collected ex-
tracts at either O h or 12 h post-release (Fig. 6F). Impor-
tantly, Cul4A silencing restored p27*** expression at 12
h in Wnt10b-expressing clones (Fig. 6F, cf. lanes 2 and 4).
Additionally, CDK2 and cyclin E expression were un-
changed in Cul4A-silenced clones. This result shows
that Cul4A is necessary for turnover of p27%TF! in
Wnt10b-expressing mammary cells.

To test whether CUL4A could interact with en-
dogenous p27¥™! human HEK-293T cells were tran-
siently transfected with plasmids directing expression of
Wnt10b along with HA-tagged CUL4A or a control
(pcDNA-HA). Cell lysates were immunoprecipitated
with antisera to p27¥™?!, and purified complexes were
analyzed by SDS-PAGE and immunoblotting (Fig. 6G).
We observed that HA-CUL4A protein associated with
Flag-p27*'"! in the presence of a Wnt signal (Fig. 6G, lane
3) and that the complex was stabilized by addition of
proteasome inhibitors (Fig. 6G, lane 4).

To test whether CUL4A was sufficient to induce turn-
over of mutant p27-T187A, HEK-293T cells were tran-

Figure 6. Cul4A is a direct Wnt target gene necessary for
p27¥®! turnover in mammary epithelial cells expressing
Wnt10b, and sufficient for turnover of p27%*1.T187A. (A-C).
Whnt-induced activation of Cul4A was demonstrated by ChIP
from control NMG and Wnt10b-expressing mammary epitheli-
al clones. Chromatin from growth-arrested (0 h) or released (8 h)
cells was precipitated with the indicated antisera. QPCR was
used to quantify the amount of Cul4A promoter present in the
final precipitates. Values were normalized to both the input
template and a nonregulated locus. (D) Induction of CuldA
mRNA was assessed by QPCR on first-strand cDNA prepared at
0 h and 16 h after release. (E) NMG-10b siScrmbl (control) and
NMG-10b siCul4A-silenced clones were pulsed with BrdU and
analyzed for labeling at 8 h (late G,) and 12 h (early S) by LSC.
Experiments were conducted in triplicate, and error bars repre-
sent SDM. (F) Whole-cell lysates were analyzed at O h or 12 h by
immunoblotting and probed with the indicated sera. (G) 293T
cells were transiently transfected with pcDNA-Wnt10b,
pcDNA-HA-Culd4A, or a control vector pcDNA-HA in the pres-
ence or absence of MG132 (10 pM). Immunoprecipitation en-
dogenous p27%™! was conducted using a rabbit polyclonal anti-
body to p27%1, and the resulting complexes were immuno-
blotted with monoclonal antibodies to p27%'*!, SKP2, or HA
(12CA5). To control for loading, whole-cell lysates were probed
with HA and B-ACTIN. (H) CUL4A is sufficient to accelerate
turnover of wild-type or T187A mutant p27¥™! protein in hu-
man cells. Human 293T cells were transiently transfected with
Flag-tagged wild-type p27%™! or the T187A mutant lacking the
SKP2-binding site (1 pg) alone or with increasing amounts of
pcDNA-HA-Cul4A (1 pg or 5 pg). Whole-cell extracts were pre-
pared for immunoblotting and analyzed with the indicated an-
tisera.
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siently transfected with vectors directing the expression
of Flag-tagged p27%"! and HA-tagged CUL4A. We ob-
served that HA-CUL4A protein initiated turnover of
both wild-type (Fig. 6H, lanes 2,3) and T187 mutant
p27%P! (Fig. 6H, lanes 5,6) in a dose-dependent fashion.
These results demonstrate that CUL4A is sufficient to
mediate the turnover of both wild-type and mutant
T187A p27 in the absence of an identifiable Wnt signal.
Therefore, CUL4A represents a genetically critical hub
for assembly of this E3 ligase.

Several reports have suggested that CUL4A, CUL4B,
and DDBI1 are critical structural components of the
CUL4-E3 ligase (Lee and Zhou 2007). Interestingly,
Cul4B and DDB1 mRNA are also observed in microarray
expression assays performed on Wnt10b™ tumor tissue
(Supplemental Fig. S2). Analysis of Cul4B promoter sug-
gests that it may also contain Wnt response elements
(data not shown). Silencing of Cul4B in Wnt10b-express-
ing cells also increased endogenous p27%™** and reduced
S-phase labeling, suggesting that both Cul4A and Cul4B
are required for efficient S-phase transit in Wnt-express-
ing mammary epithelial cells (Supplemental Fig. S6).

These results show that Wnt10b induces Cul4A gene
expression in S-phase cells, and indicate a role for
CUL4A in a novel, SKP2-independent mechanism of
p27%™! turnover. Taken together the findings indicate
that Wnt10b-mediated proteolysis of p27¥™®* requires a
CUL4-dependent ubiquitination system, and that
CULA4A is both necessary and sufficient for this function
in S-phase cells.

Wntl0b expressed in mammary tumor cell (MCF7)
breast cancer cells induces CUL4A and reduces
p27%P1 in S-phase cells

To investigate whether p27%*! and CUL4A are regulated
similarly in human cells, we generated stable clones in
the human breast cancer cell line MCF7 using either
pcDNA3 vector alone (MCF7) or pcDNA-Wnt10b
(MCEF7-10b). We selected clones that expressed modest
levels of Wnt10b (twofold over control) to maintain con-
sistency with our mouse cell lines (data not shown). In
multiple experiments, we observed that expression of
Wnt10b led to stabilization and nuclear accumulation of
B-catenin in MCF7 (Supplemental Fig. S7A). Cells were
synchronized by contact inhibition for 2-3 d and then
released for the indicated times. Wnt10b ligand expres-
sion coincided with cell cycle-independent and cell
cycle-dependent activation the Wnt target gene cyclin
D1 (CCND1) (Fig. 7A) and ¢-MYC (Fig. 7B). In addition,
CUL4A mRNA was highly induced by Wnt10b in these
cells (Fig. 7C) but showed slightly earlier induction ki-
netics. Taken together the data demonstrate that
Wnt10b can activate the canonical Wnt signaling path-
way in human MCF7 breast cancer cells and elicit a
reprogramming that includes elevated expression of
Cyclin D1, ¢c-MYC, and CUL4A.

The relationship between CUL4A induction in
S-phase cells was also examined in single cells by immu-
nofluorescence (Fig. 7D) and quantified by LSC analysis

Wnt-induced proteasome targeting

(Fig. 7E). CUL4A (green) was largely confined to G, in
control cells, but expression was dramatically shifted
into S phase in Wnt-expressing MCF7 cells. CUL4A-
positive S-phase cells were prevalent in Wnt10b-express-
ing MCF7 clones. Furthermore, we were able to directly
quantify the shift of CUL4A protein into S-phase cells
using three-color analysis to identify cells within G, S,
or G,/M (Fig. 7D,E). The results show a fourfold increase
of CUL4A expression during S phase in Wnt-expressing
cells.

To test whether CUL4A protein induction correlates
with Wnt-dependent S-phase depletion of p27¥™*! in hu-
man cells, we examined synchronized MCF7 cell ex-
tracts. Immunoblotting of MCF7 proteins isolated be-
tween 12 h and 24 h post-release revealed that CUL4A
protein levels are enhanced by approximately fourfold
over the control cells at 16 h (corresponding to S phase),
and this coincides with augmented turnover of p27**!
in MCF7-Wnt10b clones (Fig. 7F). An expanded time
course is presented in the Supplemental Material
(Supplemental Fig. S7B). At every time point, we ob-
served more CUL4A expressed in the Wnt10b-expressing
clones when compared with controls.

To test whether the CUL4A pathway is stimulated by
other pathways, we compared induction of CUL4A in
MCE-7 cells exposed to estradiol (E2). E2is known to
induce proliferation of MCF7 cells but requires SCFS**>
to initiate turnover of p27¥F! (Foster et al. 2003). MCE7
cells were synchronized by hormone deprivation for 3 d
(Krum et al. 2008) and then released in the presence or
absence of LiCl (a Wnt mimetic) or E2. We observed that
CUL4A was induced by LiCl, but not by E2 (Supplemen-
tal Fig. S7C,E), and that p27*™"! was turned over by both
LiCl and E2 (Supplemental Fig. S7E). These results pro-
vide support for the notion that induction of the CUL4A
complex is broadly linked to activation of canonical Wnt
signaling.

To test whether CUL4A and CUL4B were necessary
for p27¥IP! turnover in Wnt-expressing MCF7 cells, we
introduced dominant-negative versions of these proteins
that have lost their ability to interact with E2 Ub-con-
jugating enzymes but retain the ability to sequester
substrate (Fig. 7G; Jin et al. 2005). We observe that
DN-CUL4A (Fig. 7G, lanes 2,6) and DN-CUL4B (Fig. 7G,
lanes 3,7) can restore p27*™! in S phase of Wnt-express-
ing MCF7 cells.

Taken together these data indicate that Wnt signaling
mediates turnover of p27¥™! by a novel S-phase process
that is independent of SKP2. Cullin 4A, was found to be
necessary and sufficient for driving this process in mam-
malian cells.

Discussion

Whnt signaling regulates cell proliferation, cell fate, and
stem cell maintenance in multiple tissues (Cadigan and
Nusse 1997). In addition, a clear link has been estab-
lished between aberrant Wnt signaling and human can-
cer (Clevers 2004). In the present study, we demonstrate
that Wnt10b-mediated transformation of mammary ep-
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ithelial cells is associated with nuclear localization of
B-catenin and enhanced expression of several Wnt target
genes and basal cell markers. Novel to this work was the
observation that this pattern of gene expression was as-
sociated with post-translational loss of p27¥! in
S-phase cells. This turnover of p27¥*! was shown to be
independent of CRM1 function and to occur in the ab-
sence of SKP2. Subsequently, we identified CUL4A as a
new Wnt target gene in both human and mouse mam-
mary cells and provide evidence that Wnt10b-mediated
turnover of p27*™! requires expression of both CUL4A
and the related CUL4B. These results indicated that in-
duction of CUL4A and loss of p27%™! are unique char-
acteristics of Wnt-responding cells, and may represent
features of the basal tumor phenotype in breast cancer.
We also found that Wnt10b expression levels correlated
inversely with p27%™! in a series of mice expressing
graded levels of WNTI10B protein. This indicates that
reduction of p27¥™! is regulated by a Wnt-dependent
mechanism in both normal mammary development and
Wnt10b-associated tumor progression.

The data from our experiments demonstrate the dis-
pensability of SKP2 in Wnt10b-mediated p27*™! turn-
over in vitro and a lack of significant SKP2 expression in
an in vivo model of Wnt-mediated breast cancer. These
results provide evidence that an alternative mechanism
of p27¥™! turnover may exist in Wnt-responsive cells.
SKP2 and p27¥™! have been shown to be important prog-
nostic markers in multivariate analysis correlating with
poor survivability in breast cancer patients. In one study,
34% of breast cancers correlated with high levels of

Figure 7. CUL4A is a Wnt response gene in human MCF7
cells, where CUL4A protein is largely confined to S phase and
dominant-negative CUL4 constructs block p27%"! turnover.
Stable clones of human MCF7 cells were generated carrying
either the pcDNA3 vector alone (MCF7) or pcDNA-Wnt10b
(MCF7-10b). (A-C) MCF and MFC7-Wnt10b cells were synchro-
nized by contact inhibition and harvested at the indicated times
after release. Expression of Wnt response genes was then as-
sessed by QPCR. (A) Cyclin D1 mRNA. (B) c-MYC mRNA. (C)
CUL4A mRNA. Experiments were conducted in triplicate and
normalized to actin. (D) Sixteen hours after release, BrdU-posi-
tive cells (red) were immunostained for CUL4A (green) and
counterstained with DAPI (blue). Merged (orange) images of red
and green channels are also shown. White arrows illustrate
BrdU-positive S-phase cells. Images were collected with a 63x
objective. (E) G;, S, and G,/M cells from F were identified by
DAPI and BrdU staining and measured quantitatively by an
LSC. Data illustrate the reprogramming of CUL4A expression
in Wnt10b-expressing cells. Samples were plated in triplicate,
and error bars represent SDM. (F) MCF7 and MCF7-10b cells
were synchronized in G; phase and released by replating.
Whole-cell extracts were prepared at the indicated times and
immunoblotted with the indicated sera. Data indicate sta-
bilization of CUL4A in S-phase cells. The entire time course
is presented in S7. (G) MCF7-10b cells were synchronized
in G, phase for 2-3 d and electroporated with pcDNA-GFP
or with dominant-negative cullins (-DNCUL4AFlag or
-DNCul4BFlag). Cells were released by replating and harvested
in S phase. Whole-cell extracts were prepared at the indicated
times and immunoblotted with the indicated sera.
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SKP2 and low levels of p27%™!. However, an additional
33.7% of tumors scored negative for both p27*'"! and
SKP2, suggestive of alternative pathways to degrade
p27%! protein levels in a large percentage of breast can-
cer patients (Traub et al. 2006).

We hypothesized that the Wnt-induced degradation of
p27%! would alleviate the restriction to enter M in
Skp2-null cells (Nakayama et al. 2004). We found that
Wnt10b could lessen the accumulation of cells at G, and
reduce the sensitivity of Skp2~/~ MEFs responding to se-
rum deprivation. This suggests a link between Wnt sig-
naling and protection from chromosomal abnormalities
in situations where SKP2 expression is limiting during
development. More importantly, these findings uncover
a potential for SCF*F2.independent p27%™! turnover in
other stages of the cell cycle.

Since p27 turnover in Wnt10b-expressing cells re-
quires proteasome function and similar p27*™! polyu-
biquitination sites, we searched expression microarray
data from Wnt10bTS-induced tumors to identify addi-
tional E3-like complexes expressed by these cells. The
analysis revealed enhanced expression of Cullin 4A and
Cullin 4B. CUL4 genes represent components of a new
class of ubiquitin E3 ligases, distinct from the Cullin
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1-associated SCFS¥P? complex (Lee and Zhou 2007).
CUL4A previously had been found amplified in primary
breast cancers and is also amplified and/or overexpressed
in a large percentage of breast cancer cell lines (Chen et
al. 1998; Schindl et al. 2007). Interestingly, CUL4A has
been shown to degrade p27¥™! during erythropoiesis and
is critical for early embryonic development (Li et al.
2006). Cul4A-null embryos die ~4.5-7.5 d in develop-
ment (Li et al. 2002). Since Wnt10b is expressed at high
levels in 3.5- to 4.5-d blastocysts (Kemp et al. 2005), we
hypothesize that CUL4A might be a direct target of Wnt
signaling and play a role in Wnt10b-mediated degrada-
tion of p27%F1,

To test this hypothesis, we conducted ChIP assays to
identify regulators of Cul4A promoter activity. We ob-
served enhanced recruitment of LEF1 and B-catenin to
the Cul4A promoter. RNA pol II holoenzyme was also
recruited to the Cul4A promoter and correlated with pro-
duction of Cul4A mRNA. CUL4A mRNA and protein
were similarly enhanced in human MCEF7 cells in re-
sponse to Wnt10b signaling, and CUL4A protein was
induced by exposure to LiCl, an activator of canonical
Wnt signaling. These results demonstrate that CUL4A is
a novel Wnt target gene in mammary epithelial cells.

Using an shRNA strategy to produce siRNA against
Cul4A, we were able to directly test if CUL4A was re-
quired for the degradation of p27%™! and S-phase progres-
sion in Wnt10b-expressing cells. No clones were isolated
showing complete knockdown of Cul4A mRNA, but
clones were recovered with significantly lower levels of
Cul4A mRNA expression. Importantly, siCul4A blocked
p27%™P1 turnover and restored p27%¥*! protein concentra-
tions in these partially silenced clones. Concurrently, we
observed that Cul4A-silenced clones of Wnt10b-express-
ing cells proliferated at rates ~2.6-fold slower than con-
trol cells. In similar studies, we demonstrated that
siCul4B had a similar phenotype as siCul4A, but the
effect was less pronounced than in the Cul4A knock-
down experiment. In human mammary cells, we found
that DN-CUL4A and DN-CUL4B were able to restore
endogenous p27¥™! in S-phase cells.

The loss of CUL4 in Drosophila cells causes G, accu-
mulation and restoration of the CDK inhibitor Dacapo
(p27%'*1), and in human cells silencing of CUL4A restore
p27%! in G, cells (Higa et al. 2006). Previous work has
shown that Cul4A-DDBI cooperates with SCFS¥F2 par-
titioning p27%'"! degradation between G,/S boundary
and S phase (Bondar et al. 2006). Bondar et al. (2006)
found that CUL4A-DDBI plays a role in G, turnover of
p27%™P1 but proposed that SKP2 was still required for
S-phase turnover. Our findings represent the first ex-
ample that illustrates degradation of p27¥™!'-mediated
by CUL4A in S-phase cells and that demonstrates inde-
pendence from SKP2 activity. Consequently, we propose
that a CUL4-containing E3 ubiquitin ligase complex (po-
tentially including CUL4A-DDBI1) functions to repro-
gram S-phase progression and functionally replace at
least some functions of SCFS¥*2 in Wnt-responding cells.

In conclusion, we provide evidence that a Wnt-depen-
dent breast cancer model correlates with nuclear

Wnt-induced proteasome targeting

B-catenin, cyclin D1-high, p27%™!.low, and SKP2-low
protein expression. The degradation of p27¥! in this
model appears independent of SKP2 and correlates with
induction of a functional CUL4A-E3 ligase complex.
These results define a previously unrecognized post-
translational component of the Wnt response and define
a novel WIPT pathway. The link is significant because a
large percentage of human breast cancers have been iden-
tified with low p27%™! and low SKP2, and their origin is
currently unclear. Furthermore, nuclear B-catenin in
combination with cycD1%8% p27°% and SKP2!°" may
define a subgroup of human breast cancer that are cur-
rently not targeted effectively by current therapies. Phar-
maceutical suppressors of CUL4A-associated E3 ligase
activity could provide a therapeutic target for this subset
of cancers, as they would increase p27%™"! expression and
delay proliferation. Such inhibitors could also reduce the
genetic instability resulting from SKP2 inhibition. The
concept of cancer as a disease of stem or progenitor cells
is well illustrated in human mammary carcinogenesis.
Mouse tumor models of Wnt-activation should continue
to provide insight into the mechanism of basal breast
cancer since these tumors are heavily dependent on stem
cell progenitors.

Materials and methods

Nomenclature and mice

Mouse genes, RNA, and ¢cDNA are lowercase and italic (e.g.,
Cul4A, p27%*1) and human genes are capitalized and italic (e.g.,
CUL4A, p27¥%1). Mouse and human proteins are listed as capi-
talized and nonitalic (e.g, WNTI10B, CUL4A, or p27¥F1)
Naming follows published guidelines for human (http://www.
genenames.org/guidelines.html) and mouse (http://www.
informatics.jax.org/mgihome/nomen/gene.shtml).

Unless otherwise indicated, all transgenic mice (e.g.,
Wnt10bTS, ErbB2™C) were derived in the FVB/N strain
(Taconic). Wnt10b-null mice were generated in 129/SvEv and
backcrossed to FVB/N to create isogenic lines (T. Lane, unpubl.).

Cell culture and synchronization

Mouse mammary epithelial cell lines (NMuMg [NMG] and
EpH4), Skp2*/*, and Skp2/- MEFs, HEK-293T, and human
MCF7 were maintained in a humidified atmosphere with 5%
CO, in Dulbecco’s Modified Eagle’s Medium supplemented
with 10% fetal calf serum, 100 U/mL penicillin, and 100 pg/mL
streptomycin. NMG, EpH4, and MCF7 cell cultures were
supplemented with insulin (1 pg/mL). NMG are a nontrans-
formed subclone of NMuMG cells (American Type Culture Col-
lection, CRL-1636). For cell cycle progression analysis, human
and mouse mammary epithelial cell lines were synchronized at
G, by maintenance at 100% confluency for 2-3 d (contact in-
hibition), then released with trypsin and replated for the indi-
cated time. HEK-293T fibroblasts were synchronized at G, by
growth in 1% serum for 2-3 d, then released by replating.
Skp2*/* and Skp2~/~ and NMG-Wnt10b were synchronized at
the G,-S boundary with aphidicolin (1 mg/mL) for 14 h, as de-
scribed (Nakayama et. al. 2000). In some experiments, protea-
some activity was blocked by pretreatement of cells with
MG132 (10 M), or CRM1-dependent nuclear export machinery
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was inhibited by pretreatment with LMB (1 ng/mL). Generation
of stable cell lines is described in the Supplemental Material.

Transient transfections

Transfection of HEK-293T were carried out using a standard
calcium chloride method. NMG and MCEF7 cells were electro-
porated using a Nucleofector (Amaxa) following the manufac-
turer’s protocol. Plasmids are identified in the text and included
pcDNA3.1-Flag-human p27%™!, p27-KR5, and p27-T187A,
which were generously provided by Dr. M. Shirani. pcDNA3.1-
YFP-human p27wt was generously provided by Dr. Joyce Sling-
erland, and pcDNA-HA and pcDNA-Cul4A were provided by
Dr. Kristin T. Chun. We purchased pcDNA3-DN-hCUL4A-Flag
(15821) and pcDNA3-DN-hCUL4B-Flag (15822) from Addgene.
In addition, pBA-Wnt10b, pcDNA3.1-Wnt10b, and pcDNA3.1-
YFP-p27-T187A were generated internally and reported here.
The inserts of all plasmids were confirmed by direct sequencing.
Plasmids used for virus production, gene knockdown, and pro-
tein production are described in Supplemental Material.

IHC

Mammary gland tissue or tumors were fixed in 4% paraformal-
dehyde-PBS and embedded in paraffin. Sections were processed
through standard deparafinization protocols followed by 3%
H,0, treatment. Antigen recovery was conducted using the
boiling method in 0.1 M sodium citrate (pH 8.5) and 0.1 M citric
acid (pH 6.0). The tissue was then incubated in blocking buffer
(5% normal goat serum, 2.5% BSA in PBS at pH 7.5) for 30min.
Primary antibodies p27¥*! (C-19, Santa Cruz Biotechnologies),
B-Catenin (C2206, Sigma), Cyclin D1 (Ab3, Labvision), SKP2
(Zymed), and WNT10B (Supplemental Material) were incubated
overnight at 4°C in a humidified chamber followed by a second-
ary biotinylated goat anti-mouse or rabbit antibody (Pierce).
THC staining was conducted using Vectastain ABC System (Vec-
tor Laboratories) and counterstaining was conducted with
Nuclear Fast Red (Vector Laboratories) per the manufacturer’s
protocol.

Immunofluorescence and LSC

Cells were fixed with 4% paraformaldehyde-PBS for 30 min,
washed, and incubated with blocking buffer (TBS at pH 7.8, 3%
BSA, 1% NGS, 1% Triton X-100, 0.01% NaAzide). Primary an-
tisera were purchased against B-catenin (H-102, Santa Cruz Bio-
technologies), p27%™! (C-19, Santa Cruz Biotechnologies),
mouse Cul4 (pan-Cul4A and pan-Cul4B cross-reactive T-15,
Santa Cruz Biotechnologies), Scal (E13-161.7-FITC, BD-Pharm-
ingen), and human CUL4A (Ab34897, Abcam). Secondary anti-
sera included highly cross-absorbed goat anti-rabbit Alexa-633,
goat anti-rabbit Alexa-488, or goat anti-mouse Alexa-633 (Mo-
lecular Probes). Cells were counterstained with 6-diamidino-2-
phenylindole (DAPI; Molecular Probes) or propidium iodide (PT;
Molecular Probes) at a concentration of 10-30 mg/mL to iden-
tify DNA and to distinguish cell cycle stages. Immunofluores-
cence photomicrographs were obtained using 10x, 40x, and 63x
objectives on a Leica DM IRBE fluorescent microscope equipped
with a Hamamatsu C4742-95 digital camera (Leica Microsys-
tems). Openlab 5.0 software (Improvision) was used for image
processing. Cytometric analysis was performed on similarly
prepared samples using an LSC (CompuCyte Corp.). The LSC
was equipped with UV laser, used to contour DAPI using a
minimum cell area of 10 pm?, and Argon and HeNe lasers used
to measure immunofluorescence. Cytometric analysis was con-
ducted with WinCyte software (CompuCyte Corp.).
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BrdU labeling for cell cycle analysis

Cells were plated in eight-well chamber slides (Nalge NUNC)
and treated as indicated. Randomly cycled or released cells were
pulsed with 10 mM BrdU (Calbiochem) for 20 min prior to fixa-
tion, washed twice with PBS containing 1% BSA, and fixed in
place using cold 70% ethanol for 30 min. Chromatin was made
accessible by treatment with 2N HCl and 0.5% Triton X-100 for
30 min, followed by 0.1 mM Na,B,0O, - 10H,O (pH 8.5) at room
temperature for 5 min, and blocked in PBS containing 1% BSA
for 30 min. BrdU-labeled nuclei were detected with Alexa594-
conjugated anti-BrdU (monoclonal-PRB1, Molecular Probes)
and counterstained with 30 mg/mL DAPI. Analysis of S-phase
labeling was performed using the LSC and immunofluores-
cence.

Cell extraction and immunoblotting

Cells were lysed in low-salt buffer EBC (20 mM HEPES at pH
7.4, 0.5% Nonidet P-40, 100 mM NaCl) and/or modified RIPA
buffer (50 mM Tris-HCI at pH 8.0, 150 mM NaCl, 5mM EDTA,
1% Triton X-100, 0.1% SDS, 1% sodium deoxycholate) supple-
mented with phosphatase inhibitors (10 mM NaF, 100 mM
Na;VO,) and a protease inhibitor mixture (Complete without
EDTA; Roche Applied Science) for 30 min on ice. The samples
were pelleted at 14,000 rpm for 10 min at 4°C. Protein con-
centrations were determined using the Bio-Rad Protein Assay
(Bio-Rad). Fifty micrograms to 250 pg of protein were loaded per
lane and separated by SDS-PAGE 10% gels. After transfer, Im-
mobilon-P (Millipore Corp.) was immunoblotted using the fol-
lowing primary antibodies: g-tubulin (D-10), p27¥™! (C-19), Cy-
clin E1 (M-20), and Cullin 4 (T-15) (Santa Cruz Biotechnologies);
human CULLIN 4A (Abcam); Cullin 1{Ab1868-500) and Cdk2
(Ab7954-1) (Abcam); Skp2 (32-3400, Zymed) and anti-phospho
p27Thr187 (71-7700, Zymed Laboratories); Flag M2 (Sigma); and
WNTI10B (Supplemental Material).

Immunoprecipitation

Immunoprecipitation reactions were conducted on whole-cell
lysates from HEK-293T transiently transfected with pcDNA-
HA or pcDNA-HA-Cul4A (Li et al. 2003) in the presence or
absence of pBA-Wnt10b or MG132 (10 uM). Immunoprecipita-
tion reactions were conducted with monoclonal p27%**! (BD-
Pharmigen) on 200 pg of total protein and blotted with previ-
ously described antibodies.

RNA, QPCR, and RT-PCR

Isolation of total RNA was performed using TRIzol (Invitrogen)
according to the manufacturer’s protocol. RNA was treated
with DNA-free kit (Ambion) and converted to ¢cDNA with
iScript cDNA Synthesis Kit (Bio-Rad) according to the manu-
facturers’ protocols. QPCR was performed on cDNA using the
Applied Biosystems Power SYBR Green amplification system
with the following conditions: 3 min at 95°C, and 40 cycles of
20 sec at 95°C, 30 sec at 55°C, and 20 sec at 72°C. All QPCR
reactions were performed with an iCycler thermocycler (Bio-
Rad). RT-PCR reactions were carried out using a PTC-200 ther-
mocycler (M]J Research), and products were analyzed on 1.5%
agarose/EtBr gels. Reactions included ¢cDNA, 1x Thermopol
buffer (New England Biolabs), 0.5 U of Deep Vent (New England
Biolabs), 250 uM dNTPs, and 1 pM each oligonucleotide. PCR
conditions were as follows: one cycle of 2 min at 95°C; 30 cycles
of 20 sec at 95°C, 20 sec at 50°C-62°C, and 30 sec at 72°C; and
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one cycle of 5 min at 72°C. Primer pairs for each gene are pro-
vided in Supplemental Table 1.

ChIP

Cells were grown to confluency for 2-3 d and harvested at 0 h
and 8 h post-release. ChIP was performed as described previ-
ously (Krum et. al. 2008). Antibodies used included RNA pol II
(8WG16, Abcam), LEF1, and B-catenin (N-17 and H-102, Santa
Cruz Biotechnologies). Each experiment was repeated at least
three times. Primer pairs for each gene are provided (Supple-
mental Table 1). Additional details are available in the Supple-
mental Material.

Additional Materials and Methods are detailed in Supplemen-
tal Material.
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